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Abstract

The refractive index sensitivity of plasmonic nanoparticles is utilized in the
development of real-time, label-free biodetection. Analyte molecules that bind to
receptor-conjugated nanoparticles cause an increase in local refractive index that in turn
induces an energy shift in the optical resonance of the particle. Biomolecular binding is
quantified by quantitatively measuring these resonance shifts. This work describes the
application and optimization of a biomolecular detection system based on gold nanorods
as an optical transducer.

A microspectroscopy system was developed to collect scattering spectra of
single nanoparticles, and measure shifts of the spectra as a function of biomolecular
binding. The measurement uncertainty of LSPR peak shifts of the system was
demonstrated to be 0.3 nm. An analytical model was also developed that provides the
optimal gold nanorod geometry for detection with specified receptor-analyte pair. The
model was applied to the model biotin-streptavidin system, which resulted in sensing
system with a detection limit of 130 pM — an improvement by four orders of magnitude
over any other single-particle biodetection previously presented in the literature.

Alternative optical detection schemes were also investigated that could facilitate
mulitplexed biosensing. A theoretical model was built to investigate the efficacy of using
a multi-channel detector analogous to a conventional RGB camera. The results of the
model indicated that even in the best case, the detection capabilities of such a system
did not provide advantages over the microspectroscopic approach.

We presented a novel hyperspectral detection scheme we term Dual-Order

Spectral Imaging (DOSI) which is capable of simultaneously measuring spectra of up to



160 individual regions within a microscope’s field of view. This technique was applied to
measuring shifts of individual nanoparticles and was found to have a peak measurement

uncertainty of 1.29 nm, at a measurement rate of 2-5 Hz.
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1 Background on Biomolecular Detection

1.1 Label-free Sensors

In the development of biomolecular sensors, several attributes are considered
that contribute to the overall effectiveness of the sensor. Of primary consideration are
the detection limits and dynamic range of the sensor. The detection limit of a sensor is
generally considered to be the minimum amount of target analyte required in a test
sample for a statistically significant response to be generated. The dynamic range is the
range of analyte concentrations over which statistically significant responses can be
generated — that is, the range between the detection limit and sensor saturation.
Robustness is also an essential characteristic of biosensors. A robust sensor is one that
generates reproducible signals based only on detected analyte, avoiding false signals
generated by non-specific interactions of non-target material. Another important
consideration in the assessment of a biosensor is cost. This includes direct costs such
as the detector instrumentation and per-use cost of consumables as well as indirect
costs such as sample preparation and training requirements of the end-user. Finally,
some characteristics that can add to the value of a sensor, but are not essential are
parallelizability and addressability. A parallelizable sensor is one that can be readily
adapted so that numerous detections can be performed concurrently. An addressable
sensor is one that provides spatial resolution of biomolecular interactions in addition to
the quantity.

Label-free sensors are one particular sub-class of biosensors that are
characterized as those that generates their response directly from the presence of the
target analyte. This is as opposed to a labeled detection system where a contrast

agent, such as a fluorescent or radioactive reporter, is linked to the target. It is this
1



contrast agent that is detected by the sensor and is thus responsible for generating the
system response. While labeled systems tend to be more sensitive as a whole, label-
free systems offer several unique advantages especially in the detection of analytes in
the food industry and medicine™. This is because label-free sensors avoid the process
of chemically linking a labeling moiety to the biomolecule of interest. This process can
potentially affect its conformational state potentially altering binding affinities and related
kinetic rates in a manner that typically cannot be predicted beforehand. It is also
possible that the attached label can sterically occlude the binding sight leading to false
negatives. Further, false positives can be generated by the presence of nonspecifically
bound labels adhering to the test substrate. In addition to avoiding this problem, label-
free approaches do not require the lengthy preprocessing steps generally required to
conjugate labels to the detection sample. This can reduce the cost of sensors by
reducing sample preparation steps such as target-label conjugation, and also reduce
potential error that can be introduced in these additional steps. This also enables label-
free systems to be more suited to point-of-care medicine and for use in areas without
access to demanding support infrastructure such as combat zones and developing
nations. Additionally, a label-free approach offers the potential of multiplexed
screening without significantly increasing the work load of the end-user. This is because
the transduction modality is embedded in the sensor itself, and is not part of the sample
processing steps.

In general, in a label-free biosensor the binding of the target analyte by
the sensor is directly transduced to a measurable signal. Therefore, the development of
a label-free sensor focuses on two primary areas: the means of transduction and the

processing of the generated signal into a useful metric of analyte presence. In pursuit of
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the goals listed above for a successful label-free sensor, many different transduction
modalities have been investigated. The following section summarizes the most widely
studied transduction modalities in the field of label-free biodetection with special
emphasis on planar surface plasmon resonance as it has become the gold-standard in

the field of label-free biosensing.

1.1.1 Acoustic Transduction

Acoustic transduction schemes are those in which a vibrational mode of an
oscillator is influenced by bound mass of target analyte. As the bound mass increases,
the resonant frequency of the oscillator shifts. Thus, the measured quantity in such
sensors is the change in resonant frequency. The quartz crystal microbalance (QCM) is
the most common implementation of this transduction method. In QCM, a piezoelectric
quartz crystal electrode is the oscillator. First developed and applied to biosensing in
1988*, more recent improvements of the technique allow for determination of the
adsorbed material’s viscosity as well as mass®. This is performed by observing the
energy dissipation of the vibrational mode after the driving force is removed and is
known as quartz crystal microbalance with dissipation (QCM-D). In addition to the
providing viscosity measurements, which is a unique attribute of QCM-D among label
free sensors, QCM-D also offers the distinct advantage that only materially that is
physically bound to the crystal surface is measured. This offers a degree of
discrimination as compared to other label-free — principally optical- methods that
typically detect the presence of any material close to the transducer and do not require
that the material be physically bound to the substrate. QCM has been applied to the
characterization of proteins®, oligonucleotides’, immunoassays® as well as many other

biomolecular interactions®.



1.1.2 Microelectromechanical Sensors

Another class of transduction schemes utilized for label-free biodetection is
microelectrical mechanical systems (MEMS). While this label covers a wide range of
devices, the most commony depolyed biosensors in this class are based on
microcantilevers, which deflect or deform upon biomolecular interactions that occur on
the surface of the microcantilever. Microcantilever systems have been demonstrated for
antibody-antigen interactions'. An attractive attribute of MEMS-based systems is that
they can be easily integrated into existing semiconductor fabrication techniques, allowing
for on-chip integration of signal processing systems. Recently a MOSFET-embedded
microcantilever biosensor was demonstrated''. Another advantage of MEMS-based
systems is that in principle they require a very small amount and volume of target
analyte for operation, so that cost of materials and the processing time can be
reduced,as the processing time is typically controlled by the diffusion distance of the

analyte to the receptor'.

1.1.3 Electrochemical Transduction

Label-free electrochemical sensors are based on observed changes in an electric
current or electric potential resulting from specific interactions at a transducer interface.
In a label-free configuration, they tend to be most successful in detection schemes
involving molecular interactions that involve electron transfer such as chemical oxidation
or by utilizing electroactive enzymes as a detector substrate, as demonstrated in the
highly successful blood-glucose monitoring systems™. In typical immunosensors,
however, there exists no direct electron exchange between the target analyte and its
receptor, so that detection is generally indirect’>. For example, recent electrochemical

immunoassay systems have been developed that utilize enzyme-linked antibodies as
4



receptors that in turn generate an electrochemical response upon ligand binding™.
Recent electrochemical biodetection has been reported using nanomaterials such as
carbon nanotubes'®, colloidal gold nanoparticles'” and nanowires'®. Despite current
limitations on detectable species, label-free electrochemical sensors enjoy success
partly because of the ease of manufacture and parallelizability as the technology is

compatible with existing semiconductor fabrication techniques.

1.1.4 Optical Transduction
1.1.4.1 Surface Enhanced Raman Scattering

Surface enhanced Raman scattering (SERS) is another optically based, label-
free technique that can be used to detect and identify surface-adsorbed molecules.
Conventional Raman spectroscopy is performed by illuminating a sample and collecting
the fraction of photons that were inelastically scattered by the sample. The slight energy
shifts in these photons are due to energy that was coupled into molecular vibrational
modes. The spectrum of these energy transfers is referred to as a molecule’s
spontaneous Raman spectrum and is uniquely characteristic of that molecule. In this
way, Raman spectroscopy offers a label-free means of identifying molecular targets.
Spontaneous Raman spectra are collected by exciting a target sample with a light
source and comparing the scattered light with the spectrum of the incident light to detect
Raman shifts. The amount of Raman-scattered photons is directly proportional to the
intensity of the incident light and the number of excited molecules. However, because of
the low probability of Raman interactions, typical molecules exhibit scattering cross
sections of 10°° to 10?° cm? . So historically, Raman spectroscopy had been limited to

relatively large sample concentrations under high intensity illumination, although recent



technological advances in light sources, detectors and scanning probe techniques have
significantly reduced sample size requirements and detection limits®.

It has been found that Raman scattering can be dramatically enhanced by
proximity of the target molecule to roughened metallic substrates as well as near
plasmonic nanostructures®. First observed in 1977?" the exact mechanism of SERS is
still under investigation, but two contributing factors are generally considered in the
literature. A chemical explanation of the SERS effect suggests that the substrate
surface electrons act as a charge-transfer mediator, allowing energy to couple from
excited electron transitions in the underlying substrate to the excited molecule®. The
electromagnetic explanation suggests that large electric field enhancements caused by
plasmonic coupling of incident light to substrate surface features greatly enhances the
local electric field®. This explains why SERS generates such large signals for
molecules not in direct contact with the substrate, but does not explain the immense
magnitude of SERS signals observed in certain instances as they can greatly exceed the
expected electric field enhancements. Signal enhancement factors of up to 10' have

19, 24
d9,

been reporte which has opened the door to applying Raman scattering techniques

25, 26

to bioanalytical methods, for example, the detection of glucose , genes”, and

28, 29

proteins In addition, detection of individual molecules by SERS has also been

reported® %',

1.1.4.2 Surface Plasmon Resonance

Planar Surface Plasmon Resonance (SPR) spectroscopy (also termed
conventional SPR to distinguish it form local SPR exhibited by noble metal nanopaticles,
a modality that is discussed later in this Chapter) is, at the present time, the most

commonly deployed label-free detection scheme. In fact, an exhaustive survey of all
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literature published in 2007 describing work utilizing commercial optical biosensors
found that 96% of the work in this field was performed using “SPR or related

technologies®.” Initially developed in the early eighties®®, SPR was later applied to

quantify biomolecular interactions at usrfaces® %

. Since then, the technology has been
commercialized by several companies; Biacore (now part of GE LifeTechnologies) has
the largest number of instruments in use. Recent advances in SPR technology include
fiber and wave-guided resonances, SPR on silicon material, and SPR imaging®®.

In a typical planar SPR measurement, light is incident through a prism or grating
on to a thin gold film. The surface of the gold opposite the prism acts as the detector
surface. The grating or prism is necessary to modify the momentum of the incident light
such that its electromagnetic field components are at a proper frequency to act as a
driving force for the conduction electrons on the gold surface. The oscillation of these
electrons at optical frequencies generates a standing wave on the surface of the gold
that extends ~200 nm into the medium above the gold film. Any dielectric within this
region will alter the energy of the oscillating field, thus changing the natural frequency of
the oscillation. This phenomenon can be utilized for label-free sensing as any material
within the sensing range of the film will cause a resonant energy shift. This shift can be
measured by either collecting a full-wavelength reflection or transmission spectrum of
the SPR surface and monitoring resonant peak shifts, or by monitoring the incident
angle-dependent reflection or transmission of a monochromatic source. For
biomolecular interactions, the surface of the gold film can be modified with a binding
moiety that targets the analyte of interest. Upon incubation with a sample containing the
target of interest, the increased dielectric caused by presence of the target analyte

induces a resonant shift in the SPR.



SPR detection techniques offer highly sensitive, real time detection of material
down to the pM concentration of target analyte. The commercial success of Biacore
provides well-characterized devices and a wide knowledge base for researchers in this
field. In 2007 alone, at least 1050 peer-reviewed articles were published using SPR
detection (89% using Biacore technology). These include reports on the functional
characterization of proteins, antibodies, peptides, oligonucleotides, and small molecules
such as lipids and carbohydrates®. Despite the success of SPR systems, there remain
some limitations to its application. First, because the sensing distance is on the order of
a few hundred nanometers from the film surface, the detection of small molecules can
be problematic as they occupy a relatively small fraction of the overall sensing volume.
Additionally, the sensor area typically queried in an SPR device is on the order of square
millimeters with no spatial resolution. Thus, the data is collected as an ensemble
measurement of the entire surface, limiting parallelizability and detection with patterned
substrates for spatial registration.

Developments in a technique known as surface plasmon resonance imaging
(SPRI) have been reported as a means to address the parallelizability and spatial
registration limitations of conventional SPR. The imaging aspect of the technique is
obtained by replacing the single light detector with an arrayed detector such as a CCD or
photodiode array®’. In addition to increasing spatial resolution, research has been
conducted in increasing the number of excitation wavelengths employed to allow for
more additional concurrent measurements, increasing overall sensitivity®®. More
recently, this technique has been applied to micro-arrays, exhibiting full parallelizability

of SPR biomolecular detection® %°,



1.1.4.3 Localized Surface Plasmon Resonance

Sensors based on the phenomenon of localized surface plasmon resonance
(LSPR) utilize optically-active, metallic structures as their primary sensing mechanism.
Such structures exhibit wavelength-dependent light interaction that is modulated by the
nanostructure’s local environment. As sensors of this type are the primary focus of this
thesis, the following section will provide further details into the specifics of LSPR-based

biosensors.

1.2 LSPR Biosensing

1.2.1 Operating Principles

The unique optical properties that lend noble metal nanoparticles their
extraordinary sensing properties are derived from their surface conduction electrons.
The electric field from incident light provides an oscillating driving force that pushes the
conduction electrons away from the metal lattice core. A restoring force is then provided
by the coulomb attraction between the displaced electrons and the positively charged
metal lattice. When driven at resonance, the oscillating electrons behave as a single
dipole, emitting photons as it oscillates. Thus, individual nanoparticles behave as elastic
light scatterers, preferentially scattering light which couples resonantly with the
oscillating electrons. This oscillation of electrons on the surface of a nanoparticle is
known as localized surface plasmon resonance (LSPR). Any change in the system that
alters the resonant energy of the plasmon will therefore change the scattering
characteristics of the nanoparticle. In particular, nanoparticle composition, geometry,
proximity to other conductors, chemical bonds to lattice atoms, and the local refractive
index (RI) are all parameters that have been shown to alter the resonance of a

plasmonic system.



The LSPR of a nanostructure is unique to its material composition because the
resonant conditions are a function of its complex refractive indexI*'. In fact, only a few
materials exhibit plasmonic behavior at optical frequencies. Many of the materials that
exhibit plasmonic behavior are noble metals such as gold*’, silver*® and platinum*,
although plasmonic behavior has been observed in copper*® and aluminum as well.

The shape and size of a nanoparticle determines the number of oscillating
electrons, the direction and magnitude of the restoring force, which together define the
polarization and physical extent of the plasmon. For example, cylindrical nanorods have
been shown to exhibit two distinct resonances when illuminated with unpolarized light—
corresponding to excitation along the longitudinal and transverse dimension®®. It has
further been shown that the orientation of individual nanorods can be determined by

observing the relative magnitude of these resonances*’. Efforts have been made to

synthesize and characterize a wide variety of nanostructures*® including spheres®,

50, 51 55, 56

rods® *' cubes®® **, triangular prisms®, shells , crescents® by both chemical
synthesis as well as by top-down manufacturing such as by electron or ion beam
lithography and nano-imprinting®.

Additionally, their proximity to other nanoparticles or conductive films will alter
LSPR behavior of a nanoparticle. For nanoparticles in close proximity, resonances from
one or more nanoparticles couple, producing more complex resonance modes. The
simplest case, dimers of nanospheres, has been extensively studied, both theoretically®®
and experimentally®. A large shift in LSPR is induced when resonant nanoparticles
become proximal®’. This effect was cleverly demonstrated by Prikulis et al. who
observed a visible and reversible distance-dependent LSPR shift of two isolated

nanoparticles, by immobilizing one and controlling the distance between the two
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nanoparticles by trapping the second nanoparticle by an optical tweezer®>. One LSPR
sensing modality that exploits this effect involves chemically modifying the surface of the
nanoparticles so that they will aggregate in the presence of a target molecule. For
example, the interpartice distance-dependent LSPR shift of gold nanoparticles due to
aggregation in solution has been used to detect oligonucleotide hybridization by Mirkin
and co-workers with single base mismatch discrimination®®.  Similar to coupled
nanoparticles, the presence of a conducting film also affects a distance-dependent
modulation on the LSPR of nanoparticles. We have recently published findings
observing this phenomenon and describing its potential application in biosensing®.

Another phenomenon regarding LSPR that has been used for molecular
detection is known as charge-transfer or chemical interface damping. When anions (SH’
in particular) are adsorbed to the surface, the electron distribution of the nanoparticle is
altered. This results in the damping of LSPR which can be observed as a widening of
LSPR spectra and a blue shift in the resonant wavelength® ®. While this means of
modulating the LSPR signal of a nanoparticle has interesting photochemical
implications®’, its application to biodetection has taken a more secondary role most often
as a side-effect of surface modification applied to nanoparticles towards other detection
schemes™.

The RI of the medium surrounding the nanostructure is another factor that
modulates the plasmonic behavior of nanoparticle and which has been profitably
exploited as a transduction modality in LSPR based biosensing. The electric field of the
resonantly oscillating electrons extends into the volume beyond the surface of the
particle. Changing the dielectric properties of this region alter the energy associated

with the electric field oscillation. As most biological materials are relatively non-
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absorbing and non-magnetic, a change in dielectric can be directly translated to a
change in RI. Generally this effect is observed as a red shift in the LSPR peak of a
nanostructure upon an increase in the local RIl. This is the operating principle
responsible for detection with a conventional planar SPR system (such as Biacore).
This scheme has been extended to the use of nanoparticles usually by functionalizing
the nanoparticle surface with a specific receptor, and observing the LSPR change as the
local Rl increases upon binding of the target analyte®. Ensemble measurements of this
sort were first demonstrated using gold nanospheres in suspension to infer affinity
constants of protein specific interactions®®. This approach was then extended to gold
spheres immobilized on a surface in a chip-based format allowing for easier nanoparticle

functionalization™® ",

Since then, several groups have reported studying biomolecular
interactions by observing ensemble LSPR shifts of particles immobilized to a surface
using gold rods’?, silver triangular prisms’®, silicon-gold core-shell nanoparticles®® and
others. Biomolecular detection limits in the sub-nanomolar range have been reported for
ensemble-based LSPR sensors with a dynamic range of four to five orders of magnitude

72,74

of analyte concentration . Additionally, this methodology has been further extended

down to the single nanoparticle scale by our group” and others®® "6 77,

1.2.2 Comparison with SPR

The operating principles behind biomolecular detection with conventional planar
SPR and with LSPR using nanostructured materials are phenomenologically similar in
that both approaches utilize resonant oscillations in surface conduction electrons. There
are however, several fundamental differences that merit discussion since they influence

how each technique is implemented as biosensing modality.

12



Both techniques are most commonly used to detect the presence of target
molecules by the corresponding increase in local refractive index. In both cases, this
change causes a shift in the overall plasmon resonance of the system, but how this is
measured in each case is fundamentally different. In the case of planar SPR, the
Kretchmann configuration is the most commonly employed. In this setup,
monochromatic light is coupled into the surface plasmon through a prism at an angle
such that total internal reflection is achieved. The prism must be of a higher refractive
index than the detection medium so that the momentum of the incident light is sufficient
to excite a surface plasmon on the metal surface. The photons which most strongly
couple into the plasmon are those that are incident at the specific angle such that the
component of their momentum vector perpendicular to the surface matches the
frequency of the surface plasmon resonance. As the resonance shifts as a function of a
change in the local refractive index due to binding of an analyte to receptor that is
immobilized at the transducer surface, the corresponding optimum resonant angle will
also change. Thus, biomolecular binding is converted to an angle-dependent
measurement. Commonly, this is quantified by observing the intensity changes of the
incident beam after it impinges on the SPR surface. Stronger coupling into the plasmon
means less light is reflected to the collecting detector. In their simplest form, SPR
detectors measure reflected light intensity at a fixed angle on a point in the angularly-
resolved spectrum where intensity changes are linear with respect to SPR shifts. As this
curve is only linear over a relatively short angle range (the spectrum curves), the
dynamic range of the sensor is limited to only measuring small shifts that remain within

the linear region.
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By contrast, the LSPR excitation can typically be excited in a nanostructure by
light incident at any angle. This is because the entire structure is necessarily smaller
than the wavelength of excitation light and as a result, the entire nanostructure
experiences electric field oscillations that are generally in phase. Thus, it is generally
the polarization of the incident light that has the greatest effect on which resonances can
be excited in a plasmonically active nanostructure, since this determines the physical
direction that the surface electrons are driven. Thus, the differentiation of light energy
from which electron resonances can be driven comes directly from the photon energy of
the incident light. Therefore, LSPR measurements are generally wavelength-resolved
and involve monitoring spectral shifts of resonance peaks in the wavelength dimension.
Typically this is performed by exciting the nanostructure with white light and monitoring
the corresponding interaction in a wavelength resolved manner. One method commonly
used for interrogating larger areas of a nanostructured substrate is to monitor the
extinction of the sample by analyzing light that has passed through the sample. Light
that couples strongly into the LSPR will be both absorbed and scattered by the sample,
creating a subsequent decrease in transmitted light at the resonant frequencies.
Another method which is commonly used to interrogate less densely packed
nanostructured systems is to analyze only the scattered light. This is an effective means
of interrogating samples that have relatively low extinction cross-sections when
scattered light can be isolated, such is in darkfield microscopy, which is discussed in
chapter 2. These wavelength-resolved measurements are typically measured by some
sort of optical spectrometer. Most often, the light to be analyzed is incident to a
dispersive element (generally a prism or grating), which spatially separates the light as a

function of its wavelength. If only a single light intensity detector is used, this dispersive
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element can be rotated so a series of measurements can be made with each
ascertaining the light intensity at a certain wavelength. Alternatively, many detectors can
be arrayed such that each single detector can be used in concert to determine the
complete wavelength resolved LSPR spectrum of the nanoparticle.

This difference in the dimensionality of resonance spectra —incident angle for
planar SPR versus incident wavelength for LSPR— does not in itself fundamentally
confer restrictions of the utility of either sensor. However, the technological means by
which each method is implemented does have an effect on sensor performance. For
example, in the case of SPR imaging, adding two further spatial dimensions to a data set
offers the challenge of three-dimensional data collection. The practicalities of this
approach are discussed in detail in chapter 5. It must also be noted that some
approaches for SPR-based detection have converted angular resolution to wavelength
resolution, for example by employing a gold film grating instead of planar gold as the
underlying substrate’®.

One aspect that is fundamentally different between LSPR and SPR detection
systems is the physical extent of the electric field enhancement resulting from the
respective plasmon resonances. The sensitivity of the resonance to the local Rl is a
result of the direct dependence of the resonant energy on the dielectric of medium in
which the oscillation occurs. Therefore, the so-called “sensing volume” of a plasmonic
system is described by the region of electric field enhancement. Further, the relative
sensitivity of the overall resonance to refractive index in a particular region is
proportional to the square of the electric field intensity in that region’® %. Thus, the
electric field distribution of a plasmonic sensor is critical to its performance as a label-

free sensor. In planar SPR, the excited plasmon is essentially a standing wave of the
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conduction electrons of the substrate surface. This creates an electric field
enhancement that is highest nearest the surface and decreases exponentially further
from the surface®'. A characteristic distance known as a plasmonic system’s decay
length or sensing distance is typically defined as a metric to describe this effect.
Typically, this is defined as the distance at which the electric field enhancement has
decreased 95% from its value at the metal surface®. For planar gold, this distance is
approximately 300nm’®. As most biomolecules have physical dimensions smaller than
~10nm, only a small fraction of the available sensing volume can consequently be
utilized, if we assume that binding is restricted to a two-dimensional surface. This
restricts the relative magnitude of resonance shifts that can be achieved by molecular
binding. However, because of the uniform nature of the field enhancement across the
surface and the relatively slow field enhancement decay in the direction perpendicular to
the surface, every bound molecule will be an a region of similar field magnitude. Thus,
the corresponding resonant shift will be similar for each bound molecule, resulting in
highly linear dose-response characteristics.

By contrast, the electric field enhancement of plasmonic nanostructures tends to
be more locally confined. For example, the field enhancement of noble metal
nanospheres generally extends about a particle radius beyond the metal surface, and
that of gold nanorods extends approximately one diameter®. Thus, nanostructures that
are plasmonically active in the visible wavelength range have sensing distances that are
typically 10-40nm. This tighter field enhancement distribution means that a larger
proportion of a nanostructure’s sensing volume will be occupied by bound biomolecules
resulting in a higher fraction of the full potential resonance shift. However, the spatial

distribution of field enhancement around plasmonic nanostructures is highly non-uniform.
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For example, nanorods have been shown to exhibit much larger field enhancements at

the ends of the rod as compared to its periphery*® .

Consequently, molecules that
bind to a gold nanorod near the end-caps will generate a larger resonance shift than
those bound along its sides, which can compromise the linearity of the system’s dose-
response characteristics. Some investigators have attempted to purposely design
structures with high non-uniform field distribution with the goal of utilizing those regions
of highest enhancement as highly sensitive detection areas. Examples include so called

%.84 "and coupled dimers of individual

“bow-tie” structures®, crescent shaped structures
spheres®.

The consequence of this difference in electric field enhancement localization is
more apparent in regards to the sizes of materials detected than overall detection limits.
For example, protein detection limits of both planar SPR and LSPR techniques is in the

73,8589 However, SPR sensors have been shown to be challenged

0.02 — 2ng/mL range
by detection of small or sparsely bound molecules' but LSPR sensors have been
shown to be limited in detecting larger objects such as bacterial cells®.

Recently, there have been increased efforts towards combining LSPR and SPR
systems in a way that complements the advantages of each system. Some of these
techniques include an SPR-based labeling scheme in which target molecules are
labeled with plasmonically active nanoparticles. The resonances of the coupled
nanoparticles interacts with the surface plasmon of the gold surface resulting in an

|91

increased SPR signal®’. This approach has been demonstrated as a means to amplify

SPR detection of proteins®?, oligonucleotides® and chemical sensing®. In a label-free
approach, sensor substrates have been studied that are composed of an underlying gold

95, 96

film decorated with nanoparticles This system then forms the label-free SPR
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substrate in which shifts in the composite plasmon resonance is observed with an
increase in overall refractive index sensitivity”’. Improvements in sensitivity by as much
as 57% have been reported for these composite substrates over conventional SPR%.
Further reports investigate the use of a spacer layer of silicon between the gold film and
the nanoparticles to optimize resonant shifts for both nanoparticle-labeled® and label-

free biomolecular detection'®.

