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 Plasmonic nanoparticles are an emerging technology, which demonstrates 
immense utility in the field of sensitive, label-free, molecular detection assays. 
Plasmonic nanoparticles exhibit a physical phenomenon known as Localized Surface 
Plasmon Resonance or LSPR. LSPR is a phenomenon based on the collective 
oscillations of free, surface electrons in certain metals such as silver and gold. The 
surface electrons couple to incident light at a specific frequency corresponding to the 
resonance frequency of these surface electron’s oscillations. These oscillations scatter 
the incident light at the resonant frequency with a very high efficiency. The frequency of 
these oscillations and the scattered light is not only dependent on physical 
characteristics of the particles, such as their material composition, geometric shape and 
size, but also on the refractive index of both the particle and the surrounding medium in 
which the particles are located. Changes in the refractive index at the interface between 
the particle’s surface and the surrounding medium, is the physical basis of analytical 
methods utilizing plasmonic nanoparticles. The sensitivity of the LSPR frequency to the 
surrounding medium’s refractive index allows for the ability to observe changes in the 
refractive index at the particles surface due to molecular binding events. The monitoring 
of changes in the refractive index is accomplished by analyzing the peak LSPR 
frequency as a function of the refractive index at the surface interface of the particle and 
the surrounding medium. As molecular binding events occur at the surface interface 
between the particle and the surrounding medium, an increase in the local refractive 
index occurs. This increase in the local refractive index is accompanied by a red shift in 
the maximum LSPR wavelength of the scattered light. By monitoring changes in the 
maximum wavelength of scattered light, a calibration curve can be constructed, which 
relates the changes in the LSPR frequency to changes in the local refractive index at 
the particles surface. Changes in refractive index are ultimately related to a change in 
the mass of absorbed particles at the particle’s surface due to molecular binding.  

There are various instrumental methods that have been shown to be capable of 
detecting these refractive index changes at the plasmonic particles surface. These 
methods include solution-based ensemble techniques, as well as single particle 
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scattering measurements. Solution-based ensemble measurements commonly utilize 
UV-Visible spectrophotometers, but can also include the use of the backscattering 
interferometer. Single particle methods are predominately performed using the dark field 
scattering microscopy. The dark field scattering microscope is ideal for single particle 
measurements on plasmonic nanoparticles due to the particles remarkably high 
scattering coefficients relative to their geometrical size. The dark field scattering 
microscope also has relatively low background noise, which is particularly important for 
experiments on the single particle level where the signal-to-noise ratio must be 
maximized. Single particle dark field scattering methods involve the coupling of a dark 
field scattering microscope with a spectrometer in order to collect and analyze the 
scattered light of individual nanoparticles. The limitations and benefits of each of these 
experimental designs are discussed further in the body of this dissertation. Briefly, 
solution-based assays offer the benefit of being performed in colloidal suspensions of 
nanoparticles without the need to utilize specialized surface chemistry as a means to 
immobilize the particles to the underlying substrate. Solution-based measurements are 
also compatible, in most situations, with instrumentation that is commonly found in 
laboratories. As a result of the compatibility of solution-based measurements with 
common laboratory instruments, such as the UV-visible spectrometer, measurements 
do not generally require dedicated, specialized instrumentation. This of course is not 
universally true as will be seen with experiments are performed using the backscattering 
interferometer. However, many examples of solution-based assays utilizing more 
common laboratory instrumentation are now available in the literature. Despite these 
advantages, solution-based colloidal measurements are ensemble measurements and 
due to the statistical nature of these measurements, individual, unique features that may 
occur on the single particle level are obscured due to the averaging of many particles 
contribution to the collected signal. To overcome this statistical limitation, single particle 
assays have been developed. Most notably among these single particle experiments is 
the use of dark field scattering microscopy, coupled with spectroscopic measurements 
of the scattered light to examine the optical properties of individual nanoparticles. While 
this platform has shown that it is possible to interrogate individual particles, as well 
molecular binding events occurring at the surface of the particles, there are a few 
technical drawbacks to this method as well. The first of these technical drawbacks is the 
need to immobilize the particle onto the underlying substrate. This is to prevent random 
Brownian motion of the particles when performing experiments in aqueous 
environments. When observing the particles in a vacuum or air environment this need is 
not as rigorous as the electrostatic interactions between the particle and the underlying 
substrate are sufficient to immobilize the particle during measurements. In order to 
explore binding events occurring in aqueous systems, which include receptor-ligand 
binding, DNA-DNA base pairing and other solution-based molecular recognition events, 
it is necessary to develop a method of immobilizing the particle to the surface of the 
underlying substrate utilizing surface chemistry techniques. In this dissertation it is 
shown that the use of the supported lipid bilayer is a very effective and versatile means 
of accomplishing this immobilization of the particle to the underlying substrate used in 
dark field microscopy. This can be accomplished by incorporating biotin-functionalized 
lipids into the composition of a supported lipid bilayer formed on the particles, as well as 
the supported bilayer formed on the underlying substrate. The formation of a supported 
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lipid bilayer containing a fraction of biotin-functionalized lipids on the underlying 
substrate, as well as the nanoparticle, it is possible to tether the particles to the 
substrate surface through streptavidin-biotin molecular interactions. This proves to be a 
robust and simple method of immobilizing particles to a substrate capable of supporting 
the formation of a supported lipid bilayer. Silica oxide or glass is a material, which 
allows for the spontaneous formation of a supported lipid bilayer from single unilaminar 
vesicles. Presented here is the synthesis of cubic geometry nanoparticles that are 
surrounded with a thin silica shell of nanometer thickness. This thin silica shell allows for 
the spontaneous formation of a supported lipid bilayer on individual nanoparticles. This 
feature facilitates the immobilization of the particles for studies using the dark field 
scattering microscope. Nanoparticle-based analytical platforms, regardless of being 
implemented on the single particle level or using colloidal, solution-based ensemble 
measurements, offer a very robust and sensitive, label-free analytical technique for 
quantify molecular binding events occurring at the particle’s surface. 
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Chapter 1.1: Introduction to Bio-analytical Methods 

Bio-analytical chemistry is a rapidly growing field in modern analytical 
chemistry. The ability to detect biological molecules, in both a qualitative and 
quantitative manner, is of critical importance in a variety of fields ranging from 
pharmaceutical drugs production, to diagnostic medicine and basic research in 
biochemistry.  The use of bio-analytical chemistry in these fields involves 
anything from the quantification of bio-molecules in a patient’s blood sample, to 
understanding the kinetics of bio-molecular recognition pathways between a 
receptor and ligand. Bio-analytical chemistry provides a physical means of not 
only quantifying molecular concentrations of solutions, but also of obtaining 
physical parameters, such as kinetic rates and equilibrium constants. The 
characterization of these physical parameters involved in bio-molecular 
recognition is of fundamental importance in fields like biochemistry, and 
pharmaceutical drug design. The affinity of molecules for their molecular 
receptors is a key parameter that determines the efficacy of a drug.1,2 The 
understanding of the kinetics and affinity of these molecular systems provides a 
means of comparing various drugs’ efficacy in both a qualitative and quantitative 
manner.  

The focus of this dissertation will be on the optical properties of plasmonic 
nanoparticles and how these properties can be utilized in the development of 
quantitative, label-free analytical assays. However, many of the techniques 
developed for the immunological assays are utilized in the preparation of the 
nanoparticle surface. These modifications are necessary so that the particle is 
capable of capturing the molecule of interest in a very selective and specific 
manner with very little non-specific interactions for other molecules present in a 
sample. A brief review of some of these immunological techniques will first be 
covered. This will be followed by a background introduction to the phenomenon 
of Surface Plasmon Resonance and Localized Surface Plasmon Resonance in 
order to compare the traditional immunological assay to these newer label-free 
techniques. 

1.2 Immunological Assays. 

A great number of modern analytical techniques are based on the principles of 
the immunoassay. All immunochemical techniques are based on the specific, 
non-covalent interaction between antigens and specific antibodies.3 A large 
variety of immunoassays exist, which range from the Enzyme Linked 
Immunosorbent Assay (ELISA), the Radioimmunoassay (RIA), and the 
precipitation assays.3 The ELISA in particular illustrates the molecular basis of 
the immunoassay very well. The ELISA makes use of the very specific affinity of 
antibodies for one particular antigen molecule. This allows for the capture of an 
antigen by the antibody in a very specific manner with very little cross-reactivity 
between other foreign molecules.1 The exploitation of the antibody-antigen 
interaction is a very useful technique, where the antibody is used as a capture 
agent for a specific antigen molecule and allows the design of analytical assays 
with a high degree of selectivity towards one and only one molecule due to the 
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incredibly high specificity of antibodies towards their antigens.1 Modern molecular 
biology techniques have advanced to the point, that there exist libraries of 
antibodies that are specific for particular epitopes on each antigens. This allows 
for the screening and quantification of a large number of antigen molecules 
utilizing the immunoassay’s principles of detection.1 The generic dissociation 
reaction and the associated dissociation constant (Kd) for the ligand-receptor 
dissociation reaction utilized in the immunoassay’s capture of the ligand of 
interest by its associated receptor, are shown in equation 1.1 and 1.2 
respectively. 

 

                                             (1.1) 

 

   
                  

                 
                          (1.2) 

In order to appreciate the importance of the ligand-receptor or antibody – 
antigen interaction and its role in the ELISA, it is necessary to understand the 
physical mechanism behind the ELISA. The platform generally consists of a solid 
support that allows for the immobilization of the antibody to its surface. This is 
accomplished through the use bio-conjugation chemistry techniques that exploit 
the reactivity of molecular moieties present on the surface of amino acids within 
the antibody, to a variety of reactive functional groups which can be incorporated 
into the substrate’s surface.4 The reactive groups found in antibodies include 
aldehydes, primary amines, carboxylic acids and sulfhydryl groups.4 The basic 
concept is to tether the antibody to a solid support through a covalent bond 
formed between a reactive functional group, incorporated on to the solid support, 
and a reactive group present on the antibody surface. The choice of the 
immobilization technique can have an effect on the actual affinity of the receptor 
for the ligand of interest depending on the location of the reactive group on the 
antibody, which tethers the molecule to the substrate.4 The antibody tethered to 
the solid support surface is chosen specifically to serve as a capture agent for 
one antigen of interest, providing the ability of the ELISA to bind in a very 
selective manner to the antigen of choice. This primary antibody will recognize a 
specific region or epitope on the antigen molecule. Once the antibody is bound to 
the surface of the solid support, it is exposed to the antigen of interest where the 
two molecules will bind together to form an antibody-antigen complex at the 
surface of the solid support. This complex is held together through the non-
covalent interactions of one of the antigen’s epitopes with the antibody. The initial 
antibody, which is tethered to the substrate’s surface, is referred to as the 
primary antibody. Following extensive washing of the sensors surface, the 
antibody-antigen complex is then exposed to a secondary antibody that is 
chosen such that it interacts with the antigen in a very selective manner as well, 
but this interaction is with a different epitope or region of the antigen than the 
primary antibody that is tethered to surface of the solid support.1 This secondary 
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antibody is labeled with a range of molecules, which include labels such as 
fluorescent dyes and enzymes through bio-conjugation chemistry similar to that 
used to tether the primary antibody to the solid support.1 Once this secondary 
antibody binds to the primary antibody – antigen complex, we have what can be 
visualized as a antibody-antigen-antibody sandwich at the surface of the solid 
support. The role of the labeled, secondary antibody is to provide a detectable 
physical signal, which indicates that the antigen of interest has been captured at 
the sensor’s surface. In order to quantify the amount of antigen captured, a 
calibration curve is generated correlating the physically measurable signal from 
the labeled, secondary antibody to the amount of antigen captured. A common 
example of a physical signal used in these calibrations is the fluorescent intensity 
from a fluorescently labeled secondary antibody.3 The intensity of the fluorescent 
signal can be correlated to the amount of antigen captured at the sensors surface. 
If instead of utilizing a fluorescent probe bound to the secondary antibody, the 
secondary antibody is tethered to an enzyme, we can determine the amount of 
antigen captured by the sensor by measuring the production of a particular 
compound produced by the enzyme. For example, if the secondary antibody is 
bound to a horseradish peroxidase enzyme (HRP), then we can monitor the 
enzymatic breakdown of hydrogen peroxide in a given period of time. The rate of 
this degradation of the hydrogen peroxide by the horseradish peroxidase is 
related to the amount of the enzyme present at the sensor’s surface. This rate of 
hydrogen peroxide degradation can be correlated to the amount of captured 
antigen in a manner analogous to the method used for a fluorescently labeled 
secondary antibody. The reaction of the enzyme can be monitored with a variety 
of techniques including electrochemical methods and spectroscopic techniques.  

