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 Imaging of biomolecules on the nano-scale is a crucial developing technology 

with major implications for our understanding of biological systems and for 

detection and therapy of disease.  Plasmonic nanoparticles are a key optical contrast 

agent whose signal is generated by the collective oscillation of electrons in the metal 

particle.  The resonance behavior of the electrons depends strongly on the 

arrangement of neighboring nanoparticles in a structure.  This property may be 

exploited in imaging applications to report information on nanoscale morphology of 

targeted biomolecules.  While the effect of plasmon resonance coupling has been 

studied in dimers and linear arrays of nanoparticles, this phenomenon remains 

largely unexplored in the case of 2D and 3D assemblies which are important in 

molecular cell imaging.  This dissertation demonstrates how the optical signal from 

assemblies of gold nanoparticles can be related to nanoscale morphology in cellular 

imaging systems.  First, the scattering spectra from live cells labeled with gold 
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nanoparticles were collected and compared to the nanoscale arrangement of the 

particles in the same cells as determined by electron micrograph.  Then, trends in 

scattering spectra with respect to nanoparticle arrangement were analyzed using a 

model system that allowed precise control over arrangement of nanoparticles. 

Several approaches to creating these model systems are discussed including 

biochemical linking, capillary assembly of colloidal particles, and direct deposition of 

gold onto substrates patterned by electron beam lithography.  Spectral properties of 

the assemblies including peak position, width, and intensity are gathered and related 

to model variables including interparticle gap and overall particle number.  It is 

shown that the redshift in the scattering spectra from nanoparticle assemblies is 

derived from both the particle number and the gap and is due to near-field coupling 

of particles as well as phase retardation of the scattered wave.  The redshift behavior 

saturates as the number of particles in the aggregate increases but the saturation 

point depends strongly on interparticle gap.  The drastic dependence of the red-shift 

saturation on the gap between nanoparticles has not been previously described; this 

phenomenon can have significant impact on the development of nanoparticle 

contrast agents and plasmonic sensor arrays. 
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1.  Introduction 

Improved methods to identify and describe cellular processes and 

biomolecular signaling pathways have been one of the most important advances in 

the biological sciences in recent decades.  By measuring intricate details of protein 

development, movement, and triggering we have begun to unravel the mysteries of 

the cell from its very core.  Beyond just contributing to general knowledge, these 

advances have had the practical impact of changing how science approaches the 

scourge of disease and in particular the cancer dilemma.  Cancer is, of course, one of 

the most costly and devastating diseases that mankind faces in the 21st century.  

Cancers of all types are the number two killer of Americans year by year [1].  The 

range of cancer causes and treatments comprises a wide spectrum but one certain 

commonality is that early detection and treatment can save lives [2].  The study of 

cancer genesis and progression at a sub-cellular level gives science hope that the 

disease can be identified and arrested in its earliest stages before it causes suffering 

and loss of life.   

Tissue that becomes cancerous exhibits changes in cellular behavior that 

allow unrestrained growth.  Common to all cancers are six identifiable changes: self-

sufficient growth signaling, insensitivity to inhibitory growth signals, unlimited 

potential for replication, active apoptosis (cell death) countermeasures, sustained 

angiogenesis, and metastasis [3].  If the pathways to one or more of the above 

changes can be disrupted, the possibility exists to stop cancer at the molecular level.  

Recent developments in biochemical studies of cancer have shown that there are 

specific biomarkers that are associated with cancerous or pre-cancerous cells that 

can differentiate them from normal cells.  One important example is the family of 
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receptor tyrosine kinases that includes HER1 (better known as epithelial growth 

factor receptor) and HER2.  Epithelial growth factor receptor (EGFR) may be 20 to 50 

times more abundant in epithelial cancer cells vs. normal cells [4].  HER2 is 

overexpressed in 25-30% of breast cancer cases [4].  Developing techniques to target 

and label these biomarkers serves a dual purpose:  it paves the way for a clinical in 

vivo detection scheme for cancerous areas (and their margins) and it allows the 

biologist to study the behavior of the complexes in the cell. 

As the development of monoclonal antibodies and other targeting agents 

continues, the search for appropriate signaling agents has also begun in earnest.  

Gold nanoparticles, which have been used for centuries as a decorative colorant and 

for decades as an electron microscope contrast agent, are currently enjoying a surge 

of interest because of their bright signal and many favorable biological properties.  

Nanoparticles as a class have novel advantages over their competitors because the 

signal is modified by environmental factors and by aggregation state.  This additional 

information provides detailed positional information instead of simply bulk quantity. 

The goal of this laboratory’s research is to find novel imaging solutions to 

detect early cancer pathways.  Gold nanoparticles are our primary focus because they 

can be conjugated to specifically targeted antibodies to enable us to observe 

molecular processes in real time.  The nanoparticles provide a clear and visible 

optical signal containing a wealth of information.  However, important questions 

need to be addressed before that information can be exploited to its fullest capacity. 

The thesis work presented here represents a two-step approach to the 

problem:  we first investigated how our targeted particles behave and organize in 

biological systems and then produced simplified models of those systems in a 

controllable environment to allow close and careful study.  The simplified models 
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provide a general understanding of the behavior of multi-particle aggregates that can 

be applied to aid in the interpretation of results from biological experiments. 

Chapter 2 provides background information on metal nanoparticles 

(particularly gold) and the theoretical analysis of their scattering behavior which 

creates such a rich signal.  Previous experimental work leading up to our own 

experiments is also described. 

Chapter 3 will discuss several experiments performed in our laboratory which 

employed targeted nanoparticles as an information-rich contrast agent to illuminate 

cellular processes in vitro.  These experiments were some of the first to explore the 

potential of correlating spectral signature with particle aggregation state in a living 

system.  Results from this chapter were published in 2 separate Nano Letters papers as 

well as Nature Protocols. 

Chapter 4 will discuss our first experimental models that attempted to re-

create the nanoparticle organization seen in biological samples but in a controlled 

and repeatable manner.  Our approaches included linking particles with biochemical 

bridges and utilizing patterned substrates filled by a convective assembly process 

with nanoparticles from solution.  Though promising, these approaches were 

ultimately abandoned in favor of the approach discussed in Chapter 5.  

 Chapter 5 describes our successful experimental realization of nanoparticle 

assemblies with controlled number and spacing.  The particle assemblies were 

created with metal deposition from vapor on lithographically patterned substrates.  

The spectral properties of these assemblies are tabulated and the overall behavior 

and applicability to the biological systems is discussed.   
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2. The Basics Of Molecular Specific Gold Nanoparticles 

Gold nanoparticles have enjoyed a surge of interest in recent years from the 

biological and nanomaterials research communities.  This interest should more 

correctly be termed a resurgence because small metal particles have historically been 

used in various applications dating back thousands of years.  The first practical use 

for small particles was undoubtedly as a dichroic agent in glass-working.  The 

Lycurgus Cup, now understood to be a rare and unique example of master 

glassblowing, is an ancient Roman chalice (created in the 4th century AD) which 

appears green in direct (i.e. scattered) light but glows red when illuminated with 

transmitted light [5].  In modern times, small metal particles have been used in 

applications such as molecular electronics [6], novel data storage [7], and negative 

index optical materials [8].  The biomedical applications (including use as imaging 

markers, drug delivery agents, or photothermal therapy agents) are just beginning to 

be explored.     