1.2.3 Application/Fabrication

As mentioned previously, the composition and geometry of a plasmonic
nanostructure determines the properties of its corresponding electron resonance and
therefore its overall properties as a sensor. Of practical concern regarding nanoparticle
implementation is the manufacturability of a desired geometry. In order to query the
space of nanostructures available for diagnostic applications, many approaches have
been developed that utilize various means of nanostructure assembly. An ideal
production methodology is low cost, generates robust, highly reproducible structures and
is scaleable. Obviously, the goal of selecting an optimized nanostructure is not always
achievable due to manufacturing limitations and practical production strategies require
some compromise of these four characteristics. Additionally, most optical detection
modalities (with the exception of single-nanostructure detection schemes), query
illumination areas that are relatively large in comparison to the size of the nanostructures
themselves. For example, the first surface-based LSPR detection scheme reported
nanoparticle coverage of 1.5 x 10"/cm? °. So a 1 mm? detection area is simultaneously
scanning over a billion particles. Thus, the production method must be able to
simultaneously cover large areas with many nanostructures because serial production

would be prohibitively time consuming. The two primary means of achieving this sort of
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production are chemical synthesis of nanoparticles, and various top-down lithographic
techniques. Many reviews are available in the literature that explore diagnostic

applications of nanostructures ' % 10119,

In the following section, the discussion is
limited to optical techniques in which biomolecules were actively detected in a label-free
format. Detection limits from the literature have been converted to concentration units of
bound mass per total analyte volume (e.g. grams/liter) as opposed to units of nhumber of
analyte molecules per volume (e.g. molar). This was done to allow direct comparison
across studies of detecting analytes with different mass because LSPR detection

schemes generate signal based on total bound optical mass, not the number of bound

analytes.

1.2.3.1 Chemical Synthesis

Chemical synthesis of noble metal nanoparticles is one method of fabricating
plasmonically active biosensing substrates. Englebienne reported the use of chemically
synthesized gold nanospheres as a biomolecular sensor in a colloidal suspension®. In
these experiments, gold nanoparticles were chemically synthesized by the reduction of a
chloroauric acid in the presence of an ionic stabilizer. While this process has been
performed for centuries to create dyes for glass and pottery, it was formally reported by

Turkevich and co-workers in 1951"%,

For biodetection in solution, Englebienne
employed the gold nanoparticles as sensors by conjugating antibodies for the target
analyte to the nanoparticles while they remained in suspension. High concentrations of
the target analyte caused the nanoparticles to aggregate resulting in large LSPR shifts
as the resonances coupled as measured by a conventional spectrophotometer.

However, smaller LSPR shifts were noted at lower analyte concentrations which were

caused simply by the increased refractive index caused by the bound analyte. Since this
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experiment, the field exploded with reports of novel plasmonically active nanoparticles
stabilized in a colloidal suspension. Several recent reviews cover the wide array of

synthesis techniques'® %,

Similar biodetection experiments based on LSPR shifts
induced by increased local refractive index near particles remaining in suspension has
been reported for silica-gold core-shell nanoparticles in whole blood samples'”. More
recently, a protein marker for Alzheimer’s disease was detected at limits near 20 pg/mL
with a similar aggregation assay employing two-photon excitation to quantify resonance
shifts. ®  The multiplexed potential of suspension LSPR-based assays was recently
demonstrated by Yu and lrudayaraj, who demonstrated selective detection of three
different species of protein by utilizing three separate nanorod geometries — each with
conjugated with a specific antibody and a different resonant wavelength'®. The
resonances were spaced across the visible spectrum such that the LSPR peaks of each
population could be simultaneously identified. In this manner, three species of protein
could be independently measured from the same detection suspension in parallel.

The approach whereby LSPR shifts are caused by simply the increased local RI,
and not interparticle coupling, was then extended to a surface-based format by our
group in which a monolayer of gold nanospheres were chemically bound to a glass slide

70.109 " This surface-based format

before being conjugated with antibodies for detection
allowed for reduced reaction volumes and increased the versatility of the system by
removing the need for the gold nanoparticles to remain stable and non-aggregated — a
challenge for nanoparticle modification in solution-phase applications, particularly for
ionically stabilized particles as biologically relevant test samples will have ionic

constituents. This initial experiment using gold nanospheres was demonstrated to

detect the protein streptavidin at a concentration of 1 ug/mL™. A similar approach was
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subsequently using silver spheres to detect antibodies at 140 ug/mL*. Recently, a
sensor was demonstrated that detected the anabolic steroid stanozol to a detection limit
of 0.7ng/mL by using gold nanospheres on glass®. Other chemically synthesized

110

nanoparticles used in a similar format for biodetection are gold bipyramids' ™ and gold

nanorods’?.

1.2.3.2 Top-Down Lithography

Top down fabrication approaches are those which use lithographic techniques to
directly build plasmonic structures on a substrate. For example, a silver film sputtered
onto a glass slide at sub-monolayer coverage has been shown to coalesce into
plasmonically active nanoscale islands, which were used to detect the selective binding
of streptavidin at a concentration of 20 ng/mL'"". A substrate formed by evaporative
coating of gold onto a porous alumina substrate was similarly demonstrated to detect
binding of thrombin at 2 ng/mL concentration to the aptamer-functionalized surface''?.
Most recently, detection of protein at a concentration of 10 pg/mL was demonstrated
using a wavelength resolved system using gold-coated silica nanoparticles as the
plasmonic substrate’’®.  Other top-down lithographic techniques require multi-step
processes to build large regions of individually separated nanostructures. For example,
evaporating thin metallic films onto layers of previously deposited silica nanospheres can
yield a gold film with plasmonically active nanometric holes after removal of the silica
spheres. These substrates have been demonstrated to detect biomolecules by using
receptor molecules bound to both the gold surface and to lipid bilayers deposited within

the holes themselves''# ¢,

Nanoscale triangular pyramidal structures have been
fabricated using a similar fabrication methodology. If the silica nanospheres used as

masks for the holes are deposited at a higher coverage - to the extent that a closely
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packed monolayer is formed — subsequent metal deposition will only reach the
underlying substrate in the triangular regions between adjacent spheres. Silver
triangular pyramids formed in this manner have been extensively studied by Van Duyne

74, 17118 These structures were functionalized with biotin and could

and coworkers
detect streptavidin at a concentration of 250 pg/mL"® and a peptide linked to Alhzeimer’s
disease using a sandwich assay at an initial concentration of 100 fM'?°. Gold nanorings
have also been fabricated and utilized for biosensing using two distinct synthesis
techniques. The first synthesis method is similar to the synthesis of gold nanoholes
described previously. However, after gold has been deposited over the entire substrate
(that consists of sparsely spaced silica nanospheres on glass), a reactive ion etching of
the surface is carried out. During the etching process, the gold atoms scatter in all
directions by the high-energy ions. Some of the gold is subsequently re-deposited
around the base of the silica nanospheres where they are shadowed from further etching

leading to the formation of gold rings. These nanostructures were functionalized with

biotin, and were shown to detect neutravidin at a concentration of 10 ug/mL'".

1.2.3.3 Non-Specific Adsorption Prevention

In any study involving the specific interaction between biological molecules on a
surface, significant noise can be generated from the propensity of most biomolecules —
especially proteins— to avidly adsorb on to most solid substrates. Non-specific binding is
a problem that limits the performance of biosensors for many reasons.. First, binding of
non-target analytes that non-specifically bind or adsorb to the surface can generate
false-positive signals. Another problem can arise when molecules non-specifically bind
to the target receptor, blocking binding sites and potentially generating false-negative

signals because the target species was sterically prevented from binding. Also, if target
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analyte binds to the sensor at interfaces other than the transducer along the flow-path,
the depletion of analyte concentration can be misreported by the detector as a lower
measured concentration than the true concentration. Many of these obstacles can be
particularly problematic for label-free sensors simply by virtue of their transduction
modality — especially in detecting species in complex mixtures such as whole blood. For
example, sandwich-based labeling assays generally exhibit higher specificity because of
the dual selection of binding to receptor and the label. Investigators have explored
several means to overcome these challenges for diagnostic devices in general and to

122,123 |n the discussion below,

the specific application of label-free optical biosensors
the focus is limited to those strategies that have been successfully applied to LSPR
sensor systems.

One strategy employed to prevent non-specific adsorption of sensor structures is
the use of ethylene glycol (EG)-containing molecules and polymers. Non-specific
adsorption of protein molecules has been shown to be reduced by surface passivation

122

using coatings of poly(ethylene glycol) (PEG) It has also been shown that self-

assembled monolayers of EG-terminated alkanethiols confer protein resistance to gold

and silver'®* 125,

In LSPR sensing, detection of streptavidin in whole serum has been
reported by utilizing a mixed monolayer of EG-terminated molecules and biotin-
conjugated molecules to limit the non-specific adsorption of serum proteins™. In this
case, the EG-terminated molecules serve to both reduce non-specific adsorption of the
non-target proteins in serum, but also as a diluent to optimally space receptor molecules
within the mixed monolayer'®. In this manner, the biotin molecules can be optimally

spaced to prevent steric hindrance while preventing adventitious adsorption of material

to the remaining surface of the nanoparticle, minimizing false positive signal.
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Phospholipid bilayers have also been shown to prevent the adhesion of non-specifically

|123

adsorbed biomateria Phospholipid bilayers incorporating receptor molecules have

been shown to allow the detection of streptavidin using individual gold nanorods'? and
for detecting neutravidin with nanoholes”” ",

Surface passivation issues such as those described above attempt to address
the depletion issue by minimizing the available area where the analyte of interest could
bind non-detectably. However, in the case of sensors using a fluid handling system of
some kind, this area extends throughout the entire system, not just the detector surface.
One common tactic employed to contend with the depletion issue is to purposely pre-
expose the sensor to a “sticky” material in order to occupy any high-energy surfaces that
might otherwise collect target analyte. For example, bovine serum albumin is commonly
used as a blocking agent in this manner'®®. Systems capable of continuous flow of

detection solution can similarly block non-detectable regions, eventually equilibrating at

the initial concentration of analyte.

1.3 Nanoparticle Detection

As discussed in the previous section, the initial development of such sensors
began with systems that interrogated a large ensemble of nanoparticles.
However, the true power of a nanoparticle-based sensor comes from the virtue of
its size. A single plasmonic nanoparticle has characteristic dimensions in the 10-
100 nm size range. Thus, by miniaturizing a detection system down to a single
nanoparticle, the entire sensing platform is in the same size regime as the target
analyte molecules. This offers advantages to minimizing detection limits and

opens the door for label-free detection of individual molecular binding events. It
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should be noted that the ability to detect single molecules will not, per se, provide
a gain in sensitivity as defined by the lowest concentration of the analyte that can
be detected, primarily because of mass transport limitations'®''. Rather,
miniaturizing the sensor to a single nanoparticle is of interest because it is a
useful test of the limits of this technology for biosensing and also because it
provides a potentially useful biophysical tool for the interrogation of single binding
events that is complementary to other transduction modalities under

132-135

development for single molecule, stochastic sensing However, certain

limitations and constraints are also encountered by virtue of the scale of such
biodetection systems. In this chapter we investigate the advantages and
disadvantages of biodetection using individual plasmonic nanostructures and
discuss recent advances in the field and their potential implications in label-free
detection.

To date, all reported studies that employ plasmonic nanostructures on surfaces
as signal transduction elements for biodetection can be classified by means of data
collection into one of two categories. The first is referred to as ensemble measurements
and refers to optical analysis of macroscopic substrates. The second means involves
the analysis of individual nanostructures and is herein referred to as single-structure
(SS) detection. Each data collection method offers its own advantages and is subject to

unique limitations.

1.3.1 Ensemble Analysis
An ensemble measurement is so named because macroscopic regions of

plasmonically active substrate are analyzed. This area may contain a large number of
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individual plasmonics structures on an underlying substrate, or simply be a substrate
engineered to be plasmonically active. In either case, the large composite cross-section
of light interaction offers distinct advantages. The large number of LSPR active
nanostructures interacting with the incident light produces intense signals with high
signal-to-noise ratio (SNR) relative to SS measurements. Higher SNR measurements
can be used to detect small magnitude LSPR shifts more accuratley'®. Additionally,
higher intensity signals can be sampled more quickly, thus increasing the time resolution
of such measurements which is especially important in studies where dynamic effects
are monitored such as biomolecular binding. Recent work by Dahlin et al reported SNR
of 3000 for ensemble measurements of nanostructured holes in a gold film. These
measurements allowed peak shifts to be determined at an uncertainty of 10° nm
measured at a temporal resolution of 2s per measurment''”. Finally, ensemble
measurements have the advantage of making optical measurements of a relatively large
area — typically on the order of several square millimeters. Measurements of this sort
are relatively simple and can be performed on readily available commercial equipment
such as a spectrophotometer.

On the other hand, all nanostructure synthesis techniques result in a distribution
of individual nanostructure geometry. From electron beam lithographically-written
nanostructures to chemically synthesized colloidal nanoparticles, each synthesis
technique vyields members with slightly different geometry. Since a plasmonic
nanostructure’s LSPR peak location is directly determined by nanoparticle shape*® 3"
1 this geometric distribution results in a distribution of resonant peaks. Thus, when a
macroscopic area of nanostructure-decorated substrate is analyzed, the actual

measurement is the ensemble spectrum of up to millions of individual LSPR peaks. This
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spectrum therefore exhibits heterogeneous broadening compared to the single
Lorentzian peak observed for each resonance of a single nanoparticle and therefore has
a broader peak linewidth which leads to greater uncertainty in measuring small shifts in
LSPR peak position'. Further, it has been shown that nanostructure bulk refractive
index sensitivity is correlated with the peak wavelength of its LSPR™2. Specifically, it
has been shown that plasmonic nanostructures with LSPR peaks at longer wavelengths
will have a higher bulk RI sensitivity. This means that under a given increase in
surrounding refractive index, the constituent members of an ensemble system will each
experience a shift of differing magnitude. The nanostructures with longer wavelength
resonances will shift further than those at shorter wavelengths. The net effect is an
asymmetric broadening of the ensemble spectrum as it redshifts. This is observed
experimentally as the leading edge of the resonant spectrum appearing to be shift
further than the following edge. This relative magnitude of this effect depends on the
heterogeneity of the nanostructures used and can further complicate data interpretation.
Additional problems can also arise for nanostructures that exhibit more than one primary
LSPR peak. For example, the primary resonance of gold nanorods corresponds to
conduction electrons oscillating along its length — known as the longitudinal mode.
However, smaller resonant peaks that are blue-shifted with respect to longitudinal mode
exist and have been shown to be highly dependent on nanorod end cap geometry and
thus tend to vary widely between chemically synthesized nanorods'. Thus, the
contribution of these secondary peaks can further complicate the direct measurement of

ensemble LSPR shifts.
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1.3.2 Single Nanostructure Analysis

Many advantages result from the miniaturization of the label-free signal
transducer down to the single nanostructure. First, with concomitant
miniaturization of the fluid handling system, sample volumes can be greatly
reduced, which is likely to be important in the design of clinical diagnostics where
analysis is constrained by the available sample volume (e.g., in neonatal
diagnosis and archival samples), or by the high cost of reagents. Additionally,
the miniaturization of a biosensor down to the nanoscale allows for
measurements to be made in regions not accessible by macroscopic sensors,
such as within live cells’*. As SS detection systems advance, the realization of

80. 145 such detectors

optical, label-free single molecule is becoming a reality
offer the chance to study molecular interactions in a real-time, stochastic manner,
enabling further exploration into the fundamental nature of these reactions.

Single nanoparticle interrogations also offer a method to bypass LSPR peak
broadening present in ensemble studies. By interrogating single nanoparticles,
individual resonance peaks are analyzed independently, each with a much
narrower line-width, increasing the ability to observe peak shifts and thus overall
measurement accuracy'®. It has even been shown that nanostructures with
multiple resonances can be used to gain insight as to where on the structure
material is bound. This is possible because each resonant peak in the LSPR

spectrum corresponds to a physical oscillation mode that can occur in different

physical locations. For example, various resonances have been probed for
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individual gold nanocrescents by introducing a silica nanosphere it various
locations using an AFM tip™*°. Thus, particles with multiple resonances can offer
information regarding binding location as well as just bound amounts.

Just as many of the advantages of SS detection methods are derived from their
scale, so are many of their disadvantages. Signals generated by individual
nanoparticles are obviously quite small, so highly specialized equipment is typically
necessary to perform detection experiments. Typically a microspectroscopy system is
employed that requires a microscope as a base platform and a light detection apparatus.
In general, the small signals generated by SS detection systems require more sensitive
light detection equipment than ensemble measurements. Often, a custom fluid handling
system is also involved due to the physical constraints from the optics around the
sample detection region. As a result, SS detection systems are typically more expensive
and complex than ensemble measurements.

Experimentally, these sorts of detection systems have a few fundamental
limitations.  First, the incident light intensity that a given nanostructure receives
invariably fluctuates as this intensity is a complex function of surface reflections, nearby
scatterers, spatial distribution of the incident light, among others which can all in turn
change as the medium refractive index, temperature or other physical parameters
change. The result is that the intensity of LSPR resonances cannot be reliably

measured, limiting dependable measurements to only wavelength'®,

In addition,
physical stability of the microspectroscopy system is an issue because the physical
relationship between the location of the scatter and the detection system can change

how it is perceived by the measuring equipment. For example, focus depth and relative
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physical positioning of scattered light spots in relation to an imaging spectrometer slit
have been demonstrated to affect LSPR measurements.

Analytically, the small signals generated have negative consequences as well.
First and most obvious is the fact that signals with lower signal to noise ratio (SNR) are
less statistically reliable and thus smaller resonance shifts are more difficult to measure.
In order to increase SNR, most investigator employ a darkfield illumination scheme
which illuminates background illumination light that typically overwhelms small signals
from individual nanostructures. This dramatically increases the SNR of these
measurements but the consequence is that only resonant scattering is measured. This
is in contrast to extinction measurements which measure the combined absorption and
scattering of the sample which is necessarily a larger signal. Finally, the smaller signals
measured in SS detection systems typically require a longer light collection time per
measurement. This increases the SNR of each measurement but also reduces the
temporal frequency at which measurements can be made, limiting time-resolution of

dynamic measurements.

1.3.3 Biodetection with Single Nanostructures

The plasmonic response of individual nanostructures such as gold nanoshells®,
silver spheres’ and silver triangular prisms'"” have been previously investigated in
response to the self-assembly of alkanethiols on the surface of the noble metal
nanostructures. We are aware of only four studies, in addition to our own, that have
studied biosensing at the single nanoparticle level. Raschke et al used spherical gold
nanoparticles functionalized with biotin to detect streptavidin binding at 50 pg/mL level'’
in 2004. Rindzevicius et al reported in 2005 on LSPR shifts from single plasmonic

nanoholes in response to the binding of 1 mg/mL neutravidin to biotin-BSA”". This was
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followed by our report in 2008 of the detection of streptavidin to biotin-funcitonalized gold
nanorods at a detection concentration of 50 ng/mL"®. Also in 2008, Baciu et al report the
detection of streptavidin at 1ug/mL on single gold nanorods that have been activated by
depositing a biotin-containing lipid bilayer over the entire sensor surface'. Then, in
March 2009, 1.3 ug/mL detection of avidin was reported using gold spheres decorated
with aptamer receptors. One week, later our report demonstrating optimization of gold
nanorod geometry was published. In this work, we demonstrated the detection of
streptavidin from a concentration of 8 ng/mL®. It is worth noting, that although this
detection limit is over two orders of magnitude better than any other reported SS
detection regime, it is still one order of magnitude worse than the same sensor employed

in ensemble mode’?.

1.4 Plasmonic Imaging

The development of truly scalable multiplexed detection systems using
plasmonic systems requires a detection platform capable of simultaneous detection of
multiple independent signals. Optical microarrays, the most commonly used multiplexed
assays, use spatial separation to distinguish detection signals. Optical microarrays offer
high-throughput analysis of large number of targets and have thus seen extensive use in
applied to genomics, diagnostics, toxicology, nutrition, pharmacology and many other
areas. Several recent reviews describe recent advances and applications of optical

microarrays 410,

Most microarray detection approaches use labeling strategies to
generate sufficiently large signals for the low concentrations of targets. Either the
targets themselves will be labeled (such as DNA PCR products incorporating fluorescent

molecules), or a sandwich-type assay can be used where secondary labels are attached

to captured target molecules (such as a fluorescently labeled antibody for the detection
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of protein). While labeled approaches have been very successful, several practical
concerns limit their usability. First and foremost, the introduction of labels can affect the
behavior of the labeled molecule and potentially alter interactions with other species.
The labeling process also increases the cost and complexity of the assays. Additionally,
it restricts assays to molecules which have been successfully conjugated to labels.
Labeling efficiency can also vary between species which complicates detection
quantification'®.  Fluorescent molecules also suffer from photobleaching which can
further complicate quantification.

Recent efforts in the field have been towards developing a label-free multiplex
detection platform in order to exploit the advantages of parallel detection without the
limitations of labels. One promising candidate for such detection is the use of surface
plasmon resonance imaging (SPRI). SPRI is performed by collecting a spatially
resolved image of a plasmonic substrate so that individual regions can be independently
measured. A field of view might be one continuous substrate with independent regions
activated with different receptor molecules, or it may contain isolated, plasmonically

37,181 and since

active regions. This technique was first demonstrated in the late 1980’s
then, SPRI has proven to be a practical alternative to fluorescent labeling techniques,
and a useful tool and for the study of biointeractions. Many recent reviews highlight new

applications and innovations in SPRI techniques'#® 149 152 153,

In the paragraph below
we discuss recent innovations in label-free optical detection instrumentation employed
and their effect on the detection limits of SPRI systems.

As discussed previously, plasmonic resonance shifts are measured primarily by

three means: intensity, spectrally resolved, or angularly resolved. Due to its simplicity,

the most common form of data collection for SPRI systems is intensity-based
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measurement. This detection scheme is perfectly analogous to the case of quantifying
conventional SPR measurements by reflected light intensity discussed above in section
1.2.2. Briefly, images are collected at a fixed incident angle with a low bandwidth light
source. The wavelength and angle of excitation are selected to be in a position on the
resonance curve that has a steep slope and is relatively linear. As material binds to
regions being imaged, the resulting resonance shift in that area causes a change in the
light intensity collected by the corresponding CCD pixels. Intensity-based SPRI
measurement systems are commercially available (from at least five companies at the

time this is written'®)

, and the technique has been extensively used to investigate
DNA™*"" and protein'®'®" microarrays. Recent efforts to improve sensitivity of intensity
measurements have also shown that monitoring the polarization of the reflected light can

162,183 However, current detection limits of intensity-based

enhance system sensitivity
SPRI is typically about 10-100 times worse than with conventional, non-multiplexed
SPR™,

Some of this loss of sensitivity can be attributed to inherent limitations of intensity
based measurements. The primary problem with intensity systems is their low data
resolution. Obviously, an entire spectrum of points describing a system’s resonant
frequency is more useful in assessing changes than a single point. Another issue is that
the plasmon resonance curve is only linear over a relatively short span. As bound
material causes the resonance peak to shift, the monitored intensity is no longer within
this linear region. This results in a highly constrained dynamic range.

Alternatively, measurements can spectrally-resolved, or angularly-resolved.

Such methods thus involve data that is three-dimensional — two spatial dimensions and

one either spectral or angular. Any optical measurement is limited in its acquisition to
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only two dimensions, because current CCD’s and photodiode arrays have only been
built with two dimensions of detectors. Either the dimensionality of the data needs to be
reduced, or a third dimension in data collection is needed. In order to collect full 3-D
data cubes, time is used to collect a 2-D data series that can be compiled into a full 3-D
set. For example, a large increase in dynamic range has been reported by the utilization
of a commercially available (Biacore: Uppsala, Sweden) angularly-resolved SPRI
scanner. The device uses a scanning mirror to continuously scan the excitation angle,
adding angular resolution to the data'®. The authors report a 10-fold increase in
dynamic range over intensity-based SPRI and a 25-100 fold better detection limit than
the companion fluorescence studies employed as controls.

Other methods that have been investigated to increase the sensitivity of intensity-
based measurements involve the spectral distribution of the plasmon resonance. These
techniques are particularly attractive from an instrumentation standpoint because they
require no moving parts. Several techniques involve a straightforward multispectral
approach. One report describes an increase in sensitivity and dynamic range by
illuminating the plasmonic substrate with white light and collecting images with three
different color filters®®. Similar approaches towards spectrally-resolved collection have

165,185 or tunable light sources'® to compile full 3-D data sets

used either tunable filters
by collecting several images over time and then compiling them. Another class of
techniques involves using an optical diffractive element to translate one of the spatial

h'®® or incident angle resolution'®. In

dimensions of a CCD detector to either wavelengt
these cases, one column of array spots is measured at a time, and the detector is
scanned along rows to collect the full 3-D data set. Sensitivity levels of this technique

have been shown to be compare to conventional single-detector SPR'®. One similar
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wavelength-resolved SPRI method has been reported that allows for simultaneous

127170 " |n these

spectral investigation of up to 20-vertically isolated plasmonic structures
experiments, an electronically addressable liquid crystal device replaces the entrance slit
to a line-imaging spectrometer. The detection is fundamentally similar to the previously
described method of observing columns and scanning the sample, but in this case the
LCD filter allows arbitrary selection of vertically separated sample regions and precludes
the need of scanning hardware.

Although these multiplexed methods have been shown to exhibit detection
sensitivity at comparable levels to current serial methods, most of these approaches
make these gains at the cost of time resolution. One of the primary assets of label-free
detection is that molecular interactions can be observed without undue perturbation of

the system by introducing labels. However, by reducing the speed at which data can be

collected, we severely restrict the ability of the sensor to monitor dynamic phenomena.
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2 Darkfield Microspectroscopy System

Initial system characterization experiments of the darkfield microspectroscopy
system were performed using gold nanospheres. They are commercially available at
narrow size distributions.  Their spherical symmetry also simplifies theoretical
calculations of resonance peaks and other optical behavior®. Additionally,
nanospheres with diameter greater than 60 nm offer extremely high scattering cross-
sections, allowing for easy visualization of individual nanoparticle spots. Although gold
nanospheres have smaller scattering cross-sections than those composed of silver, the
gold particles resist oxidation which alters LSPR peak position and intensity. For these
reasons, we use 60 and 80 nm diameter gold nanospheres as measurement standard

for the microspectroscopy system characterization.