 

1.3 Surface Plasmon Resonance (SPR) 

The ELISA platform is a robust and sensitive method for quantifying bio-
molecular interactions. However, the ELISA suffers from a number of drawbacks 
that illustrates the need for the development of new methods in bio-analytical 
chemistry. One major drawback of the ELISA is the need for both a primary and 
a secondary antibody. These both must possess a very high affinities for the 
antigen, but this affinity must be for a different region of the antigen molecule in a 
manner that does not affect the binding the other antibody to the antigen.3 The 
need to have two different antibodies, with affinities for different epitopes on the 
antigen, is a requirement that makes the detection of some molecules difficult 
using the ELISA. The discovery of Surface Plasmon Resonance (SPR) has 
proven to be an attractive alternative to the ELISA. However, as we will see SPR 
also suffers from some technical drawbacks.5,6,7 Surface Plasmon Resonance is 
an optical method, which measures the refractive indexes of very thin layers of 
material adsorbed on a metal.8 When illuminated with white light, a small portion 
of the incident light is coupled to the electrons at the surface and results in a 
decrease in the intensity of the reflected light at a particular frequency.8 When a 
metal surface is irradiated with electromagnetic radiation of the appropriate 
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frequency, a coherent oscillation of the metal’s conduction electrons is induced 
orthogonal to the propagation direction of the light.8 These oscillations occur at a 
specific frequency that is dependent on both the real dielectric constant of the 
metal, as well as the dielectric constant of the surrounding medium. This 
resonance condition requires that the incident light’s frequency matches the 
natural oscillatory frequency of the surface electrons in the metal.8 Since these 
are surface electrons and are located at the interface of the metal and the 
surrounding medium, the frequency of these oscillations very sensitive to 
changes in the refractive index close to the surface of the metal.8 The SPR 
technique is based on the fact that, at certain conditions, surface plasmons on a 
metallic film can be excited by photons, thereby transforming a photon into a 
surface plasmon. The frequency of this plasmon depends on the refractive index 
of the adsorbate. Small changes in the refractive index of the surrounding 
medium manifest as changes in the frequency of light that is coupled to the 
surface electrons.8 A spectrum of white light coupled to the surface of the metal 
will show a narrow band of light being absorbed or scattered, which corresponds 
to the plasmon frequency of the oscillations of the surface electrons on the metal. 
Since this frequency is dependent on both the real part of the dielectric of the 
metal, as well as the surrounding medium’s dielectric constant, it is sensitive to 
changes in the surrounding medium’s dielectric constant. The dielectric constant 
of a material is related to its’ refractive index by the relationship shown in 
equation 1.3.9 

ε = n2                    (1.3) 

 In equation 1.3, n, is the refractive index of the material and ε is the 
associated dielectric constant. Changes in the refractive index of a material are 
related to with changes in the material’s dielectric constant. This relationship 
between refractive index and dielectric constant serves as the physical means of 
detecting binding in SPR assays. By the monitoring the frequency of light, which 
is absorbed or scattered at the metals surface, changes in the refractive index 
due to molecular binding events are detected. 
 The design of an SPR experimental platform is very closely related to the 
design of the ELISA. In SPR, a solid support such as a glass slide is coated with 
a very thin layer of metal, such gold or silver. Capture antibodies are tethered to 
the glass slide on the opposite side of the glass from the thin gold or silver layer. 
The gold layer is separated from the antibody layer by a thin strip of silica glass. 
The conjugation of the antibodies to the silica support uses the same bio-
conjugation chemistry techniques as used in the production of the ELISA 
platform. However, the advantage of the SPR platform over the ELISA is that 
only the primary capture antibody is needed in order to detect molecular binding 
events. The signal provided by the labeled secondary antibody is now no longer 
needed. The signal in SPR is based on the changes in the refractive index at the 
surface of the sensor as the antigen is captured by the antibody.8 A calibration 
curve can be generated, which relates known changes in the mass adsorbed at 
the surface of the sensor, to changes in refractive index and its associated shift 
in the plasmonic frequency. As an increasing number of antigen molecules are 
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captured by the antibodies at sensor’s surface, the resonant frequency of the will 
experience a red shift. SPR is a very reliable and robust method of quantifying 
bio-molecules in solution, as well as a technique for characterizing the kinetics of 
the on and off rates of receptor-ligand interaction. While the SPR platform has 
the advantage of not requiring a secondary antibody for detection and 
quantification and so is a truly label-free detection platform, it does suffer from a 
number of drawbacks. The first of these drawbacks is the requirements of the 
optical setup. The basic requirement is the establishment of a total internal 
reflection optical setup, where a portion of the light is propagating parallel to the 
surface setting up an evanescent field and allowing for the correct spatial 
coupling of the incident light to the oscillations of the surface electrons.14 This 
requires precise alignment of the optical components, as well as a dedicated 
optical arrangement.5,6,7,8 Figure 1.1 is a schematic of a standard SPR 
experimental arrangement.  
 
 

 
 
Figure 1.1 Surface Plasmon Resonance Experimental Arrangement. This 
image was adapted from reference 8. 
 
 A major additional drawback of the SPR experimental regime is the bulk 
sensitivity of the surface plasmon resonance to changes in the refractive index. 
This sensitivity to changes in the refractive index extends hundreds of 
nanometers into the solution rather than being localized to the surface of the gold 
coated slide for most SPR arrangements.8 The sensitivity to changes in the 
refractive index, which extend hundreds of nanometers means that molecules 
need not be captured at the surface interface in order to induce a change in the 
resonant frequency of the SPR signal. This can be accounted for by proper 
control experiments, however a more optimal situation would be a sensor whose 
sensitivity is localized to a small distance from the sensors surface.  
 
1.4 Localized Surface Plasmon Resonance (LSPR) 
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While SPR deals with the oscillations of the surface electrons in a bulk 

substrate as described above, Localized Surface Plasmon Resonance or LSPR 
deals with the oscillation of surface electrons for particles typically smaller than 
100 nanometers. With Localized Surface Plasmon Resonance, light interacts 
with particles which are smaller than the incident wavelength.10 This situation 
results in a plasmon that oscillates around the nanoparticle at its resonance 
frequency referred to as the Localized Surface Plasmon Resonance or LSPR.10 
Materials that possess a negative real and small positive imaginary dielectric 
constant are capable of supporting a surface plasmon resonance either SPR or 
LSPR.10 This resonance is a coherent oscillation of the surface conduction 
electrons excited by electromagnetic radiation. When a particle of radius a, is 
illuminated by a wavelength λ where a, is much smaller than λ, the electric field 
surrounding the particle can be treated as static.10 Figure 1.2 illustrates the 
general difference in the electric field produced in a small metallic nanoparticle 
relative to that produced by Surface Plasmon Resonance.10 As was stated the 
wavelength of the incident light is large compared to the size of the metallic 
nanoparticle leading to a uniform electric field which surrounds the entire 
nanoparticle.  
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Figure 1.2 Electric Field Diagram for SPR and LSPR. This illustration 
demonstrates the electric field associated with surface plasmon resonance 
(SPR)(top) and local surface plasmon resonance (LSPR)(bottom), respectively. 
Figure adapted from reference 10. 
  

The apparent static electric field makes it possible to solve Maxwell’s 
equations using a quasi static approximation.10,11,12 This assumption leads to the 
following result for the electromagnetic field surrounding the particle.10 

 

 

                    
         

           
      

  

    
  

                                         (1.4)  

 
 
The term εin in equation 1.4 is the dielectric constant of the metallic 

nanoparticle, while εout is the dielectric constant of the surrounding medium. In 
general the dielectric constant εin of the metallic nanoparticle is wavelength 
dependent.10 The electromagnetic field surrounding a particle is enhanced, when 
the dielectric constant εin of the metallic nanoparticle is nearly equal to twice the 
negative value of εout. This criterion establishes the conditions of resonance for 
the nanoparticle. It has been determined that for both gold and silver metallic 
nanoparticles this resonance frequency falls within the visible region.10 The 
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radius of the nanoparticle also affects the strength of the electric field outside of 
the metallic nanoparticle, as can be seen from the second term in brackets. The 
results, as shown in equation 1.4, indicate that when the conditions for 
resonance are met, there is an enhancement of the electric field surrounding the 
nanoparticles relative to the incident field. 

The extinction spectrum of the nanoparticles, which is a combination of 
both absorption and scattering of light by the particle, can also be calculated. The 
extinction coefficient of the nanoparticle is shown in equation 1.5.10,13,14 

 

       
            

   
 

       
  

     

                         
                               (1.5) 

 
 

In equation 1.5, εi(λ) and εi(λ) are the imaginary and real components of 
the dielectric constant for the metallic nanoparticle respectively. Both 
components of the dielectric constant of the nanoparticle are wavelength 

dependent. Χ is a term that accounts for the geometrical aspect ratios and can 
vary with values from values of 2 for spherical particles to values as high as 20 
for other high aspect ratios.10,15. The value for all geometries other than spheres 
and spheroids must be approximated.10,15 These approximation methods include 
discrete dipole approximations and finite-difference time domain 
approximations.10,16,17,18,19,20,21 Using these various methods allows for the 
determination of the LSPR scattering maximum wavelength (λmax) for particles of 
shapes other than a sphere or spheroid.10 This LSPR wavelength maximum is 
sensitive to the refractive index of the surrounding medium. Changes in the 
surrounding medium’s refractive index will lead to changes in the maximum 
scattered wavelength of the metallic nanoparticle.10,22,23 This change can be a 
result of being immersed in a new medium possessing a different refractive index 
or by the absorption or desorption of a molecular layer at the interface of the 
metallic nanoparticle and the surrounding medium. This sensitivity of maximum 
wavelength of light scattered by the plasmonic particle to changes in the 
refractive index at the particles surface, can be modeled using the equation 1.6.10 

 

                       
  

  
                                                          (1.6) 

 
 In equation 1.6, m is a factor describing the degree to which the maximum 
wavelength of scattered light will shift as a function of changes to the refractive 
index of the surrounding medium. The remaining terms in equation 1.6, Δn, d, 
and Id, represent the change in the refractive index at the interface, the thickness 
of the adsorbed layer of matter at the particles surface, and the surrounding 
medium and the characteristic decay length of the electric field enhancement 
surrounding the metallic nanoparticle, respectively. The electric field 
enhancement for metallic nanoparticles is very short range with length scales of 
approximately 5-30 nanometers.10 The short range electric field enhancement is 
a significant improvement of LSPR’s sensitivity to refractive index changes in 
comparison to the bulk sensitivity of SPR, which extended hundreds of 
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nanometers beyond the plasmonic surface.10 The short range nature of LSPR’s 
electric field enhancement ensures that, changes in the refractive index affecting 
the maximum wavelength of scattered light by the particle’s plasmons, are a 
result of near field changes in the refractive index. 
 