The influence of light on metal nanoparticles was shrouded in mystery until 

1857 when Michael Faraday began to address the problem [9].  The full treatment of 

light scattering from small particles was first put on rigorous theoretical grounding 

in the early 1900’s by Gustav Mie [10].  Further developments stemming from this 

breakthrough proceeded slowly but steadily through the 20th century.  The solution 

to Mie’s equations for complicated geometries (including multiple particles and 

symmetry-breaking [i.e. nonspherical] particles) is quite complicated and was 

underdeveloped (except for a few special cases) before the rise of modern 

computational power.  Current numerical and analytical methods have allowed 

theoreticians to tackle more realistic particles and thus contribute much needed 
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context for experimental uses of particles. This chapter begins with a brief discussion 

of Mie theory that continues into modern methods of tackling more complicated 

nanoparticle arrangements.  These calculations provide a guideline for our 

experimental results in future chapters.  The chapter proceeds to a discussion of the 

results of previous experiments exploring nanoparticle coupling and use as a 

contrast agent.  These experiments laid the groundwork for our own advances in in 

vivo imaging. 

2.1 THEORETICAL DESCRIPTION OF LIGHT SCATTERING FROM SMALL PARTICLES 

The theoretical description of light scattering from small particles has a long 

history dating back to the early 20th century and the work of Gustav Mie [10].  Mie's 

work produced the first complete theoretical description of light scattering from 

small particles.  His formalism can be applied in principle to all particles regardless of 

size or dielectric properties.  In the special case of alkali and noble metals, a rather 

unique complex dielectric permittivity of the material meets the necessary 

conditions to create resonant scattering.  In this section I will briefly describe Mie's 

formalism and the dependence of scattering on material properties.  I will also briefly 

discuss extending the theoretical framework to the problem of many interacting 

particles (often described as “aggregates” or “assemblies” in this dissertation) and 

characterizing the dependence of the optical signal on aggregate properties such as 

number and interparticle spacing.  In an experiment oriented dissertation, this 

theoretical discussion will necessarily be merely the tip of the iceberg; several 

excellent resources exist that can give a more complete picture [11-13]. 
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Our first goal is to obtain analytical expressions for the optical cross sections 

(both scattering and absorption) of a small spherical scatterer excited by an incoming 

plane wave.  The opening steps are very familiar from physics graduate coursework: 

we must solve the wave equation in spherical polar coordinates 

 Δ� � |�|�� � 0 (2.1) 

where � is a scalar wave function which must yield vector wave fields that satisfy 

Maxwell’s equations.  The problem is made substantially easier at the outset by 

expressing the incoming wave as a summation of partial wave modes in the form of 

spherical Bessel functions.  The scattered wave is solved for by breaking the problem 

into domains inside and outside the particle joined by appropriate electromagnetic 

boundary conditions.  We must discard non-physical solutions such as those that are 

directed inward instead of away from the particle.  From the solved field equations in 

the far-field zone we can extrapolate amplitude functions that serve as the core 

components of the cross section equations.  The expressions for the extinction and 

scattering cross sections are: 

 	
�� �
2�
|�|���2� � 1������ � ���

∞

���
 (2.2) 

 	��� �
2�
|�|���2� � 1��|��|� � |��|��

∞

���
 (2.3) 

where k is the wavenumber, L is the normal mode (and order of spherical harmonic),  

and aL and bL are: 
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In equations (2.4) and (2.5) m is the complex refractive index of the sphere 

reduced by the surrounding medium, x = |k|R is the size parameter, ���!� and $��!� 
are Riccati-Bessel cylindrical functions, and the prime symbol indicates 

differentiation with respect to the argument. 

With these equations, it is now possible to examine in more detail why the 

complex refractive index of certain metals creates the proper conditions for resonant 

scattering.  To simplify the discussion, we will use only the first dipole partial wave 

term for the extinction cross section.  This corresponds to what is often known as the 

quasi-static approximation and from a physical standpoint means that the effects of 

higher multipoles and phase retardation of the waves across the particle's diameter 

are both negligible.  To fulfill this condition, the particle's radius must be much less 

than the excitation wavelength (r << λ) and this condition is certainly violated in 

much of the work with which this dissertation is concerned.  However, it is a 

convenient entry point.  In the quasi-static approximation the extinction cross 

section becomes: 
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where ω is the angular frequency of the light,  (1�%� and (2�%� are, 

respectively, the frequency dependent real and imaginary components of the 
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dielectric permittivity, and () is the permittivity of the surrounding medium.  

Immediately, we can see that if there is a frequency such that the denominator of 

Equation (2.6) is nearly zero the extinction cross section will become very large.  In 

the case of certain metals such as gold and silver, the dielectric properties are such 

that this resonance occurs in the frequency range of visible light whereas other 

metals such as copper, for example, have a resonance in the infrared.   

In the previous paragraph, I alluded to the fact that the quasi-static 

approximation cannot be supported in most of the real-world experiments we are 

pursuing.  In this regime the electrons in the particle are confined to a very small 

volume and can react to the incoming electric field instantaneously.  Thus, for the 

very smallest particles (r<5nm) the peak wavelength for absorption and scattering is 

nearly independent of the radius of the particle.  However, as we examine particles of 

larger size, the influence of phase retardation across the particle begins to express 

itself.  Indeed, quadrupolar and octupolar scattering modes become at least as 

significant as the basic dipolar mode and as the size increases they become much 

more important.  As a result of the excitation of these modes, the resonance peak 

position and peak width for cross sections shifts to longer wavelengths.  Some visual 

examples of colloidal solutions composed of various sizes of gold nanoparticle are 

shown in Figure 1.  The spectra clearly show that as the size of the particle increases, 

the plasmon resonance shift to redder wavelengths.  In addition to particle size, 

particle shape also plays a very important role.  By changing the volume to which the 

electrons are confined (as in nanoshells [14]) or by creating sharp edges which can 
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locally focus the electric field (as in nanocubes [15], nanostars [16, 17], or shapes with 

sharp edges), the optical response of the object is radically changed.  Examining the 

TEM of the 40nm particles in Figure 1, we see many particles with rod-like or 

ellipsoidal shape.  The broadened spectrum for the 40nm particle case is a direct 

result of this unusual shape distribution.   

 

Figure 1: The extinction cross section of gold nanoparticles depends strongly on the size of the 
particle.  (Upper left) A true color picture of gold nanoparticles of various size.  
(Upper right) Spectra acquired with a UV-Vis spectrometer of a sample of each 
particle type.  Note the red shift effect as the particle size grows.  (Bottom) TEM 
pictures of particles of various sizes.  The author acknowledges Justina Tam for 
help preparing this figure. 
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Figure 2: A pictorial of the effect of an incoming light wave on a nanoparticle pair. If the electric 
field is oriented parallel to the interparticle axis (A) the charge configuration 
conspires to lower the energy of the output scattering (shifts to redder 
wavelengths) whereas a perpendicular configuration actually slightly shifts to 
higher energy (bluer wavelengths).  In practice the incoming wave will be a 
superposition of these cases. 

Aside from single particle morphology and size, the other very important 

factor affecting the scattered spectrum is electromagnetic coupling of proximate 

particles.  A simple two-particle (or dimer) system can be used to illustrate how 

coupling between neighbors influences the electron system.  Two particles and an 

incoming light wave are depicted in Figure 2.  When the light impinges on each 

particle, it causes the electrons in the particle to move in response.  This induces a 

momentary dipole (in fact, a multipole for large enough particles) in each particle.  