2.1 Experimental Preparation
2.1.1 Materials

Glass coverslips, glycerol, ethanol, methanol, and hydrochloric acid were
purchased from VWR. Aminopropyltriethoxysilane (APTES) and
mercaptopropyltriethoxysilane (MPTES) were purchased from Gelest. Distilled water
purified by a reverse-osmosis filtration system (18 MQ-cm, Myron L Company, Series
750) was used for all experiments. Citrate-stabilized gold nanospheres with mean

diameters 60 nm and 80 nm were purchased from BBI International.

2.1.2 Substrate Preparation
Gold nanoparticles were immobilized onto 25 mm diameter, round No.1 glass
coverslips in a manner similar that previously reported to fabricate nanoparticle sensor

chips’. First, the coverglasses were cleaned by sonication for 20 min in a 1:1
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HCl/methanol mixture. The coverslips were rinsed with ethanol, dried overnight at 65°
C. Coverslips for nanospheres were activated with APTES 10% (v/v) MPTES in ethanol
for 15 min. The coverslips were rinsed several times with ethanol, and then dried at 120
°C for 3 h. Nanoparticle suspensions were first diluted in water to 1:15 (v/v) and a 20 pl
aliquot of the suspension was pipetted onto the center of the coverglass and incubated
for 10s before being rinsed off with water. Interparticle spacing has been shown to be a
function of nanoparticle concentration and incubation time®'.  This nanoparticle
concentration and incubation time have been empirically determined to produce
nanoparticle chips with an average interparticle spacing of ~5 um, which is ideal for
interrogation of isolated nanoparticles by the microspectroscopy system because the

diffraction limited spots are separated enough as to not overlap.

2.2 Darkfield Imaging
Darkfield microscopy is a technique commonly used to visualize light scattered

42, 76, 137, 147, 171, 172 Darkfield refers to the illumination

by individual nanostructures
conditions of light incident on the target. Under darkfield illumination, the incident light is
directed such that it will illuminate the sample area, but will not be collected by the
imaging objective. The only light that reaches the collecting optics is that which has
been scattered by objects within the sample. There are several experimental
configurations which produce darkfield illumination. The first is referred to as reflection
mode, and it is achieved by introducing the incident light at a shallow angle to the

sample surface®® ¥ 173

. This configuration is illustrated in Figure 1A. Because of the
shallow angle, the reflected beam is not collected by the imaging objective, so only light
scattered by the sample surface is collected. While relatively simple to assemble,

reflection mode darkfield is restricted to samples that have no reflective surfaces above

37



the scatterers, because this light may be collected by the objective. However, reflection
mode does have the advantage of being able to image of samples on opaque
substrates. For example, this technique has been used to collect micrographs of
scattered light of gold nanospheres on a gold surface®. A similar configuration is the
well-studied Kretschmann configuration which is commonly used for conventional planar
SPR studies. Also known as total internal reflection, the Kretschmann configuration is
applied when light is incident at a shallow angle through an index-matched prism on the

72 Because of the lower refractive index of the medium above

back side of the sample
the substrate, the incident beam totally internally reflects providing the dark background
necessary for darkfield. The evanescent field created at the point of total internal
reflection excites nanostructures on the substrate, causing them to scatter light which is
collected by the microscope objective as shown in Figure 1B. It is important to note that
the purpose of the prism in this configuration is simply to provide a relatively high
refractive index medium to facilitate total internal reflection of the incident beam and is
not required to modify the momentum of the incident light to allow coupling into the
electron resonance as in the case of conventional planar SPR. A third experimental
means of achieving darkfield illumination is referred to as epi-illumination which involves
using the imaging objective for both direction of the illumination light as well as collecting
scattered light. As shown in Figure 1C, this is accomplished by using a beam-splitter to
separate incident light with light reflected by the sample, which is then further separated
by a field stop to isolate light scattered from the sample surface from reflected

174
t

illumination light'’*. This approach is particularly useful for imaging structures under a

confined environment that does not allow simple access by further optics to the sample

surface such as those in flow a system, or an incubator for the imaging of live cells'’®.
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The fourth approach that darkfield illumination is commonly achieved is through the use
of commercially available darkfield condensers that focus collimated illumination light at
an angle steeper than can be collected by the objective. Figure 1D shows an illustration
describing transmission darkfield illumination. In this scheme, a darkfield condenser is

used that brings in collimated light at an angle steeper than can be collected by the

76, 147, 165, 176 75, 80,

objective. This technique has been used by many groups including ours

136171 to collect scattering spectra of individual nanostructures.
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Figure 1: Schematics of darkfield illumination techniques. Incident light
and scattered light are depicted by yellow and red arrows respectively. A)

Reflected Darkfield B) Total Internal Reflection (Kretschmann) configuration C)
Epi-lllumination Darkfield D) Transmission Darkfield

Because of their sub-wavelength dimensions, plasmonic nanostructures are

imaged as diffraction-limited spots exhibiting the familiar and well-characterized Airy
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pattern. Thus the resulting micrographs of nanoplasmonic structures under darkfield
illumination are bright spots corresponding to light scattered by individual nanoparticles
over a dark background, as seen in Figure 2. Although the nanostructure size is far
below the typical resolution Ilimits of optical microscopy, plasmon resonant
nanostructures exhibit very large scattering cross sections. A scattering cross section
represents a hypothetical disc around a nanoparticle such that all light incident upon that
area is scattered. For example, a 30 nm diameter gold nanosphere has a scattering
cross section of 90 nm2 at resonance whereas a polystyrene bead with 30 nm diameter
has a scattering cross section of approximately 0.1 nm2 at visible wavelengths'””. The
large scattering cross section of plasmonic nanostructures is what allows the collection
of high signal-to-noise images of individual nanoparticles with darkfield microscopy. In
fact, individual nanoparticles scatter enough light that they can be easily visualized by
eye through a darkfield microscope. As an example of digital recording, the micrograph
of 80 nm diameter spherical gold nanoparticles shown in Figure 2 was collected with an

integration time of 200 ms with a typical RGB (red-blue-green) CCD.
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Figure 2: Darkfield micrograph of 80 nm diameter gold spheres. The green
dots are diffraction limited spots of light scattered by single gold nanospheres.
The yellow and orange dots are spots from two or more aggregated spheres.

2.3 Microspectroscopy
2.3.1 System Description

The foundation of the optical darkfield microscopy system is a Zeiss Axiovert 200
inverted microscope. The system employs an oil immersion ultra-darkfield condenser
(numerical aperture=1.2-1.4) and a 100x oil immersion Plan-neofluar® (Zeiss) objective
(adjustable numerical aperture, from 0.7 to 1.3). lllumination is provided by an integrated
100W halogen source. A selectable output adapter is connected to the microscope's
camera port that allows the field of view to be imaged by either a color digital camera
(Photometrics CoolSnap cf) or a line-imaging spectrometer (Acton Research SpectraPro
2150i). The camera records the microscope's field of view for co-registration with the
spectrometer. Gold nanoparticles are identified within the field of view as diffraction-
limited spots exhibiting a Lorentzian scattering spectrum. A programmable shutter is
mounted internal to the spectrometer entrance slit to electronically control exposure
times. The slit was opened to 150 um to ensure that the entire diffraction pattern from a
nanoparticle was imaged within the slit width. Further details of the optical setup are
available in Appendix A. For time-resolved microspectroscopy measurements, a
nanoparticle decorated cover glass was mounted in a flowcell (Bioptechs FCS3). All
time-resolved measurements were taken under continuous flow conditions with a flow
rate of approximately 1 pL/s, controlled by a peristaltic pump (Rainin, Model RP-1).
Temporal resolution of this microspectroscopy system is limited by spectral acquisition
time, with a typical integration time of 2 s per spectrum for a gold nanosphere and 10 s
for a single nanorod. All time-resolved microspectroscopy experiments employed a peak
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centroid-fitting algorithm for precise and efficient data processing''®. This algorithm
performs a polynomial fit to the measured spectrum and then determines the centroid of
the resonant scattering peak. This method offers increased precision in measuring
LSPR shifts versus simply measuring the scattering peak wavelength, and has been
shown to yield a peak position precision of < 5 x 10-4 nm for bulk ensemble
measurements’ '°. Application of this technique to the single nanoparticle
microspectroscopy system described in this chapter yields a fitting-limited peak
measurement precision of 0.02 nm. The total experimental peak uncertainty is ~0.3 nm,
and is attributed to instrumental factors including spectrometer resolution, microscope

focus control and physical stability and analytical factors including spectral source

correction, spatial averaging and sample signal-to-noise-ratio (SNR)"*°.

2.3.2. Spectral Data Processing

Spectral processing algorithms were developed in order to translate the raw data
from the spectrometer to quantitative nanoparticle spectra. The primary focus of the
algorithm was to produce reproducible spectra that can be quantitatively compared
across measurements. The primary hurdle in this process was correcting for the
spectral density of the light source to excite the particles. The raw nanoparticle
scattering spectrum collected by the spectrometer is modulated by the spectral density
of the incident light. Commonly, this can be corrected for by simply measuring the
spectrum of the light source and dividing the measured spectra element-wise by this
source spectrum. However, to ensure accurate, it is necessary to perform this source
collection under the exact same conditions as the experiments to be conducted.
Darkfield illumination, however by definition, precludes the ability of illumination light to

be directly collected by the imaging optics. Scattering standards are commercially
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available that can be use to collect source spectra for reflected mode darkfield.
However, transmission darkfield would require a standard that both scatters and allows
light to be transmitted through the sample. Also, experiments conducted under flow
conditions would require different source spectra to be collected for each introduced
solution as the changes in refractive index of the solutions can alter transmission and
reflectance of the surfaces in the optical path of the illuminating light. For this reason, an
intrinsic source correction method was sought that enabled correction internal to each
collected spectroscopic image. Also, for an imaging spectroscopic method, it is
important that the source spectrum be spatially resolved, as different regions of the field
of view could receive a different spectral intensity of illumination light.

Figure 3 illustrates the concept of intrinsic source correction developed and used
for the following experiments. The two rainbow-colored spots are spectra of two
particles that were images on the spectrometer entrance slit. First, the entire image is
dark corrected by subtracting an image acquired for the same amount of time, but with
no light incident to the spectrometer. Each bright spot is automatically identified by
thresholding the entire image. Each particle spot is analyzed by first identifying which
pixel rows correspond to the given particle. In the example in Figure 3, spectral lines
within the yellow box were considered as contributing to the top particle spot.
Background regions are then identified several pixels away in both directions. The red
boxes denote which areas are considered background. The background rows are then
averaged and smoothed by running average to decrease noise introduced during the
source correction division. This smoothing is justified as the light source is a blackbody
radiator, which should have a smooth spectral line-shape. This smoothing is an

important requirement of the algorithm because by definition, darkfield imaging has low
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signal in the background area. Thus, signal will be low and therefore noisy in this region.
However, enough light does make it through the system that a spatially consistent

source spectrum can be determined.

Rl

Figure 3: lllustration of intrinsic source correction. For the top
nanoparticle scattering spot, the yellow box denotes which rows are considered
part of the spectrum. The red boxes denote which regions would be used to
collect a source spectrum for spectral correction.

To test the effectiveness of the intrinsic source correction algorithm, a single 80
nm diameter gold sphere was measured 30 times on different locations of the entrance
slit. All spectra used the same dark image, and each used the intrinsic source spectrum
from within its own image as described above. Figure 4 is a plot of all 30 spectra with
their intensity normalized. A least-squares fit to a Lorentzian curve was applied to each

spectrum. Before further optimization, the standard deviation of the peak wavelength as

was 0.5 nm. The SNR of the corrected spectra are ~120.
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Figure 4: Normalized scattering spectra of the same 80 nm diameter gold
sphere measured 30 times and source corrected using the intrinsic source
correction method described above.

2.3.3 Spectral Measurement Analysis

The goal of the microspectroscopy system is to measure the LSPR spectra as
accurately as possible. More specifically, the goal is to measure wavelength shifts in the
resonant peaks as accurately as possible as these are the signals directly generated
upon analyte binding. A full characterization of factors that contribute to the LSPR peak
measurement uncertainty was carried out in order to understand the fundamental limits
of the microspectroscopy system and to optimize those system parameters to minimize
the measurement uncertainty'®. This assessment was performed in collaboration with
recent graduate Adam Curry. The full details of this work are available in the article first-

authored by Curry which is presented in appendix A. In this section, a summary of
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these results are presented as they relate to the work presented in this thesis, with a
focus on the specific contributions by Nusz.

We considered both instrumental and analytical contributions to peak
measurement uncertainty. Instrumental factors include objective NA, objective
magnification, spectrometer slit width, NP image position (X, Y) relative to the
spectrometer entrance slit, and objective focus (or Z position of the particle, relative to
the objective). Analytical factors include the extent of spatial averaging within the
collecting CCD, the image region used for source spectrum determination, the signal-to-
noise ratio (SNR) of the source-corrected spectrum, and the peak fitting algorithm
employed.

Many of the instrumental sources of measurement uncertainty are derived from
the microscopy components. Nanoparticles can be imaged with conventional optics only
as diffraction-limited spots, because of their sub-wavelength dimensions. For a simple
lens, the spectral and spatial distributions of diffraction-limited spots are defined by the
familiar Airy pattern. Because of the wavelength dependence of diffraction, longer
wavelengths have a larger Airy disk, resulting in a radial dependence of the spectral
content of the diffraction-limited spot. The size of the spot on the image plane is
determined by both the NA and the magnification of the imaging objective. Larger NA
values result in smaller spots, while larger magnification values result in larger spots.
Additionally, the Airy pattern only results when the subject is perfectly in focus.
Deviations in the objective focus distance will also alter the spatial distribution of the
spectral density within the spot.

The remaining instrumental sources of uncertainty are derived from components

of the spectroscopy portion of the system. In standard spectroscopy applications, the
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size of the spectrometer entrance aperture is a determinant of spectral resolution.
However, in the case of dark-field imaging of a diffraction-limited spot that is smaller than
the aperture, the size of the imaged spot itself acts as the entrance aperture and enters
into the calculation of spectral resolution. This is because the regions surrounding the
particle are dark, contributing little broadening to the measured peak. However, spectral
uncertainty still exists to the degree that there is uncertainty in the spot position relative
to the center of the entrance slit which will be measured as am overall wavelength shift
of entire spectral peak. But the loss of spectral resolution typically expected from
increasing the size of the entrance slit will be less than that predicted by the
spectrometer aperture alone. Given these considerations, the spectrometer’s entrance
aperture size must be optimized to account for spot size, spectrometer resolution, and
positioning uncertainty.

In order to quantify the uncertainty to the overall peak position that each potential
factor contributes, both theoretical models and empirical measurements were made.
Instrumental contributions were analyzed by making 50 repeated measurements of
single nanoparticles at configurations in which the following instrumental component was
altered at a time: (1) objective magnification; (2) focus height;and (3) entrance slit width.
These results were compared to theoretical models generated in Matlab that simulate
the effects of each of the three components on the spectral distribution of the point-
spread function of a diffraction-limited spot and on how the light within this spot reaches
the detector for measurement. The analytical factors of spatial averaging and source
correction were optimized by varying these parameters in analysis of experimental data
and minimizing output variance. Uncertainty introduced by peak fitting and SNR of the

initial spectrum were determined by applying them to computer-generated LSPR spectra
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of various nanoparticles and artificially adding noise and comparing the peak location as
determined from the fitting algorithm versus the input into the spectrum-generating code.

The results of this assessment are the optimized parameters for the
microspectroscopy system. The results indicate that minimum peak location uncertainty
is obtained by using a 100X objective with an entrance slit width of 150 ym. The
resulting measurement uncertainty is 0.3 nm which presents the fundamental detection

of peak shifts that can be reliably measured by the described microspectroscopy system.
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3 Gold Nanorod Biosensor

In this Chapter, | describe the use of gold nanorods as plasmonic transducers;
we chose gold nanorods as plasmonic tranducers of biomolecular binding events for two
reasons: first, we chose gold over silver, even though silver particles exhibit a higher
bulk refractive index sensitivity than gold particles of the same shape and size'’®,
because the greater reactivity of silver as compared to gold makes it less suitable for
use in biologically relevant media. Second, we chose nanorods over many other
possible shapes because gold nanorods can be conveniently synthesized to exhibit
plasmon bands with peak wavelengths ranging from 600-900 nm simply by tuning their
aspect ratio and size through chemical synthesis methods'”®.

This wavelength range is attractive for optical biosensing for many reasons.
Recent simulations by Miller and Lazarides have shown that the bulk refractive index
sensitivity of the plasmon band is linearly correlated with the wavelength of the LSPR
peak for particles of a specified composition'*?, so that nanoparticles with a plasmon
band at higher wavelengths are more sensitive to their local environment than those at
shorter wavelengths. In view of this finding, we chemically synthesized nanorods with
dimensions of 74 nm x 33 nm (/ x w) with a longitudinal plasmon band with a peak
wavelength of 780 nm to maximize their sensitivity to their environment while remaining
in the visible wavelength range. The choice of rods with a scattering peak wavelength
centered at ~780 nm is also advantageous because the background absorption and
scattering of endogenous chromophores from biological mixtures (e.g., serum and

blood) is minimal in this wavelength range.
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3.1 Sensor Fabrication and Detection Methods
3.1.1 Materials

Hydrogen tetrachloroaurate trihydrate (HAuCl4), sodium borohydride, ascorbic
acid, phosphate buffered saline (PBS) tablets, and mercaptohexadecanoic acid (MHA)
were purchased from Sigma. Glass coverslips, sodium citrate, glycerol, sodium
hydroxide, ethanol, methanol, sodium chloride (NaCl) and hydrochloric acid were
purchased from VWR. Cetyltrimethylammonium bromide (CTAB) was purchased from
Fluka. (+)-biotinyl-3,6,9-trioxaundecanediamine (biotin-amine), d-biotin, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), and
streptavidin were purchased from Pierce. (1-mercaptoundec-11-yl)tri(ethylene glycol)
(EG3SH) was purchased from Prochimia. Aminopropyltriethoxysilane (APTES) and
mercaptopropyltriethoxy-silane (MPTES) were purchased from Gelest. Distilled water
purified by a reverse-osmosis filtration system (18 MQ-cm, Myron L Company, Series

750) was used for all experiments.

3.1.2 Nanorod Synthesis
Gold nanorods were chemically synthesized by a seed-mediated growth

procedure®® '7°

. Spherical gold seed particles were synthesized as follows: to a mixture
of 7.5 ml of 0.1 M CTAB in water and 0.250 ml of 0.01 M HAuCl4, 0.6 ml of ice-cold 0.01
M NaBH4 were added under vigorous stirring. The yellow solution turned brown in color,
and was then stirred over gentle heat for a few minutes. Gold nanorods were
synthesized in a water bath at 29°C, as follows. To 95 ml of 0.1M CTAB in water, 4 ml of
0.01M HAuCI4, 0.6 ml of silver nitrate, and 0.64 ml of 0.1M ascorbic acid were added.

The mixture was swirled after the addition of each reactant to ensure mixing. 50 pl of

gold seeds were added, the mixture was swirled and inverted, and then allowed to sit
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overnight, resulting in a purple-colored suspension of gold nanorods. Excess CTAB was
removed from the gold rod suspension by centrifugation twice at 4500 rpm for 30 min.
The gold nanorods were resuspended in water to a total volume of 10 ml and stored at
room temperature until further use. The nanorod dimensions used in refractive index
sensitivity tests described below were 74 + 9 nm in length and 33 = 6 nm in diameter (n
> 100) as measured by TEM of the nanorods Figure 5 is a transmission electron

micrograph of the nanorods used for these studies.

Figure 5: TEM of gold nanorods used in the characterization of the
microspectroscopy system and also used for subsequent biomolecular detection
experiments. Scale bar indicates 100 nm.

3.1.3 Substrate Preparation

Glass substrates were prepared as described in section 3.1. The only difference
is that cover glasses intended for nanorod immobilization then incubated in a solution of
10% (v/v) MPTES in ethanol for 15 min. The thiol end-group of the MPTES provides the
chemical bond to the gold nanorod surface. In order to compare single nanoparticle

70, 72

measurements to previously reported ensemble measurements , glass slides treated

with MPTES were incubated overnight in suspension of the gold nanorods.
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3.1.4 Receptor Conjugation

First, centrifuged gold nanorods were chemisorbed onto the MPTES-treated
glass substrate. The immobilized nanorods were then incubated in an ethanol solution
of 0.5 mM (1-mercaptoundec-11-yl)tri(ethylene glycol) (EG3SH) and 0.5 mM
mercaptohexadecanoic acid (MHA) which forms a mixed SAM with dual functionality: the
MHA provides a moiety to which biotin-amine can be conjugated via EDC/NHS coupling
and the EG3SH prevents non-specific adsorption of protein molecules to the surface of
the nanorod. Biotin was conjugated to the nanorods by incubating the SAM
functionalized nanorods in an aqueous solution of 0.4 M EDC and 0.1 M NHS for 7
minutes to convert the COOH groups to NHS esters. The chips were rinsed with water,
and were then immediately incubated in biotin-amine for 2 h, and rinsed with water

again.

3.1.5 Experimental Methods

The glass substrate with biotin-conjugated nanorods was mounted in the flow-cell
of the microspectroscopy system. Streptavidin solutions at various concentrations in
PBS were flowed through the cell at a constant flow rate for 2 h. LSPR shifts were
measured as the difference between the A* of fits to the measured scattering spectra.
To ensure the observed LSPR shifts resulted from specific interaction between biotin
and streptavidin, controls for the binding experiments were performed by incubating
biotin-functionalized gold nanorods in streptavidin solution that had been pre-saturated
with excess (1mM) free biotin.”® Control binding studies were performed identically as
those described above except that pre-saturated streptavidin incubation was also

performed in the presence of excess (1mM) free biotin.
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3.2 Gold Nanorod Spectral Analysis

Figure 6A shows a darkfield micrograph of nanorods immobilized on glass
acquired on the microspectroscopy system. The darkfield micrograph shows diffraction
limited spots corresponding to light scattered by individual nanoparticles. Figure 6B
shows a typical scattering spectrum of a single nanorod that is obtained on the darkfield
microspectroscopy system, and shows the high SNR of 80 and low FWHM of ~60 nm
that is obtained for an isolated gold nanorod by single particle spectroscopy with an
acquisition time of 10 s. The FWHM of 60 nm of these nanorods is narrower than other
nanostructures that also have a plasmon band in this wavelength range such as gold

180

nanoshells ", which allows for more accurate determination of peak shifts, and is a

useful spectral feature of these nanorods as plasmonic transducers.
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Figure 6: A) Darkfield micrograph of gold nanorods. B) Scattering spectra
of an ensemble of gold nanorods on a glass substrate (blue) and of a single gold
nanorod (red).

This figure also highlights an important spectroscopic advantage (albeit at the
cost of more complex instrumentation), by comparing the scattering spectrum of a single

immobilized gold nanorod (Figure 6B red curve) with the extinction spectrum of an

ensemble of ~108 nanorods from the same synthesis batch immobilized on glass (Figure
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6B blue curve), as measured by a UV-vis spectrophotometer (Cary 300-Bio). The
ensemble spectrum exhibits heterogeneous broadening compared to the single
Lorentzian peak observed for each resonance of a single nanoparticle. This broadening
is simply due to the fact that even the most careful chemical synthesis will yield
nanoparticles with a distribution of size and shapes, and as the LSPR behavior of a
nanoparticle is strongly dependent upon these structural parameters, this structural
inhomogeneity leads to a broadening of the ensemble LSPR peaks. Additionally, the
location and amplitude of smaller scattering peaks corresponding plasmonic resonances
other than the longitudinal resonance of the nanorod are observed. The location and
magnitude of these minor peaks has been shown to be highly dependent on nanorod
end cap geometry and thus tends to vary widely between chemically synthesized

nanorods ™.

3.2.1 Bulk Refractive Index Sensitivity

The bulk refractive index sensitivity of a plasmonic nanostructure is defined as
the wavelength shift of a LSPR peak in response to the change of the refractive index
(RI) of the surrounding bulk medium in units of nm/RIU (RIU: refractive index unit).
Single nanoparticle bulk refractive index sensitivities are experimentally determined by
the slope of a linear fit to a plot of LSPR peak wavelength versus surrounding RI. This
parameter was determined by measuring the scattering spectrum from a single nanorod
that was immobilized on glass in water and in solutions containing 0, 20, 40, 60, and 80
percent glycerol (v/v) in water. The refractive index of these solutions is 1.33, 1.36, 1.38,
1.40, and 1.42 respectively. Figure 7 shows spectra of an individual gold nanorod as the

refractive index is increased.
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Figure 7: Normalized scattering spectra of a single gold nanorod as the
refractive index of the surrounding medium is changed to 1.33 (blue), 1.36 (green),
1.38 (red), 1.40 (cyan) and 1.42 (purple). Inset shows a plot of LSPR peak shift
versus surrounding Rl for 15 nanorods (error bars represent 95% confidence
interval) yielding a fit with a slope of 262 nm/RIU.

The LSPR peak wavelength shift of 15 nanorods was averaged and plotted for
the five test solutions. The slope of a linear fit to this line is the refractive index
sensitivity of gold nanorods and was determined as shown in the inset to Figure 7. The
sensitivity of the rods used in this study was 261.7 + 26.9 nm/RIU (n=15). This value
determined by single nanorod measurements is in good agreement with the previously
reported sensitivity of 252 nm/RIU measurements from an ensemble of gold nanorods
with the same nominal dimensions’. These data highlight that rods are attractive as
optical transducers that work in a wavelength sensing mode, because their mean bulk
refractive index sensitivity of 262 nm/RIU is significantly greater than that of 39 nm
diameter gold spheres’’ (70 nm/RIU), and gold nanoshells (~140 nm/RIU) *® that have a
similar wavelength maximum of the plasmon band around 700 nm.

The large variability noted in refractive index sensitivity is believed to be caused

by several reasons. The largest variations are a result of nanoparticle size variations
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resulting from the chemical synthesis technique. These geometric variations result in a
corresponding distribution of nanoparticle sensitivities since nanoparticle sensitivity has
been shown to be directly correlated to LSPR wavelength'*? and LSPR wavelength is

48137141 Additionally, remaining CTAB on the

directly determined by nanoparticle shape
surface of some of the nanorods could affect the measured sensitivity of the nanorod.
CTAB was rinsed from the nanorod suspensions by centrifugation and resuspension. If
additional rinses cycles were performed, the nanorods would aggregate and fall out of
suspension’?. Thus, a critical amount of CTAB is required to keep the nanorods in
stable suspension. We believe that small amounts of CTAB remain on some of the

particles, restricting the active sensing volume accessible for sensitivity measurements

as well as binding experiments.