 In addition to the effective response m of the metallic nanoparticles as 
found in equation 1.6, an additional relationship termed the figure of merit (FOM), 
is often quoted as a means of quantifying the sensitivity of various metallic 
nanoparticles of different geometries.10 This figure of merit allows for 
nanoparticles of various shapes to be directly compared.10 The FOM is defined 
as equation 1.7.10 

 

      
            

         
                   (1.7) 

 
In equation 1.7, m is the response of the particles to changes in the 

refractive index with units of nanometers per refractive index units (RIU). FWHM 
is the full width at half maximum of the corresponding LSPR peak. Dividing the 
response factor m, by the FWHM allows for the normalization of various shaped 
nanoparticles response to changes in the refractive index at their surface.10 

 

Although SPR spectroscopy currently dominates commercial 
instrumentation, LSPR spectroscopy offers many of the same advantages for 
sensing and spectroscopy experiments, along with several additional benefits.10 
First and foremost is that in most cases LSPR experiments do not require 
dedicated optical arrangements in order to couple the incident light to the surface 
electrons of the plasmonic nanoparticles. Often LSPR experiments can be 
conducted in common laboratory instruments, which include the UV-Vis 
spectrophotometers and dark field microscopy. In addition, LSPR based 
plasmonic nanoparticle assays do not suffer from the bulk solution sensitivity to 
changes in the refractive index far away from the particles surface that SPR 
systems do. SPR experiments are sensitive to refractive index changes in 
solution that extend hundreds of nanometers above the plasmonic metal/solution 
interface, while LSPR plasmonic nanoparticles are only sensitive to changes that 
extend into the solution a distance of 5-30 nanometers.10 The short range 
sensitivity of plasmonic nanoparticles greatly reduces effects due to bulk 
changes in the surrounding medium’s refractive index. This allows the 
interrogation of changes in the refractive index that occur only at the interface 
between the nanoparticle surface and solution, such as the formation of thin 
molecular layers of absorbed material.  
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Chapter 2 
 
 
 
Synthesis of Cubic Plasmonic 
Nanoparticles 
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2.1 Introduction  
 

The synthesis of various shaped plasmonic nanoparticles is a topic which 
receives a great deal of interest as the extinction spectrum of nanoparticles is 
greatly determined by the geometrical shape of the particle itself.1 Sub-wave 
length silver nanoparticles display a variety of unrivaled optical properties in the 
visible and near-IR regime, including scattering cross-sections that are orders of 
magnitude higher than the fluorescence emission from organic dyes, as well as 
intense local amplification of electromagnetic fields.1 For silver particles with 
diameter d << λ, where λ is the wavelength of the incident light, a single dipolar 
plasmon mode is allowed.1 Principally, polyhedral shapes with well-defined 
facets and corners are predicted to have distinct scattering signatures in addition 
to scattering efficiencies that are orders of magnitude higher than those of their 
spherical counterparts.1 Specifically cubic shaped plasmonic nanoparticles have 
been shown to exhibit not only a dipole LSPR peak, but additional higher order 
resonances associated with the sharp edges and corners of these structures.1 

 
The polyol method, first developed Sun and Xia2, has been adapted by 

Tao, Sinsermsuksakul, and Yang1, and has been shown to produce very uniform 
size distribution of particles of a specific geometry. The geometry of the particle 
produced is dependent on the reaction conditions. Cubic silver nanoparticles can 
be synthesized using the polyol method. In the polylol method a silver metal salt 
is reduced by a diol solvent at near-reflux temperatures in the presence of a 
polymeric stabilizing agent.1,2 With precise control over the reaction conditions 
that will be detailed in the remainder of this chapter, a colloidal suspension of 
monodisperse cubic silver nanoparticles can be produced. These cubic 
structures have diameters on the order of 80-100nm.1 In addition the cubes have 
been shown to exhibit sharp corners and edges which give rise to the higher 
order resonance modes mentioned above.1 These higher order resonance 
modes associated with these edges and corners ultimately will be seen to exhibit 
higher figures of merit than the much broader dipolar resonance peaks due to 
their narrow band widths.  
 
2.2 Reagents and Materials  

 
The polyol synthesis method is a single pot solution based synthesis. The 

reaction uses 1,5-pentanediol (97%) obtained from Alpha Aesar, CuCl2·H2O 
Fisher Scientific, AgNO3 Alfa Aesar Premion 99.995% metal basis,  
Polyvinlypyrrolidone (PVP) M.W. 55,000 from Sigma Aldrich, ethanol absolute 
(200 proof) from Fisher Scientific, Silicone oil (-50 to +200 degrees Celsius) from 
Sigma Aldrich, RET Control-VISC Kit, IKEA Hot Plate Stirrer (Stainless Steel), 
VWR, Kontes Bottom Boiling Flasks 100mL VWR, 47mm filters with glass 
support from Sigma Aldrich, #8 stopper from Sigma Aldrich, 1 L Vacuum Flask 
from Sigma Aldrich, and 5µm, 0.22µm and 0.45µm Millipore Filter membranes all 
with 47mm diameters from Sigma Aldrich. The reaction is extremely sensitive to 
the purity of the 1,5-pentanediol and it is recommended to use freshly opened 
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bottles of this reagent. In addition in this synthesis very little success was found 
when using reagents from any supplier other than Aesar Alfa. The remaining 
reagents appear to exhibit a higher tolerance from supplier to supplier and I have 
seen no difference in reaction based on the quality of various batches of these 
remaining reagents. An IKEA hot plate is needed along with a high temperature 
silicon oil bath. The silicon oil should be clean and lacking any particulate matter 
in order to maintain a consistent temperature bath. The control of the reaction 
temperature is critical as the rate of reaction and final morphology of the 
nanoparticles produced are very sensitive to small changes in the temperature. 
  
2.3 Polyol Nanocube Synthesis 

 
The synthesis of the cubic nanoparticles is again a single pot synthesis. 

The following solutions are prepared prior to beginning the reaction. This step will 
require at least 1 hour for all the reagents to dissolve completely. In addition the 
sonicator should be turned on with the temperature control set to 35 degrees 
Celsius before immersing the reagents to dissolve. 

 
1. Round bottom flasks with stir bar should be cleaned with aqua regia for 

1 hour, followed by 10 rinses with MilliQ water, and rinsed with ethanol 
then dried over night in an oven.  

2. 0.080-0.085g of CuCl2·H2O dissolved in 10mL of 1,5-pentanediol. 
Sonicate and vortex the solution occasionally until completely 
dissolved. This solution can be kept for future reactions done within the 
week. 

3. A solution of 0.4g of AgNO3 dissolved in 10mL of 1,5-pentanediol 
yielding a final concentration of 120mM AgNO3. To this solution 35µL 
of the CuCl2·H2O solution prepared in step 1 is added. This solution 
should also be sonicated and vortexed until the AgNO3 is completely 
dissolved. The color of the solution will be light orange to yellow. This 
solution should be protected from light to prevent the reduction of the 
AgNO3 salt. 

4. 0.2g of polyvinlypyrrolidone (M.W. 55,000) is dissolved in 10mL of 1,5-
pentanediol and sonicated and vortexed until completely dissolved.  

5.  A silicone oil bath should be heated on the IKEA hot plate to 180 
degrees Celsius. 
 

After completely dissolving all of the compounds listed above and bringing 
the silicone oil bath to the appropriate temperature, the reaction is ready to begin. 
The reaction will take approximately 20 minutes to complete. A stopwatch should 
be set to 20 minutes and used to monitor the timing of each injection of the 
reagents into the round bottom flask. 

 
 
 
The reaction consists of the following steps: 
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1. Into a clean and dry 100mL round bottom flask, which was previously 

cleaned with aqua regia, 20mL of 1,5-pentanediol is added. The round 
bottom flask is then submerged approximately 1cm into the silicone oil 
bath and stirred at 300rpms. The depth of the flasks immersion into the 
oil bath can be monitored and changed depending on if the reaction is 
proceeding to quickly or slowly. The round bottom flask should be 
heated for 2 minutes prior to moving to the next step. Typically at this 
point a small amount of vapor will begin to condense on the walls of 
the round bottom flask. The depth and time of this step can be 
adjusted to higher or lower depending on how quickly reaction is 
proceeding. If the reaction is occurring too quickly then the flask can be 
heated for a shorter period of time and if the reaction is occurring too 
slowly then this time of initial heating can be increased.  

2. Initially 250µL of the AgNO3 solution prepared previously is injected 
into the flask, followed immediately by 250µL of the 
polyvinlypyrrolidone solution. Care should be taken that each injection 
does not run down the walls of the flask preventing condensation from 
being added to the reaction solution.   

3. After 25 seconds, an additional 500µL of the AgNO3 solution is injected 
followed immediately by 500µL of the polyvinlypyrrolidone solution. 
Again care should be taken to avoid having this solution run down the 
side of the reaction flask.  

4. Subsequently every minute an additional 500µL of the AgNO3 solution 
followed by 500µL of the polyvinylpyrrolidone solution will be added to 
the reaction flask until 20 minutes have passed.  

5. After the reaction injections are complete the flask should be removed 
from the silicone oil bath and allowed to cool.  

6. The reaction is then split evenly into 2, 50mL Falcon centrifuge tubes. 
Then 200-proof ethanol is added to a total volume of 50mL in each 
Falcon tube. 

7. This solution should be centrifuged at 2900g for 1.5 hours. This is 
followed by removal of the supernatant and the subsequent 
suspension in either 1,5-pentanediol or 200-proof ethanol. The cubes 
may be stored up to one month in either the 1,5 pentanediol or 200-
proof ethanol with very little sign of degradation. 
 

Following the synthesis the cubes must be filtered further to remove any 
larger particles from the suspension. This will greatly improve the size distribution 
of the particles in solution. The filtration process is performed by following the 
steps below: 

 
1. Dissolve 200mg of polyvinlypyrrolidone in 500mL of MilliQ water.  
2. If the nanocubes have not been suspended in ethanol, do so at this 

point by centrifuging the solution at 2900g for 1.5 hours, removing 
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the supernatant and then suspending the particles in ethanol (200 
proof). 

3. Take approximately 50mL of the nanocubes in 200-proof ethanol 
and add them to 150mL of the polyvinylpyrrolidone solution 
prepared in water.  

4. Assemble the vacuum filtration system and then begin the filtration 
by using the 5µm filter to pass the particles through. Do this step 
slowly to avoid clogging the filter.  

5. After this step pass the particles through the 0.45µm filter, and then 
follow by passing the particles through the 0.22µm filter. Care 
should be taken in each step of filtration to not clog the filter papers. 
This can be assured by not adding all of the particle solution at one 
time, but instead only adding a small volume of the particles at one 
time to the filter apparatus. If filtration begins to run very slow, stop 
the filtration and replace the filter paper. This step is particularly 
important when using the smaller pore size. 

6. The particles can be run through each filter numerous times to 
narrow the size distribution of the particles. This is particularly 
important at the final 0.22 µm filter size. At least 3 passes should be 
attempted with up to 10 at times being necessary. This will result in 
the loss of some particles but will greatly reduce the size 
distribution.  

7. After filtering the particles, the solution can be divided into 50mL 
Falcon centrifuge tubes evenly and centrifuged at 2900g for 1.5 
hours.  