The induced charge separation of each particle will affect the other particle in the 

vicinity by changing the restoring force and this energy change causes a shift in the 

total spectrum from both particles when compared to an isolated particle.  It is 

important to note that this interparticle crosstalk rapidly increases in strength as the 

distance between neighboring particles becomes smaller.  The character of the shift 

is determined by the polarization properties of the incoming light.  The two cases 
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depicted in Figure 2 are extreme examples.  We may develop a qualitative 

understanding of the shift by visualizing the movement of the electron clouds in each 

particle.  In case (A), the electric field is aligned with the axis defined by the line 

connecting the particle centers.  As the oscillating electric field interacts with the 

particles, the excess negative charge formed on one particle edge is directly adjacent 

to the net positive charge edge of the neighboring particle.  The attractive force that 

develops reduces the restoring forces felt by the surface charges.  As a result, the 

resonant frequency is lowered and the spectrum is shifted to redder wavelengths.  In 

case (B), the electric field is orthogonal to the axis connecting the particle centers.  

Here, the charges actually reinforce the restoring forces as the electrons pile up on 

the same edge for both particles.  The coupling between one particle’s negative side 

and the other’s positive side is very small while the repulsive force between electrons 

on neighboring particles is increased.  Therefore, the spectrum in fact shifts to a 

higher resonant frequency (meaning a bluer wavelength).  For random polarizations, 

the total output spectrum will be a superposition of these two cases.  However, as 

compared to the redshift in case (A), the blueshift in case (B) is not particularly large 

even for particles at closest approach.  The redshift tends to dominate and as a result 

in the literature one sees a definite emphasis on the redshifted peak used as the 

primary signifier of coupling.  (Incidentally, this thought experiment bears some 

analogue to two atoms forming a molecular system [18].)  Figure 3 shows a typical 

spectrum for a single 60nm gold particle and a pair of closely spaced gold particles.  
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Note that the spectrum for the pair contains both a red- and blue-shifted peak and 

the blue-shifted peak is much weaker as described above. 

 

Figure 3: Extinction signal as a function of wavelength for a single 60nm gold nanoparticle vs. a 
nanoparticle aggregate 

From a theoretical perspective, the simplest case to model is a particle pair 

but of course in real experiments it is certain that aggregates with more than two 

particles will be generated.  Methods for extending theoretical calculations of 

scattering to groups of more than two particles is an area that is receiving renewed 

interest in recent times thanks to the greater computational power now available.  

Solving the scattering problem for multiple particles can be approached both 
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numerically and analytically.  The most popular method for calculating the field 

distribution map numerically is the finite-difference time-domain method (FDTD).  

Several groups have made code available on the internet to perform these 

calculations and there is at least one commercially available product from Lumerical 

Solutions Incorporated [19].  In this method, a volume surrounding the particle (or 

particles) is defined and in that volume a three-dimensional mesh is overlaid.  The 

electromagnetic properties of the particle and surrounding medium are specified at 

each grid point.   The field is calculated at each grid point at a chosen time step as the 

incoming wave approaches and passes.  By judicious choice of time and length step 

sizes, the field is described discretely as it impinges on the particles and as the 

outgoing field is radiated away.  Increasing the density of mesh points improves the 

accuracy of the simulation at a cost of computational time.  One of the great 

advantages of this method is that the shape and configuration of the objects chosen 

can be completely arbitrary because the field values are being calculated directly at 

each point in space.  Unfortunately, the method is known to be less accurate than 

analytical counterparts and calculating structures with more than a few particles is 

not altogether feasible (the number of mesh points to keep the needed accuracy on a 

structure so large is too great).  A second numerical method is the Discrete Dipole 

Approximation (DDA) calculation.  In this method, the extended material is 

discretized into an array of polarizable points.  As the electric field interacts with this 

field of points, so do their dipole moments interact with each other and mimic the 

scattering behavior of the total continuous system [20].  This method can be 
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relatively easy to implement using packages available on the internet but it is still 

nonetheless computationally intensive [21].  Additionally, the resulting spectra from 

DDA are often inaccurate by several percent when compared to the full theoretical 

Mie solution. 

The alternative analytical methods used are quite powerful and are derived 

from the T-Matrix approach which was first described in 1965 [22].  The T-matrix 

name refers to the idea of a “transfer matrix” that transforms an expression for the 

incident fields into an expression for the scattered fields.  By representing the fields 

as column vectors containing the coefficients of vector spherical wave functions and 

connecting them with the T-matrix, we can create a massive linear algebra problem 

to be solved in the computer.  Representationally, the Mie scattering problem is 

solved individually for each particle in the ensemble but with additional terms 

representing the fields from each of the other particles.  This system of equations is 

then solved simultaneously to find the total outgoing wave.  The T-matrix approach 

is very powerful but does have several limitations.  It can be tricky to formulate the 

initial problem and as with other techniques it can be difficult to scale up to 

aggregates made of large radius particles and/or large numbers of particles due to 

the additional partial wave terms needed to converge on an accurate solution.  The 

theoretical effort and development of T-Matrix codes in our research group is headed 

by Kort Travis and all quoted theoretical results from our lab in this dissertation 

come from his work.  Specific information regarding implementation can be found in 

his master’s thesis [23] and forthcoming dissertation.   
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As the number of particles in the aggregate increases and their configuration 

becomes more complicated the scattering spectrum accordingly becomes more 

interesting and difficult to predict.  In the ideal case, the theoretical model would 

provide support to the experimenter by predicting spectral shapes that can be 

matched to unique arrangements of particles.  Due to the immense range of variables 

(spacing, size, number), in reality the theoretical support will likely come in the form 

of trend information that can describe how features of the spectrum (such as peak 

intensity, peak scattering wavelength, or spectral width) behave in general as a 

function of the particle arrangement in space.   

2.2 GOLD NANOPARTICLES:  EXPERIMENTAL CONSIDERATIONS 

Nanoscience and related applications have rapidly matured as a robust field of 

study over the last two decades.  The field has been driven forward in part thanks to 

the expanding variety of nanoscale materials available from semiconductors to 

polymers to purely elemental substances.  Given such a range of choices, our choice 

of gold nanoparticles as primary agent bears discussion.  Among all possible agents, 

gold nanoparticles in particular have several very favorable properties.  There is a 

long and established history of using sub-5nm gold particles as a contrast and 

labeling agent for electron microscopy [24].  When used in conjunction with 

immunohistochemistry techniques, it is often termed “immunogold”.  Gold 

nanoparticles are largely bio-compatible and non-cytotoxic which is an important 

property for work in vitro and in vivo [25].  Unlike similar metals such as silver, 
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copper, or aluminum, gold exhibits surface plasmon resonances in the visible and 

near infrared (NIR) wavelength range.  By working in the visible range we can not 

only quantify the spectral changes with standard microscope and CCD elements but 

we can also qualify the changes with the human eye.  By extension, any assays 

developed using gold nanoparticles allow state changes to be seen directly and 

immediately without the need for post-processing.  Gold is also largely shelf stable in 

colloidal form and is relatively cheap to synthesize.  