3.2.2 Time-Resolved Spectroscopy

Time resolution is an important aspect of a biomolecular detection system. In
order to gauge the nanorod LSPR sensor in the time domain, real-time measurements
using this microspectroscopy system under dynamic flow conditions by immobilizing gold
nanorods on an MPTES-treated coverglass mounted on in a flow cell (Bioptechs FCS3).
The scattering spectra were then recorded as a function of time as the medium
surrounding the nanorods was exchanged. All time-resolved microspectroscopy
experiments employed the intrinsic source correction algorithm discussed above. A
centroid-fitting algorithm developed by Dahlin and Hook was employed for precise and

"6 Spectra were collected every 10s as the

efficient data processing of peak shifts
medium surrounding the nanorods was exchanged from 0, 20, 40, 60 and 80 percent
glycerol (v/v). The centroid of the LSPR peak a single gold nanorod is plotted versus

time in figure 8. Solution was continuously flowing at a slow rate through the flow cell
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over the sample using a peristaltic pump. Every 20 minutes, the source solution was
changed. At time t = 100, water was rapidly flushed through the system. These
experiments were a pain in the ass. Plateaus are visible for the 0, 20, 40 and 60 percent
glycerol solutions. The exchanges between plateaus mark the transition of the effective
refractive index surrounding the nanoparticles. No plateau is reached for the 80 percent
glycerol solution because insufficient time was allowed to reach equilibrium before the

chamber was washed.
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Figure 8: LSPR peak centroid of a single gold nanorod as the surrounding
refractive index is increased incrementally every 20 minutes.

3.2.3 Polarization Dependence of Nanorod LSPR
The shape and size of a nanoparticle determines the quantity of electrons

oscillating, the direction and magnitude of the restoring force, and thus the overall
57



geometry of the plasmon resonance. Cylindrical nanorods have been shown to exhibit
two distinct resonances when illuminated with unpolarized light— corresponding to
excitation along the longitudinal and transverse dimension*®. The light scattered by each
resonance is polarized in the dimension over which the dimension occurs. Since these
the corresponding resonances occur perpendicularly, their respective scattered photons
are polarized perpendicularly to one another. It has been shown that the orientation of
individual nanorods can be determined by observing the relative polarization of light
scattered by individual nanorods*’. In the experiments cited, darkfield illumination used
to image gold nanorods on a surface. The image is sent through a bifringent crystal
such that the resulting final image is actually a superposition of two side-by-side images,
each reporting the intensity of perpendicular polarization. Since the scattering intensity
is dominated by the longitudinal resonance, the nanorod orientation can be calculated by
determination of the relative intensity of the two polarization-dependent spots. In an
effort to test the efficacy of the microspectroscopy system, spectra were collected of
scattered light from single nanorods that were sent through a rotatable polarizer.
Spectra were taken at 15 degree increments of the polarizer rotation. Results from a
single nanorod are shown in Figure 9. The blue line shows the spectrum of light
scattered by the nanorod without the introduced polarizer. Peaks according to the two
primary resonances are clearly visible — longitudinal (along the rod length) at ~ 800 nm
and transverse (across the rod diameter) at ~640 nm. The green line is the spectrum
from the series collected that had the most intense longitudinal peak. This occurred at
an angle of 210 degrees from the system zero rotation. Note the relatively minimal
contribution from the transverse peak. The red line shows the spectrum with the

polarizer at 300 degrees from normal - 90 degrees with respect to that which generated
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the green line. In the red spectrum, the transverse peak is the most pronounced
whereas contributions from the longitudinal peak are minimal. Smaller peaks in the
resonance result from deviations in the particle from an ideal cylinder such as end-cap
geometry'®'. Similar results were noted at 30 degrees and 120 degrees (results not

shown) as would be expected.
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Figure 9: Scattering spectra of a single nanorod exhibiting the polarization
dependence of each resonance. The blue line is the unpolarized scattering
showing both the transverse resonance around 640 nm and the longitudinal peak
near 800 nm. The green and red lines are the scattering spectra collected with the
polarizer at 90 degrees with respect to each other.

3.3 Biodetection with Individual Gold Rods
This section describes the use of individual gold nanorods as plasmonic
transducers to detect the binding of streptavidin to individual biotin-conjugated nanorods

in real time on a surface. Label-free detection at the single nanorod level was performed
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by tracking the wavelength shift of the nanorod localized surface plasmon resonant
scattering spectrum using a darkfield microspectroscopy system. The Ilowest
streptavidin concentration that was experimentally measured in these proof-of-concept
experiments was 1 nM which is a factor of 1000-fold lower than the previously reported
detection limit for streptavidin binding by biotinylated single plasmonic nanostructures.
Binding of streptavidin at 1nM concentration induces a mean resonant wavelength shift
of 0.59 nm suggesting that we are currently operating at close to the limit-of-detection of

the system.

3.3.1 Static Biodetection

Figures 10a and 10b show three representative spectra collected from a
streptavidin binding experiment. The first spectrum was collected before conjugating
biotin to the nanorods, and the second spectrum was collected after biotin was
conjugated to the nanorods. The first two spectra are useful diagnostics of the efficiency
of biotin conjugation to a gold nanorod. From previously reported ensemble studies, it
has been observed that successful biotin conjugation onto nanorods increases the
refractive index surrounding the nanoparticles and induces a reproducible red shift in the
LSPR peak’" ® The 5.6 nm shift observed after biotin conjugation indicates successful
coupling of the biotin to the nanorod. The third spectrum was collected after the nanorod
was incubated in a solution of 130 nM streptavidin. The resulting 5.2 nm shift indicated
that streptavidin binding occurred on the surface of the biotinylated nanorod. We
conclude that the nanorod sensor saturated at this concentration because incubation
with higher concentrations of streptavidin resulted in identical LSPR shifts (data not

shown).
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In order to probe the system detect limit, measurements were taken of
biotinylated gold nanorods in streptavidin concentrations of 130nM, 10nM and 1nM. A
mean LSPR centroid shift of 529 £+ 1.47 nm (95% CI, n=9) was observed upon
introduction of the 130 nM streptavidin solution. A LSPR peak centroid shift of 1.22 +
0.24 nm (95% CI, n=8) was measured from 10 nM streptavidin, and 0.588 + 0.32 nm
(95% CI, n=9) for 1 nM streptavidin.

Figures 10c and 10d show the results of a control experiment using biotin-
saturated streptavidin. The spectra shown are of a single gold nanorod before biotin
conjugation, after biotin conjugation, and after incubation with biotin-saturated
streptavidin. The characteristic ~5 nm LSPR shift resulting from the biotin coupling was
observed, consistent with the previous experiment, which indicated that biotin was
successfully conjugated to the gold nanorods. However, there was no further shift in the
LSPR peak centroid upon incubation with the biotin-saturated streptavidin (Figure
10a,b), which clearly demonstrated that the saturation of biotin-binding sites on the
streptavidin prevents binding of streptavidin to the biotin-functionalized nanoparticle
surface. These results also suggest that the mixed SAM on the nanorod surface
successfully prevented nonspecific adsorption of streptavidin because the streptavidin
molecules did not non-specifically adsorb to the nanorods when their biotin-binding sites
were blocked. Together, these results strongly suggest that the measured LSPR shifts
observed for streptavidin binding to the biotin-functionalized nanorods are caused by

molecular recognition of biotin by streptavidin.
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Figure 10: (a,b) Scattering spectra of a single gold nanorod after sequential
incubation in EG3SH/MHA (blue), biotin (red) and 10 nM streptavidin (black). (c,d)

Scattering spectra of a single gold nanorod in EG3SH/MHA (blue), biotin (red) and
100 nM streptavidin pre-saturated with free biotin (black).

3.3.2 Time-Resolved Biodetection

The time-resolved spectral acquisition mode of the microspectroscopy system
was used to measure the kinetics of streptavidin binding to biotin-conjugated nanorods.
Figure 11 shows a plot of the LSPR scattering peak centroid versus time for single
biotin-conjugated nanorods incubated in 130 nM, 10 nM, and 1 nM. A rapid 5.10 nm
shift in the LSPR scattering peak centroid was observed upon introduction of the 130 nM
streptavidin solution. After rinsing with PBS at time t = 100 min, the peak centroid
location remained constant, which demonstrated the irreversibility of the biotin-
streptavidin binding, and is consistent with the long (~35 h) half-life of the biotin-
streptavidin bond'® '8, A steady state LSPR peak centroid shift of 1.09 nm was
observed for streptavidin binding at a concentration of 10 nM. Finally, a shift of 0.48 nm
was observed from a biotin-conjugated nanorod after incubation in streptavidin
concentration of 1 nM. This shift is close to the limit of detection of this system, which

we estimate to be ~0.3 nm"®.
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Figure 11: Real-time measurement of the LSPR scattering peak centroid
shifts of single biotin-conjugated gold nanorods incubated in 130 nM (black), 10
nM (blue) and 1nM (red) streptavidin in PBS.

3.4 Conclusions

This work represents an advance in the field of plasmonic biosensors for three
reasons. First, the detection of streptavidin at a concentration of 1 nM, which is a factor
of 1000-fold lower than the previously reported minimum detectable streptavidin
concentration by single plasmonic nanostructures'*’. The steady state binding of 1 nM
streptavidin corresponds to a mean LSPR peak shift of approximately 0.59 nm and we
estimate the current limit-of-detection at 0.3 nm. Second, we show the advantages that
single nanostructure experiments have over ensemble measurements that offer similar
limits of detection in terms of concentration of analyte. This is because ensemble
experiments utilizing a conventional spectrophotometer with a beam illumination area of
1 mm2 provide an averaged signal from approximately 108 nanoparticles, making
impossible. these single nanorod

stochastic measurements virtually Finally,

measurements were carried out in a time-resolved mode, which is critical to developing
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this technology to the ultimate, and as yet unattained goal of observing the dynamics of

single molecule binding events in real-time on a single nanoparticle.
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4 Gold Nanorod Optimization

To further understand the mechanisms of plasmonic biosensors, investigators
have been studying the specific details of plasmonic nanostructures that are responsible
for their use in sensors such as the distance dependence of sensitivity''® "% ¥ and the

resonant electric field enhancement distribution.®® 82

However, to date, these
developments have not been integrated into a coherent quantitative framework that
allows the effect of these parameters on relevant figures-of-merit of biosensors such as
their limit-of-detection and dynamic range to be predicted.

Motivated by the goal of rationally designing LSPR sensors, in this chapter we
integrate recent progress in understanding the structural details of metal nanoparticles
that control their plasmonic behavior with various measurement system parameters that
impact measurement uncertainty into a quantitative model that is capable of predicting
the response of a single, receptor-functionalized nanoparticle to discrete analyte binding
events. The result is an analytical model that quantifies the LSPR shift of a gold
nanorod caused by the local refractive index increase from the presence of a target
biomolecule. The principle of this work is similar to that of Stemberg et al. who describe
an analytical model to quantify the surface concentration of bound protein on plasmon
resonant planar gold'® and to that of Vollmer et al. who estimate the surface density of
bound proteins based on wavelength shifts of a resonant microcavity.'®

The utility of this model is two-fold. First, it provides an analytical model that
allows a priori design of a LSPR sensor with figures-of-merit such as the molecular
detection limit (MDL) and dynamic range that can be analytically calculated completely

as a function of sensor components for a given receptor-analyte pair. Because the

model calculates LSPR shifts for individual bound molecules, the MDL is defined as the
65



smallest number of bound molecules that is measurable by the system, and the dynamic
range is the maximum number of detectable molecules. To illustrate its experimental
utility, the model was used to identify the optimal gold nanorod geometry (length and
width) that was predicted by the model to yield the lowest MDL for the detection of
streptavidin by gold nanorod LSPR sensors. A LSPR sensor was fabricated from biotin-
functionalized gold nanorods and the experimental results were compared with the
prediction of the model to investigate its accuracy.  Second, this model is useful
because it allows the contribution of different system parameters to overall sensitivity to
be individually parsed. With the ultimate goal of label-free, single molecule detection by
LSPR sensors, we conclude with a discussion of optimization of the system within
realistic physical and current technological constraints that might allow the fabrication of
an LSPR sensor and dark-field microspectrometer that are capable of detecting the

binding of individual analyte molecules.

4.1 Model Development

As a first approximation, the MDL of nanoparticle sensors is determined by their
composition, size, and shape of the NPs. Recognizing that the development of a
generalized model that could account for the dependence of the MDL of a LSPR sensor
on all of these parameters was likely to prove computationally intensive and possibly
intractable, we focused instead on developing a model that was applicable to gold
nanorods as plasmonic transducers of binding events for the following reasons. First,
although silver particles are more sensitive than gold particles of the same shape and

size,'™®

the greater reactivity of silver as compared to gold makes it less suitable for use
in biologically relevant media as silver can be easily oxidized, altering the plasmonic

behavior of the particle. Second, gold nanorods can be conveniently synthesized with a
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range of dimensions via established chemical synthesis methods, which allows the

model to be experimentally tested —and the sensor optimized— at the structural level.”*

79187 Third, gold nanorods can be conveniently synthesized to exhibit plasmon
resonances with peak wavelengths ranging from 700-900 nm and beyond simply by
tuning their aspect ratio and size.'® 8" This spectral region is particularly useful for
biosensing because the background absorption and scattering of endogeneous
chromophores from biological mixtures (e.g., serum and blood) and of water are minimal
in this wavelength range.'? '®* We note that LSPR of several other geometries of gold
nanoparticles such as nanoshells, nanodiscs'® and nanorings'® can also be tuned via
synthesis methods to exhibit plasmon bands in the wavelength range of gold nanorods.
Nanorods, however, have a higher bulk RI sensitivity®® and also a narrower linewidth

than these geometries'® 194 19°

which allows more accurate determination of peak shifts
as described later in the model details. Additionally, the line-widths of gold nanorod
scattering spectra have been shown to be a function of the length and aspect ratio of the

1% as well as end-cap shape'® - parameters that can be controlled in their

gold nanorods
chemical synthesis.

We sought to develop an analytical model that estimates the MDL of a LSPR
sensor for a specific analyte-receptor pair based on the geometric dimensions of the
gold nanorod using the spectral detection system described in Chapter 3. Thus, the
model is an equation that predicts the minimum number of detectable analyte molecules
based on input parameters that consist of the nanorod dimensions and optical system
parameters. Building the model involved several steps; first, the spectral detection

system and data analysis algorithms were analyzed to determine the measurement

uncertainty in detecting LSPR peak wavelengths. Then, the average number of analyte
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molecules that must bind to induce an LSPR shift equal to the measurement uncertainty
for a given nanorod geometry was determined. This is the smallest number of bound
molecules that can be reliably be detected by the proposed system and is defined as its
MDL. It is important to note that we define the MDL by the amount of material bound to
the surface of the nanoparticle, and not the concentration of the analyte in the
surrounding media. This choice was made so that the focus of model is the interaction
of the bound analyte with the plasmonic nanoparticles and the subsequent LSPR signal
generated, and not the mass transport kinetics of the sensor system. Therefore, the
optimal nanoparticle can be determined for a proposed analyte strictly by using the

model to predict which geometry will offer the lowest MDL.

4.1.1 Estimation of minimum detectable LSPR shift

The first step in the derivation of the model was estimation of the minimum LSPR
shift that can be reliably measured for a particular detection system. We assumed that
the total uncertainty is the sum of uncertainties induced by two factors as represented in
Eq. 4.1: uncertainty introduced by the detection system Ugsem, and uncertainty

introduced by the peak fitting to the gathered nanoparticle scattering spectrum, Uy; .

Eq 41 U = \, Uzsystem + Uzﬁt

A thorough discussion of the Ussem Of the microspectroscopy system utilized in
this work was briefly discussed in Section 3.3, and was reported based on analysis of
silver nanospheres’®. That study, which incorporates considerations of image focus,
physical sample stability, and overall measurement repeatability of the measurements

concluded that Uss.em Was ~0.3 nm for the optical detection system described in that
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work. The same experimental setup was used in this study; hence we assume that
Usystem is 0.3 nm.

Next, uncertainty due to the data analysis method must to be considered. The
measurement noise was modeled as a Gaussian distribution. Although the physical
model of noise in an optical measurement is a Poisson distribution due to shot noise, it
can be accurately and conveniently modeled by a Gaussian distribution for a large
number of photons because it is merely a counting problem. This yields the following
relationship for Ug;

1 FWHM
A T Y TN

where FWHM is the linewidth of the spectrum being fit and SNR is the signal-to-
noise ratio of the data being fit."”*®* The SNR depends on photoelectron signal magnitude
M, the integration time t, and the spectrometer camera’s dark current specification Ny
and read noise N, according to the following:

M

Eq. 4.3 SNR =
JM+Ni+N,?

For a shot noise-limited measurement (SNR = \/ﬁ), the shot noise dominates
over the dark and read noise. The system used for this study has a dark current of less
than 0.0025 electrons - pixel-1 - second-1 and read noise of less than 4 electrons RMS
such that a shot noise-limited measurement (defined here as a measurement for which
shot noise exceeds dark and read noise sources by an order of magnitude) will have an
SNR > 13 for a typical integration time of ten seconds. The role of the nanoparticle
geometry in affecting measurement uncertainty becomes apparent as the signal level,

that is the amount of light scattered, is proportional to the nanoparticle’s scattering cross

69



section, Csa. Thus in the shot noise-limited regime the following relationship holds for

SNR:
Eq. 4.4 SNR, =~IM =.[4-C_,

where A is a constant that accounts for the input photon flux, the integration time,
and the quantum efficiency of the measurement system. The parameter A can be
calculated for a microspectroscopy system by making a shot noise-limited measurement
of the SNR of a nanoparticle with known Csca-.'"' We measured the scattering spectra of
an 80 nm diameter gold sphere under typical operating parameters and observed a SNR
of 100. Using the C. predicted by Mie theory of the sphere, a value of 0.385 is
determined for A for the microspectroscopy system described in this work. With the
value for A known, the SNR for an arbitrary nanoparticle of known Cs, may be
calculated by rewriting Eq 4.3 as follows:

A : Csca
JA4-Co, + Nt +N,?

Eq. 4.5 SNR =

Now, with Equations 4.2 and 4.5, it is possible to calculate total peak
measurement uncertainty for an arbitrary particle based on the FWHM and Cg, of the
particle, even if the measurement is not shot noise-limited. Cs, can be determined
analytically as a function of nanorod geometry by applying the model developed by
Kuwata et al.' Further details of the specific application of this model are reported
below. Therefore, U can now be calculated entirely as a function of nanorod length and
diameter. It is worth noting that the constant A is dependent upon the measurement
system, but not upon the measured nanoparticle. Thus, it must only be empirically

determined once for a specific experimental setup.
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4.1.2 Quantification of Bound Molecules

The next step in the development of the model was to analytically translate this
uncertainty limit from units of wavelength shift to number of bound molecules as a
function of nanorod geometry. In order to formulate this relationship in a manner that is
analytically simple, several approximations and assumptions were made. First, we
assumed that the nanorods are cylindrical in shape with a length (/) and diameter (d).
We recognize that the assumption that the nanorods are perfect cylinders is an
approximation because transmission electron microscopy (TEM) images of chemically
synthesized nanorods indicate that the nanorods are only approximately cylindrical, as
they have “end-caps” with visible curvature on their ends. This approximation will
introduce some error as it has been shown that end-cap geometry has an impact on the
optical scattering spectra of nanorods.'** ' We also assumed that the LSPR peak shift,
AArspr, resulting from a bound analyte is proportional to the total LSPR shift that is
expected if the entire surrounding medium increased to the RI of the analyte. The
proportionality constant is the ratio of the analyte volume to the total sensing volume of

the nanorod. This assumption yields the following relationship:

A spr _ V_D
ARI-S(r) Vi

Eq. 4.6
where Vs is the total sensing volume of the nanorod, Vj is the volume of the
detected analyte, S(r) is the spatially-dependent RI sensitivity of the nanoparticle, and r
is the distance of the bound molecule from the surface of the nanorod. Because the RI
sensitivity decreases away from the nanoparticle surface, the sensing volume is defined

as the fixed volume surrounding the nanorod that contains 95% of its sensitivity.

Recognizing that the optical mass of the bound molecules is responsible for inducing the
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observed LSPR shifts, the optical mass increase induced by bound analyte is defined as
the product Vp - ARI where Vj is the volume of analyte bound to the nanorod and AR/ is
the difference between the RI of the analyte and that of the surrounding medium. In the
case where the approximate size of the analyte is known, the detection volume V; can
be replaced with the product N-V, where V, is the volume of the analyte molecule and N
is the number of bound molecules to the nanorod. Substituting this parameter in Eq. 6
and rearranging for AA ser yields an expression relating the measured peak shift of the

LSPR spectrum to the optical detection mass:

Eq. 4.7 Ay =¥AR1-N~VD

N
Solving Eq. 4.7 for N yields an expression that can be used to translate an
observed LSPR peak shift into the number of bound molecules.

N = Al oo ﬁ
ARI-S(r) V,

Eq4.8
In order to determine the MDL of the system, we replace AA spr in Eq. 4.8 with U,
the uncertainty of the optical system in detecting wavelength shifts. Thus, the right hand
side of Equation 4.8 becomes an expression of the bound optical mass that would
induce the minimum detectable LSPR wavelength shift. In this case, solving for N yields

an expression for Ly, the MDL of the system in terms of the minimum detectable number

of bound biomolecules.

Eq. 4.9 L,Gdy=N=Ss._ Y __
V, S(r)-ARI

where Ly is a function of the length / and diameter d of the nanorod. From

equation 9, we observe that the function Ly is determined by several parameters on the

right-hand side. Careful examination of these parameters is required to fully understand
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the dependence of each on the nanorod geometry and the effect each has on the overall
MDL of the system. We note that L,, is dependent upon the detection system employed
for measuring the LSPR shifts of single nanoparticles because of the dependence on the
peak measurement uncertainty U. Ly is also a function of the spatially-dependent RI
sensitivity S(r) of the nanoparticle, where r is the location of the bound molecule with

respect to the surface of the nanorod.

4.1.3 Nanoparticle Geometry Dependence
4.1.3.1 Scattering Cross-Section

In order to determine the function Ly, analytically, we next sought to define the
parameters U and S(r) based solely on the length and diameter of the nanorod, as
follows: first, we utilized a model developed by Kuwata and co-workers to approximate
the wavelength-dependent scattering cross-section (Cs.,) of gold nanorods as a function
of nanorod geometry. This model provides the complete LSPR scattering spectrum of
the nanorod with a simple analytical formula based on nanorod length and width. The
model is based on fits to finite-difference time-domain with the depolarization factor

calculated by electrostatic approximation.'®’

We employed this formula to determine the
location of the LSPR peak (A*) and scattering cross-section Cy., at the peak wavelength
for nanorods of arbitrary length and diameter. A second analytical model, based on
Gans’s extension of Mie theory*® ' 2% that simulates LSPR spectra as a function of the
nanorod aspect ratio, was also used to simulate spectra as a means of validation.
These two models provided consistent results within the geometric range of nanorods
studied (length 50-100 nm and diameter 15-50 nm). These predictions were then further

verified experimentally by comparison to scattering spectra of individual, chemically-

synthesized nanorods as shown in Figure 12. The good agreement between
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experimentally collected LSPR spectra and simulated spectra further indicate the utility

of the analytical model.
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Figure 12: Comparison of simulated versus experimental spectra.
Scattering spectra collected from single nanorods from synthesized batches
characterized by TEM to be 63.3+8.2 x 24.9%4.9 nm (n=319, yellow dotted line) and
7419 x 3316 nm (n>100 green dotted line). Simulated spectra for nanorods with
dimensions 64.5 x 24.7 nm (blue line) and 75 x 32 nm (red line) via the Kuwata
method are also shown.

4.1.3.2 Distance Dependent Sensitivity

It has been shown that LSPR shifts induced by local Rl have a strong distance-

dependence as a result of the exponential decrease in field enhancement further from

the nanoparticle surface.””®  This distance-dependence of sensitivity has been

experimentally measured for nanospheres’’ as well as anisotropic triangular
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nanoparticles®'. Additionally, it has been shown that the LSPR associated electric field

is enhanced near the ends of nanorods.>® &

These observations suggest that the
location at which a target analyte binds to the nanorod (i.e., along the sides or at the
ends) will affect the magnitude of the induced LSPR shift. The detector-analyte system
described in this work provides reasonable certainty in estimating the average binding
distance, which is determined by the length of the receptor conjugated to the nanorod
(biotin in the experimental case tested herein) and its binding site. Hence, we model
sensitivity as being a function solely of the distance r from the surface of the nanorod
S(r). The effect of this assumption is that the model effectively outputs the LSPR
response of the average bound analyte at a fixed distance r from the surface of the
nanorod. This is a simplification of the physical phenomenon because of the known
complexity of the electric field enhancement distribution. Nevertheless, this model is the
closest representation to the actual detection experiments because the actual binding
locations cannot be controlled, nor can the fraction of analytes that bind along the
nanorod ends versus sides be accurately estimated.

With these assumptions clarified, we sought to generate an analytical function
that describes S(r) purely as a function of nanorod geometry. This was done by first
collecting sensitivity distance-dependence data for many nanorods of various geometry.
This data was collected by using a procedure previously reported to probe the sensing
volume of gold nanospheres by adsorbing sequential layers of oppositely-charged
polyelectrolytes to the nanoparticle surface.”®™  From the data, we build an analytical
approximation that provides the distance-dependent RI sensitivity S(r) for a nanorod of

arbitrary dimensions. This is accomplished by fitting experimental S(r) data, identifying
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the geometric dependence of the fits, and generating expressions to reproduce a
theoretical S(r) for a nanorod of arbitrary geometry.

First, a fit is applied to the experimentally determined response curves, A*
versus adsorbed polyelectrolyte thickness. To determine the form that this
equation should take, we examine the underlying physical process. Since light
energy is driving the detection system, it is reasonable to assume that the proper
weighting factor for the distance-dependent response is proportional to the light
intensity at that point”®. The light intensity is the electric field strength squared,
and for planar SPR, it has been shown that the field decays with distance r from

the surface. Thus, the distance-dependent response can be modeled to follow

the form exp(-2-7/1,) where Iy is some characteristic decay Iength81. The overall

sensor response can then be calculated as the depth integral of the local RI
weighted by the electric field intensity. For a system composed of a single

adlayer in the surrounding medium, the response can be written as’®:
Eq. 4.10 R(r)=S8,-(n,—n)[1—exp(-2r/l,)]

where n, and ns are the refractive indices of adlayer and solvent respectively,
Sy is the bulk RI sensitivity, and I, is the decay length characteristic of a particular
SPR geometry. This equation has also been shown to be reliably extended to

modeling LSPR response of individual nanoparticles’ '*°.