8. The supernatant is removed and the particles are suspended in 
ethanol (200 proof). 

 
The particles at this point are a very monodisperse, colloidal suspension 

of silver cubic nanoparticles. The resolution of the various peaks associated with 
the quadrapolar mode and higher orders of resonance become more 
distinguishable with repeated filtration passes at the 0.22micron filter step size. 
Figure 2.1 is a UV-Vis spectrum obtained following the synthesis and purification 
of the cubic nanoparticles. A scanning electron micrograph of the nanoparticles 
was obtained and shown in figure 2.2 as well. 
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Figure 2.1 - UV-Visible Spectrum of Cubic Silver Nanoparticles. This plot is 
the UV-Visible spectrum obtained after the synthesis and purification of cubic 
silver nanoparticles using the polyol synthesis. The solution used as a blank in 
the UV-Visible spectrum shown here was pure ethanol.   
 

 
 
Figure 2.2 - Scanning Electron Micrograph of Cubic Silver Nanoparticles. 
The silver nanocubes shown here are viewed using a magnification of 100,000. 
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2.4 Synthesis of Silica Oxide Layer 
 
 The polyol synthesis as outlined in section 2.3 produces a very narrow 
size distribution of silver nanoparticles with a cubic geometry. Using a method, 
based on the Stöber process, it is possible to produce an ultra thin silica oxide 
shell surrounding the silver cubic nanoparticles.3,4 The utility of this silica oxide 
shell is found not only in the increased stability that the particles show to 
degradation, but also in the fact that a silica oxide shell renders these particles 
capable of supporting the formation of a supported lipid bilayer. This modification 
step to the cubic silver nanoparticles creates a very thin shell of silica oxide with 
thickness dimensions, measured with Transmission Electron Microscopy to be 
approximately 4nm (3.91+ 0.18nm).3 The radius of curvature of the cubes 
corners was determined from these TEM micrographs to be 19nm.3 This is a 
significant feature as it has been shown that the minimum sized spherical silica 
particle that supports the formation of a stable supported lipid bilayer has a 
radius of 19nm.3 The formation of supported lipid bilayers from single unilaminar 
vesicles (SUVs) is spontaneous on a number of surfaces including silica 
surfaces.3 These silica coated silver nanoparticles (Ag@SiO2) provide a 
homogenous solution-based nanoparticle assay capable of incorporating the 
functionalization flexibility  and experimental possibilities of the support lipid 
bilayer system. By incorporating various lipids into the supported lipid bilayer’s 
composition it is possible to create a variety of fluid bilayers surfaces, which can 
display a number of chemical groups allowing for the tethering of additional 
molecules of interest to the surface of the supported lipid bilayer. This allows for 
the modification of the nanoparticles surface to introduce bio-molecules such as 
antibodies and other molecules that can serve as capture agents as detailed 
earlier in regards to the construction of the ELISA. There are a large variety of 
commercially available functionalized lipid molecules that allow for customizable 
surfaces to be created easily and reproducibly at the particles surface. The 
formation of the supported lipid bilayer and the control over its composition 
provides a very versatile platform for developing surfaces that mimic cellular 
membranes and allows for the interrogation of these surfaces in a controllable 
manner.  

The method for the synthesis of a thin silica shell at the surface of the 
silver nanoparticle is detailed below. It is assumed that the particles have been 
stored in ethanol and have been filtered extensively as outlined in section 2.3. 
The materials for the synthesis include, ammonium hydroxide 28%, ethanol (200 
proof), and tetraethyl orthosilicate, which were all purchased from Sigma Aldrich. 
50mL Falcon centrifuge tubes were purchased from Fisher Scientific. 

 

1. An aliquot of 1mL of the bare silver nanoparticles 
suspended in ethanol is added to a 50mL Falcon 
centrifuge tube. 
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2. Add 15mL of ethanol (200 proof) to the 1mL of nanocubes. 
3. Prepare of solution of 0.28% Ammonium Hydroxide by 

diluting the 28% Ammonium Hydroxide with 18.2 MΩ∙cm 
deionized (DI) water.  

4. Add 3900µL of 18.2 MΩ∙cm deionized (DI) water, 600µL of 
0.28% Ammonium Hydroxide and 1200µL of tertraethyl 
orthosilicate to the solution of cubes in ethanol in a 50mL 
Falcon centrifuge tube.  

5. Place the 50mL Falcon tube into a sonicator bath and 
sonicate for 45 minutes. 

6. After 45 minutes, add 10mL of ethanol to the reaction and 
centrifuge at 7000g for 3 minutes.  

7. Remove 10mL of the supernatant. 
8. Centrifuge the reaction tube again at 7000g for 3 minutes.  
9. Remove 15mL of the supernatant.  
10. Add 45mL of ethanol to the reaction tube and centrifuge at 

3000g for 25 minutes.  
11. Remove the supernatant.  
12. Add 45mL of 18.2 MΩ∙cm deionized (DI) water to reaction 

tube and centrifuge for 20 minutes at 3000g. 
13. Remove as much supernatant as possible without 

disturbing the nanoparticle pellet. 
14. Centrifuge at 3000g for 10 minutes. 
15. Remove remaining supernatant.  
16. Add 45mL of 18.2 MΩ∙cm deionized (DI) water 
17. Repeat the centrifugation at 3000g twice more to 

thoroughly clean the nanoparticles. 
18. After the final centrifuge step, suspend the particles in 1mL 

of 18MΩ pure water.  
19. The UV-Vis solution spectrum can be checked at this point. 
20. This solution of Ag@SiO2 particles in water can be stored 

at 4°C for at least 1 year. 

The silica oxide layer produces a small red shift in the LSPR peak of the 
quadrapolar LSPR mode, relative to that of the bare silver cubes. This is a result 
of the thin 4-5nm of silica that is now deposited at the surface of the cube. The 
change in refractive index relative to the bare cube leads to this spectral red shift. 
The solution spectrum of a batch of Ag@SiO2 cubic nanoparticles is shown below 
in figure 2.3. Typically the sensitivity of the particle to molecular binding at the 
surface will also be reduced as the distance that these particles will be from the 
actual silver surface is now approximately 4-5nm further than for a bare silver 
cube. This is a result of the shift sensitivity being a function not only of the mass 
change at the surface of the particles, but also on the distance this molecular 
absorption layer is from the nanoparticles surface, as seen in equation 1.6. 
However, this small loss in sensitivity is necessary to prepare a surface that will 

be compatible with the formation of a supported lipid bilayer. Additionally, a good 
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SiO2 coating prevents the oxidation of the underlying silver particle, allowing the 
particles to have a shelf life >1 year.3 

 

 

 

 

 

Figure 2.3 - UV-Visible Spectrum for Ag@SiO2 Nanoparticles. The spectrum 
is of a colloidal suspension in water of cube shaped Ag@SiO2 plasmonic 
nanoparticles. The spectrum was blanked against water.  

 

 

The first and second order LSPR modes are located approximately at 
560nm and 460nm, corresponding to the dipolar and quadrupolar LSPR modes 
respectively.1 The maximum value of these peaks were determined by using a 
polynomial fit.3 Also worth mentioning here is the width of each of the peaks 
shown in figure 2.3. The width of the quadrupolar LSPR mode located 
approximately at 460nm is narrower than the dipolar peak centered 
approximately at 560nm. The narrow bandwidth makes the quadrapolar peak 
ideal for monitoring small changes in its maximum wavelength and serves as the 
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principle resonance mode to be monitored during LSPR binding experiments. As 
noted in equation 1.7, the figure of merit (FOM), describing the sensitivity of 
plasmonic nanoparticles resonance frequencies to changes in the refractive 
index at the interface between the particle and the bulk solution, is defined as the 
responsiveness of the particles to changes in the refractive index, m, divided by 
the full width at half maximum of the resonance mode being monitored. The 
narrow width of the quadrupolar mode, relative to that of the dipolar mode, yields 
a higher figure of merit for the quadrapolar mode in comparison to that of the 
dipole mode.  

In order to quantify the responsive factor, m, as well as the figure of merit 
for the Ag@SiO2 nanoparticles, the solution UV-Visible spectrum was obtained 
for a suspension of particles in an aqueous environment of increasing glycerol 
percentage to control the refractive index of the medium each particle was 
exposed to in solution. The results of this calibration show the expected linear 
shift in the peak absorption wavelength of the quadrapolar peak as a function of 
the change in the refractive index of the surrounding medium. The LSPR 
maximum for each glycerol percentage was calculated by, first determining the 
maximum value of absorbance within the peak associated with the quadrapolar 
mode, and then finding the corresponding wavelength to this absorbance. This 
maximum absorbance was interpolated by fitting the UV-Visible spectrum by 
using a polynomial fit.3 The LSPR shifts in nanometers were then obtained by 
comparing the maximum wavelength of the 0% glycerol solution to each of the 
wavelength maximums obtained in the solutions of increasing glycerol 
percentage. The results of these LSPR shifts are shown in figure 2.4. The full 
width at half maximum of the quadrapolar peak is approximately 20nm. The 
response factor m of these nanoparticles was determined to be 228.43nm.RIU-1. 
Equation 1.7 predicts that the corresponding FOM for this batch of Ag@SiO2 
nanoparticles to be 11.4.  
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Figure 2.4 – Ag@SiO2 Nanoparticles LSPR Shift Versus Surrounding 
Medium’s Refractive Index - The LSPR Shift as function of the refractive index 
of the solution of glycerol the particles are suspended. The slope m represents 
the response factor of the nanoparticles to changes in the refractive index. These 
particles have a response factor m of 228.43 nm RIU-1, yielding a figure of merit 
of 11.4. 
 
2.5 - Streptavidin Biotin Titration: Calibration of Nanoparticles 
 

In order to calibrate the nanoparticles LSPR spectral shift sensitivity in 
terms of the mass absorbed at the surface of the nanoparticle in addition to the 
previous calibration of the particles response to changes in the bulk refractive 
index changes of the surrounding medium, a streptavidin biotin binding titration 
curve was generated on the cubes using UV-Vis spectroscopy. The titration 
consists of preparing a series of vesicles solutions where the lipid composition is 
composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with increasing 
percentages of 1-oleoyl-2-(12-biotinyl(aminododecanoyl))-sn-glycero-3-
phosphoethanolamine (Biotin-Cap-PE). These vesicles were used to form a 
support lipid bilayer on the nanocube particles so that each suspension exhibited 
an increasing number of biotin molecules at its surface. The various lipid 
compositions were exposed to a 1uM solution of streptavidin and allowed to 
come to equilibrium for 3 hours. The biotin binding sites, within the supported 
lipid bilayer formed on the nanocubes were assumed to be saturated under these 
conditions, allowing for the calculation of the LSPR shift versus the mass 
absorbed at the surface. This was performed by using the calculated number of 
biotin present within each supported lipid bilayer depending on the percentage of 
Biotin-Cap-PE present in the supported lipid bilayer. The number of Biotin-Cap-
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PE was determined using the geometric dimensions of the nanocubes, as well as 
the footprint of a typical DOPC lipid, which has an area of 0.72nm2 

 
 The following lipids were purchased from Avanti Polar Lipids (Alabaster, 
AL): 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(cap-biotinyl) (Biotinyl-Cap-PE). The UV-Vis 
transmission spectrophotometer used in these experiments was the Cary 100 
(Varian, Inc, Santa Clara, CA). An Avanti Mini-Extruder along with membrane 
supports and 100nm pore size filters were purchased from Avanti Polar Lipids 
(Alabaster, AL). A bench top centrifuge was purchased from VWR 

(minicentrifuge, VWR, maximum RCF = 2000g). Bovine Serum Albumin (BSA) 
and Streptavidin Affinity Purified, lyophilized from 10mM Potassium Phosphate 
were purchased from Sigma Aldrich. Sub-Micro quartz spectrophotometer 
cuvettes #16.40-Q-10/Z151 were purchases from Starna Cells Inc. (Atrascadero, 
CA). 