It is worthwhile to briefly point out the specific benefits and drawbacks of 

metal nanoparticles as compared to other popular contrast agents currently under 

study.  Fluorescent dyes are a popular alternative to nanoparticles and have been 

commonly used as labels for years.  However, a significant downside to fluorescent 

labeling arises from the fact that dyes are subject to photobleaching.  Photobleaching 

describes what happens as the electrons that are creating the light emission become 

trapped in unpumped energy states and no longer fluoresce.  This behavior can 

complicate or completely obstruct studies that require long periods of acquisition 

time.  Metal nanoparticles, on the other hand, do not suffer from a photobleaching 

effect because they rely on plasmonic scattering from the particle which does not 

deplete the available population of scatterers.  Quantum dots are another alternate 

contrast agent receiving attention in experimental work.  Though they provide a 

bright signal and can be modified to add targeting moieties, they are generally 

composed of bio-toxic heavy metal components such as selenium and cadmium and 

thus are generally not suitable for biological work without protective bio-compatible 
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coating layers.  Unfortunately, these additional layers often compromise the 

quantum dot’s key asset which is its small size.  Additionally, neither fluorescent dyes 

nor quantum dots exhibit the full range of sensing capabilities available to 

nanoparticles because they lack interdistance sensitivity. 

Production of nanoparticles can occur by a variety of methods that fall into 

two broad categories:  top-down and bottom-up.  Top-down production produces 

nanoscale samples by crushing, ablating, or otherwise reducing a macroscopic 

sample in a directed way.  Bottom-up production involves building up to a nanoscale 

object by condensing atomic building blocks.  Our research has focused solely on 

producing particles using bottom-up methodologies.  Bottom-up processes produce 

large quantities of particles for a very low price and the end product is suitably 

arranged for easy application to biological experiments (suspended in solution) or 

rapid prototyping (immobilized on a surface).  Our two favored bottom-up methods 

are reduction of gold acid to produce a colloidal solution of nanoparticles and 

evaporation of solid gold wire (combined with lithography).  Our particular recipes to 

create nanoparticles will be discussed in their respective chapters to come.  

Nanoparticles are attractive in bulk as a solution based sensor to detect small 

quantities of material.  There are multiple approaches to conjugating organic 

molecules to the nanoparticle surface; the desired result is a sturdy bond between 

molecules and metal that transforms the nanoparticle unit into a targeting label that 

can then bind to the analyte of interest.  The color change of a nanoparticle solution 

upon aggregation has been used directly as an assay to detect the presence of small 
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quantities of analytes including such diverse specimens as anthrax lethal toxin [26], 

lithium ions [27], hydrogen peroxide [28], and polynucleotides [29].  However, the 

truly exciting applications for nanoparticles are in the area of single nanoparticle 

imaging.  This does not necessarily mean exactly one particle but instead refers to a 

microscopic imaging approach that considers nanoparticles and nanoparticle clusters 

as individual entities rather than examining a solution as an ensemble.  The 

microscopic approach allows the experimenter to get important information about 

the local environment and localized state changes on an individual basis. 

Another simple optical detection system senses changes in the environment 

surrounding a single nanoparticle.  As described briefly in Chapter 2, the 

nanoparticle scattering profile depends on the material parameters but also the 

refractive index of the surrounding medium.  In this setup, one can measure the variable 

of interest if it can be connected in some way to changes in the medium in the very 

near field of these nanoparticles.  For example, these experiments can be sensitive to 

conformational changes of conjugated proteins if one state brings most of the 

material close to the nanoparticle surface while the other state extends the structure 

away from the particle [30].  These two different states create a different local 

refractive index “seen” by the particle and will shift the reflectance spectrum by 

several nanometers which (though small) is detectable with modern spectroscopic 

systems.  The refractive index sensing technique has also been used to characterize 

the length of a DNA pair bound to the particle surface as the length is changed by 

enzymatic action [31] and to probe the local refractive index of intracellular 
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compartments in living cells [32].  Gold nanoparticles are also sensitive to changes in 

the local electrical environment; this property has been used to detect living neuron 

activity [33].   

 

Figure 4: An illustration of the wavelength shift experienced by closely spaced particles.  In (A), 
the difference between plasmonic gold nanoparticles and simple polystyrene 
beads of comparable size is shown.  Without the special properties of the metal 
one merely sees a simple monotonic decrease in intensity associated with simple 
Rayleigh scattering [34].  In (B), isolated gold particles are shown along with gold 
particles that have been induced to aggregate.  The signal intensity and peak 
width have both increased and a clear redshift has occurred.  Adapted from [35]. 

A very influential biological application of nanoparticle imaging uses the 

detectable optical difference between separated and coupled particles to determine 

when a binding event has occurred in a biological system.  Figure 4 illustrates a 

general case where the aggregation of gold nanoparticles has produced several clear 

spectral differences including intensity, peak position and peak width.  In a typical 

formulation, each of the two parts of a complimentary pair system (such as 

complimentary strands of DNA or the avidin/biotin complex) is conjugated to metal 

nanoparticles.  Often, one half of the pair system is fixed in place to make the 

experiment easier to track over time.  The other half of the pair is introduced to the 
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apparatus and when a suspended particle binds to the immobile particle there is a 

distinctive color change [36].  A similar experiment has been shown to image binding 

processes on a live cell surface [37].  An important extension to this experimental 

technique is to be able to use the observed spectrum to derive information about the 

actual spacing between the nanoparticles and therefore the distance between two 

elements of concern.  This experimental method is an analogue of the Förster (or 

Fluorescence) Resonance Energy Transfer (FRET) technique using fluorescent dye 

molecules.  FRET is an imaging technique that relies on the emission from a “donor” 

dye to pump a second “acceptor” dye.  This process is highly dependent on the 

distance between fluorophores (the efficiency depends on the inverse sixth power of 

the distance) and therefore the signal intensity gives a strong indication of the 

distance between two targets separated by nanometers.  Though FRET is a widely 

used and accepted technique, there are some limitations including photobleaching 

and blinking effects in the dyes as well as low overall signal [38].  In addition to these 

problems, the greatest limitation is that the sensing range is limited to the maximum 

effective distance between fluorophores which is only 100Å [39].  Some groups have 

proposed to overcome these limitations by using metal nanoparticles to enhance the 

fluorescent output of the dyes [39-41].  On the other hand, a fully nanoparticle based 

detection scheme has the potential to access much longer detection distances with 

ease.  FRET-like distance measurements have been performed using the avidin-biotin 

complex as the linking element between the particle pair [36].  The same research 

group further refined the approach by using multiple lengths of complementary DNA 
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segments as the linking elements [38].  This creates a calibration scale for the 

spectral shift as a function of DNA length (which is known relatively accurately).  

Furthermore, by monitoring the signal of the nanoparticle pair over time as DNA 

bends and cleaves the group was able to validate previously obtained information 

about the motion of the DNA as well as uncover new information about DNA stiffness 

[42].  

The experiments described up to this point have largely used particles in 

solution and had a strong relationship with biological application.  A related subset of 

experiments has developed the trade of creating nanoparticles on a clean substrate 

to measure nanoparticle coupling properties.  These spacing experiments combine 

nanolithography and metal deposition to create resonant nanostructures on a 

surface.  Several studies have measured the spectral signature of large regular arrays 

of cylindrical metal nanoparticles with individual particle sizes ranging from 80-

400nm [43, 44].   In these studies the spacing between neighboring particles is often 

systematically varied to observe the resulting effect.  Additionally, much effort has 

gone towards describing the scattering properties of pairs of particles including 

polarization effects [45-47].  The crossover from minimally separated to electrically 

linked ("necking") particles has been explored [48].  One seminal work developed a 

"plasmon ruler" equation by fitting several experimental results to a model which 

allows one to calculate the expected wavelength shift given a pair of particles of 

known size [49].  This work was subsequently expanded using theoretical methods to 

nanoshells [50] and trimer systems [51].  Still other studies focus on using stable 
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nanopillars (singles and dimers) to enhance single molecule detection [52] or 

fluorescent dye radiative decay rates [53].  Importantly, no studies expand the 

experimental work neither to large numbers of coupled particles nor to 2-

dimensional structures of closely coupled particles.  Our work is intended to remedy 

this gap in the experimental landscape. 