In order to provide an analytic form of equation S1 in terms of nanoparticle

geometry, the overall bulk Rl sensitivity Sy must first be determined in regard to
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nanoparticle length and diameter. The value of Sy is in units of nm/RIU and it is
a measure of how much A* will shift (in nm) upon a given Rl increase of the entire
medium surrounding the nanorod. Sy can be approximated by taking advantage
of the linear correlation in visible wavelength range between S, and A* for
nanoparticles of similar composition described by Miller et al'*?. For single-

component nanoparticles, the bulk sensitivity Sy is given by:
Eq. 4.11 S, =24, +50
n m

where n is the Rl of the ambient environment, Ay is the LSPR peak in vacuum,
and m is the slope of is a linear fit to the real part of the metal’s dielectric function
(e= mApt+ep). This function describes nanoparticle sensitivity behavior for
particles that are in a surrounding medium of homogenous RI. Recently Miller et
al. have shown that the correlation can be extended to accommodate particles in
intimate contact with a substrate by introducing a scaling factor by replacing n
with Bn giving:

2
pn

Eq. 4.12 Sy = — (A, +22

where B depends on the nanoparticle geometry and substrate RI. For
nanorods on glass, they have shown that Bn = 1.75 provides excellent
agreement with experimental results. Using Ao determined from the simulated

scattering spectra, the bulk sensitivity Sy can approximated for a nanorod of
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arbitrary dimensions. For example, utilizing Equation S3 with 8n = 1.75 predicts
a bulk RI sensitivity of 268.7 nm/RIU for 74.1 x 33.2 nm (length x diameter)
nanorods on glass with A" of 720 nm, which is in good agreement with the

experimentally determined bulk RI sensitivity of 261.7 nm/RIU"°.

Now Sy has been determined as a function of nanorod geometry and n, and ns
are known, only the decay length /; is yet to be determined to produce an
analytical expression for R(r). Mathematically, this decay length determines the
rate at which the response curve approaches its asymptote. Physically, this
represents the confinement of sensitivity to the nanorod surface. So for lower
values of /5, the response curve approaches its asymptote more quickly,
simulating nanorods where the sensing volume is confined closer to the surface.
Because /; is a function describing electric field enhancement, we assume its
dependence on nanorod geometry is of the same form as the shape parameter,
e, employed in the Gans?®? extension of Mie theory?®® describing the scattering

cross section of elliptical gold nanoparticles.

Eq. 4.13 ld(l,d)ld(e):ld{ 1_(% ]

To determine the correlation between /; and e, Eq. 4.12 was fit to the
experimental response curves of twelve experiments, two each for six different

nanorod geometries. Plotting Iy versus e for the range of nanorods used, a linear
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correlation is observed. A linear fit to this plot yields equation 4.14 with an R-

squared value of 0.941. Residuals from the linear fitting exhibit no clear shape.

Eq. 4.14 [,(e)=228-e—-176

This expression provides an approximation for describing /y in units of nm
based on the geometry of the nanorod. Now that the response curve R can be
determined for arbitrary nanorod geometries, the distance-dependent sensitivity
S(r) and the total sensing volume Vs are defined. As discussed above, the
response is proportional to the square of the decaying electric field strength.

Thus, it will be of the form:

Eq. 4.15 S(r)y=A-exp(-2r/l,)

The normalization constant A is chosen to normalize S(r) such that its average
value over the detection range is equal to the bulk sensitivity, So. This
normalization is solved when A = 3S,, which is then substituted into equation S6

yielding the following.

Eq. 4.16 S(r)=3S, -exp(=2r/1,)

The sensing volume Vs is defined as the volume of a cylinder with
hemispherical endcaps circumscribed by extending a distance rs from the
nanorod, where rs is the distance at which S(r) drops to 5% of its maximum

value. This distance occurs at 1.5 decay lengths. For nanorods on a substrate,
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the volume occupied by substrate within the circumscribed cylinder is subtracted

to yield the effective Vs.

From this fit, the sensing volume of the nanorod Vi, and the decay length of
electric field enhancement /; were also determined as a function of nanorod
geometry. Vs is defined as the fixed distance from the nanorod surface
containing 95% of S(r) and the decay length is the distance from the nanorod
surface at which the electric field enhancement is reduced by a factor of e.

Figure 13 shows the excellent agreement obtained between the model and

experimental data.
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Figure 13: Right axis - experimental wavelength shift of a nanorod (63.3 *
8.2 nm x 24.9 * 4.9 nm) as a function of deposited polyelectrolyte thickness (red
dots) and shifts predicted by equation 7 (green line). Left axis - corresponding
calculated distance dependence of the nanorod LSPR sensitivity (blue line).
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4.2 Complete Analytical Model

Now that Vs can be described completely in terms of nanorod geometry, it is
possible to write every parameter on the right hand side of equation 4.9 as an analytical
function of the length and diameter of the nanorod such that the MDL, L, of an arbitrary

nanorod can be analytically estimated from the length and diameter of the nanorod.

L — VS . \/UstSTEM + UZFIT
MV, -ARI (_2r
exp

Zj.(sso)

d

Eq. 4.17

where Vs is the sensing volume, V, is the analyte volume, AR/ is the RI
difference between the analyte and the surrounding medium, Usystem is the peak
measurement uncertainty resulting from uncertainty in the physical detection of the
LSPR peak, Ugr is peak determination uncertainty due to data fitting, Sy is the bulk Rl
sensitivity, r is the distance from the nanorod surface that the analyte binds, and /; is the
decay length of the resonant electric field.

Equation 4.17 is especially useful because it allows an analysis of the overall
performance of a single nanoparticle based on a variety of parameters, only one of
which is the nanoparticle bulk Rl sensitivity Sp. We emphasize this point because much
work in the field has been devoted to synthesizing nanoparticles with different
geometries and compositions in order to optimize the RI sensitivity of the nanoparticle.*®
74,204 Clearly, the nanoparticle bulk sensitivity is an important contributor to the overall
MDL; however it is not necessarily the most important. In fact, Miller et al have shown
that the bulk RI sensitivities of nanoparticles can be predicted from the wavelength of the
LSPR peak, independent of nanoparticle shape.’* 2% The parameter U is also clearly

important in determining MDL, but has largely been ignored on discussions of MDL."*®
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Obviously the sensitivity of the detection system depends not only on the signal
generated by the nanoparticles but also how precisely it can be measured. This
parameter is primarily dependent on optical detection system parameters and data
analysis techniques. However, U also depends on nanoparticle geometry because
spectra for nanoparticles with higher Csca can be measured more accurately due to their
increased scattering signal as seen in Equation 4.17. Other parameters, such as the
effective sensing volume of the nanoparticles (i.e. the electric field enhancement
localization) can vary a great deal across geometries and have a large impact on the
sensing characteristics of a nanoparticle. Nanoparticles with more confined electric field
enhancements maintain smaller sensing volumes, resulting in larger shifts upon analyte
binding within the sensing volume.  However, nanoparticles with smaller detection
volumes have a smaller dynamic range because they saturate upon the binding of fewer
analytes. The proposed model offers a means to collectively analyze the effects of
these parameters on overall sensor performance to deduce the optimal nanoparticle
geometry for a LSPR sensor that is designed for a specific application.

Figure 14A shows the theoretical MDL for streptavidin binding to biotin decorated
gold nanorods as predicted by equation 10 for single nanorods of arbitrary dimensions
when measured in the described microspectroscopy system for which U has been
previously characterized. We chose this analyte-receptor pair because their interaction is
one of the best characterized and most commonly used model receptor-analyte
systems. The simulation was restricted to nanoparticles that have LSPR peak
wavelengths in the range 300-900 nm because that is the range observable in the
microspectroscopy system. We also applied a minimum SNR threshold of 30 to exclude

particles with small Cs, that cannot produce enough scattered light to be visualized in
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the darkfield microscopy setup. For this reason, no data are shown for nanorods with
LSPR peaks outside of this range or with SNR below the cutoff of 30. We assumed the
streptavidin molecules have a volume?® of 114 nm3 and RI of 1.57.”° From Figure 14A,
we can see that nanorods with lengths between 55 and 65 nm in length and between 25
and 33 nm in diameter offer the lowest MDL of ~18 streptavidin molecules. It is
important to note that the nanorod MDLs predicted by equation 4.17 are a monotonic
function of several detection system and analyte parameters. Although the absolute
value of the MDL will vary across detection systems and receptor-analyte pairs, the
relative performance of a nanorod with a specified geometry will not vary, so that once
the optimal rod geometry has been identified for a target analyte, it will always offer the
lowest MDL across detection systems and receptor-ligand configurations.

In addition to the absolute MDL, the dynamic range (DR) is an important
quantitative performance indicator of a biomolecular sensor. For the purposes of this
model, the DR is defined as the theoretical maximum number of analyte molecules that
are detectable by a single nanorod. This definition was chosen because it is consistent
with the model output, which is quantified as the number of bound molecules. The DR
was determined by calculating the total surface area available for binding, and dividing it
by the footprint of a bound analyte molecule. This value was then scaled by a factor of
0.9 which assumes a hexagonal packing density of hard spheres which would yield the
highest possible coverage that could be achieved in practice. By this definition, a larger
nanorod will obviously exhibit a higher DR because of its larger surface area. However,
larger nanorods also tend to have higher MDLs because of the increased sensing
volume. To balance these considerations, we calculate a composite figure-of-merit

(FOM) for nanorods that includes both the DR and MDL of these nanorod plasmonic
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sensors operating in the single nanorod mode. The composite FOM is calculated simply
as the ratio of the DR versus its MDL. Figure 14B shows the composite FOM for
nanorods of arbitrary dimensions. Figure 14B shows that rods with length 85 nm and
diameter 40 nm offer the highest composite FOM with the potential to bind ~35 times as
many molecules as is required to generate its lowest detectable signal. So although
nanorods of those dimensions may exhibit a MDL of ~22, their higher dynamic range

indicates they may be more useful as a streptavidin sensor over a wider range of analyte

concentrations.
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Figure 14: A) Calculated molecular limits of detection for gold nanorods of
arbitrary dimension based on equation 4.17. B) Composite figures of merit (FOM)
for nanorods of arbitrary dimensions. The composite FOM is calculated as the
maximum number of bound molecules divided by the minimum number of
detectable molecules. The surrounding gray regions in both are indicative of
nanorod geometries that were not considered in this model because they either
had resonances outside the visible spectrum or had scattering cross-sections that
are insufficient to collect spectra with SNR greater than 30.

4.3 Experimental Application of Model

To experimentally test the results provided by the model, gold nanorods were
synthesized with dimensions that were as close to the geometry predicted by Equation
4.17 (and visually represented by Figure 14A) to have the lowest streptavidin MDL. To

experimentally test the predictions of the model, streptavidin binding experiments were
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performed using biotin-functionalized gold nanorods that were shown by TEM to have a
length of 63.3 + 8.2 nm and a diameter of 24.9 + 4.9 nm (N=319) (Figure 15A).
Equation 4.17 calculates that these rods have a mean MDL of 20 molecules and mean
FOM of 22.

A dose-response curve was determined by incubating identical samples of biotin-
functionalized gold nanorods that were chemisorbed on glass slides in streptavidin
solutions that spanned a range of protein concentration. Sensor preparation and
streptavidin incubation were performed identically as described in section 4.3. Figure
15B shows the steady-state LSPR shift of single nanorods as a function of streptavidin
concentration. A sigmoidal fit was applied to these data, and the concentration at which
the fit crosses the LSPR peak measurement uncertainty of 0.3 nm was defined as the
experimental detection limit. For the experiments shown in Figure 15B, the detection

limit is 160 pM.
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Figure 15: A) TEM of rods used in this study. Nanorod length is measured
to be 63.3 £ 8.2 nm and diameter 24.9 * 4.9 nm (N=319). Scale bar corresponds to
50nm. B) LSPR peak shift of individual, biotin-activated gold nanorods versus
concentration of streptavidin. Open circles are the mean LSPR shift of 15
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nanorods per measurement at each concentration and the error bars indicate 95%
confidence interval. The solid line is a sigmoidal fit to the data. The dotted line
indicates where the fit line crosses 0.3 nm shift, the measurement detection
uncertainty as calculated above. This occurs at a concentration of 160 pM.

4.3.1 Quantitative Analysis of Molecular Detection Limit

To investigate the relationship between the experimental detection limit
measured by analyte concentration and the MDL predicted by Equation 4.17, we
specifically looked at the detection of 100 pM streptavidin. Figure 16 shows fits to
scattering spectra collected from a single nanorod incubated in 100 pM streptavidin.
The blue line is the nanorod LSPR scattered spectrum in water, the red line is the
spectrum after the binding of biotin, and the black line is the spectrum after incubation in
100 pM streptavidin. The ~3nm shift between the blue and green lines observed upon
biotin functionalization is consistent with the adsorption of a thin dielectric layer. The
length of the biotin-amine is estimated to be 2.39 nm (Chem3d, Cambridgesoft) and the
SAM to which the biotin is conjugated has a thickness of 2.78 nm and RI of 1.464.%2"
Using Equation 4.6 to simulate the LSPR response of the addition of dielectric layers
yields an expected LSPR peak shift of 3.59 nm. This value is in good agreement with

the experimental mean LSPR shift of 3.23 £ 1.2 nm observed upon the incubation of

biotin for all nanorods used in the streptavidin detection experiments.
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Figure 16: Fits to scattering spectra of a single nanorod in water (blue), after

biotin conjugation (green), and subsequently in 100pM streptavidin (red). The 0.52
nm shift corresponds to approximately 27 streptavidin molecules by Eq 4.8.

A 0.52 nm shift was observed upon incubation of the bioin-functionalized gold
nanorods in 100 pM streptavidin, which translates to ~27 streptavidin molecules bound
by a single nanorod, by use of Eq. 4.8. Lower streptavidin concentrations were tested
in order to establish the detection limit in terms of concentration, but did not yield results
that were statistically significant from negative control experiments’®, so the lowest
streptavidin concentration that was experimentally detected is 100 pM. This
experimentally detected minimum of approximately 27 molecules is reasonably close to

the theoretical MDL of 20 streptavidin molecules per nanorod predicted by the model for

the nanorods used. Thus, by utilizing the proposed model - equation 4.17, specifically -
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to select the optimal nanorod geometry for streptavidin detection, we are thus able to
observe binding in the pico-molar range. To our knowledge, this is the lowest reported

concentration of biomolecule detected with a single particle LSPR sensor.

4.3.2 Quantitative Analysis of Molecular Dynamic Range

As a further check of the relevance of the MDLs predicted by our model, we
observe that the mean LSPR shift at saturation is 4.4 nm (Figure 14B). Using Equation
8, we calculate that this shift arises from the binding of approximately 280 streptavidin
molecules to the nanorod surface. For the nanorods used in these experiments,
approximately 8000 nm2 of biotin-activated surface is available for the binding of
streptavidin molecules. Each streptavidin molecule is a tetramer of four identical biotin
binding subunits, and the entire tetramer is roughly ellipsoidal with axes 5.4 nm x 5.8 nm
x 4.8 nm.2% 2% Thus, the footprint that a streptavidin molecule would occupy on the
binding surface is approximately 25 nm?. In this orientation, a maximum of only 320
molecules would be expected to fit on the nanorod surface. Approximating the
streptavidin molecules as hard spheres, the model of random sequential adsorption®'°
predicts a packing ratio of 0.54 which would translate to only 170 bound molecules.
Whereas the highly ordered method of hexagonal packing predicts a packing ratio 0.9,
allowing for up to 290 streptavidin molecules. Therefore, the 280 molecules bound at
saturation as determined by Equation 8 is reasonable and suggests a more ordered
arrangement of bound streptavidin molecules.

Additionally, we compare the mass of streptavidin presumed bound at saturation
by equation 8 with that of streptavidin adlayers that were experimentally measured.
Densities of 240 ng/cm? and 231 ng/cm? have been experimentally determined for

211, 212

streptavidin layers formed over biotin layers on flat substrates. These binding
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densities yield an estimated ~220 bound streptavidin molecules to the available nanorod
binding area of 8000 nm2. Again, these estimates are slightly lower than the 280
molecules estimated from equation 8 to be responsible for the 5.29 nm shift observed at

saturation but are close enough to justify the validity of our calculations.

4.4 Prospects for Single Molecule Detection

We also used this analytical model to systematically explore the parameters in
Eq. 4.17 within physically realistic limits to determine which parameters can be modified
in order to develop a LSPR sensor with a single molecule MDL.

The product V4 ARI is a parameter of the analyte and of the surrounding
medium. For proteins with a Rl commonly near 1.57, detection in water (Rl = 1.33)
yields a typical AR/ of 0.24. By drying the samples and taking measurements in air (Rl =
1.00) ARI can be increased to 0.57. Thus, a factor of 2.4 improvement in MDL is
possible through this method. We note that this approach would preclude real-time
detection, and require further processing steps of the sample, which detracts from the
strength of label-free detection. However, this drying methodology has been
successfully utilized by Van Duyne and coworkers.”

The total sensing volume Vs of the nanoparticle is determined by the
nanoparticle shape and decay length /. Smaller Vs and I; are indicative of
nanostructures with small, intense electric field enhancements. In general, the sensing
volume will vary proportionally with the cube of the decay length simply because it is a
three dimensional volume subtended by the decay length. In the case of rods, smaller
rods have shorter decay lengths. So ideally, one would want to use the smallest
nanorods possible. However, smaller rods also exhibit smaller scattering cross-sections

Csca Which means they scatter less light under darkfield illumination. For rods in
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particular, Csca varies approximately as the square of the rod length and proportionately
to rod diameter.'”” So if the length and diameter of a nanorod were both reduced by a
factor of 2, Csca would be reduced by about a factor of 8. On the other hand, to maintain
an adequate SNR of the collected spectra, the intensity of the illumination source must
be increased. An upper limit to this intensity exists because at some point the nanorods
will melt due to photothermal effects.?’®#'* The use of a broadband illumination source,
such as a supercontinuum fiber laser, would allow the complete scattering spectrum to
be collected and would provide a light output that is 6-10-fold more intense than the
tungsten filament used in the experimental setup used here. Hence, Eq. 4.17 predicts
that a physically realistic increase in illumination intensity by a factor of 10 could enable
the visualization of smaller nanorods, effectively reducing the size of the rod by about
1.5, thereby reducing the sensing volume and decay length, which would ultimately
reduce the MDL by a factor of 7.

The decay length of the electric field enhancement Iy is determined by the
geometry of the nanoparticles. Eq. 4.17 assumes a uniform decay length for nanorods.
The actual electric field enhancement has a more complicated geometry and in
particular has been shown to exhibit larger enhancements near the ends of the rod.*> ¢
8 Thus, analyte molecules that bind near the end of the nanorod will cause a greater
LSPR shift than those binding on the lateral portion. For this reason, Eq. 4.17 is
applicable to a MDL that stems from the LSPR response of individual biomolecules that
are spatially-averaged around the nanorod surface. It is reasonable to make this
approximation for the experiments described here, because the streptavidin molecules
are adsorbed a fixed distance r from the nanorod surface, but no further spatial

localization is possible. It has been shown through finite element modeling that the ends
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of nanorods exhibit much higher field enhancement than the spatial average.?'® Thus, if
analyte binding can be limited to only within these regions, it is reasonable to assume a
concurrent sensitivity increase greater than a factor of ten due to the reduction of
sensing volume. A recent paper offers describes selective functionalization of
nanoparticle vertices by a thiol-replacement strategy that reportedly provides a route to
site-specific functionalization of nanorods®'®. This could lead to significantly higher
signals per bound analyte molecule as theoretical models indicate that the electric field

43.46.82 |nitjal

enhancement is as much higher at the nanorod ends than along the sides
reports cite a reduction in concentration detection limits by a factor of 5002'®. As a rough
estimate as applied to the MDL model, we assume molecular binding can be restricted
to only the end-caps of the nanorod while maintaining the same net LSPR shift upon
saturation. This results in the reduction of the available binding area, and thus number
of molecules bound at saturation by a factor of 4. Further, if we restrict binding to only
the end-cap edges, this factor is increased to 9.

The binding distance r is the physical distance that the analyte binds from
the surface of the nanoparticle. It is determined by the length of the receptor which is
approximated to be 2.4 nm for the experiments presented herein. EDC-NHS coupling is
used to conjugate amine-terminated biotin to the carboxyl-terminated monolayer applied
to the gold surface. We employ this binding moiety because it offers easy translation to
other amine-terminated receptors, such as antibodies or aptamers.”? It would be
possible to employ a physically shorter receptor that would cause the target analyte to
bind closer to the surface of the nanoparticle where the field enhancement, and thus RI
sensitivity, is greater. For example, using thiol-terminated biotin has been successfully

employed as a receptor for streptavidin detection with single nanoparticles."’® This
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would reduce r by as much as a factor of 2 which in return reduces the overall MDL by a
factor of exp(ly"). For the case of nanorods with decay length I, generally on the order of
10-20 nm, this results in a factor of 1.1 improvement (i.e. 10% decrease in MDL). In
most practical situations, however, the size of the receptor-analyte pair is likely to be
significantly larger than the model biotin-streptavidin pair used here (e.g., antibody-
protein), so that some of the gains realized from the optimization of the parameters
discussed here are likely to be offset by the size of the receptor analyte pair.
Nevertheless, these results suggest that minimizing the size of the receptor while
retaining high binding affinity and specificity for its analyte is an important factor in
extracting the minimum MDL of which LSPR sensors are capable. In this regard, the

112, 217

use of smaller receptors such as aptamers or smaller, engineered antibody

fragments such as single chain antibodies are preferable to intact antibodies, which to
date are the most commonly used class of receptors in biosensors’ ' 3¢ 149,

The bulk RI sensitivity of a nanostructure Sy is dependent on its size, shape and
material composition. However, Miller and Lazarides have observed that Sy is correlated
with the LSPR peak wavelength, regardless of nanoparticle shape.'?* 2 Thus, for a
nanostructure of known material composition, its bulk Rl sensitivity can be predicted
simply by characterizing its LSPR peak. Because longer wavelength resonances exhibit
higher bulk RI sensitivities, the highest sensitivities will be from particles with LSPR
peaks in the red end of the spectrum. Assuming the detection is to remain in the visible
light spectrum, LSPR peaks at wavelengths up to 800nm could be measured. Thus,
bulk RI sensitivities as high as 600 nm/RIU could be expected. This is more than a two-

fold improvement over the 260 nm/RIU sensitivity of nanorods used in this study.

However it is worth noting that for the case of nanorods, longer resonances correspond
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to larger rods with larger sensing volumes and longer decay lengths. Eq. 4.17 was used
to balance the contributions for these effects to optimize sensor performance using the
nanorod geometry. Thus, for this factor of 2 increase to be realistic, an alternative
nanoparticle geometry would be sought that could indeed have a resonance far into the
red without such large geometries. Additional sensitivity could be achieved by
structuring the sensor to operate in near-IR wavelengths where the bulk RI sensitivities
are higher, although the optics and instrumentation could be potentially more
challenging. Also, silver nanoparticles exhibit sensitivities typically 1.5-fold higher than
gold particles at similar resonant wavelengths. However, as mentioned above the high
reactivity of silver makes it less suitable as a sensor for use in biologically relevant
media.

The peak measurement uncertainties Ugr and Usystem represent the most direct
way at improving sensor detection limits. Obviously, the smaller the wavelength shifts
that can be reliably detected, the greater the accuracy and lower the overall MDL will be.
For the system used in these experiments, Urr was found to be approximately 0.02 nm
while Usysrey was found to be 0.3 nm. Thus, the contribution to MDL is dominated by
Usvystem, Whereas Ugr acts more as an absolute limit for noise levels as discussed
above. We performed an in-depth analysis of the contributing factors to Usysrey, and
found that a large portion of the uncertainty is the result of physical system stability."® In
particular, it was found that stability in microscope focus and sample stage drift account
for the largest contributions in uncertainty. It is proposed that by using active feedback
hardware to control microscope focus and XY-sample location, Usystem can be reduced
to the order of 0.005 nm."® Thus, the total uncertainty would then be dominated by Ugr

resulting in a 15-fold decrease in MDL.
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These possible enhancement factors are displayed in Table 4.1. From here we

see that the estimated possible enhancement factors could potentially provide an 7200-

fold improvement over the 18 molecule detection limit described herein. Thus, we show

that the ultimate limit of label-free detection of single molecule binding events is

theoretically possible within the framework of equation 4.17.

Table 1. Theoretical improvement factors that can reduce the molecular
detection limit of a label-free, single particle LSPR sensor based on the
modulation of parameters from equation 4.17.

Technique Summary Variable from Eq. 4.17 | Potential Enhancement
involved Factor
Drying ARI 24
Brighter [llumination | Csa, Vs and Iy 7
Source
Shorter Binding Moiety r 1.1
LSPR peaks in IR So 2
Silver Nanoparticles So 1.5
High Spectral Resolution | Usys7em 15
Detection System
Isolation to rod edges Vs 9
TOTAL ~7200

4.5 Significance of Results

In conclusion, we have presented a simple mathematical model that analytically

relates physical detection parameters of a single nanoparticle LSPR sensor to the

minimum number of detectable analyte molecules. The utility of this model is two-fold. It

can be used to select the optimum nanoparticle geometry for a desired detection system

completely analytically, forgoing otherwise necessary comprehensive, experimental

characterization.
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well as the number of molecules detected at saturation which provides insight into the
dynamic range of the system. Equation 4.17 was used to predict the optimal nanorod
geometry to for the detection of streptavidin molecules. A factor of 10 reduction in the
minimum detectable concentration was established over previous work using a non-
optimized nanorod detection system. Additionally, the first dose-response curve of
biomolecular detection using individual nanoparticles as transducers was reported
through this work.