The lipids were prepared by first drying in a 25mL round bottom flask, 
using a Rotovap. The dried lipids were rehydrated using 0.1M PBS (pH 7.4) and 
then hand-extruded at a temperature of 42°C. An aliquot of SiO2@Ag 
nanoparticles was mixed with each vesicle solution of unique lipid composition at 
a volume ratio of 1:2 of particles to vesicles and incubated for 20 minutes. The 
composition of the lipids prepared for this titration varied from 0% to 0.8% 
Biotinyl-Cap-PE with the amount of DOPC adjusted in each case. After 20 
minutes Bovine Serum Albumin was added to the nanoparticle vesicle solution 
mixture to final concentration of 0.05mg/mL and allowed to block any defects in 
the supported lipid bilayer for 30 minutes. Following blocking, the mixture was 
centrifuged using the VWR bench top centrifuge followed by subsequent removal 
of the supernatant. The cubes were suspended in 0.1M PBS with a pH of 7.4 and 
diluted to a working concentration of 1pM. 

The supported lipid bilayer coated nanoparticles were exposed to a 1µM 
streptavidin solution and allowed to come to equilibrium for 3 hours. The biotin 
binding sites should be saturated at these concentrations and allows for the 
calculation of the number of streptavidin bound to each particle as explained 
above. The suspensions of cubes were analyzed using the Cary 100 
spectrophotometer and the peak LSPR wavelength, λmax, was determined by 
fitting transmission spectra to a seventh-order polynomial.3 The number of biotin 
present in each cube was determined using the footprint size of 0.72nm2 for 
DOPC lipids. The results of this titration relating the number of streptavidin bound 
to each cube and its subsequent LSPR shift is shown in figure 2.5 
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Figure 2.5 – Ag@SiO2 Nanoparticles LSPR Shift Versus Protein Density. A 
streptavidin-biotin titration curve showing the LSPR shift versus the number of 
streptavidin bound to each particle with an increasing percent of biotin in the 
supported lipid bilayer. The percentage of Biotin-Cap-PE in each supported lipid 
bilayer used ranged from 0-0.8%. A constant 1µM streptavidin concentration was 
used at each data point. 
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 Dark Field Microscopy is a microscopic technique that utilizes the 
scattering of light from objects. The basic concept is that light illuminates the 
object at a high angle of incidence after passing though a high numerical 
aperture (NA) dark field condenser. The dark field condenser consist of a tube 
with a small annulus at the end of the tube which blocks light except for a small 
portion at the outer ring of this annulus. This provides a hollow cone of light that 
will illuminate the sample at a high angle of incidence, while excluding all other 
light. The scattered light is then collected by an objective with a numerical 
aperture lower than that of the dark field condenser assuring that only the 
scattered light is collected. The first recorded dark field microscope and its 
application, termed ultramicroscopy at the time, was demonstrated by Zsigmondy 
and Siedentopf.1,2 They illuminated a sample at an angle perpendicular to the 
objective so that only scattered light due to Raleigh scattering was collected. This 
greatly reduced background noise and increased the signal to noise ratio (s/n).1 

Additional benefits of using dark field scattering microscopy are that objects 
smaller than the diffraction limit may be visualized by collecting the light scattered 
from these objects. When using plasmonic nanoparticles this scattered light is 
extremely intense making plasmonic nanoparticles well suited for imaging using 
the dark field scattering microscope. The scattering cross section for spherical 
plasmonic nanoparticles is extremely large relative to their size.1 The scattering 
cross-sectional area, for a spherical nanoparticle, can be calculated from 
equation 3.1. 
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In equation 3.1,     
 ,     

   represent the real and imaginary portion of the 

metals dielectric constant, respectively, while       represents the dielectric 
constant of the surrounding medium.1 V is the volume of the particle, so the 
scattering cross section scales according to the 6th power of the radius.1 The 
scattering cross section of a particle, is maximized at the resonance frequency, 
which corresponds to situation when the real component of the metals dielectric 
constant is equal to twice the negative value of the surrounding medium’s 
dielectric constant. This accounts of the color of light scattered by the particles, 
as this frequency of light will be scattered predominately relative to all other 
colors of light to which the particles are exposed. The large cross-sectional area 
of these relatively small nanoparticles allows for the imaging of individual 
plasmonic nanoparticles, regardless of the fact that they are smaller than the 
diffraction limit. The scattering spectra of plasmonic nanoparticles, as previously 
illustrated in chapter 1, exhibit peaks that correspond to the resonant frequencies 
of the surface electrons oscillations. This scattering of light, due to the resonance 
of the surface electrons in the nanoparticles, is extremely intense. The absorption 
and scattering cross-sections of silver and gold nanoparticles are many times 
their geometric size.3,4,5 This extremely large scattering cross-sectional area 
makes plasmonic nanoparticles very well suited for single particle imaging using 
dark field scattering microscopy. This feature allows the interrogation of single 
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particles without the averaging implicit in bulk measurements when using 
ensemble methods such as UV-Visible spectroscopy.  

When dark field microscopes are used in conjunction with a 
spectrophotometer, the scattered light is focused first onto a grating element, 
followed by the light being directed on to a spectrophotometer’s charge-coupled 
device (CCD) camera where it is recorded. This allows for the collection of the 
detailed Localized Surface Plasmon Resonance scattering spectra for individual 
particles. Much like UV-Visible spectroscopy, this will allow for the monitoring of 
small changes in the peak resonance frequency, due to the change in local 
refractive index at the interface of the plasmonic nanoparticle and the 
surrounding medium. This has advantages over UV-Visible spectroscopy. The 
averaging effects of bulk solutions, where the contributions from an extremely 
high number of particles are collected, are not seen and small, unique features of 
individual particles can be resolved. The first spectroscopic studies of single 
metal particles were reported by the Schultz and Feldmann groups.6,7,8,9,10 
 

Experiments involving single particle interrogation do have additional 
requirements than those in solution using UV-Visible spectroscopy. The most 
important requirement is that the particle be immobilized onto the underlying 
substrate. For bare silver nanoparticles, where the spectrum is collected in air, a 
small aliquot of a colloidal suspension can be deposited onto a bare microscope 
slide and allowed to dry. This will immobilize the cubes due to electrostatic 
interactions, however this situation does not allow for the introduction of new 
solvents, or solutions of ligands such as protein, DNA, or other chemical 
compounds in solution. If the solution spectrum of individual particles is to be 
obtained, a method for immobilizing the particles to the substrate is going to be 
required above that used in the experiments conducted with the particles simply 
exposed to air. This immobilization will be performed within a flow cell. The use 
of flow cells allows for the interrogation single particles, while exposing them to 
various solvents and solutions of differing concentrations of dissolved molecules. 
This is necessary in order to conduct experiments where a single nanoparticle is 
observed under various conditions in an aqueous environment. A method for 
immobilizing the particles to the substrate of a flow cell will be outlined in section 
3.2. 
 
 
3.2 Flow Cell Fabrication 
 
 The fabrication of a flow cell compatible with the dark field microscope 
arrangement requires the following items. Corning EAGLE XG Glass slides 
75mm x 25mm x 0.7mm were purchased from MTI Corporation (Richmond, CA), 
0.125 x 48.00 x 96.00 CLR Surlyn 8940 Thermoplastic Thermova was purchased 
from Solaronix (Aubonne, Switzerland), Bovine Serum Albumin (BSA), 
Streptavidin Affinity Purified, lyophilized from 10mM Potassium Phosphate, 
Cholera Toxin B subunit ≥95% (SDS-PAGE), lyophilized powder and 0.5mL 
plastic centrifuge tubes were purchased from Sigma Aldrich, D 263® M – Glass 



30 

 

Microscopy Cover Slips were purchased from Schott North America (San Jose, 
CA). The following lipids were purchased from Avanti Polar Lipids (Alabaster, 
AL): 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(cap-biotinyl) (Biotinyl-Cap-PE). An Avanti Mini-
Extruder along with membrane supports and 100nm pore size filters were 
purchased from Avanti Polar Lipids (Alabaster, AL). Lyso-Monosialoganglioside 
GM1 (NH4

+salt) was purchased from Matreya LLC (Pleasant Gap, PA) A bench 

top centrifuge was purchased from VWR (minicentrifuge, VWR, maximum RCF = 
2000g). The dark field microscope utilized an Olympus IX71 microscope, coupled 
to an Acton Research Corporation Microspec 2300i spectrophotometer. The dark 
field microscope was used in transmission configuration with a condenser 
numerical aperture of 1.1-1.5 along with a 40X objective lens of numerical 
aperture of 0.95. Data collection software for the Microspec 2300i was 
Winspec32. 

A flow cell was constructed by drilling holes at either end of the Eagle XG 
glass slide. The Eagle XG slide was then sealed to the Schott glass cover slips 
using the thermoplastic Thermova. A small channel measuring, 65mm x 15mm x 
0.1mm (LxWxH), for a total volume of 97.5µL was formed by cutting the 
thermoplastic Thermova before use to seal the cover slip to the Eagle XG slide. 
A small injection well was formed by attaching a modified centrifuge tube to each 
end of the slide at the site of the drilled hole using a quick drying epoxy.  

3.3 Immobilization of Nanoparticles 

 The immobilization of the nanoparticles to the glass substrate was 
accomplished through the formation of a supported lipid bilayer both within the 
flow cell chamber as well as surrounding the silver cube nanoparticles. A 
supported lipid bilayer was prepared with a composition of 97% DOPC and 3% 
Biotin-Cap-PE. This was injected into the flow cell and allowed to form for 45 
minutes. A blocking solution of BSA (0.05mg/mL) was then introduced into the 
cell and allowed to react for 30 minutes. The cell was washed repeatedly using 
0.1M PBS, pH 7.4 and then a 0.1µM solution of Streptavidin in 0.1M PBS with a 
pH of 7.4, of was injected into the flow cell chamber using a micropipette and 
allowed to react with the biotin sites within the supported lipid bilayer for 30 
minutes. The cell was washed repeatedly using 0.1M PBS, pH 7.4 to remove any 
unbound Streptavidin from the flow cell.  

 The binding of Cholera Toxin Subunit B to lyso-Monosialoganglioside 
GM1 was used as model system to demonstrate the ability of the dark field 
microscope to monitor LSPR shifts in response to molecular binding events to 
single particles. Two different supported lipid bilayer nanoparticle solutions were 
prepared by coating the Ag@SiO2 nanoparticles with two different supported 
bilayer compositions. The first solution of nanoparticles was prepared by forming 
a supported lipid bilayer with a lipid composition of 92% DOPC, 3% Biotin-Cap-
PE, and 5% GM1, while the other nanoparticle solution’s supported lipid bilayer 
composition was 97% DOPC and 3% Biotin-Cap-PE. The latter will serve as a 
control situation in which no GM1 is present for binding to the Cholera Toxin 
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Subunit B. The control situation helps verify the specificity of the nanoparticles 
binding of Cholera Toxin Subunit B is specific for the GM1 receptors. Spectral 
shifts in the maximum LSPR wavelength will occur only for binding of the Cholera 
Toxin Subunit B to the GM1 receptor in the supported lipid bilayer. The absence 
of the GM1 receptor from the bilayers shows very little spectral shift indicating 
very little non-specific interaction of the nanoparticles to the Cholera Toxin 
Subunit B in the absence of the GM1 receptor. The supported lipid bilayer coated 
nanocube particle suspensions were prepared as described previously in section 
2.5 for the streptavidin-biotin calibration curve. The two different compositions of 
supported lipid bilayer coated nanoparticles were injected into two separate flow 
cells respectively. The injection was performed following the formation of the 
supported lipid bilayers within the flow cell chambers. The supported lipid bilayer 
coated nanoparticles were allowed to bind to the streptavidin previously bound to 
the Biotin-Cap-PE lipids within the supported lipid bilayer of the flow cell chamber 
for 30 minutes. The cell was then washed repeatedly with 0.1M PBS, of pH 7.4, 
to remove any unbound nanoparticles. The immobilization was then verified by 
visually checking using a dark field microscope. The immobilization of the 
particles to the underlying substrate was confirmed by observing them for 10 
greater than 10 minutes prior to collecting the scattering spectra of a particle. 
Free particles will diffuse in and out of the frame of view, while immobilized 
particles will remain stationary.    