The best plasmon ruler techniques (whether substrate- or solution-based) 

should have sensitivity to the distance relationships between large numbers of 

particles (with each particle attached to some material to be probed).  Although 

experiments using this technique must necessarily have low measurement precision 

due to the ensemble nature, they gain the ability to observe the motion and both 

absolute and relative locations of many objects simultaneously.  These methods are 

especially well attuned to the “messier” studies of living systems because cell 

components are constantly in motion and usually have a large number of analytes 

condensed in a small volume.  Tentative steps have been made towards a full 

realization of this technique.  Our own research group has observed the color-shift of 

particles coming together in bunches as they are trafficked in live cells.  The particles 

are attached to epithelial growth factor receptors [54, 55] or to actin fibers in the cell 

[56] and they are monitored as the normal life cycle proceeds (these experiments are 

described in much more detail in Chapter 3).  Other groups have explored the 

dynamics of silver nanoparticles in neuroblastomas [57].   

This technique has potential to provide detailed information about intra- and 

extra-cellular processes in real time using only an optical microscope and 
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spectrometer.  However, the interpretation of the data is certainly complex and 

poorly understood and correlation to other methodologies (such as electron 

microscopy) is essential.  The remainder of the thesis tackles these problems in 

detail.  
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3. Investigating Active Processes in Cells Using Molecularly Targeted 
Gold Nanoparticles 

In previous chapters, I have convinced you of the promising aspects of using 

nanoparticles as contrast agents for imaging.  One excellent use of the coupling 

properties of particles is to study dynamic processes at the molecular level in cells as 

they occur [54, 58-60].  The format of these experiments is to apply nanoparticles 

targeted to molecular components of the cell and then monitor the resulting optical 

scattering signals.  As the molecules proceed through their life cycle, the attached 

particles will aggregate and/or de-aggregate and this will produce a change in the 

local scattering properties.  The potential to extract highly detailed real-time spatial 

information from the nanoparticle scattering signal has largely remained unrealized 

because it is a very complicated inverse problem (i.e. to determine particle location 

and orientation knowing only the scattered spectrum).  In this chapter, we propose 

to begin addressing this problem by associating the scattering signal in cellular 

experiments to nanoparticle configurations obtained by electron microscopy.   

I will discuss two experiments performed in this laboratory that exploit the 

spectral differences among isolated and several different configurations of coupled 

nanoparticles to illuminate molecular processes that happen on a sub-wavelength 

scale.  In the first experiment, gold particles targeted to EGFR on the surface of 

cancer cells were observed as the receptors went through the EGFR activation cycle 

[55].  In the second experiment, gold particles were targeted to actin filaments inside 

the cell using a novel mechanism to pass the particles through the cell membrane 
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[56].  In both cases, spectral information at each point in the cell was obtained 

throughout the entire experiment.  To aid in the analysis of this spectral information, 

the cells were fixed, embedded, and thinly sectioned to allow examination of the 

particles’ aggregation state via electron microscopy.  This verification step is 

important to help interpret the spectral data and also provides the initial conditions 

from which to solve the forward problem (of determining spectra from known 

nanoparticle arrangement) in future chapters. 

3.1 INVESTIGATING THE EGFR DIMERIZATION PATHWAY WITH NOVEL COUPLED NANOPARTICLE 

AGENTS 

Epithelial growth factor receptor (EGFR) is a transmembrane glycoprotein 

that plays a role in regulating epithelial cell growth and proliferation [4, 61].  

Epithelial cells that have become cancerous have been shown to have as much as 20-

50 times the normal amount of EGFR on each cell's surface [4].  However, EGFR is 

more than simply a bellwether for cancerous activity; experiments suggest that the 

presence of extra EGFR allows tumors to grow and metastasize at a very high rate [62, 

63].  The EGFR signaling pathway begins when EGF or certain other proteins bind to 

the extracellular portion of the EGFR complex.  These combined units then move 

about the cellular membrane until two come into close enough proximity to engage 

the next step:  homo- or hetero-dimerization [64, 65].  The dimerized units then begin 

to be internalized into endosomes.  At this point the true molecular signaling cascade 

occurs on the intracellular domain of the EGFR.  The pathway is quite complicated 

and fuller detail can be found in other references but the result of the signal 
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transduction cascade affects processes from gene expression to angiogenesis and 

avoidance of apoptosis [4, 66].  As the life cycle of the EGFR itself proceeds, the dimer-

containing endosomes slowly begin to merge together and over time create multi-

vesicular bodies [67, 68].  Eventually the multi-vesicular bodies are attacked and 

digested by lysosomes within the cell and the EGFR itself is recycled and returned to 

the cellular membrane [69].  By deploying gold nanoparticles conjugated to 

monoclonal antibodies which target EGFR, we can selectively label the EGFR 

molecules and track the evolution of the signal through the cell's lifetime.  The 

experiment described in this chapter will demonstrate that it may be possible to 

follow the EGFR life-cycle in real time by visualizing and then interpreting the 

scattering signal from these gold nanoparticles attached to the receptors.   

The EGFR life cycle in cells is punctuated by several distinct stages that evolve 

over the timescale of hours [70].  Our goal in the experiment is to correlate the 

optical signal during each of these stages with the actual clustering state of the EGFR 

molecules and hence to that specific part of the cycle.  An important verification step 

is to fix the cells at each time point of interest and examine the nanoparticle 

organization with electron microscopy.  Therefore, the experimental design was 

crucial to facilitate comparison of optical results with results from electron 

microscopy.  To ensure uniform examples of cell behavior (and thus many good 

examples to find in the electron microscope), our experimental design used 

temperature as a proxy variable for time.  It has been shown that endocytosis is 

nearly stopped at 4°C, exists but is stunted at room temperature (25°C), and proceeds 
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to completion at 37°C [71].  Therefore, the cells were exposed to the gold nanoparticle 

conjugates at each of those temperatures for one hour.  They were then chemically 

fixed which froze the cell processes in time and enabled optical microscopy and 

spectroscopy on an unlimited time scale.   

Figure 5 shows several sample images from just such an experiment.  In (A) 

the cell was maintained at 4°C throughout the experiment.  In addition to the bluish 

hue indicative of the cell itself, there are clear traces of a greenish color especially in 

the filopodia and the cell membrane.  The green color is most prominent around the 

outside edge of the cell where the path length is thin and there is no intrinsic cell 

signal to overwhelm the signal from the nanoparticles.  The single pixel spectrum 

depicted in (D) shows a peak at approximately 546nm.  Our interpretation is that the 

particles have connected with EGF receptors on the cell surface but due to the low 

temperature their mobility is low and they cannot come together to initiate the cycle.  