The second application of the model is that a framework is provided through
which the effects of potential system improvements can be assessed. Analysis of the
theoretical limits of the dependent variables of equation 4.17 indicates that a 7200-fold
reduction of the MDL for the detection system described herein is possible. Clearly, not
all of these potential avenues for MDL reduction can be realized concurrently. However,
because our current MDL is 18 streptavidin molecules, we propose it is theoretically
possible to design a system capable of detecting single molecule binding events by

careful optimization of system parameters, as described herein.
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5 Plasmonic Imaging

The work described herein proposes to take advantage of the label-free sensing
properties of individual noble metal nanoparticles, while avoiding some of the
disadvantages typically inherent in such technically demanding detection systems. We
explore methods by which a sensor can operate by analyzing a micrograph containing
many distinct nanoparticles simultaneously. This approach offers not only the same
advantages of single nanoparticle analysis, but also adds several potential advantages.
The first and most obvious advantage is the increase in signal accuracy attained simply
from the statistical gains of several hundred simultaneous measurements versus a
single measurement. Furthermore, the capability of spatially resolved measurement of
the plasmonic response of noble metal nanoparticles also opens the door to label-free,
on-chip multiplexed sensing. To achieve this, many spatial addresses of plasmonically
active structures that are functionalized with different “receptors” need to be queried in
parallel. This has been the goal of other more conventional label-free optical microarray
techniques such as surface plasmon resonance imaging (SPRI), which is being
developed as a label-free alternative to multiplexed fluorescence assays'*®.

Most existing approaches towards spatially-resolved optical detection rely on
intensity measurements at a fixed illumination wavelength and incident angle™® %2
However, intensity-based techniques do not offer the same sensitivity as measurements
that are resolved by wavelength or by the illumination angle as described in section 1.4.
In one example, a slit-imaging spectrometer, similar to that which is used for the
microspectroscopy system described in this work, was used to query a one dimensional
line of plasmonic nanostructures. By shifting one spatial dimension to a spectral

dimension, sensitivity was improved by an order of magnitude'®®.
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describe results using an optical grating as the underlying sensing substrate to convert
on spatial dimension to an angular dimension®.

Our approach described herein, is distinct from these approaches as we focus on
collecting LSPR data that is resolved in three dimensions: two spatial and one spectral.
We chose this approach because LSPR-based detection methods preclude the need for
moving parts to measure angular resolution, so that in principle, a simple and robust
detection system can be built using existing imaging technology to carry out highly
multiplexed measuments of spatially addressable arrays of receptors bound to spatially
distinct regions of a nanoparticle decorated surface. Multispectral and hyperspectral
imaging are the typical means of collecting optical data that is resolved in both space
and wavelength. Multispectral imaging is typically considered when image data is
available from several distinct wavelength spans, whereas hyperspectral techniques
attempt to completely fill the measured wavelength space. Practical application of both
types of imaging presents several obstacles.

Hyperspectral image data is typically collected one of two ways: either by making
sequential measurements at varying wavelengths, or by directing the collected light
through an optically dispersive element such as a grating. The first method is typical of
modern hyperspectral imaging techniques and requires many measurements to be
taken. Any optical measurement is limited in its acquisition to only two dimensions,
because current CCDs and photodiode arrays have only been built with two dimensions
of detectors. A full hyperspectral image is a three dimensional data cube with the three
dimensions corresponding to x position, y position and wavelength. In order to generate
3-D data from a 2-D source, a third dimension is needed. Time is the other dimension

165, 167

that is used to generate 3-D hyperspectral images. A tunable light source or
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filter?'® 2'° can be used to collect images in time, each at a different wavelength to build
the full 3-D cube. Alternatively, optically dispersive elements such as gratings, prisms,

or mirrors’® 22

can be used to transfer a spatial dimension to a wavelength dimension,
and the sample can be physically rastered in time or with filters'” ' to collect the
remaining position dimension. The minimum reported time scale at which a full
hyperspectral data cube can be acquired is on the order of 5 minutes, which is far too
slow to capture kinetic binding data for most biomolecular binding events that are
relevant for biosensors.

However, for measurement of LSPR scattering it is often not necessary to collect
the entire wavelength-dependent spectrum of nanoparticle samples to determine LSPR
shifts because a great deal of a priori knowledge is available about the optical response
of the nanoparticles. It has long been known that a single plasmon resonant peak

203 |t has also been shown that

exhibits a Lorentzian shape, as originally shown by Mie
the magnitude of LSPR peak shifts exhibited upon a local refractive index increase can
also be reliably predicted based on the initial peak wavelength™?. Since so much is
known about the properties of the LSPR of nanoparticles, it is therefore not necessary to
collect the entire wavelength-dependent spectrum. In the simplest case, it is possible to
observe LSPR shifts simply by monitoring the extinction at a single wavelength. This
technique has been shown to be effective in measuring biological interactions between
biotin and streptavidin by using a spectrophotometer to monitor the extinction of a gold
nanosphere-covered substrate at a wavelength near the inflection point of the LSPR
peak70. As the LSPR shifts to the red, extinction at that wavelength increases, which

can be easily calibrated to correlated biomolecular binding. This study demonstrated

how detection of wavelength-resolved LSPR shifts can be compressed in complexity
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from a 1-D spectrum to a 0-D point intensity measurement. In this work, we seek a
compressive analogue that will allow reduction of 3-D hyperspectral image data down to
two dimensions using a priori knowledge of the LSPR behavior of noble metal
nanoparticles, so that the data can be quickly and simply collected using a conventional
CCD.

Two techniques were explored that enable spatial and spectral resolution of
LSPR resonances detected in a single snapshot. The first method that was investigated
was a multispectral imaging approach using a CCD with patterned, filtered pixels. An
off-the-shelf RGB camera was used to quantify LSPR shifts of gold nanospheres, and a
theoretical model was developed to estimate the utility of other pixel filter transmittances
on the overall sensitivity of the sensor. The second means investigated was a novel
spectral imaging technique that takes advantage of the low background signal of
darkfield images. In this method, entire data images are incident to a diffraction grating,
and both the zero-order and first-order diffraction modes are collected simultaneously by
a CCD. The zero-order image provides information regarding physical alignment of the
image, thereby allowing the proper deconstruction of spectral information from the first-
order diffracted mode. Further details and the results of each approach are described in

the remainder of this chapter.

5.1 Multispectral Imaging

Recent reports describe how data collected with a simple RGB digital CCD
camera can be used recover complex spectra by employing computational statistical
training and regression methods®?'.  Preliminary experiments were conducted to

determine if a similar approach can be used to determine if RGB images can indeed be

used to determine the spectral changes from LSPR response of individual nanoparticles.
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In these experiments, the changes in the LSPR response of individual nanoparticles
were caused by modulating the surrounding refractive index (RI) of the medium. The
LSPR shift in response to change of the Rl of the medium is observed as changes in the
color (RGB) distribution within each diffraction-limited-spot. Initial approaches used
partial least-squares (PLS) regression to correlate each channel’s intensity to of the RI of
the surrounding medium. However, further investigation revealed that a linear approach
was not appropriate to modeling LSPR color shifts, so a modified look-up table

calibration was developed as described below in section 5.1.2.3.

5.1.1 Preliminary Work: RGB Camera

Before any experiments were conducted, a theoretical analysis was performed of
the expected shifts that would be observed with an RGB camera. Figure 17A shows the
response curves for the blue, green and red channels of the RGB digital CCD camera
that we planned to use for these experiments. The red overlay is the scattering
spectrum of a single 60 nm diameter gold nanosphere. As its scattering peak shifts to
the red due to an increase in the bulk RI, corresponding increases in the value of the red
channel and decreasing values in the green and blue channel are expected. PLS
regression was applied to these modeled intensity changes. Figure 17B shows the

expected shift in the PLS value as a function of the bulk RI.
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Figure 17: A) Response curves for the red (R), green (G), and blue (B)
channel of the CCD camera used to measure LSPR shifts of 60 nm gold
nanospheres. Red overlay is the scattering spectrum of a single nanosphere. B)
Theoretically expected trend in the regression value calculated from the RGB
intensities as a function of the bulk refractive index.

Initial experimental tests were performed using a conventional RGB camera.
Darkfield images were collected of a field of 60 nm diameter gold nanospheres.
Substrates were prepared as described in section 3.3.2. Images were collected of gold
nanospheres under 0, 40 and 80 percent (v/v) glycerol in water with refractive indices of
1.333, 1.392, and 1.450 respectively. Figure 18A shows micrograph of the nanospheres
in water. Nanoparticle spots were identified by automated image thresholding. Each
nanoparticle spot was background corrected by subtracting the mean intensities of the
surrounding dark regions. Three intensity values (RGB) were then identified for each
particle as the mean of that intensity within the particle spot. The linear regression
coefficients, determined from the response curves and used to generate figure 17A,
were then applied to these intensities. Figure 18B shows a plot of the resulting
regression values as a function of RI. The red boxes indicate the mean regression value
of the nanoparticle spots in the image, and the black error bars indicate the standard

deviation (n ~ 250 particles). The green line is the predicted trend shown in figure 17A

which is included for reference.
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Figure 18: A) RGB image of 60nm gold nanospheres in water. B) Blue
squares denote the mean and standard deviations (blue error bars) of regression
values of 60nm nanospheres (n~250) under 0, 40 and 80 percent glycerol in water.

Red line shows theoretically expected trend of this plot.

From Figure 18B, it is obvious that the experimental variations wash out any
trend that might be observed. In general, a plot that could actually be used to calibrate a
sensor would have either a steeper slope, or smaller standard deviations or both. From
this experiment, several factors were identified which are thought to contribute to this
high variability. First, gold nanospheres exhibit a low RI sensitivity relative to other
nanoparticle shapes such as rods. Also, as seen in Figure 17A, the nanosphere
scattering spectra have very little overlap with the blue channel of the CCD camera.
Thus, this channel contributes very little to discerning the small LSPR shifts of
nanosphere spectra. From Figure 18A, it is also obvious that not every spot in the
image corresponds to single nanosphere. Dimers and further aggregates appear as
yellow or orange spots. Additionally, the inherent variation in nanosphere geometry will

lead to a distribution in spectra that was not effectively modeled in the predicted

response.
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5.1.2 Multispectral Imaging Simulation

In order to determine if a multispectral imaging approach is a suitable means for
assessing LSPR shifts of nanoparticle images, a theoretical model was developed that
seeks to expand upon the above experiments and query a wider range of potential
experimental configurations. The primary limitation of the unsuccessful experiments
described above was that they were limited by the pre-fabricated spectral channel
responses of the RGB camera. In the following model, filter response curves are
variable and an optimized configuration is sought. We also switched to gold nanorods
I RI of 1.42! ADDIN EN.CITE
<EndNote><Cite><Author>Schief</Author><Year>1999</Year><RecNum>705</RecNu
m><record><rec-number>705</rec-numberectra) were included by modeling each
nanorod’s dimensions as a random member of the normal distribution of particle
geometries. Then the geometry-dependent scattering spectra was then calculated for
each rod based on its dimensions so that the model more accurately represents
experimental conditions. The goal of the model was to simulate images of nanorod
samples as a function of Rl as observed in darkfield and to determine how accurately
LSPR shifts can be measured by these images. This was performed in three steps.
First, a full spectrally-resolved data cube was generated of a field of nanorods. Then,
simulated detection images were generated as if collected by a CCD with variable three-
channel response curves. Finally, these images were analyzed to determine their ability
E?l?i.el | EltFe{llélqilgtes Generation

The model generates a full data cube consisting of simulated darkfield
micrographs of spots with full spectral resolution. The form of the output data cube is a

stack of images, each at a specified wavelength, that together contain all spectral
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information of the nanorod LSPR. The model generates a data cube based on the
following three parameters: number of nanoparticle spots, geometric distribution of the
nanorods, and the spectral intensity of the incident light. The number of spots simply
determines how many spots will be randomly distributed over the field of view. The
nanoparticle geometric distribution determines the observed variation in LSPR peak
location and intensity. The spectral intensity of the incident light modulates the final
observed spectral distribution of the LSPR spots. To simulate an experiment where
nanorods are used to report the bulk Rl change, several data cubes were generated —
each at a specified RI of the surrounding medium. Figure 19 graphically illustrates the

output of the model.
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Figure 19: Model output. First, simulated micrographs are generated at a
specified wavelength. These images are stacked, providing a full, spectrally-
resolved data cube. Finally, cubes are generated at several surrounding refractive
indices.

The shape of each spot was simulated by calculating the point-spread-function of
a diffraction-limited spot. The intensity of each spot depends on the LSPR spectrum of
the particle and the intensity of the illumination source at the specified wavelength.
Scattering spectra were calculated for each particle, based in its width and length which
were assigned corresponding to the expected distribution of nanorod dimensions
according to an analytical model'®’. Each simulated image was generated initially at a

spatial resolution much higher than the resolution of the detector, as determined by its
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pixel dimensions. This was done to account for the fact that each spot is not perfectly
centered on a detector pixel.

To simulate LSPR shifts as a function of local RI, several data cubes were
generated — each at a specified bulk Rl from 1.25 up 1.50. This range of Rl was
simulated because it fully spans the experimentally relevant range of Rl in biosensing.
Water, the surrounding environment in the experiments, has an Rl of n=1.33 and
adsorbed protein adlayers have a maximal Rl of 1.42°%2. The LSPR spectrum of each
spot was individually shifted in response to the increased RI according to their respective
bulk RI sensitivities. These sensitivities were calculated for each spot based on the
physical dimensions of the nanorod it represents using the correlation between LSPR

peak position and sensitivty*®°.

5.1.2.2 Detection Simulation

The model was next used to simulate the LSPR shifts induced by changes in the
RI of the surrounding medium. In these simulations, the space of possible filter
response curves was explored to determine which arrangement provided the most
sensitive detection of RI shifts. This was done by simulating the response of each
detector arrangement of the data cubes generated. Then, a calibration algorithm was
applied to the response data that relates the color data to the RI. The performance of
each sensor arrangement was evaluated by the slope of the regression line and the
standard deviations at each RI, which define the sensor sensitivity and uncertainty
respectively.

The first step in determining how a specific sensor arrangement would perform
was to simulate the darkfield images it generates of nanorod-covered substrates. This

was accomplished by translating the high resolution data cubes generated in phase | of
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the model development into two-dimensional images based on the physical dimensions
and optical response of the detector pixels. The intensity of each pixel in the flattened
image was calculated by binning all the pixels in the high-resolution data cube and
integrating along the wavelength dimension with the response curve of the applied filter.
Then, the data was scaled according to the bit depth and range of the detector. The
result of this flattening step was a single, flat image at the resolution of the detector.
Figure 20 graphically illustrates how this was done to generate a single, flat image. For
a multi-filter detector (such as the common three channel RGB filter set), one image was

generated for each filter.

Figure 20: Simulation of detector response. The full, high resolution data
cube is modulated by the filter response and integrated on the detector. The
pixels are binned according to their physical dimensions on the detector yielding
an intensity image that simulates how the nanorod sample would appear if
collected with the specified detector system.

5.1.2.3 Calibration

For each detector system analyzed, a set of images simulating LSPR shifts was
assembled by flattening images from each RI data cube. This set of simulated images
corresponds directly to the expected experimental data set of observing LSPR shifts by

imaging with a CCD detector. As such, the data analysis applied to the simulated data

was identical to that which was applied to experimental images. The data analysis
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proceeded by first finding the spots on the field of view by thresholding the image. The
spots found by thresholding were then filtered to remove particles expected to be
outliers. The only excluded spots that exist in the simulated images are spots that are
too close together in the image for individual analysis. Once each spot was identified, its
intensity data was collected for each filter.

Our initial calibration approach used PLS to generate a calibration curve. This
regression minimizes the distance of each point in a least-squares manner and
describes the optimal line by which future image data can be interpolated to determine
its corresponding RI. The problem with applying this algorithm to LSPR shifts, is that the
shifts are not monotonic with respect to starting color. For example, assume that a
nanoparticle that has a peak resonance at 650 nm, and exhibits a resonance shift of 20
nm based upon an increase in local refractive index. A nanoparticle with a peak
resonance at 630 nm and which experiences the same RI increase will experience a
different wavelength shift. It may only shift to 645 nm. Further, if the 630 nm starting
particle experiences a refractive index increase sufficient to shift its resonance to 650
nm, its spectrum will still be different than a particle that started at 650nm. There are
two reasons for this. First, LSPR shifts induced by an increase in the local Rl also
slightly increases the scattering cross section of the nanostructure. As a result, the
scattering intensity is increased, which in turn will alter the signals measured by the filter
response curves. The second reason is that nanoparticle bulk RI sensitivity is correlated
with the starting resonance wavelength. Thus, the particle that resonates in water at 650
nm will shift further upon a RI increase than one resonating at 630 nm in water. This
effect is illustrated in figure 21. Each series of correspondingly colored dots indicates

the color of a gold nanorod as measured in the Cielab XYZ colorspace, a standardized
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3-channel colorspace used to measure color. In general, the spots move to greater Y
values and lower Z values as the Rl increases. However, the trend is not linear and it is
not monotonic. The trajectory that a spot takes through the colorspace as Rl increases

depends on where it started, not just where it is.
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Figure 21: Shifts in CIELAB XYZ colorspace of nanorods with different
resonance wavelengths. Each group of colored spots denotes the color change
that a nanoparticle will experience as local refractive index is increased. In
general, increased Rl moves toward the right.

To bypass the non-linearity of these shifts, a modified lookup table was instead
used to calibrate image data. A calibration data cube was generated by simulating an

image of nanorods spaced along a grid. The nanorod length was increased for spots

down the columns while the nanorod diameter is increased along the rows, such that the
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entire span of geometries expected in the image is covered. Figure 22A shows a false-

color image of a calibration data cube.
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Figure 22: A) False color image of a calibration image. B) Schematic
illustration of how calibration images are applied to determine refractive index
shifts of test image data.

A calibration cube is created for each refractive index. Simulated images of the
calibration data cube were then used as calibration standards for a given filter response
curve configuration. Figure 22B illustrates a simplified two-dimensional example of how
the calibration cube was used to determine the refractive index shift between two image
spots. Each line with blue dots corresponds to the path in colorspace that a single
nanorod takes as Rl is increased, with distance between each spot corresponding to the
same Rl increment. In this example, increased RI is toward the top of the figure. The
calibration lookup table is then used to determine the RI difference between two images
of the same nanoparticle. The red dot corresponds to the image data at a known RI and
the green dot corresponds to the image data at an unknown higher RI. First, a nearest-

neighbor method is used to determine which blue path should be used for RI

comparison. The blue dots with rings correspond to calibration images at the same RI
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as the initial measurement (red dot). Once the nearest neighbor is found, the test data is
shifted to overlap the calibration trajectory. Computationally, this is performed by a
simple vector subtraction. Now the total Rl increment between the two data points is
represented as the distance between the two along the calibration trajectory. This is
represented in the figure as the length of the red line, and it is computationally
determined as the vector projection of the test spot between the two nearest calibration
spots. Finally, the RI increment of the two images is calculated as the mean increment
determined for all nanoparticle spots. In the case of high coverage samples, the RI
increment was calculated on a pixel-to-pixel basis, as opposed to isolated spots

corresponding to light scattered by individual rods.

5.1.2.4 Simulation Results

The simulated geometric distribution of nanorods was selected to correspond
with measurements made by TEM. The nanorods used in this study were from the
same optimized batch used in section 5.3. They were measured by TEM to have a
length of 63.3 = 8.2 nm and a width of 24.9 + 4.9 nm (N=319). Figure 23A graphically
illustrates this distribution as a probability density function. The plot in Figure 23B shows
the spectra of 40 randomly generated nanorods from the geometric distribution (shown

as blue dots on the probability density curve).
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Figure 23: A) Probability density function of gold nanorods used in this
study. B) Scattering spectra of 40 nanorods randomly selected from this
geometry distribution.

The light source spectral density used in the simulations was collected
experimentally from a conventional microscope-mounted halogen lamp. As a first test of
the model, images were generated simulating the filter responses of the Coolsnap Color
RGB camera mounted on the microspectroscopy system. The images were scaled and
digitized to eight bits per channel to match the camera bit depth. Figure 24A shows an
experimentally collected image of the gold rods and figure 24B shows an image
generated using the simulation. The primary difference in the two images is the lack of
background illumination in the simulated image which can be observed in the
experimental image due to imperfect darkfield illumination. This added background has
the spectral density of the illumination light source and thus appears as a yellowish haze
in both the background and the particle spots themselves. At this point, no background
noise was added to the simulation since we first desire to assess a best-case scenario.
Figures 24C shows an experimentally collected image of a nanorod sample incubated
overnight, resulting in a much higher density. An experimental sample was measured by

AFM and determined to have a surface density coverage of approximately 1.0x10°

111



nanorods per cm?® This corresponding coverage was simulated and is shown in figure

24D.

Figure 24: Experimentally collected image (A) and simulated image (B) of
gold nanorods at low coverage. High coverage experimental image (C) and
simulation (D).
Three filter sets were examined through the applied model. First, to provide a

baseline comparison standard to commercially available detectors, the response curves

of a Nikon D700 color camera was modeled. The CIELAB XYZ colorspace, as specified
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by the International Commission on lllumination as a device-independent color
comparison standard was also modeled as a filter set.  Finally, filter response curves
were modeled that have been shown to offer theoretically optimum color discernment -
referred to herein as the KLM filter set’®> #**. Both the KLM and XYZ three channel
filtering schemes were rescaled in the wavelength dimension so that the spectral
discrimination was strongest in the spectral range where the nanorods resonate. The
filtering functions were linearly scaled to range from 600 to 900 nm.

Figure 25A displays the results of the lookup table-based regression applied to
simulated images modeled with detection by the scaled KLM detector scheme which
was the most successful filter scheme determined by this study. Nine simulated images
were generated at each RI in increments of .005 with low nanorod coverage similar to
that displayed in Figure 25B. The refractive index of each image was then calculated by
the lookup regression scheme. The error bars show the standard deviation within the
images at each RI. As an example, the red dots show specifically the RI prediction
results of the nine images generated at Rl = 1.35. The dotted black line shows the ideal
one-to-one case. The mean standard deviation from these plots is 0.004 RIU which
corresponds to a theoretically minimal measurement uncertainty of 1.0 nm. Figure 25B
shows the corresponding data from a high coverage simulation similar to that shown in
Figure 24D. The corresponding measurement uncertainty of the higher coverage
samples is 0.0021 RIU which corresponds to 0.55 nm. The commercially available D700
modeled suffered from the same limitations encountered with the Coolsnap Color when
trying to measure shifts from gold spheres. Because the filter was designed to separate
spectral responses within the entire visible spectrum, small variations within the small

window where nanorods resonate could not be observed. In fact, linear fits could not
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even be reliably applied to the modeled results as the variation was so high, just as

observed in figure 18B.
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Figure 25: A) Regression results of the KLM filter scheme applied to
simulated low coverage images of nanorods. B) Regression results from high
coverage simulations

5.1.2.5 Discussion

The motivation for this work was to explore possible detection methods that could
potentially offer gains over existing methods in one or more areas. The first metric of
interest is overall LSPR shift detection sensitivity. The goal was to determine how the a
detection imaging system that collects many less-precise measurements compares with
one that makes a single, high-precision measurement.  The results above indicate that
even under ideal conditions, the multispectral imaging approach does not lead to any
gains in reducing the overall measurement uncertainty over the single particle
microspectroscopy described in previous chapters. Most importantly, it must also be
noted that the simulations described included no sources of noise. Each resonant peak

was modeled as a clean Lorentzian peak with no background or counting noise. A more

detailed simulation would include signal-dependent shot noise and background
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illumination that is a function of the illumination spectral density. Obviously, simulated
and experimental measurements that include such noise will be much less accurate then
the ideal case described above. Since the ideal, noiseless case exhibits LSPR peak
measurement uncertainties already three-fold higher than the single-particle
microspectroscopy system, further refinement of the model was not pursued.

The low resolution of the spectral measurements of each nanoparticle spot also
requires that every spot be measured only as a contribution to the total RI, and not as
isolated RI measurements. The result is a loss of the spatial registration of spectral
information that was also one of the driving motivations of the pursuit of this technique.
Finally, we note that the most effective detection scheme employed a filter system that is
not commercially available — another initial motivator for the exploration the multispectral
imaging technique. For these reasons, we determined that the multispectral approach
as described above does not offer any significant advantages over existing means of

querying LSPR resonance shifts and therefore shift our attention to alternative means.

5.2 Dual-Order Spectral Imaging
Recent publications describe novel methods looking towards rapid, parallelizable
or spatially addressed techniques that do not rely on collecting entire three dimensional
data cubes. These techniques rely on compressing one or more of the data dimensions
in such a way that a two dimensional data set can be collected and used to infer
information about the entire cube. Coded aperture snapshot spectral imaging (CASSI) is
a compressive detection scheme in which data images are passed through a dispersive
element and imaged onto a coded aperture while dispersed in wavelength. The spectral
225

content of the image can then be reconstructed using pre-collected calibration data“=.

In this way, spatially addressed spectral information can be obtained by compressing the
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data in the wavelength dimension for detection with a two-dimensional detector. This
technique has been proven successful in classifying fluorescent beads?® from a
snapshot image collected under broadband illumination.

In this section, we describe work developing a novel LSPR imaging technique
that employs an approach that is similar in spirit to the spectral compressive sensing
used in CASSI. However, in this approach instead of compressing the wavelength
dimension, we compress along one spatial dimension. This is fundamentally different
than simply reducing the content of the data down to two dimensions by cropping the
field of view as is done with other LSPRI techniques discussed above. In the approach
described below, wavelength-resolved spectra are collected simultaneously from a field

of scattered particles.

5.2.1 DOSI Technique Description

We term the technique dual-order spectral imaging (DOSI) due to the operating
principle responsible for its utility. The setup is similar to a conventional slit imaging
spectrometer with two fundamental differences. First, a grating is selected that has a
relatively coarse line pitch. This reduces the dispersion of the grating, effectively
reducing the spatial extent of the dispersed light when it reaches the CCD detector.
Typically, optimal resolution is achieved by using a grating with the finest line pitch
possible such that the wavelength range of interest of the first diffracted mode of the

image covers the full extent of the detector pixels'®.

By using a coarser grating, we
sacrifice the slightly higher spectral resolution to allow concurrent collection of both the
zero-order image, and the first order diffracted mode of the image both on the same

CCD. The collection of both diffraction orders allows for the spatial registration of the

image spectral content and is necessary for accurate reconstruction of LSPR peak
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shifts. The grating used in the DOSI setup had 150 lines/mm as compared to the 600
lines/mm grating used in the previous studies.