3.4 Single Particle Scattering Measurements Using Membrane 
Encapsulated Nanoparticles 

 As explained above, single particle binding assays exhibit many 
advantages relative to bulk experiments, where we observe the statistical 
averaging of many particles. Foremost among these is the number of binding 
sites or particles to the number of molecules in solution. Since we are exploring 
single particle interactions with the Cholera Toxin Subunit B, very little actual 
protein is required, depending on the volume of the cell designed. In these 
experiments a volume of 100µL was used, which was determined by the 
dimensions of the cell constructed. This volume can be greatly reduced, however, 
by the use of micro fluidic chambers. The current state of micro fluidics and the 
possible minimum volumes used in these experiments will be commented on 
below.  

 Before interrogating the binding response of single particles to binding 
molecular binding events at their surface, the dark field spectrum of Ag@SiO2 
particles lacking any supported bilayer was collected by depositing 5µL aliquots 
of a suspension of the particles in ethanol onto clean microscope slides and then 
allowing the solvent to evaporate. The particles are immobilized onto the glass 
substrate in this situation due to electrostatic interactions between the particles 
and the substrate and so there is no further need to immobilize the particles. 
Figure 3.1 is a color image of an array of nanoparticles collected on a CCD 
camera attached to one of the microscopes ports using a 400X magnification. 
Figure 3.2 illustrates the quadrapolar LSPR spectrum for a single, unmodified 
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Ag@SiO2 particle. The scattering spectra in figure 3.2, was determined by 
applying equation 3.2 as explained below. 

 

 

 

 

 

 

Figure 3.1 – Dark Field Scattering Microscope Color Image of Ag@SiO2 
Nanoparticles on a Glass Slide Exposed to Air. The magnification used here 
is 400X. 
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Figure 3.2 – Dark Field Scattering Spectrum of a Single Ag@SiO2 
Nanoparticle in Air. This spectrum indicates that the dominant quadrapolar 
LSPR peak for this particle is centered approximately at 455nm. The maximum 
wavelength of the LSPR peak was interpolated by applying a polynomial fit to the 
scattering spectrum to determine the wavelength of peak intensity.14 

 

When analyzing single particles using dark field microscopy, individual 
particles can be isolated by utilization of two features of the dark field microscope 
and the associated spectrophotometers software suite. The first is a physical slit 
between the microscope and the spectrometer, which has micrometer precision 
and allows for isolation of a narrow region of the field of view within the flow cell. 
The second is a feature of the Winspec32 software, which allows for the 
interrogation of specific regions of interest on the CCD camera. These features 
when used in conjunction, allow for the isolation of individual particles in both x 
and y-axis of the camera. Images of the field of view when utilizing the 
spectrophotometer with the micrometer isolation slit both open and closed, are 
shown in figure 3.3. The top image is with the micrometer slit open while the 
bottom image is with this slit closed with a width of 4µm. 
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Figure 3.3 – Dark Field Scattering Microscope’s Spectrophotometer Field of 
View. The top image is with the isolation slit disengaged, while the bottom image 
has the slit engaged to a width of 4µm. This allows for the isolation of individual 
particles when used with the region of interest software feature in the Winspec32 
software of the spectrophotometer. 
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The spectrum of individual particles was calculated from the data collected 
by the taking the difference of the intensity spectrum between one isolated 
particle and the background of the flow cells, where no particles are located. The 
spectrum intensity was normalized by dividing this adjusted intensity by the 
intensity of the halogen lamp used to illuminate the sample minus any dark field 
current present.  This is shown in equation 3.2. 

 

 

                    
                                       

                                    
       (3.2) 

 

 

The binding of Cholera Toxin Subunit B to the ganglioside GM1 was used 
as a demonstration of the potential ability to detect molecular binding events, 
using single particle dark field scattering experiments. Cholera Toxin is a 
member of the AB5 cytotoxin class. Here we used the subunit B5, which is 
pentameric in structure. The ganglioside GM1 is also pentameric and is 
presented on the cell membrane of cells.11 The supported lipid bilayer 
surrounding the nanoparticles, mimics a cell membrane presenting the GM1 
binding receptor for Cholera Toxin Subunit B. The Kd for Cholera Toxin binding to 
the GM1 receptor has been reported to be 4.55pM as measured by SPR.12 In this 
set of experiments it is important to note that the equilibrium dissociation 
constant for the Cholera Toxin GM1 system is not the goal of this set of 
experiments and is not being determined. It has been shown that the supported 
lipid bilayers composition of GM1 can have a significant influence on the 
apparent Kd measured.13 The focus of this experiment instead is to maximize the 
capturing capacity of the nanoparticles by having a high number of GM1 
receptors present on the surface of the particles. A constant 5% GM1 lipid 
composition in the prepared supported bilayers was utilized as discussed in the 
materials and methods section for creating the flow cell and supported lipid 
bilayer coated nanoparticles.  

The maximum of the LSPR peak, λmax, was interpolated using a seventh-
order polynomial algorithm, which was written in MatLAB.14 In order to verify that 
the binding results were indeed specifically a result of the Cholera Toxin Subunit 
B binding to the GM1 receptors, located within the supported lipid bilayer two 
different control approaches were utilized. The first control involved the exposure 
of a solution of Cholera Toxin Subunit B to nanoparticles coated with a supported 
lipid bilayer, which lacked the GM1 receptor. The second control experiment 
involved the exposure of the supported lipid bilayer coated nanoparticles, which 
contained the GM1 receptor, to a solution of BSA in 0.1M PBS, pH- 7.4 and at a 
concentration 0.1mg-mL-1. Both of these control situations verified that very little 
non-specific binding occurs in either situation. This was verified for a number of 
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separate particles in different flow cells. The results of both of these control 
situations are shown in figures 3.4 and 3.5. 
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A 

 

B 

 

Figure 3.4 – Bovine Serum Albumin Binding Control – Dark Field Scattering 
Spectrum. A and B are two different single nanoparticles displaying GM1 that 
were exposed to BSA at a concentration of 0.1mg/mL, followed by Cholera Toxin 
Subunit B at a concentrations of 0pM and 0.83pM. Very little change in the λmax is 
observed in BSA exposure relative to the 0pM Cholera Toxin Subunit B.    
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Figure 3.5 - DOPC Bilayer Cholera Toxin Subunit B Binding Control - Dark 
Field Scattering Spectrum. Graphs A and B above, are the scattering spectra 
of two different, individual nanoparticles coated with a bilayer lacking GM1 when 
exposed to solutions of Cholera Toxin Subunit B of concentrations ranging from 
0pM to 8.3nM. Both particles, when lacking the GM1 receptor, show very little 
affinity for the Cholera Toxin Subunit B as indicated by the nearly identical values 
of the maximum wavelength of scattered light in their LSPR spectra. 
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The control conditions illustrate that the binding of the cholera toxin to the 
nanoparticles lacking the receptor GM1 is very minimal. These results suggest 
that the interaction of the Cholera Toxin Subunit B with the nanoparticles is very 
specific for only the GM1 receptor within the supported lipid bilayer and not a 
result of any interaction with the nanoparticle itself. They also demonstrate that 
proteins other than Cholera Toxin Subunit B show very little binding to the 
nanoparticles when GM1 is present in the bilayer. Bovine Serum Albumin is used 
as an example of the interaction of a protein, other than Cholera Toxin Subunit B, 
with the GM1 receptor on the nanoparticles surface. The LSPR shift for 
nanoparticles with supported lipid bilayers containing the GM1 receptor, exposed 
to BSA is less than 0.5nm for graph A and B in figure 3.4. The LSPR shift for the 
same particle when exposed to 0.83pM of Cholera Toxin Subunit B is 10.2nm. 
The second control situation, shown in figure 3.5, indicates that the LSPR shift in 
the maximum wavelength for the LSPR spectra of nanoparticles whose 
supported lipid bilayers lack the GM1 receptor is less than 0.5nm as well when 
exposed to Cholera Toxin Subunit B. Both of these LSPR shifts were below the 
minimum detectable LSPR shift as defined below using equation 3.3. The 
specificity of the dark field microscope scattering experiment and its ability to 
detect LSPR shifts above the minimum detectable LSPR shift only for the binding 
of the Cholera Toxin Subunit B to the GM1 receptor is a significant issue to 
demonstrate. If LSPR shifts above the minimum detectable shift occur in either of 
the control scenarios presented in figure 3.4 or 3.5, the specificity of the assay for 
detecting the binding of the molecule of interest to the receptors present on the 
particles, is not a valid assumption. The specificity of the particles to bind only to 
the protein or molecule of interest is a critical factor in both qualitative and 
quantitative assays. Non-specific interactions at the surface of the particle must 
be minimized in order to develop a capture assay that is capable of selectively 
binding only the molecule of interest.  The use of the supported lipid bilayer 
coated nanoparticles platform demonstrates this requirement for the Cholera 
Toxin Subunit B binding to the GM1 receptor.  

The maximum wavelength of scattered light and the shape of each curve 
in the binding experiments shown in figure 3.5 are of particular note. First a red 
shift of the maximum wavelength of the LSPR peak is apparent in nearly all 
particles relative to the bulk solution spectrum shown in figure 2.3. This is 
accounted for by the interaction of one face of the nanocube with the supported 
lipid bilayers surrounding the nanoparticle as well the underlying silica substrate. 
The red shift due to nanoparticles immobilized onto a solid substrate’s surface 
has been experimentally and theoretically shown to occur when nanoparticles 
are placed in close proximity to materials with different refractive indexes relative 
to that of the surrounding medium.15 The effect is dependent on the surface area 
of the particle, which interacts with the underlying solid substrate.15 Nanoparticles 
with a cubic geometry will exhibit a larger red shift in the maximum wavelength of 
the LSPR peak in comparison to spherical particles, due the larger surface area 
of the cubic nanoparticle that will interact with the underlying substrate. In 
addition to the initial red shift of the maximum wavelength in the LSPR peak of 
the quadrapolar mode, there also appears to be the presence of an additional 
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small shoulder in the spectrum. This appears centered around approximately 
around the 450nm region. We attribute these peaks presence to the interaction of 
the particle with the underlying substrate as well. Van Duyne et al. have shown 
that the appearance of this blue shifted peak relative to the LSPR quadrapolar 
peak will appear as a particle approaches a substrate surface with a different 
refractive index than the bulk medium otherwise surrounding the particle.15 