In (B), the cell was maintained at 25°C throughout the experiment and the color is a 

very predominant yellow.  At this temperature, the particles should have become 

paired and endocytosis begun through the point where early endosomes are created 

which would create small aggregates of particles.  The yellow color (peak of 576nm in 

(E)) supports this hypothesis because the particle aggregates should have a redshifted 

signal relative to single particles.  Finally, the cell in image (C) was maintained at 

37°C during the experiment.  At this biological temperature, the particles will have 

undergone the entire EGFR life cycle before the cell was fixed and indeed the color in 

some pockets appears to have redshifted even further than in case (B).  Orange and 
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red color highlights are clearly visible in the cell (peak of 601nm in (F)) indicating 

that the particles have indeed formed even larger particle assemblies. 

 

Figure 5: Examples of cell labeling at different temperatures.  Darkfield transmission mode 
imaging of A-431 cells labeled with EGFR contrast agents at 4°C (a), 25°C (b), and 
37°C (c), each for 60 minutes. At 4°C (a), nanoparticles appear to be localized near 
the cell membrane, and display a mainly green scattering profile. At 25°C (b), 
particles appear yellow, with some evidence of internalization. Finally, at 37°C (c), 
particles appear mainly within the peri-nuclear areas of the cell, and display a 
red shifted scattering profile relative to samples shown in (a) and (b).  
Hyperspectral images were acquired from identical cells and representative 
single pixel intensities are shown (4°C (d), 25°C (e), 37°C (f)).  The author 
gratefully acknowledges Jesse Aaron for the cell experiments and the use of these 
images.  Adapted from [55]. 

To get a clear picture of the real organization of these nanoparticles inside 

and on the surface of the cells, a high-resolution technique such as transmission 

electron microscopy is required.  By its very nature, the TEM imaging chamber 

presents a harsh environment that is not suitable for biological samples.  The 

chamber must be under high vacuum to allow the energetic electrons a very high 

mean free path but the high vacuum will damage and deform unsupported soft 
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tissues.  Also, the sample must be no thicker than a few hundred nanometers or the 

electrons will not be able to penetrate the sample and reach the detector.  Therefore, 

careful processing and cross-sectional slicing of the cell must be performed.  The 

tried-and-true method historically to image soft tissue is to stain and embed in an 

epoxy-like medium which can be finely sectioned without crushing or altering the 

specimen.  

An identical copy of the experiment was performed in parallel with the 

original but the cells were grown on 1 inch diameter discs of Aclar film (Electron 

Microscopy Sciences) instead of glass cover slips.  Rather than being spectrally 

imaged, these cells were destined to be embedded and the Aclar film is specially 

developed to support cell growth but also to easily peel away from the embedding 

medium and leave a clean flat surface.  (Glass, on the other hand, will leave shards in 

the embedding medium after removal which can damage the edge of the microtome 

knife.)  The cells were fixed in a combination of cold 2% glutaraldeyde and 1% 

paraformaldehyde in 1x strength PBS and then washed several times.  The cells were 

then exposed to 2% osmium tetroxide (a common electron microscopy staining 

agent) for 10 minutes followed by 2 more wash steps.  The osmium tetroxide, which 

reacts with organic molecules in the cell and is reduced to metallic osmium, is an 

excellent electron absorber due to its large molecular weight [24].  The staining 

creates the contrast necessary to observe the cell components.  Before being 

embedded in epoxy, the cells underwent a series of baths (see Table 1 for full details) 

designed to first gradually dehydrate the cell and then to aid the infiltration of the 
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epoxy mixture.  At the final step of this process, the Aclar disc containing the cells is 

placed into a lid from a 35mm film capsule and covered in epoxy.  For these 

experiments we chose an epoxy known as EMbed-812.  This modern replacement for 

the discontinued Epon-812 has been used for biological embedding for many years.  

The lid containing film and epoxy is baked at 60°C for at least 14 hours (longer is 

acceptable).  The final heating step crosslinks the epoxy and creates a hard block that 

may be sectioned with a diamond knife.   

Time 10 minutes 2 hours over
nigh
t 

14 hrs @ 
60°C 

Buffer (PBS 
or HEPES) 

1 1         

Ethanol 1 3 1 1       
Acetone     1 1 2 1   
Epon-812       1 2 1 1 

Table 1:  Steps from dehydration to embedded sample.  The numbers represent proportions in a 
ratio (for example, 1:1 ratio of buffer to ethanol).  The final step in the oven 
hardens the resin. 

The next step is to prepare the epoxy block for ultra-sectioning.  The Aclar 

film was peeled away from the block which exposes a flat surface with cells 

immediately underneath.  Using a simple 10x or 20x light microscope, a visual 

inspection of the block helped locate an appropriate area of high cell density to 

remove and prepare for sectioning.  A small piece of the block from this area is cut 

out with a saw and mounted with super glue on a post to facilitate mounting in the 

ultramicrotome (Leica UltraCut UCT).  Because the cells are located immediately 

below the flat surface left after the Aclar was peeled away, there was very minimal 
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trimming or facing to be performed.  The flat block face was simply trimmed to 

approximately 1mm X 2mm to capture as many cells as possible in the section area 

while also being small enough to easily fit onto our 1.5mm diamond knife blade.  The 

first sections were typically cut 200-300nm thick to again verify in a light microscope 

that there were enough cells in the region to justify continuing to finer slices.  To 

optically view these thick sections, they were fished from the water and placed on a 

glass slide.  The drop of water containing the section was dried on a hotplate at 200°C 

and a drop of Paragon dye (a mixture of toluidine blue and basic fuchsin) was placed 

on the section and allowed to heat until the edges of the drop had dried and become 

somewhat iridescent.  Paragon is a non-specific dye well suited to stain cytoplasmic 

components, starches, and lipids and has a bright purple or blue color as seen in the 

light microscope [72].  The excess dye was rinsed away with a spray of deionized 

ultrafiltered water and the slide was again dried on the hotplate.  The slide can now 

be imaged in a simple 20x magnification light microscope to verify that cells are 

present.  After all these steps, if it is determined enough cells are in the area of 

interest the ultramicrotome is set to create 90nm thick slices.  The 90nm slice is thin 

enough to create good contrast for the cell itself and not to seriously warp under the 

electron beam but is still relatively sturdy.  The slices are often cut at 2-5 µm deep 

from the top surface of the block.  These slices are placed on individual uncoated 

copper TEM grids.  The grids can either have the standard 300mesh square bars or 

have a single large slot in the middle.  The slot grid is necessary to do hyperspectral 

or RGB imaging of the cell slice in reflectance mode because in other cases the grid 
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bars reflect far too much light into the camera and drown out the signal from the 

particles. 

The electron microscopy data shows strong support for the notion that the 

nanoparticles are becoming increasingly aggregated at higher temperatures.  

Representative results are pictured in Figure 6.  In (A), where the cell was held at 4°C, 

the surface of the cell can clearly be seen in cross section with blebs or partial 

philopodia jutting out beyond the surface. Isolated to the surface, the particles are 

found in aggregates of small number.  In the 25°C case (B), endocytosis has begun and 

the particles are internalized to some degree.  The numbers of particles per 

endosome is still fairly low and they are seen most often close to the cell membrane.  

Finally, the 37°C case (C) shows much later stages of endosome development.  In 

addition to larger numbers of nanoparticles than has yet been seen in previous cases, 

the organization of the nanoparticles points to the structure of multi-vesicular 

bodies which are known to be the final stage of endosome development just before 

the whole complex is digested upon merging with lysosomes.   