The second essential characteristic of the DOSI setup is that the entrance slit is
dramatically widened. In conventional slit-imaging spectroscopy, optimum spectral
resolution is achieved by matching the size of the entrance slit to the pixel pitch of the
detection CCD. This prevents convolution of measured spectra by the spatial extent of
the light imaged. However, we have shown previously that the width of the entrance slit
can be a source of error when measuring spectral density of diffraction limited spots in

t'3¢. The effect this has on

darkfield due to the spatial distribution of light within the spo
overall spectral resolution is mitigated by virtue of imaging sub-wavelength objects under
darkfield illumination. The spatial extent of each spot is essentially self-limiting, as the
physical extent is determined by the numeric aperture of the collecting optics. For single
particle measurements, we showed that the optimal entrance slit width is 150 ym. For
DOSI, we opened the entrance slit to its full extent at 2.5 mm. Under 100X illumination,
this provides a field of view approximately 25 um x 70 uym that is spatially and spectrally
addressable.

Figure 26 shows a typical raw DOSI micrograph of gold nanorods under darkfield
illumination. The zero-order mode is visible in the left-hand portion of the image, with
bright spots corresponding to nanorod scattering spots. The right-hand portion of the
image is the first-order diffraction mode of the image and contains corresponding
nanorod spots that are spread out along the width of the image which is the spots’

wavelength dimension. Bright smears in the right-hand portion correspond to spectral

peaks of individual particles.

117



Figure 26: Raw DOSI micrograph of gold nanorods under darkfield
illumination. Collected by a single CCD, the left-hand portion shows the zero-
order mode of the nanoparticle field, and the right hand person shows the first-
order diffraction mode of the same field of view. The intensity map is falsely
colored for visual ease.

The first steps of DOSI data interpretation are identical to that of typical
microspectroscopy. First, contributions due to dark current are removed by subtracting
an image collected for the same integration time, but with no light exposure. Source
correction is performed in a similar manner to the intrinsic correction method described
in section 3.3.2. For the experiments described below, a single source spectrum was
collected for each DOSI image by averaging together lines from the first-order portion of
the image that did not exhibit nanoparticle spots. Each row of the first-order image was
then divided by that acquired source spectrum. Figure 27 shows a source-corrected

DOSI image.
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Figure 27: Zero-order (left) and first-order diffracted mode (right) of a
source-corrected DOSI image.

In this configuration, the position of the spectral peaks in the first-order image is
determined by two factors. First, the spectral peak’s position is determined by the spot’s
starting position in the zero-order image. The final position of the peak is determined by
the distribution of its spectral content. The dispersion of the grating will shift longer
wavelength components further to the right in the first-order image. LSPR shifts are
measured as small perturbations in the positions of these peaks in first-order image. In
order to observe small shifts in these peak locations due to local refractive index
increases, it is necessary that contributions from these sources be decoupled, else
mechanical drift caused by physical movement of the microscope stage relative to the
detector could be misconstrued as LSPR peak shifts.

LSPR shifts between a test image and a reference image are decoupled from

227

physical sample shifts by an image alignment algorithm“** applied the zero-order portion
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of the DOSI images. Alignment is performed by maximizing the cross correlation of the
images. Alignment is calculated to a specified fraction of a pixel by up-sampling the
cross-correlation matrix by the inverse of the defined fraction. For the studies described
herein, an up-sampling factor of 100 was specified, registering images optimally to within
0.01 pixels. The alignment parameters determined for the zero-order images are then
applied to the first-order images.

A peak finding algorithm??®

is applied to each line of the aligned first-order
images. The algorithm operates by smoothing the data with a running average, and
then locating peaks by thresholding the derivative of the line scan. A least-squares fit to
a parabola is applied to the neighborhood around each potential peak. The peaks are
then screened by height and width to exclude spectral features not expected arise from
nanorod scattering. The peak location is considered the vertex of the fit parabola and
has units of pixels but is not restricted to integer values since it was extracted from a

least-squares fit. LSPR shifts are calculated in units of pixels as the difference in peak

location in a reference image and the test image.

5.2.2 Experimental Results

Nanorod and glass substrates were fabricated as described in section 4.1. Eight
DOSI images were collected of the same nanorod substrate under each of five
surrounding refractive index solutions containing 0, 20, 40, 60, and 80 percent glycerol
(v/v) in water using a flow cell. The refractive index of these solutions is 1.333, 1.355,
1.392, 1.419, and 1.450 respectively. Image acquisition times varied from 0.2 to 0.4
seconds before the detector was saturated. Between each image, the microscope focus

was purposely misaligned and then refocused to avoid potential influences of focus drift.
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Figure 28 shows a line scan from a DOSI image collected of a nanorod sample in
water. The first 200 pixels are from the zero-order mode image, and two peaks
corresponding to nanorod scattering spots can be observed. The remainder of the line
scan is the source corrected first-order diffraction mode of the image. Two peaks are
observed, one corresponding to the LSPR of each particle. The two particles are
physically separated by approximately 50 pixels in the zero-order mode. The two peaks
in the first-order more are also separated by approximately 50 pixels, indicating that the
two nanoparticles have LSPR peaks at a similar peak wavelength. Figure 29 shows a
plot that includes line scans from five images collected while the nanorod sample was
under different volume percentages in glycerol. Both peaks can be observed to shift

approximately 30 pixels to the right due to the increase in RI.
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Figure 28: Line scan of a DOSI image. The first 200 pixels are the zero-
order mode and the remaining image is the source corrected first-order mode.



(e}

[

€

o O I
OO D

©
N

o
(o)}

Normalized Scattering Intensity
o
N

i~
N

o
w
e

300 350 400 450 500
Pixel Number

Figure 29: DOSI spectra of two nanorods under five solutions with
increasing refractive index.

Forty DOSI images were analyzed to generate a statistical assessment of the
system — eight at each of five RI solutions. Each first-order image contained
approximately 350 peaks. The relationship between peak pixel position and peak
wavelength was calculated using the dispersion of the grating to be 1.49 pixels/nm. This
value allows the conversion of shifts and uncertainties originally calculated in pixels to be
translated to nm for easier comparison. The variability in the measurement of each
individual peak was determined by calculating the standard deviation of a peak’s location
over the eight images collected under identical refractive index. The average standard

deviation of individual peak measurements was 1.92 pixels. Applying the dispersion

123



relationship, this uncertainty translates to 1.29 nm. We term this value the peak
measurement uncertainty.

To determine the overall measured RI shift, the measured shift of each of the
approximately 350 peaks is considered. Figure 30 shows a plot of the mean peak pixel
shift as a function of refractive index. For this measurement, each peak shift is
measured as compared to DOSI images in water. A linear fit to this plot yields a slope
that gives an approximate sensitivity of 204 pixels/RIU, which translates to 137 nm/RIU
by the dispersion relation. This agrees well with the theoretically predicted value of 141
nm/RIU calculated by the model described in chapter 4 for rods that resonate at 644 nm
in water. Error bars in the plot are the standard deviations of the peak mean shifts
across the eight images collected at each RI. We term this value the image uncertainty,
as it is based on in the total measurement from every peak measured in the DOSI
image. The mean image uncertainty for the experiment described is 0.78 pixels, or 0.52

nm.
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Figure 30: Mean peak shift recorded for DOSI imaging of gold nanorods as
a function of refractive index. Error bars indicate standard deviations from eight
images at each RI.

5.2.3 Discussion and Implications

We have shown that the DOSI strategy can be effectively used to measure LSPR
peak shifts of gold nanorods as a function of local refractive index. By combining
measurements gathered from several hundred peaks in a single image, averaged data
from all spots can reliably measure LSPR peak changes as small as 0.52 nm. As a
comparison, the measurement uncertainty of the single nanorod measurements
described in section 4 is 0.3 nm. Thus, the fundamental sensitivity to refractive index of
the system as measured by DOSI is slightly lower than that of the microspectroscopy
system described in chapter 2 as a result of the lower spectral resolution. However, the
system offers several advantages.

First and foremost, it provides intrinsic spatial registration of measured spectral

densities. This would allow true multiplexed detection in an arrayed format. From
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Figure 28, we observe that a lateral spatial separation of 50 pixels between detected
spots in the zero-order image can be resolved spectroscopically, provided that the
spectral line-widths are comparable to the nanorods used. If we assume spots are 5
pixels vertically and separated by 5 pixels between spots, then the 400 x 200 pixel size
of the zero-order region of the CCD suggests that a 40 x 4, 160-element grid could be
conceivably measured by DOSI. It may also be possible to further widen the entrance
slit to enlarge the measured area, although at that point the second-order diffracted
image may begin to overlap the first-order as can be barely noticed on the far right of
figure 29. These grid elements need not be single nanorods for a parallel test. Each
detection spot could be a patterned spot of many particles, or single plasmonic
nanostructures as long as the background is dark and the objective magnification is
adjusted so that the image is sized appropriately for the detector. In a multiplexed
configuration where each peak is measured separately, the peak measurement
uncertainty is increased to 1.29 nm per peak since all the measurements are not being
pooled together to measure one unifying value.

In the application described in this section, DOSI is limited to measuring shifts in
resonance peaks, and does not measure the absolute wavelength. However, this is not
a critical limitation, as the dispersion of the grating should be constant across positions
on the field of view, so that the ‘center’ blaze wavelength of each first-order diffracted
peak will be the same distance away from its zero-order spot on the CCD. Even if small
angular deviations in the ray trace of these spots exist, the system could easily be
calibrated to take this effect into account upon data analysis. For example, this could be
done by sweeping a monochromatic light source through various positions on the CCD

and compiling the trends.
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The higher light throughput of the DOSI system allows images to be collected at
a faster rate than the single-particle microspectroscopy system. This increase is due to
both the widening of the slit allowing more light through, and because the decreased
dispersion of the grating directs the same amount of light to a narrower portion of the
detector. The 0.2 — 0.4 second acquisition times per image represents a 100-fold
increase in time resolution as compared to the 10-30 seconds required for each single
nanorod measurement as described in section 4, and over four orders of magnitude
faster than contemporary hyperspectral imaging that can take minutes to collect full
spectra of a region.

Finally, the DOSI system is comprised entirely of commercially available parts
which facilitates its use and development. Additionally, DOSI is less mechanically
sensitive than microspectroscopy of a single nanorod. We have previously shown how
translational drift of the image with respect to the slit, and focus drift both contribute to

peak measurement uncertainty'°.

The translational drift problem is avoided in DOSI
because of the self-registration between the zero and first-order images. The focus drift
issue can be more readily addressed in DOSI than in the single particle
microspectroscopy because of the 100-fold increase in frame rate allows more rapid
feedback for focus controls, whether manual or automated. These increases in stability

facilitate the ease of use of the detection system and increase it's applicability to

experiments requiring longer exposures.
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6 Conclusions and Future Directions

6.1 Conclusions

The results described in this work demonstrate that gold nanorods are effective
optical transducers and can be utilized in the development of label-free biosensors. A
microspectroscopy system was developed to collect scattering spectra of single
nanoparticles, and measure shifts of the spectra as a function of biomolecular binding.
The measurement uncertainty of LSPR peak shifts of the system was demonstrated to
be 0.3 nm. An analytical model was also developed that provides the optimal gold
nanorod geometry for detection with specified receptor-analyte pair. The model was
applied to the model biotin-streptavidin system, which resulted in sensing system with a
detection limit of 130 pM — an improvement by four orders of magnitude over any other
single-particle biodetection previously presented in the literature.

Alternative optical detection schemes were also investigated that could facilitate
parallel biosensing. A theoretical model was built to investigate the efficacy of using a
multi-channel CCD detector analogous to a conventional RGB camera. The results of
the model indicated that even in the best case, the detection capabilities of such a
system did not provide advantages over the microspectroscopic approach.

We presented a novel hyperspectral detection scheme we term Dual-Order
Spectral Imaging (DOSI) which is capable of simultaneously measuring spectra of up to
160 individual regions within a microscope’s field of view. This technique was applied to
measuring shifts of individual nanoparticles and was found to have a peak measurement

uncertainty of 1.29 nm, at a measurement rate of 2-5 Hz.
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6.2 Future Directions

In section 4.4, several theoretical approaches were outlined that could potentially
offer means to increase sensitivity of plasmonic nanoparticle-based biosensors. In this
section, specific experiments are suggested that could be undertaken to realize
distinctive gains in system sensitivity. These suggestions come from both newly

published reports in the literature, and simply new insights on the part of the author.

6.2.1 Transducer Considerations

First, we discuss potential changes that can be made to the nanoparticle
transducers themselves. In the presented experiments, nanoparticles were used that
were composed of gold because although silver particles are more sensitive than gold
particles of the same shape and size'"® ?*°, the greater reactivity of silver as compared to
gold makes it less suitable for use in biologically relevant media as silver can be easily
oxidized, altering the plasmonic behavior of the particle. DNA detection studies have
been conducted with silver nanoparticles synthesized with thin layer of gold on the
outside to stabilize the particle surface?”®. The composite plasmon is dominated by the
silver core, and is thus more sensitive than solid gold particles, but they retain the
chemical stability of the gold. The use of particles of this type could potentially increase
system sensitivity without sacrificing stability. An initial assessment of the gains
achievable by such particles could be performed by a distance-dependent sensitivity test
by layer-by-layer polyelectrolyte deposition. Comparison of the results of this test versus

solid gold nanorods would determine the potential gains in sensitivity.
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The final conclusion of the analytical model describing nanorod geometry-
dependent sensor sensitivity was an optimized nanoparticle geometry. One constraint
within the model was that the nanoparticles be large enough to present a scattering
cross-section sufficiently large to achieve a threshold SNR in microspectroscopic
images. The effect of this on the model was explicit cutoff of geometries that do not
meet this requirement. Upon optimization, the nanorod geometry identified was near
this cutoff barrier as shown in figure 14. Chemical synthesis techniques generate
particles with geometries that are distributed around the mean values. If we assume that
this is a normal distribution about the rod length and diameter, then % of the rods
synthesized will have either a smaller diameter, or length or both. As the scattering
cross section is positively dependent on these measurements, this means that these %
of the particles will scatter less intensely and have a lower SNR when measured. Thus,
it is suggested that the target nanorod geometry be shifted slightly towards larger
particles, based on the standard deviations of the synthesized geometry. In this way,
more particles will have spectra with SNR above the desired threshold.

Another potential gain in sensitivity - one that can potentially push the system

over the limit of single molecule detection - is the localization of binding to the regions of

230 146

highest field enhancement. It has been shown both theoretically*™ and experimentally
that there is a direct relationship between local field enhancement and local refractive
index sensitivity. Thus, binding material selectively to the rod ends where field
enhancement is greater®' and preventing binding elsewhere will result in a much larger
LSPR shift per bound analyte molecule. A recent thiol “replacement” strategy was

reported wherein investigators first introduced a monolayer around gold nanorods

through a thiol linkage with a glycol end-group to prevent non-specific adsorption. Then
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the thiol replacement step consisted of a relatively short incubation with a molecule
composed of a thiol end-group, and an end-group to which biotin can be conjugated.
The theory is that the mobility of thiol-monolayers on gold allows the molecules on gold
surface to be replaced by those in solution over time. Curved areas - such as at the rod
ends - provide increased surface accessibility to the molecules in solution so they will be
the ones replaced first. This approach has provided initial reductions of detection limits
by a factor of 500%'°. However, assessing the effectiveness of this approach is not
straightforward, as most means of sensor assessment to date rely on measuring
saturation coverage. Therefore it is suggested that a time-resolved study, such as the
type described in sections 3.2.2, be applied to “thiol-replaced,” biotin-conjugated
nanorod detect streptavidin molecules.

Non-specific adsorption of molecules to sensor surfaces is a recurrent obstacle in
the development of biosensing systems. In the nanorod detection system described in
this work, the nanoparticle surfaces themselves were shown to resist non-specific
adsorption of protein due to the mixed-monolayer of alkane SAM’s conjugated to the
particle surface. However, the large surface area of the glass substrate between
nanoparticles is not similarly functionalized. This can have two effects on sensor
performance. First, depletion can occur whereby target molecules are adsorbed to the
glass substrate instead of to a nanoparticle, resulting in under-reporting of sample
concentrations.  Additionally, any material - whether it is target analyte or other
constituents of a complex detection — will scatter light reducing SNR of darkfield
micrographs. A recent approach employing surface-initiated EG polymer brushes to
prevent non-specific adsorption was recently developed in our lab and has been shown

to reduce background signals of a fluorescence protein array by a factor of 100
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compared to EG monolayers®*? 23, Applying this same technique to glass substrates on

which detection is performed will result in higher SNR and improved detection limits.

6.2.2 DOSI Development
6.2.2.1 Multiplexed detection

The experiments outlined in section 5.2 demonstrate proof-of-concept of the
DOSI system. The true power of the technique, however, lies in its capability of
measuring multiplexed detection. To demonstrate this capability, an experiment should
be performed that highlights this functionality. Ideally, a target substrate would consist of
spots activated to bind different target analytes. Each spot could be individual
nanoparticles of different geometries activated with different antibodies. For example,
gold rods conjugated with an anti-goat IgG and gold spheres conjugated with anti-rabbit
IgG could be deposited on a surface. Color images could be taken to first determine
which particles are spheres, and which are rods. Then, as control solutions and rabbit
and goat IgG are introduced, DOSI images could be collected as a function of time. Of
course, each spot need not be an individual particle. Each spot could be nanoparticles
patterned in a conventional microarray, with each spot corresponding to an ensemble
measurement. Then each spot can be conjugated independently and the entire array
can be measured by DOSI as test solutions are introduced. In this case, it is worth
noting that it has been shown that LSPR detection schemes using particles at higher
coverage measuring extinction spectra have a higher SNR than similar experiments

5

based purely on scattering spectra'’®. However, the dark background required for DOSI

might be a bit tricky to realize in an extinction-based illumination scheme.
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6.2.2.2 DOSI Data Analysis

Through the course of analyzing the proof-of-concept DOSI measurements,
several potential sources of error were identified that could potentially increase the
accuracy of the technique if properly addressed. Several of these issues are concerning
the determination of the source spectrum which is used to correct each measured peak.

In the analysis presented in section 5.2, a single source spectrum is collected
from the entire image and is applied to each particle. This source is acquired as the
average signal of all those lines which do not seem to exhibit spectral peaks. One
improvement would be to iterate which rows are selected to contribute to the source
spectrum since they are more easily identified once source correction is applied.
Another improvement could allow contributions to the source to just come from the
segments of any row that does exhibit a peak. So a single peak to the far right of the
first-order image would not exclude the remainder of that row to contribute to the source.
Finally, due to chromatic aberrations of the objective and potential misalignment of the
entrance slit and detector CCD, the exact spectrum of the incident light could vary
across the image. This is the region for using the spatially resolved intrinsic source
correction described in section 2.3.1 where the source spectrum used for correction of
each nanorod spot is collected only from rows nearby the spot. This is more of a
challenge in DOSI because of the increased literal dimensionality reduces the number of
rows without any scattering peaks. Perhaps by using some the techniques suggested
above, it would be possible to ascertain local source spectra for each spot, increasing

the accuracy of the corrected spectra.
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Additionally, the source spectrum as measured by DOSI is convoluted by the
spatial extent of the entrance slit width. It may be of use to deconvolute this effect
before applying it to peaks for source correction.

The spectra of the spots themselves could also potentially benefit by some
average across rows. In its current implementation, DOSI analyzes each peak on a row
by row basis. So if one spot is large enough to cover pixels on four separate rows, it is
currently measured as four separate peaks. By combining peaks across rows, higher

SNR data could result in more accurate measures of peak shifts.
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Analysis of total uncertainty in spectral peak
measurements for plasmonic nanoparticle-based

biosensors

Adam Curry, Gregory Nusz, Ashutosh Chilkoti, and Adam Wax

One goal of recent research on plasmonic nanoparticle-based sensors is maximizing nanoparticle sensi-
tivity or shift of resonance peak wavelength per refractive index change. Equally important is a mea-
surement system’s peak location uncertainty or shift resolution. We provide systematic analyses and
discuss optimization of factors that determine peak location uncertainty, reporting values as low as
0.3 nm for the presented scheme. This type of analysis is important, in part, because it provides a means
of evaluating detection thresholds for biosensor applications such as analyte binding. We estimate
thresholds of 310 streptavidin molecules for the presented scheme and 20 molecules with system

improvements.
OCIS codes:

1. Introduction

The detection of single molecule binding events with
plasmonic nanoparticles (NPs)!-8 is the ultimate goal
of plasmonic, and indeed all, biosensors. One pro-
posed detection scheme depends on determining a
shift in the NP’s resonance wavelength due to a
change in the refractive index (RI) of its local envi-
ronment, which may be altered by a variety of test
variables depending on application.®-13 For such a
scheme, the molecular detection threshold is deter-
mined by both the NP sensitivity, the optimization of
which has been the goal of much recent research,23.8.14
and the uncertainty in determining a resonance peak
shift, or the peak shift resolution. A determination of
the peak shift resolution requires careful analysis of
experimental and theoretical uncertainties, many
of which are specific to single NP microspectroscopy.
An analysis of these factors is lacking in the current
literature, yet is a critical consideration in NP bio-
sensor design.
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Here we present experimental and theoretical anal-
yses of factors that govern the uncertainty in spectral
peak determination for a line-imaging spectrometer,
and we discuss the trade-offs inherent in optimizing
each factor. The types of factor we consider are instru-
mental and analytical. Instrumental factors include
objective NA, objective magnification, spectrometer
slit width, NP image position (X, Y) relative to the slit,
and objective focus (or Z position of the particle, rela-
tive to the objective). Analytical factors include the
extent of spatial averaging, the image region used for
source spectrum determination, the signal-to-noise ra-
tio (SNR) of the source-corrected spectrum, and the
peak fitting algorithm employed. For the uncertainty
determinations presented, we consider the case of a
single, spherical, 80 nm diameter Au NP. This NP
was chosen because it exhibits typical resonance
wavelength and resonance peak width and because
its resonance wavelength is in a region of high re-
sponse for our microspectroscopy system. The NP
sensitivity is not a consideration in peak location un-
certainty, as these are independent parameters. Fi-
nally, we estimate a detection threshold for the
current scheme based on the binding of streptavidin
molecules to the NP biosensor.

2. Methods

A. Experimental Scheme

The foundation of our microspectroscopy system!4 is
a research grade inverted microscope (Axiovert 200,
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Zeiss) equipped with 40X dry (Plan-Neofluar, Zeiss,
NA of 0.75) and 100X oil immersion (Plan-Neofluar,
Zeiss, adjustable NA from 0.7 to 1.4) objectives and a
high-NA (1.2 to 1.4) oil immersion dark-field condenser.
The microscope illumination is provided by a 100 W
tungsten—halogen source. The microscope output can
be directed to either a cooled color CCD (CoolSnap
cf, Photometrics) for image registration or to a line
imaging spectrometer (SpectraPro 2150i, Acton Re-
search) for simultaneous measurement of 400 spectra
along a line through the microscope field of view. The
color coregistration camera CCD has dimensions of
1392 by 1040 pixels, with pixel dimensions of 4.65 pm
X 4.65 pm. The line imaging spectrometer is equipped
with a CCD (Spec-10, Roper Scientific), with dimen-
sions of 1340 by 400 pixels and pixel dimensions of
20 pm X 20 pm. The spectrometer employs a slit
aperture, the width of which is manually adjustable
from 10 pm to 3 mm, and a 300 grooves/mm diffrac-
tion grating (reciprocal linear dispersion = 19 nm/
mm) providing approximately 500 nm of dispersion
over the CCD. The sample stage (KM Series, Sem-
prex) is controlled by a motorized actuator (850G,
Newport) and a custom LabVIEW interface for trans-
lation perpendicular to the spectrometer slit (X), and
by a manual actuator for translation in the direction
along the slit (Y).

B. Uncertainty in Single Nanoparticle Microspectroscopy

Nanoparticles can be imaged with conventional op-
tics only as diffraction-limited spots, because of their
subwavelength dimensions. For a simple lens, the
spectral and spatial distributions of diffraction-
limited spots are defined by the familiar Airy pattern.
Because of the wavelength dependence of diffraction,
longer wavelengths have a larger Airy disk, resulting
in a radial dependence of the spectral content of
the diffraction-limited spot. The size of the spot on the
image plane is determined by both the NA and the
magnification of the imaging objective. Larger NA
values result in smaller spots, while larger magnifi-
cation values result in larger spots.

Determining resolution and uncertainty in the
spectral analysis of diffraction-limited spots requires
unique considerations. In standard spectroscopy ap-
plications, the size of the spectrometer entrance
aperture is a determinant of spectral resolution.
However, in the case of dark-field imaging of a
diffraction-limited spot that is smaller than the ap-
erture, the size of the imaged spot itself acts as the
entrance aperture and enters into the calculation of
spectral resolution. In this case, spectral uncertainty
still exists to the degree that there is uncertainty in
the spot position, but the loss of spectral resolution
will be less than that predicted by the spectrometer
aperture alone. Given these considerations, the spec-
trometer’s entrance aperture size must be optimized
to account for spot size, spectrometer resolution, and
positioning uncertainty.

The studies described here were carried out to
measure the total uncertainty in peak wavelength
directly, as well as to isolate the contributions of in-
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dividual factors to the total uncertainty. The total
uncertainty was measured directly by repeated mea-
surement of the scattering spectrum from a single
NP, with experimental factors (X, Y, and Z particle
position) varied and redetermined for each measure-
ment. To isolate the contributions of individual fac-
tors, we conducted a series of measurements that are
described in detail below. The results of the measure-
ments are expressed as differentials, o\,/dF, which
are given as the resonance peak shift per unit change
of factor F or as measured uncertainties Uy due to a
given factor. The factors’ differentials are combined
with the factor’s expected variabilities V, and the
measured uncertainties to provide the total uncer-
tainty, as shown by

U totalz = UX2 + U22 + UY2 +U ﬁt2
=[(INOX)Vx]2 + [(OINIZ)V, ]2 + Uy* + Us,
(1

where X, Y, and Z represent the positions of the par-
ticle in the directions perpendicular to the spectrom-
eter slit, along the slit, and normal to the focal plane
(i.e., due to focus), respectively; and Uy, is the statis-
tical uncertainty in measuring the peak of a spectrum
with a given level of SNR. The individual factors are
used to determine a calculated total uncertainty,
which is compared with the measured total uncer-
tainty to determine if the individual factors provide
an accurate description.

C. Measurement of Total Uncertainty

For each slit width and objective (Table 1), a single,
spherical, 80 nm diameter Au NP was chosen for
analysis from a field of NPs bound to a silanated
(aminopropyltriethoxysilane, Sigma) coverslip im-
mersed in index-matching oil (n = 1.52). To directly
measure the total uncertainty in peak wavelength
determination, 50 spectra of the same NP were col-
lected at different Y positions, and the X position was
made to coincide with the center of the slit as accu-
rately as possible with the existing scheme. Between
each measurement, the NP was moved to an arbi-
trary intermediate point, and a manual hunt proce-
dure was used to reposition the NP. The focus was
monitored and adjusted as the operator deemed nec-
essary.