 Following the control experiments, the scattering spectra of the binding of 
Cholera Toxin Subunit B to nanoparticles displaying the GM1 receptor were 
collected. The LSPR shifts of the maximum LSPR wavelength using the UV-
Visible spectrometer based assay were collected as well in order to provide a 
comparison of the bulk solution assay to that of the single particle binding 
experiments performed using the dark field scattering microscope. The dark field 
scattering spectra of the binding of Cholera Toxin Subunit B to GM1 receptors on 
a single nanoparticle is shown in figure 3.6. The calculated LSPR shifts for the 
maximum wavelength of light scatted relative to the 0pM sample in figure 3.6 is 
shown in figure 3.7. The y-axis in figure 3.7 represents the LSPR shift of each 
samples maximum wavelength in the samples LSPR spectrum when compared 
to the maximum wavelength of the LSPR spectrum for sample containing 0pM of 
Cholera Toxin Subunit B. The x-axis of figure 3.7 shows the concentrations of 
Cholera Toxin Subunit B the particle was exposed to and ranges from 0pM to 
83pM.  
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Figure 3.6 – Dark Field Scattering Spectra for a Single Particle Cholera 
Toxin Subunit B - GM1 Receptor Binding. Single nanoparticle dark field 
scattering spectrum binding curves showing the LSPR shift in the maximum 
wavelength of light scattered by the particle as the single particle, displaying the 
GM1 receptor, is exposed to increasing concentrations of Cholera Toxin Subunit 
B. 
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Figure 3.7 - LSPR Shifts for Single Particle Dark Field Scattering Data of 
Cholera Toxin Subunit B – GM1 Binding.  LSPR Shifts for a single particle’s 
dark field scattering spectrums from Figure 3.6 have been calculated and plotted 
against the Cholera Toxin Subunit B concentrations. A LSPR shift of 10.8nm 
occurs at a 0.83pM concentration of Cholera Toxin Sub Unit B. 
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The single particle dark field scattering spectra for an individual particle, 

which has been exposed to increasing concentrations of Cholera Toxin Subunit B, 
shows that even at concentrations of Cholera Toxin Subunit B as low as 0.83pM 
there is an LSPR shift in the maximum wavelength of scattered light from the 
particle of 10.8nm. The response of the two control situations above showed 
LSPR shifts below 0.5nm. The LSPR shift is related to the mass of the Cholera 
Toxin Subunit B bound to the surface of the particle. The LSPR shifts shown in 
figure 3.7 are significant when compared the magnitude of the LSPR shifts for 
both the control situations discussed above. Based on the data collected here, 
the dark field scattering microscope, when utilizing single nanoparticles coated 
with a supported lipid bilayer with a lipid composition of 5% GM1, are capable of 
detecting 0.83pM of Cholera Toxin Subunit B in solution. Concentrations below 
this range were not explored, but based on the large LSPR shift recorded and the 
minimum LSPR shift detectable using the dark field scattering microscope, it is 
very likely that the minimum concentration detectable is well below 0.83pM. The 
minimum detectable LSPR shift using the dark field scattering microscope 
arrangement in these experiments will be discussed below using equation 3.3, 
but is of the order of 0.92nm. 

 
In addition to the dark field single particle experiments on Cholera Toxin 

Subunit B binding the GM1 receptor, a separate solution-based binding 
experiment was performed using UV-Vis spectroscopic measurements. The 
preparation of the solution-based particles was identical to that of the dark field 
experiment, except there was no immobilization of the particles to any underlying 
glass substrate. The particles were analyzed in solution using a 40µL micro-
volume spectrophotometer cell. The nanoparticle solutions were analyzed using 
a Cary 100 UV-Vis spectrophotometer. The results for the UV-Visible Cholera 
Toxin Subunit B – GM1 binding experiment are displayed in figure 3.8 and 3.9. 
Figure 3.8 uses a range of Cholera Toxin Subunit B of 0 to 83µM, while figure 3.9 
shows a range of Cholera Toxin Subunit B of 0 to 830nM. 
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Figure 3.8 – Cholera Toxin Subunit B - GM1 LSPR Shifts for a High 
Concentration Range of Cholera Toxin Subunit B. The above plots are the 
LSPR shifts of the UV-Visible spectrometric measurements on nanoparticles 
coated with supported lipid bilayers both with and without GM1 receptors present 
in the supported lipid bilayer. The samples lacking the GM1 receptor show very 
little non-specific binding to the Cholera Toxin Subunit B. 
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Figure 3.9 – Cholera Toxin Subunit B - GM1 LSPR Shifts for a Low 
Concentration Range of Cholera Toxin Subunit B. This graph illustrates the 
LSPR shifts from the UV-Visible spectroscopic measurements on the binding of 
Cholera Toxin Subunit B to GM1 using a concentration range of 0nM to 830nM. 
The minimum concentration of Cholera Toxin Subunit B, which elicited a LSPR 
spectral shift above the reference of 0nM, was 0.83nM.  
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The UV-Visible and dark field scattering experiments yield drastically 
different minimum concentrations of Cholera Toxin Subunit B that show 
detectable LSPR shifts, despite the identical preparation. The dark field 
scattering experiments were able to detect binding at concentrations of 0.83pM 
of Cholera Toxin Subunit B, which corresponded to an LSPR shift of 10.8nm. The 
UV-Visible measurements showed very little LSPR shift due to Cholera Toxin 
Subunit B binding to the GM1 receptor, until a concentration of 0.83nM Cholera 
Toxin Subunit B was introduced. This represents a thousand-fold concentration 
difference between the two experiments. The minimum concentration of Cholera 
Toxin Subunit B detectable for the UV-Visible should to be between 0.83nM and 
0.083nm. The LSPR shift for the 0.83nM Cholera Toxin Subunit B sample was 
0.85nm, while the 0.083nm Cholera Toxin Subunit B sample showed less than a 
0.01nm LSPR shift. The smallest detectable change in the LSPR shift by our 
current UV-Visible spectroscope instrument is 0.01nm.14  

 
 
As mentioned above the minimum detectable signal for the LSPR shift in 

the dark field scattering experiments needs to be determined. The minimum 
change in the LSPR maximum wavelength that can be detected was calculated 
by using equation 3.3. This relates the minimum detectable LSPR shift, which 
can be detected above deviations due to noise in the measurements. It is related 
to some multiple value of the noise associated with each measurement. The 
value of k will be set to be 3 to establish a minimum detectable LSPR shift that is 
three times above the standard error obtained from 10 consecutive 
measurements on a single particle’s peak LSPR wavelength.16 

 
 
 

                          (3.3) 

 

  
The value of sbl multiplied by k will represent the minimum LSPR shift that 

is detectable in each experiment. The standard error in the LSPR maximum 
wavelength obtained from 10 consecutive scattering spectra on one nanoparticle 
was found to be 0.92nm. This represents the minimum LSPR spectral shift that is 
a detectable change above that of the variation in the noise of a sample. While 
the UV-Visible Sm was previously stated to be 0.01nm, which is considerably 
lower than that of the dark field microscope, the enhancement of the dark field 
sensitivity to the changes in the refractive index local to the nanoparticles 
compensates for this fact. As can be seen when comparing figure 3.7 to 3.9 the 
magnitude of the shifts are quite different. A Cholera Toxin Subunit B 
concentration of 0.83pM in the dark field scattering spectrum produced an LSPR 



47 

 

shift of 10.56nm. The UV-Visible experiments, at a Cholera Toxin Subunit B 
concentration of 0.83nM, produced an LSPR shift 0.085nm, which is a factor of 
1000 times higher in the Cholera Toxin Subunit B concentration and showing 
significantly lower LSPR shift associated with this Cholera Toxin Subunit B 
concentration.  

 
As mentioned previously the small number of molecules required to 

conduct detection assays, affinity measurements and binding curves when 
utilizing single particles, compared to solution based assays is one major 
advantage of the single particle design. This experiment did not seek to optimize 
this condition, but it is noted that the design of a proper flow cell using micro 
fluidics can exploit this advantage to a very high degree. For example micro 
fluidic chambers constructed with inner flow cell dimensions on the order of 1µm 
x 1µm x 1µm would allow the interrogation, in theory, of 1 single nanocube 
possessing a diameter of 100nm. The area of the bottom side of this chamber 
would allow less than 100 nanocubes to be immobilized to the underlying glass 
substrate. The actually number of molecules of Cholera Toxin Subunit B present 
in this microscopic volume of 1nL at a concentration of 0.83pM, would be 
approximately 748 molecules. While this is a theoretical treatment it illustrates 
that the use of single particle experiments can vastly decrease the amount of 
ligand necessary when running experiments in vanishingly small volumes and 
utilizing single nanoparticles. 
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4.1 Introduction 
 
 Backscattering interferometry is a versatile technique with an exquisite 
sensitivity to small changes in refractive index. Interferometry is one of the most 
sensitive optical interrogation methods known and has been used to screen 
molecular interactions in surface binding modes.1 The physical mechanism of 
back scattering interferometry (BSI) is based on an interference pattern 
generated between an incident light beam and a back scattered beam of light 
after it passes through a sample. Interference patters are generated based on 
the differences in the phases of the two light beams. For example if both light 
beams are completely in phase there would be a complete constructive 
interference pattern generated, whereas if both light beams were completely out 
of phase there would be complete destructive interference and loss of the light 
wave pattern. In practical measurements what we see is that the incident light 
beam when passing through the medium to be interrogated will undergo a phase 
change related to the differences in the refractive index of the two medium’s that 
the beam of light moves between. In most situations this will be the difference 
between the refractive index of air and the refractive index of the aqueous 
solution being interrogated, although this is not a requirement, it is the most 
common experimental arrangement. The difference in refractive indexes between 
the air and the liquid media the light travels thru will change the actual path 
length of the two light beams. This difference in path length leads to a change in 
the phase of the light beams relative to one another. The different phases of the 
light waves will interact to produce an interference fringe pattern as a result of 
constructive and destructive interference. This interference pattern can be 
projected onto a detector such as a CCD camera allowing for monitoring of 
changes in this interference pattern due to changes in the phase of each wave as 
the refractive index of one of the mediums changes. The changes in the 
refractive index of one of the medium’s can be a result of increasing the 
concentration of dissolved molecules, binding events between two molecules in 
solution, or even changes in the conformational shape of molecules such as 
proteins. Modeling of the physical mechanism behind the BSI optical 
phenomenon indicates that a multi-pass configuration leads to a long effective 
path-length and high sensitivity.1 The interference between the two light beams, 
will produce a fringe pattern which can be projected onto the 2-dimensional CCD 
camera pixel array. Bornhop et al. have shown that the ability of BSI to detect 
minute changes in refractive indexes can be measured with a resolution of limit 
of ΔRI = 10-6.1 This change in refractive index can be the result of a number of 
physical changes including the absorption of mass at a surface, the change in 
refractive index of a bulk solution as well as conformational changes in complex 
molecules.1 A illustration of a general interference pattern is shown in figure 4.1. 
While this is not illustrative of the backscattering interferometry experimental 



51 

 

arrangement, it does demonstrate the phenomenon of interference between two 
light waves of differing phase and the corresponding interference pattern 
generated as result of the difference in phase between the two interacting beams 
of light due to differences in the path length each beam travels. In the BSI the 
path length difference between these two beams of light will be a result of the 
different refractive index of the air from that of the solution the beam of light will 
be used to interrogate. As molecular binding events occur in solution, the 
refractive index changes that accompany these binding events will produce a 
further change in the relative phase of the two light beams and lead to a change 
in the generated fringe pattern as it appears at the CCD camera. These phase 
changes can be measured and used as an indication of binding events either in 
solution or at a surface. A calibration curve can be generated relating the relative 
phase changes observed to changes in the refractive index of the solution.   
 
 
 
 
 

 
 
Figure 4.1 – Interference Fringe Patterns. This is a depiction of an interference 
fringe pattern produced by the double slit experimental arrangement. The image 
was adapted from reference 4. 
 