 33 

 

Figure 6: Representative TEM sections of cells labeled at different temperatures. The A431 cells 
were labeled with 25 nm anti-EGFR gold nanoparticle conjugates at 4°C (a), 25°C 
(b) and 37°C (c). By holding the cells a particular temperature, we can arrest the 
normal EGFR regulatory processes at critical points, with receptors mainly 
present on the cell membrane at 4°C, and endosomal internalization and multi-
vesicular body sorting at 25°C and 37°C, respectively.  These images show the 
nano-scale EGFR rearrangements which correspond to the optical images in 
Figure 5. 

The TEM images provide a window into aggregate shape and size for each of 

our experimental cases.  It is possible with enough examples to reveal the average 

aggregate size at each temperature by counting the number of particles in each 

isolated aggregate and examining a histogram of the results.  Each image was 

examined by hand and each individual aggregate was sorted into bins depending on 

particle number and whether the aggregate was subjectively seen near the cell 

membrane or internally.  Figure 7 shows a histogram of collected data from multiple 

cell sections.  On the cell surface, we can see that most of the particles are found as 

singles and pairs regardless of temperature.  This meets our expectations as we 

would expect the EGFR cycle to be in its earliest stages near the cell membrane which 

implies a small number of particles per aggregate.  In addition, the number of 

particles per aggregate is similar in all cases although the 37° case does show more 
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large aggregates than the other cases.  This is contrasted with the histogram 

representing the cell interior.  It is clear that very few particles are penetrating the 

cell membrane in the 4 degree case and any that do are merely single particles.  In 

the intermediate 25 degree case, some larger aggregates have made their way to the 

cell’s interior via the EGFR activation process.  Finally, the 37 degree temperature 

case has many aggregates over 10 particles in size.  This conforms to the idea that at 

this stage the EGFR molecules have formed larger bodies of many particles and those 

have moved into the cell itself in multi-vesicular bodies. 
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Figure 7:  Histograms of hand-counted particle aggregates in TEM images.  In the cell 
membrane plot, one can see that singles and pairs are often seen at the surface 
while larger aggregates do not usually exist there which agrees with our image of 
the EGFR cycle.  The cell interior plot, conversely, shows starkly that in the low 
temperature experiments there are almost no particles internalized and the 
warmer the system the greater the number of internalized particles (and the 
larger the aggregate). 
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To further explore the relationship between the specific nanoparticle 

arrangements and optical scattering signatures, we imaged individual slices with the 

PARISS hyperspectral system (described in detail in Chapter 5.4) and compared the 

results to nanoparticle morphology derived from TEM images.  One example of a 

section that was co-registered and sequentially imaged in both TEM and optical 

microscopy is shown in Figure 8.  The registration process is needed so that high 

resolution pictures of the nanoparticle aggregates are thus obtained can be directly 

correlated to the spectral signature.  The 3 sub-images that appear in Figure 9 were 

all taken from a single cell that was exposed to the nanoparticles at 37°C.  Because 

the 3 temperatures described above in the experiment each represent a stage on a 

continuum ending with the biological temperature, it is possible to find areas in this 

cell which correspond to earlier stages of the process (and hence the other 

temperatures).  The structures in (i) and (ii) are very morphologically similar to 

structures seen in the 4°C and 25°C experiments.  The spectra corresponding to each 

of the locations pictured by TEM is seen below its respective picture.  In (i), the 

particles are actually quite numerous but they are well spaced and produce a 

spectrum very much in accordance with singles, pairs, or triples with a relatively 

narrow peak at 560nm.  This again illustrates clearly the power of interparticle 

coupling to produce a red-shifted spectrum because without it the distant particles 

act simply as individual entities.  In (ii), the number of particles is smaller than in (i) 

but their interparticle spacing is also much smaller.  As a result, the spectrum from 

this area of the section is redshifted to a peak of about 590nm and broadened as 
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compared to the spectrum in (i).  Finally, pictured in (iii) is a large volume-like 

aggregate of the type exclusively found in the later stages of the cycle.  In this 

aggregate, a quite large number of particles is very tightly packed in the endosome 

and even in this thin section it appears that there are additional particles stacked in 

the z-direction (into the plane of the image).  The corresponding spectrum is highly 

red shifted with a peak at nearly 660nm.  There is also evidence of a smaller peak that 

forms a shoulder to the more intense peak at around 550nm.  This peak may be 

present due to the single particles near the large aggregate that remain uncoupled. 

 

Figure 8: A single section of a cell embedded in epoxy seen in both (A) darkfield and (B) 
transmission electron microscopy.  By finding registration marks (such as the 
white “slashes”) in both pictures, it is possible to collect spectral information and 
aggregate morphology from the same structure. 



 38 

 

Figure 9: TEM image from a labeled cell slice and the corresponding spectrum obtained at that 
location. i) A loose collection of particles representative of the 4 degree sample 
gives a narrow wavelength peak near 560nm.  ii) Small aggregates representative 
of a 25° sample shift and broaden the scattering peak. iii) Large aggregates with 
many particles are representative of the 37° sample.  The peak has shifted deep 
into the red and a smaller blue “shoulder” peak appears.   Scale bar is 500nm. 

These measurements of correlated nanoparticle arrangement and optical 

signature are very important to be able to provide a comparison to theoretical 

predictions and to allow us the future capability to identify nanoparticle 

arrangement directly from optical signal.  Unfortunately, they are very difficult to 

obtain in this way because a variety of factors must come together to allow successful 

imaging.  Firstly, the section must be far enough away from grid bars that reflections 

from the bars will not swamp the signal from the darkfield microscope.  This means 

using slot grids which are less supportive of the section and even then one must 

move well away from the edges.  Secondly, the section cannot be wrinkly.  Although 

not a problem in the TEM with its enormous depth of field, it is devastating in the 

optical microscope both because the wrinkles can create bright reflections and 
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because it is more challenging and time-consuming to image multiple out-of-focus 

areas sequentially.  Finally, the density of cells in the section in these experiments is 

unfortunately somewhat low because it was desired to prevent full confluency to 

keep the cell’s behavior normal.  This prohibits collecting many viable samples in 

each slice.  It is also very difficult to build a catalog of aggregates of different sizes 

(with statistical numbers) because the aggregates that are available are subject to 

random chance.   

In an attempt to glean a better picture of the surface arrangement of 

nanoparticles, the cells were also imaged whole in the scanning electron microscope 

(SEM).  This technique is clearly inferior to sectioning in the sense that it cannot 

visualize anything below the immediate surface of the cell.  However, it can provide a 

look at the whole cell surface and although the projection is still two-dimensional 

(constrained to the cell surface) it is a different and complementary 2-D projection 

than the cell sections provide.  Similarly to the TEM, the cells must be dehydrated in 

some way to be able to withstand the low pressure environment inside the machine.  

However, unlike the TEM process where the cells are continuously in a liquid of some 

type up until the embedding step, these cells will need to be completely dry at the 

end of the prep cycle.  The usual method in these cases is known as critical point 

drying (CPD) where the material is immersed in a solvent which is slowly replaced by 

liquid carbon dioxide at high pressure.  This solution is then carried across the triple 

point by a series of temperature and pressure changes so that the carbon dioxide 

simply sublimes instead of evaporating.  Sublimation produces less stress on the 
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delicate cellular components than the extreme local forces typical of evaporation so 

this method of drying can preserve cellular structure.  Though widely used, the 

multiple exchange cycles involved in CPD can physically slough off the cells from the 

substrate leaving little material to work with.  In this experiment, we decided to dry 

the cells using a chemical called hexamethyldisilizane (HMDS) which is known to be a 

chemical drying alternative to CPD [73].  This chemical has the useful property of 

having an extremely low surface tension and the ability to cross-link proteins which 

allows the experimenter to simply allow the chemical to evaporate to dry the 

specimen.  This experiment used cells labeled for a short time (10-15 minutes at room 

temperature) to ensure a number of nanoparticles would be present on the surface.  