D. Determination of Individual Differential and Variability
Factors

To determine the X position differential (o\,/0X),
spectra from single NPs were acquired as the NP was
moved incrementally across the slit position (2 pixel

Table 1. Slit Widths Used in Study

Slit Widths
Objective (pum)
40X 20, 40, 60, 80, 100
100X 20, 60, 80, 100, 150




increments, as determined from the coregistration
camera) over a 20 pixel range. The procedure was
repeated for each slit width. The peak wavelengths
were determined from the resulting spectra and com-
pared with the X position. To determine the center of
the NP from the coregistration camera, the red, green,
and blue planes of the color image were summed to
create a composite intensity image. The intensities
were then integrated along both the X and the Y
directions, and the NP image position was considered
to be the pixel of peak integrated intensity. The po-
sitions of the NP images were also determined
for the measurement of total uncertainty, with the
standard deviations of the measured X positions
across the measurements taken as the X position
variabilities.

To develop a better understanding of the measured
X differentials, we modeled the effects on the mea-
sured spectrum of slit width and NP position relative
to the center of the slit. The model uses the on-axis
point-spread function (PSF) of each objective for a
NP with a representative spectrum (Lorentzian of
100 nm width, peaking at 640 nm), thereby account-
ing for both the spatial and the spectral variations in
the diffraction-limited spot. The PSFs were spatially
truncated according to the NP position and slit width
under consideration. The measurement by a disper-
sive spectrometer is simulated by using the disper-
sion equation

Xdctecmr = XPSF + 0L()\ - )\centcr)i (2)

where Xgeector 18 the location on the spectrometer
CCD, Xpgr is the spatial location within the PSF, « is
the dispersion of the grating, A is the wavelength of
light, and A .., is the center wavelength of the spec-
trometer.

To measure the Z position differential (d\,./dZ),
spectra from single NPs were acquired as the objec-
tive focus knob was moved incrementally in 0.5 pm
steps through the best focus. The step value was
chosen because it is half of the finest scale for the
focus knob position. It is also less than the objectives’
depths-of-field, which are 1.2 and 1.5 pm for the 40X
and 100X objectives, respectively. Mechanical hys-
teresis was avoided by moving the objective in only
one direction throughout each series of measure-
ments. The peak wavelengths were determined from
the resulting spectra and compared with the focus
knob position. The results were referenced to the best
apparent focus, as determined from the coregistra-
tion images.

The uncertainty in the Y position of the NP relative
to the spectrometer slit has a different origin from
that of the X and Z position uncertainties. For slit-
based imaging spectrometers, the image of a given
wavelength at the detection plane exhibits a para-
bolic curvature with position along the slit. When this
effect is not corrected by using a premeasured cali-
bration, it introduces uncertainty in the measure-
ment of the peak position. To evaluate the Y position
uncertainty, Uy, a 1 mm core fiber coupled to a

mercury—argon calibration lamp (HG-1, Ocean Op-
tics) was imaged through the 40X objective. This pro-
vides a spatially uniform spectral source that fills the
spectrometer field of view (FOV) and contains narrow
spectral lines across the visible wavelength range.
The minimum slit width of 10 wm was used since the
broadening of peaks owing to a wider slit makes the
peak wavelength positions less certain. The spectral
peaks for wavelengths at each end of the spectral
range were mapped versus positions along the spec-
trometer slit to determine the spectral variations
with the slit position.

E. Determination of Uncertainty Attributable to
Analytical Factors

To determine the uncertainty, Ug,, attributable to our
peak fitting algorithm, we analyzed theoretically de-
termined (Mie) scattering spectra, calculated at 1 nm
spectral steps, for Ag spheres of 40, 60, 80, and
100 nm diameters. To each spectrum we added ran-
domly generated noise at specific levels, producing
spectra with SNR values of 10, 100, and 1000. Thirty
fitting iterations for each sphere size and SNR value
were analyzed with the random noise regenerated for
each iteration, to obtain a statistical measure of the
peak fitting uncertainty.

An additional source of uncertainty is the determi-
nation of the raw NP and source spectra used in
processing the signals. Since a single NP image cov-
ers multiple rows of the spectrometer CCD, a group of
adjacent rows corresponding with the NP must be
averaged to determine the raw NP spectrum. The
raw spectrum is then divided by a source spectrum to
determine the scattering spectrum. The source spec-
trum is also an average of spectral rows, but from an
adjacent region without NPs. These postprocessing
steps include a number of variables that must be
optimized for best repeatability. The parameters that
were varied in the analysis were the number of spec-
tral rows averaged to determine the source and the
NP spectra and the offset from the NP spectra used in
determining the source spectrum (Table 2). Prior to
this analysis, measured dark signals were first sub-
tracted from all the data.

F. Determination of Sensing Threshold

As an estimate of the sensing threshold achievable
with our scheme, we consider a basic detection exper-
iment in which a single 80 nm diameter Au sphere

Table 2. Standard Deviati of Peak over all Data
Slit Width avg = 7, avg = 7, avg = 13,
(pm) offset = 87 offset = 20 offset = 20
20 1.94 1.79 1.57
50 1.45 1.24 1.03
100 0.52 0.41 0.32

“Here “avg” indicates the number of spectral rows averaged to
create the raw NP and source spectra; offset indicates the number
of spectral rows from the row of maximum NP intensity to the first
row used for the source spectrum.
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immobilized on glass is used to detect the binding of
streptavidin molecules. The threshold estimate is
based on the fraction of sensing volume that must be
occupied by the target protein to induce the minimum
detectable wavelength shift in the current scheme.
We assume a uniform sensing volume extending one
radius from the surface of the NP15-17 into the sur-
rounding environment above the glass substrate. We
approximate the effective RI of the media surround-
ing the NP as the RIs of water and streptavidin scaled
by their respective volume ratios, with streptavidin
molecules modeled as 5 nm diameter spheres having
RIs of 1.5218 (e.g., for a sample that is 5% streptavidin
by volume, the effective RI is 1.33 X .95 + 1.52
X .05 = 1.34). To determine the effect of the strepta-
vidin on the resonance spectrum, we multiply the
effective RI by a sensitivity of 120 nm/RI unit, which
we have experimentally determined for 80 nm gold
particles bound to glass. The resulting value is the
theoretical surface plasmon resonance (SPR) wave-
length shift induced by the presence of the strepta-
vidin molecules, which is shown as

Neniee = [1.33(1 — p) + 1.52p]8S, (3)

where Ay, is the SPR peak shift, p is the volume ratio
of streptavidin, and S is the particle wavelength sen-
sitivity. The differential of Eq. (3) yields

ANgnin = 0.19SAp, (4)

where Al is the change in the SPR peak location
caused by an increase in the volume fraction of the
streptavidin molecules, Ap. The change in streptavi-
din’s volume fraction can be expressed in a number of
molecules, which is shown as

Ap = (Anv,)/V, (5)

where An is the change in the number of streptavidin
molecules, v, is the size of a streptavidin molecule,
and V is the NP sensing volume. Substituting this
into Eq. (4) and solving for An yields Eq. (6), which
describes the molecular sensing threshold of a single
NP sensing system:

An = (AN V)/(0.19S0,). ()

By taking ANy, as the minimum detectable peak
shift, or the SPR peak measurement uncertainty, we
can determine the relationship between our peak
measurement uncertainty and the detection thresh-
old for streptavidin molecules, An.

3. Results

A. Measurement of Total Uncertainty

The direct measurement of the total uncertainty
(Fig. 1) reveals that the uncertainty in the peak
wavelength determination decreases as the slit width
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Fig. 1. Calculated and measured total uncertainties versus slit

width for 40X and 100X objectives. The vertical lines on the left
and right (50 and 100 pm) represent the distance between the first
minima of NP diffraction-limited spots, at the image plane, for
the 40X and 100X objectives, respectively. The calculated values
match the measured values well for most data points, indicating
that the calculation method accurately accounts for the dominant
factors influencing the total uncertainty. The discrepancy for some
data points for the 40X objective is attributed to variability in
focus.

increases for both the 40X and the 100X objectives.
The uncertainty for the 40X objective approaches a
minimum measured value of approximately 0.5 nm
and comes within 20% of that minimum value at a slit
width of 40 pm. The uncertainty for the 100X objec-
tive approaches a minimum measured value of ap-
proximately 0.3 nm and falls within 20% of that
minimum value at a slit width of 80 pm.

Figure 1 also presents a comparison of the calcu-
lated and measured total uncertainties. The calcu-
lated total uncertainties result from Eq. (1), with the
factor values presented in Tables 3 through 5 for each
slit width and objective. The determination of these
factors is discussed in detail in Subsection 3.B.

B. Measurement of Individual Differentials and Sources
of Uncertainty

An analysis of the variation of the NP’s peak scatter-
ing wavelength with X position relative to the slit
provides differentials that are approximately linear
over the detectable range (Fig. 2). The measured dif-
ferentials decrease with increasing slit width from
—2.7 to —0.1 nm/pixel (wavelength shift/sample dis-
placement) for the 40X objective, and from —0.6 to
—0.1 nm/pixel for the 100X objective. The X differ-
entials asymptotically approach —0.1 nm/pixel for
both objectives (Fig. 3), reaching this value at slit
widths of 80 and 100 pm, respectively, for the 40X

Table 3. Variabilities

(pm) (pm)
40% 100x 40% 100x

0.15 0.15 0.55 0.7




Table 4. Differentials

aNJoZ aN/oX
(nm/pm) (nm/pixel)
Slit Width i /p

(pm) 40% 100x 40X 100x
20 -1.9 —-3.0 —2.70 —0.60
40 -18 —-29 —1.00

60 -13 —24 —0.40 -0.30
80 -1.0 -1.7 -0.15

100 -0.7 -13 -0.20 -0.12
150 -0.6 -0.12

and 100X objectives. The variabilities in X are taken
as the standard deviations in the X position, as de-
termined from an analysis of the coregistration im-
ages and are determined to be approximately 0.5 and
0.7 pixels for the 40X and 100X objectives, respec-
tively (Table 3).

The Airy pattern model results (Fig. 4) predict a
differential that is approximately parabolic and sym-
metric about the slit center position when using a
100X objective and a 20 pm slit. If a 100 wm slit
width is used instead, the predicted differential is
approximately linear and equal to the reciprocal lin-
ear dispersion of the grating.

Analyzing the variation of the peak scattering
wavelength with change of focus (Z) provides differ-
entials (Fig. 5) that are also approximately linear
over the detected range. The differentials decrease
with increasing slit width from —1.9 to —0.7 nm/pm
(wavelength shift/objective displacement) for the 40
objective, and from —3.0 to —0.6 nm/pm for the 100X
objective. The Z differentials for both objectives are
minimized at the largest slit width measured for each
objective (Fig. 3). The variability in Z or focus (Table
3) is not easily determined but is expected to be less
than the objectives’ depths of field, which are 1.2 and
1.5 pm for the 40X and 100X objectives, respectively.
A value of 0.15 pm was used in the calculations,
based on the typical repeatability achieved by an ex-
perienced microscope operator.

An analysis of the calibration source measurement
reveals the expected parabolic variation in peak pixel
versus Y position on the spectrometer slit. The vari-
ation for the spectral line at 435.833 nm, which is
representative, is =1 pixel along the entire slit. How-
ever, acquisitions are collected only within a region

Table 5. Factor Uncertainties

U, Uy

(nm) (nm)
Slit Width Uy Uge
(pm) 40x 100X 40X 100X  (nm) (nm)
20 0.29 0.45 1.49 0.42 0.07 0.02
40 0.27 0.44 0.55 0.07 0.02
60 0.20 0.36 0.22 0.21 0.07 0.02
80 0.15 0.26 0.08 0.07 0.02
100 0.11 0.20 0.11 0.08 0.07 0.02
150 0.09 0.08 0.07 0.02
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Fig. 2. (Color online) Variation in peak wavelength with NP X

position for a 40X objective at various slit widths. Linear fits reveal
a decreasing slope, termed the differential, for the increasing slit
width.

corresponding to the coregistration camera FOV,
which is less than the spectrometer FOV. For the
data presented here, data were collected across most
of the coregistration camera FOV, giving spectral ac-
quisitions between rows 80 and 300 of the spectrom-
eter. A parabolic fit to the data in this range yields a
standard deviation of 0.19 pixel, for an uncertainty
Uy of approximately 0.08 nm.

An analysis of the effect of the SNR (Fig. 6) on the
uncertainty Up, in fitting the peak reveals a linear
dependence of the logarithm of peak uncertainty on
the logarithm of SNR. The trend was examined for
SNR values of 10, 100, and 1000. For the experimen-
tal data collected in this study a SNR value of 60-80
was achieved, providing peak fitting uncertainties of
approximately 0.02 nm.

An analysis of the parameters used in determining
the source and raw NP spectra (Table 2) indicate

0 T
0.5
]
=
€15
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o
25 ==40x Z (nmfum)
: -==100x Z (nmipm)
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Slit Width (um)
Fig. 3. Differentials due to X and Z (focus) positions versus slit
width. The differentials with X approach an asymptotic value
of approximately —0.1 nm/pixel (—0.02 nm/pm), reaching that
value for the 40X and 100X objectives at 80 and 100 pwm, respec-
tively. This value matches the spectrometer grating’s reciprocal
linear dispersion. The differentials with Z reach their minimum
values for the 40X and 100X objectives at slit widths of 100 and
150 pm, respectively, which were the largest slit widths measured.
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Fig. 4. On-axis Airy model predictions of the spectrometer slit
width effect on spectral peak uncertainty due to X position for a
100X objective. For the 20 pwm slit width, the predominant effect is
truncation of the Airy pattern’s radially dependent spectral con-
tent, which produces a symmetric variation in peak wavelength for
NP image positions offset from the slit center position. Comparison
with the experimental results for this case supports the conclusion
of the comatic effects’ dominance in the experimental results. For
the 100 pm slit width, the predominant effect is a shift in the
measured spectrum attributable to spatial shifts of the NP image.
For both experimental and theoretical results, the spectral shift is
roughly linear with the spatial shift and is equal to the spectrom-
eter grating’s reciprocal linear dispersion.

that, for the 100X objective, the uncertainty is min-
imized when the source spectrum is drawn from a
region offset by 20 lines from the spectral row giving
the maximum intensity for a given NP, and when 13
rows are averaged to create both the source and the
raw NP spectra. A similar analysis for the 40X ob-
jective provided an optimal source spectrum drawn
from a region offset by ten rows from the NP spectral
row of maximum intensity, with nine rows averaged
to create both the source and the raw NP spectra.
These parameters were used for the total uncertainty
determinations reported for each objective.
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Fig. 5. (Color online) Variation in peak position with Z (focus) for
a 40X objective and various slit widths. Linear fits reveal a de-
creasing slope, termed the differential, for increasing the slit

width.
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Fig. 6. Peak fitting uncertainties for Mie spectra with random
noise applied to achieve a desired SNR value. The uncertainties
provide a measure of the contribution of peak fitting to the total
uncertainty. The uncertainties are the standard deviations in 30
peak measurements of a spectrum after application of random
noise of appropriate value to achieve the desired SNR.

Having determined the total peak uncertainty
in our sensing scheme, we are able to approximate
our molecular detection threshold. To do so, we
use Eq. (6) with v, = 65 nm® V = 1.54 x 10°nm?,
and S = 120 nm/RI unit. The lowest measured un-
certainty, which corresponds to the 100X objective
and a slit width of 150 pm, gives A\g;x = 0.3 nm.
Together, these parameters yield a sensing threshold
of approximately 310 streptavidin molecules.

4. Discussion

As our results indicate, large slit widths minimize the
total measured uncertainties, providing uncertain-
ties of 0.5 and 0.3 nm for the 40X and 100X objec-
tives, respectively, for the largest slit widths in this
study. In addition, the total uncertainty is well char-
acterized by the individual factor uncertainties (Fig.
1), with focus and position being the most significant
factors in the total uncertainty (Table 5). The mini-
mum possible uncertainty, which is given by the
noise-limited case (Fig. 6), may be achieved by in-
creasing the spectrometer slit width, thereby mini-
mizing the dominant factors’ differentials (9N /0X and
dN/0Z), and by reducing the X and Z variabilities
with appropriate hardware. This minimum or noise-
limited uncertainty may then be used to determine
the theoretical sensing threshold.

We have calculated that our current scheme’s low-
est measured uncertainty of A\g; = 0.3 nm yields a
molecular detection threshold of approximately 310
streptavidin molecules. It is important to note that this
approximation ignores the radial dependence of the
NP RI sensitivity profile, which decays exponentially
with distance from the NP surface. However, a realis-
tic sensor will provide preferential binding of the tar-
get molecules to the NP surface. In addition, typical
protocols incorporate a rinsing procedure, so that all
the detected molecules are roughly an equal distance
from the NP surface, in regions of comparable sensi-
tivity. It is therefore reasonable to assume that the



sensitivity is uniform and that the measured signal is
linear with the number of molecules bound.

Perhaps more important than the utility of this
approximation in determining the absolute system
detection threshold is that it provides insight into
mechanisms for possible threshold reduction. For ex-
ample, although much research in recent years has
been dedicated to designing NPs with high sensitiv-
ity, sensitivity is only one of several variables that
can reduce the sensing threshold of a biosensing sys-
tem. In fact, integrating the most sensitive reported
NPs for scatter in the visible range would reduce the
sensing threshold by, at most, a factor of 3.1 How-
ever, our analysis of peak measurement uncertainty
indicates that the noise-limited case for our detection
scheme is 0.02 nm, which correlates to a sensing
threshold of approximately 20 molecules, suggesting
that a reduction in peak measurement uncertainty
can lower the sensing threshold by as much as a
factor of 15.

As shown in Figs. 2 and 3, the X position of the NP
has a significant effect on the peak wavelength, an
effect that is approximately linear with position and
that is minimized for larger slit widths. The results of
the Airy pattern model are helpful in interpreting
these results. The model illustrates two effects on the
measured peak wavelength. The first is the trunca-
tion by the slit of the Airy pattern’s radially depen-
dent spectral content and a corresponding shift in the
measured spectrum. This effect is apparent in the
case of imaging a PSF at high magnification onto a
narrow (20 um) slit, in which case the differential is
roughly parabolic and symmetric about the position
of the slit center (Fig. 4). The second effect, which is
attributable to the spectrometer grating, is a spectral
shift in the measured spectrum upon a spatial shift
of the NP image. The differential in this case ap-
proaches the reciprocal linear dispersion of the grat-
ing. This effect becomes more apparent as the slit gets
large compared to the image of the PSF, as shown in
the plot of the peak wavelength as a function of PSF
translation across a 100 pm slit (Fig. 4).

Both the model and the experimental results show
a linear X differential that is equal to the grating
dispersion for large slit widths (the grating disper-
sion is 0.019 nm/pm, and the minimum measured
differentials are 0.032 and 0.026 nm/pm for the 40X
and 100X objectives, respectively). However, the ex-
perimental results show a differential that is approx-
imately linear for small slit widths, while the on-axis
Airy pattern model predicts a differential that is par-
abolic. We attribute this effect to comatic aberration,
which results from imaging at off-axis points and
causes the image to exhibit a skewed spectral depen-
dence away from the optical axis. In evaluating the
experimental observation of coma, it is noteworthy
that spectral shifts of the order of nanometers require
a relatively small degree of coma, so the skewing is
not expected to be apparent in either the coregistra-
tion or spectral images. We observe that the reduced
spectral truncation of a large slit width reduces the

contribution of coma, allowing the differential to ap-
proach the minimum value set by the grating.

Two approaches may be used to minimize the peak
uncertainty owing to variation in the X position: min-
imizing the X position differential or the X position
variability. As we have shown, the differential may be
reduced by increasing the slit width. Reducing the
variability suggests implementing a sample stage with
feedback to ensure precise sample placement. Feed-
back based on image analysis may provide adequate
stability and positioning certainty, but this approach is
generally slower than hardware-based approaches and
requires an image from the coregistration camera for
each correction. Alternatively, stages with hardware-
based feedback, especially high-precision piezoelectri-
cally controlled versions, can provide subnanometer
resolution and repeatability of less than 5 nm (e.g.,
Physik Instrumente P541.2CD piezo stage). Position-
ing repeatability of this precision would reduce the
uncertainty attributable to the X position to approx-
imately 0.005 nm, an order of magnitude below the
uncertainty attributable to fitting the peak.

The objective focus (Z position) also significantly
affects the peak wavelength, as shown in Figs. 3 and
5, and the effect is again minimized for a large slit
width. The focus effect is attributable to the variation
with focus of the spatial distribution of the spectral
content of the PSF. Minimizing the uncertainty at-
tributable to focus may be accomplished by minimiz-
ing either the differential or the focus variability. As
shown, the differential may be decreased with a larger
slit width. Decreasing the uncertainty suggests
implementing an autofocus module with feedback.
Software-based autofocus routines do not provide the
desired repeatability, which is substantially less than
the objective’s depth of field. However, recently re-
leased hardware-based autofocus options can limit
drift to less than 40 nm/h (e.g., the Applied Scientific
Instruments CRIFF system). Such low variability in
the Z position yields peak wavelength uncertainties
owing to Z of approximately 0.004 nm, an order of
magnitude below the uncertainty attributable to fit-
ting the peak.

The spectrometer exhibits the expected slit curva-
ture along the Y direction, which results in a para-
bolic distribution of the calibration source peak
wavelength along the slit. If a single calibration file is
used for all the slit positions, as in the case of the
presented data, a variation in the Y position intro-
duces uncertainty in the peak position. However, the
peak uncertainty due to the Y position is 0.08 nm,
which is considerably less than the uncertainties due
to X and Z in the current setup. Nonetheless, the
variability due to the Y position may be corrected by
establishing a wavelength calibration file that ac-
counts for slit position.

As shown in Table 2, using a source drawn from a
dark region of the spectral image sufficiently re-
moved from the particle region provides the most
repeatable peak measurements. While this approach
reduces uncertainty in peak wavelength determina-
tion, it also decreases the spectral image FOV avail-
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able for sample spectra. Table 2 also indicates that
averaging over more spectral lines decreases uncer-
tainty in the determination of peak wavelength.
Again, this reduces spatial resolution and, therefore,
the number of particles that can be scanned at once.
However, we have found this to be the most repeat-
able means of source correcting the raw NP spectra.

Figure 6 shows the optimal case of noise-limited
uncertainty. The statistical analysis of fitting a
Gaussian peak to data indicates that the uncertainty
o, on the peak position is given by o, = ¢./|(N), where
o, is the Gaussian width, and N is the number of
individual events recorded in the Gaussian distribu-
tion.20 The dependence on the resonance peak width
indicates that the advantages for the sensing thresh-
old of a NP with high sensitivity may be offset if the
NP also exhibits a broad peak, since broader peaks
result in increased peak location uncertainty. This
does not discount the importance of NP sensitivity,
but does indicate that other factors of the NP reso-
nance are important in determining sensing thresh-
old. For a shot-noise limited measurement, () is
equal to the measurement SNR, so the uncertainty in
peak position may be cast in the form: ¢, = o,/SNR,
indicating a linear dependence of the logarithm of the
uncertainty on the logarithm of the SNR. Our exper-
imental determination shows the same dependence.
The experimental spectra used in the analyses pre-
sented in this paper have SNR values of approxi-
mately 60 to 80, which correlates with noise-limited
uncertainties of 0.02 nm (Fig. 6). As the contributions
of the remaining individual factors in total uncer-
tainty are reduced, the noise-limited uncertainty will
become the dominant factor.

We see reduced agreement between the calculated
and the measured uncertainties for the 40X objective
(Fig. 1) for some data points. This discrepancy may be
attributable to the high dependence of total uncer-
tainty on focus variability. Using a variability of 0.4
to 0.6 pm, rather than 0.15 pm, in the calculation
produces a better match at those data points. Given
the large depths of field of the objectives, these vari-
ability values are not unreasonable.

It is worth noting that temperature is an addition-
al factor that affects the accuracy of measured nano-
particle spectra. Two temperature-dependent effects
may alter NP resonance. The first is NP melting,
which is a significant factor for particle diameters of
approximately 20 nm or smaller. For these sizes, the
melting temperature of the NPs is dramatically re-
duced from the bulk melting temperature,?! and NP
melting may be induced by microscope illumination.
For larger NPs, temperature-induced shifts may be
caused by the temperature dependence of the NP
immersion medium RI. The immersion oil (Immersol
518F, Zeiss) used in these experiments has a temper-
ature coefficient of 3.8 X 107*/K, which yields a peak
shift of approximately 0.1 nm for a 5 K temperature
increase (based on analysis of Mie spectra for an
80 nm Au sphere). Temperature fluctuations may re-
sult from NP absorption and heating, which occurs
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over time scales of the order of picoseconds?! and
therefore adds little variability, or from source vari-
ations and/or bulk heating of the medium on longer
time scales, which could introduce uncertainty in
peak measurement.

5. Conclusion

We have presented an analysis of factors that in-
fluence the uncertainty in measurement of peak
wavelength of plasmon resonant NPs. These factors
include objective focus, NP location relative to the
spectrometer slit, spectrometer slit width, and post-
processing parameters. We observe an approximately
linear X differential (9\/dX), which we attribute to a
combination of comatic aberration and the transla-
tion of spatial shifts into apparent spectral shifts by
the spectrometer grating. We have shown that within
the depth of focus of the objective there is an approx-
imately linear Z differential (0\/9Z). We have shown
that the slit imaging spectrometer exhibits the ex-
pected dependence on the image’s slit position (Y),
and we have found that this dependence accounts for
only a small variation in peak wavelength, which can
be accounted for in calibration. We have also calcu-
lated the uncertainty attributable to the fitting of
typical spectra. By applying each of these factors to
the calculation of total uncertainty, we have shown a
good match to the experimental measurement of total
uncertainty, indicating that we have identified the
major contributors to total uncertainty. Finally, we
have demonstrated experimental methods to opti-
mize the slit width for peak wavelength uncertainty
as a path to noise-limited measurement. The de-
scribed analysis reveals that, for a 100X objective, a
slit width of 150 pm minimizes the total uncertainty,
providing a minimum reliably detected wavelength
shift of 0.3 nm. Further analysis indicates that, based
on this uncertainty, the detection threshold for a rep-
resentative case of streptavidin binding 80 nm Au
NPs on glass is approximately 310 molecules, but if
sources of uncertainty are reduced to yield shot noise-
limited uncertainty of 0.02 nm, a detection of binding
from 20 molecules is possible. We believe the analy-
ses described here are important for the further de-
velopment of wavelength-dependent NP biosensors
and provide an important framework for understand-
ing their detection thresholds.
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