  

In the backscattering interferometry arrangement, a small micro fluidic 
chamber is manufactured that allows for the reflection of light within the micro 
fluidic chamber many times. This allows the light beam to pass through sample 
with numerous passes and increases its effective path length leading to a higher 
sensitivity.1 Figure 4.2 is an example of a typical experimental arrangement for 
the BSI instrumentation. In this arrangement, a laser source is focused onto 
mirror that reflects the beam into a micro fluidic chamber containing the sample 
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being analyzed. After undergoing multiple passes through the medium, the beam 
of light emerges from the sample and spatially overlaps with the incident beam of 
light so an interference pattern is generated due to the difference in phase 
between the incident light beam and that of the reflected light beam after passing 
through the sample. The interference fringe pattern is projected onto a CCD 
camera detector. The fringe pattern contains a dominant Fourier frequency; the 
phase of this dominant frequency is the BSI fringe shift signal, in radians.2 
Fourier analysis of this fringe pattern reports on very small changes in refractive 
index that can be correlated in real time with receptor-ligand interactions 
occurring in solution or with species tethered to the micro fluidic channel surface 
without the use of contrast-enhancing label molecules of any kind.2 Spatial 
changes in interference fringes are measured in near real-time using high-
resolution interference fringes and a fast Fourier transform FFT. In the general 
case, a Fourier transform is defined as equation 4.1 

 
 

                                                         (4.1) 
 
 
  In equation 4.1 A(x) is the complex Fourier transform of the function 
a(x), F[x] is the Fourier transform operation, y is a spatial variable and f is a 
spatial frequency in the Fourier domain.2 For a given set of frequencies the 
calculation of the observed phase change is possible by evaluating the real and 
imaginary parts of the Fourier transform at a given frequency.2 By applying this 
equation to the interference fringe data acquired in during BSI experiments it is 
possible to calculate the change in the phase shift due to changes in the 
refractive index of the solution.  
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Figure 4.2 – Experimental Arrangement of a Typcial Backscattering 
Interferometer. This diagram illustrates the typical arrangement of 
instrumentation for a BSI experimental set up. The image is adapted from 
reference 1.  
  
 
 



54 

 

 
 
 
 
4.2 Materials and Methods 
 
 The backscattering interferometer was utilized in conjunction with 
supported lipid bilayer coated nanoparticles to evaluate the sensitivty of the BSI 
when coupled with plasmonic nanoparticles. Membrane encapsulated 
nanoparticles were produced according to the procedure in chapter 3. Cholera 
Toxin Subunit B was used as a model test system. Nanoparticles were 
synthesized according to the prodecure in chapter 2. The BSI instrumentation 
has been described previously by Dr. Michael Baksh of Georgia Tech who 
collaborated with us on these measurements.2 Bovine Serum Albumin (BSA), 
Streptavidin Affinity Purified, lyophilized from 10mM Potassium Phosphate and 
0.5mL centrifuge tubes were purchased from Sigma Aldrich. The following lipids 
were purchased from Avanti Polar Lipids (Alabaster, AL): 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC). Lyso-Monosialoganglioside GM1 (NH4

+salt) was 
purchased from Matreya LLC (Pleasant Gap, PA). Cholera Toxin B subunit ≥95% 
(SDS-PAGE), lyophilized powder was purchased from Sigma Aldrich.  
 
 
 
4.3 Backscattering Interferometry Measurements Using Nanocubes  
 
 In order to assess the lowest concentration of nanoparticles the BSI 
instrument is capable of detecting, a titration of nanoparticles was performed to 
evaluate the change in refractive index when various concentrations of supported 
lipid bilayer coated nanoparticles were exposed to cholera toxin subunit B at a 
constant concentration of 500nM. The supported lipid bilayer contained a 
constant GM1 composition of 1%. The goal here was to determine how small of a 
number of particles the BSI instrument is capable of detecting binding events at 
its surface. For comparison to the BSI’s required particles concentration, the UV-
Visible solution based spectroscopic measurements performed by Wu et al. used 
a concentration of approximately 1pM.3 The effective concentration of 
nanoparticles, where binding events between Cholera Toxin Subunit B and GM1 
at their surface were detectable, was explored using both a 632.8nm laser and a 
440nm laser. These wavelengths correspond to the dipolar and quadrapolar 
LSPR modes of the nanocubes. The phase shifts determined at various 
nanocube concentrations using the 440nm laser and the 632.8nm laser when 
performing the above experiments, are shown in figures 4.3 and 4.4 respectively.   
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Figure 4.3 – Cholera Toxin Subunit B Binding to GM1 as a Function of 
Nanocube Concentration Using a 440nm Laser. This plot illustrates the 
response of the BSI to the number of particles used in the detection of the 
binding of Cholera Toxin Subunit B to GM1 in a supported lipid bilayer. A 
constant Cholera Toxin Subunit B concentration of 500nM is used for all data 
points. A 440nm laser was used for illumination.  The y-axis illustrates the 
measured phase change for the binding of Cholera Toxin Subunit B.  
. 
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Figure 4.4 – Cholera Toxin Subunit B Binding to GM1 as a Function of 
Nanocube Concentration Using a 632.8nm Laser. This plot illustrates the 
response of the BSI instrument to the number of particles used in the detection of 
the binding of Cholera Toxin Subunit B to GM1 in a supported lipid bilayer. A 
constant Cholera Toxin Subunit B concentration of 500nM is used for all data 
points. A 632.8nm laser was used for illumination.  The y-axis illustrates the 
measured phase change for the binding of Cholera Toxin Subunit B.  
  



57 

 

 
The nanocube titration at a 500nM Cholera Toxin Subunit B concentration 

shows that is the BSI capable of detecting Cholera Toxin Subunit B binding to 
GM1 receptors in supported lipid bilayer encapsulated nanoparticles, at 
concentrations in the low femtomolar range. This is a nanoparticle concentration 
that is 1000 times lower than that used in UV-Visible spectroscopy 
measurements.3 In addition there appears to be a significant signal from the 
difference between the 632.8nm and 440nm laser arrangement for the BSI. This 
facet of the experiment is currently being further explored by Dr. Michael Baksh 
of Georgia Tech. Preliminary results suggest that the 440nm laser is capable of 
detecting binding of Cholera Toxin Subunit B to GM1 on membrane 
encapsulated nanoparticles in the 1-5fM range, while the 632.8nm laser does not 
detect binding until the 50fM range. This represents an addition 10 fold 
enhancement of the 440nm laser above the 632.8nm. The 440nm laser is 
probing the quadrapolar LSPR mode of the nanoparticles while the 632.8nm 
laser is probing the dipolar LSPR mode. As can be seen in figure 2.3, the 
quadrapolar LSPR mode has narrower full width at half maximum than the 
dipolar LSPR mode and hence has a much higher figure of merit as defined by 
equation 1.7. 

The binding of Cholera Toxin Subunit B to supported lipid bilayer 
encapsulated nanoparticles with a constant 1% GM1 composition was explored 
in addition to determine the sensitivity of the BSI when using the nanoparticle 
based assay. This titration was performed using the red laser (λ=632.8nm). The 
exploration of the blue lasers (λ=440nm) effective enhancement of this binding 
curve assays sensitivity is something we shall explore in future experiments. The 
632.8nm wavelength corresponds closely to the dipolar LSPR mode of the 
nanocube LSPR peak and we expect the results of the 440nm laser binding 
curve sensitivity to show an improvement over the minimum concentration of 
molecules necessary to produce a detectable signal from the BSI. This 
experiment will show that the incorporation of the nanoparticles into the BSI does 
indeed enhance the sensitivity of the instrument. To demonstrate this fact, we 
have performed a Cholera Toxin Subunit B binding curve titration on both SUVs 
and supported lipid bilayer coated nanoparticles. The lipid compositions of both 
the SUVS and nanoparticles consisted of 99% DOPC and 1% GM1. The 
concentration of nanoparticles used here was 10fM. The goal here was to 
determine the enhancement of the BSI sensitivity when measuring binding 
events at the nanoparticles surface relative to binding at the SUVs surface. It 
should be noted that the actual concentration of SUV was higher than that of the 
nanoparticles but the total number of GM1 binding sites was adjusted to be the 
same in both experiments.  
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Figure 4.5 – BSI Titration Curve for Cholera Toxin Subunit B Binding to 
GM1 on Bilayer Encapsulated Nanoparticles. The titration was performed 
using membrane encapsulated nanoparticles with a lipid composition of 99% 
DOPC and 1% GM1. 
 
 
 
 
 
 
 



59 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 4.6 – BSI Titration Curve for Cholera Toxin Subunit B Binding to 
GM1 on SUVs. The titration of Cholera Toxin Subunit B binding to GM1 
receptors was performed using single unilaminar vesicles (SUVs) with a lipid 
composition of 99% DOPC and 1% GM1.  
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The suggested enhancement of the BSI when used in conjunction with the 
nanoparticles sensitivity is seen in figure 4.5 and 4.6. As noted before, the 
concentration of nanoparticles necessary for nanoparticle binding measurements 
is significantly lower than for UV-Visible spectroscopy. In addition the number of 
SUVs used in the BSI measurements is also significantly higher than the actual 
number of particles present in solution. However, the phase shift, which is 
directly related to the mass change at the surface of the nanoparticles or SUVs 
respectively, is significantly higher at lower concentrations of Cholera Toxin 
Subunit B for the nanoparticle based BSI measurements in comparison to the 
SUV based measurements. At a Cholera Toxin Subunit B concentration of 
0.01nM or 10pM, the nanoparticles register a phase change of 0.000778 radians, 
while the SUVs essentially show no change at all. The overall phase changes, for 
the nanoparticle-based measurements, are much higher at the low 
concentrations of Cholera Toxin Subunit B, when compared to the SUV-based 
measurements. This can be seen by comparing the magnitude of phase change 
at the low concentration range of Cholera Toxin Subunit B for the nanoparticle-
based measurements to the SUV-based measurements shown in figures 4.5 and 
4.6. The phase change is correlated to changes in refractive index of the solution 
due to binding events occurring at the surface of the SUVs and nanoparticles.1 

The preliminary improvements in the detection levels of the BSI using 
nanoparticles is very promising and an exciting area of exploration for improving 
the BSI’s, already sensitive measurement abilities, as a solution-based, label-free 
detection method.   

In addition to the increased sensitivity provided by incorporating plasmonic 
nanoparticles into the BSI instrument, the reduced number of particles required 
when using nanoparticles as an alternative to SUVs for membrane binding 
experiments is of additional benefit. The reduced number of particles required 
when coupled to the small volume of sample required, when using the BSI, will 
drastically reduce the amount of sample required to perform each measurement.  
This is a considerable factor when samples are very precious or difficult to 
obtain. The typical volume required in a BSI experiment is 1µL, so that even 
without the use of nanoparticles, this platform allows sensitive measurements to 
be performed with very little sample. Nanocube-based BSI measurements will 
reduce this sample requirement even further. The number of particles that are 
being interrogated in 1µL of sample, with a nanocube concentration of 10fM, 
corresponds to approximately 6000 nanoparticles in solution. If the enhancement 
factor seen when using the blue 440nm laser, which was capable of detecting 
binding events for Cholera Toxin Subunit B at a constant concentration of 500nM 
in a solution of 3fM nanoparticles, is taken into account, the number of particles 
drops to approximately 1800 when interrogating an identical volume of sample. In 
comparison, the UV-Visible spectroscopy measurements, that utilize a working 
concentration of cubes in the 1pM range with a volume of 10µL, amounts to 
approximately 6 x 106 nanoparticles. Clearly the number of particles needed in 
the BSI is orders of magnitude smaller than that required when working with 
solution-based measurements using a UV-Visible spectrophotometer. While 
further work is needed on the development of the BSI platform for use with 
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plasmonic nanoparticles, it is clear that the instrument is capable of proving to be 
a very sensitive, label-free, solution-based assay with an incredibly low number 
of particles required to observe binding events.  
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