First the cells are fixed in 2% glutaraldehyde for 10 minutes and then are triple-

rinsed in buffer.  The cells then undergo a chain of dehydration states to replace the 

water with ethanol (10 minutes each at 50%, 75%, 100%, and fresh 100% ethanol).  

Next, the ethanol is replaced by the HMDS solution (2x 10 minutes in equal parts 

ethanol and 2x 10 minutes in 100% HMDS).  The samples can now be placed in a 

dessicator or even in open air overnight to dry.   
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Figure 10: SEM of EGFR labeled (A,B) and unlabeled (C) A-431 cells (labeled at room temperature 
for 10-15 minutes).  (A) An example of a cell at lower magnification shows that the 
overall structure is sound after drying and the cell has largely retained its 
natural shape.  (B) A high magnification image of the labeled cell surface.  There 
are many small bubbles and protrusions which may be nanoparticle induced.  (C) 
A similar picture of an unlabeled cell surface shows the contrast in surface 
roughness when nanoparticles are not present. 

 The cells are now dry but like most biological samples it is not possible to 

image them in the SEM at this point because without a conductive layer there is no 

way to sink the electrons and a charge build-up will occur.  The Zeiss VP 40 SEM is 

capable of imaging uncoated samples at pressures closer to atmosphere but 

unfortunately our application demands too much resolution and too high of a depth 

of field to be able to exploit the variable pressure function.  Therefore, the sample 

cover slips were coated in ~12nm of platinum-palladium metal to create a conducting 

path for the electrons to dissipate.  Figure 10 shows several views of a cell that is 

dried and imaged by SEM.  A low magnification image (A) shows that the nanoparticle 

labeled cell's overall shape is as expected and the pseudopods adhering it to the 
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surface are present.  This indicates that our drying procedure was successful.  A 

closer view of the cell (B) shows the ruffles, ridges, and blebs commonly found on a 

eukaryotic cell surface.  In addition, the labeled cell has a characteristic coverage of 

small pinpoints ranging in diameter from tens to hundreds of nanometers.  This 

roughness is not present on an unlabeled cell (C).  The individual points are difficult 

to associate directly with nanoparticle activity because the bumps tend to be of a size 

much larger than an individual nanoparticle (about 25nm in diameter).  On the other 

hand, the added thickness of the metal layer (about a particle radius thick) can make 

single particles or small groups of particles appear to be of greater overall size than 

simple bare particles.  With this SEM method, it is certainly possible to detect that 

some change has happened to the cell but due to the uncertainty in particle 

arrangement introduced by the thickness of the metal coating it is not possible to use 

this imaging method to make a truly definitive statement on EGFR dynamics. 

This experiment on EGFR dynamics in a cell has provided a biological 

underpinning which drives our need to understand optical signal as a function of 

particle aggregation state.  To undertake a systematic exploration of aggregate 

properties vs. morphology, we must create a system to build aggregates with the 

desired properties from the ground up.  The task of executing that vision will be 

discussed in Chapters 4 and 5.  



 43 

3.2 LABELING ACTIN WITH NOVEL MULTIFUNCTIONAL NANOPARTICLES 

Actin is an abundant molecule (up to micromolar concentrations) in the 

interior of a cell that is responsible for cellular structure and the trafficking of 

objects.  It also plays a crucial role in cell motility and primary cell functions 

including endocytosis and cell division.  It is found in two primary forms: a free-

floating globular form (G-actin) that the cell can polymerize into a bound filamentous 

form (F-actin) that is the foundation of the network of microfilaments which gives a 

cell structure.  When a cell becomes malignant, actin processes (among many other 

biological processes) proceed abnormally or may be interrupted completely.   

Morphological changes occur when the cell is undergoing changes indicative of a pre-

cancerous state [74].  Proposals have also been advanced to disrupt cancer 

progression by disrupting actin behavior [75].  Imaging of the actin network in cells 

using fluorescent tags and different imaging modalities has been shown [76, 77]; 

however, separating the important signal associated with F-actin information from 

the sea of background G-actin noise is a crucial problem for this type of analysis [78].  

Gold nanoparticles are uniquely qualified to help differentiate those signals because 

the high local density of F-actin in filaments causes a signal enhancement and 

frequency shift due to coupling between nanoparticles.    

As with many live cell experiments, penetrating the cell membrane with the 

contrast agent is often the trickiest step in the experimental design and the problem 

of labeling actin is no different.  Options include microinjection [79], bacterial toxins 

[80], or cell membrane permeabilization with sonication [81] or very mild detergents 
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[82].  In all cases, one wishes to avoid inducing cell death or otherwise severely 

affecting normal cell behavior.  To create a more directed process, one might also 

rely on the cell’s natural internalization mechanisms including endocytosis.  Previous 

experiments employing special proteins that mediate endocytosis showed that 

targeted particles were ingested by the cell but were then trapped in vesicles and not 

allowed to freely roam the cytosol [83].  This obstacle is severe because it physically 

prevents the nanoparticle labels from reaching their targets.  To subvert this 

problem, the nanoparticles in this experiment (designed and implemented in our 

research group by Sonia Kumar [56, 84, 85]) have a novel multi-functional nature.  

Conjugated to the 20nm gold nanoparticles are both an actin-targeting domain and 

an intracellular delivery domain which allow the particles to reach their targets from 

outside the cell in a single step with no disruption of normal cellular function.  The 

delivery domain is composed of a TAT peptide which promotes cellular uptake of the 

particles fused with an HA2 peptide (derived from the HIV virus) that causes 

endosomal lysis thus freeing the particles to find their targets in the cytosol. 
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Figure 11: a) Darkfield reflectance image of a live NIH3T3 cell labeled with gold nanoparticle 
based contrast agents targeted to actin. The leading edge (arrow) of the cell 
where actin polymerization is greatest corresponds to a brighter optical signal. 
Scale bar is 20µm.  b) TEM image demonstrating delivery of complete 
multifunctional contrast agent in live NIH3T3 cells. Scale bar is 2µm. c) A higher 
magnification TEM image shows the nanoparticle labeling pattern in the region 
indicated by the arrow in 2b. The inset (i) shows live cells labeled with contrast 
agent containing incomplete delivery peptide (TAT only). Labeling is localized to 
endosomal structures without HA2 functionality. Scale bars are 0.2µm.  Adapted 
from [56]. 

The novel particles were applied to live NIH3T3 cells and allowed to interact 

for 30 minutes.  The cells are then imaged in the DM6000 Leica upright microscope in 
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darkfield mode.  Figure 11a shows the resulting actin-labeling in cells which is largely 

identifiable by the green and yellow-orange colors produced by nanoparticles in 

various degrees of aggregation.   Note that the brightness of the nanoparticle signal is 

located primarily at the leading edge of the cell and in filaments extending out from 

cells.  This arrangement of nanoparticles makes sense because those areas have the 

highest concentration of polymerized actin. 

As in the experiment described in the previous subchapter, an important 

verification step to corroborate the optical imaging results is to freeze the cells in 

time and investigate the nanoparticle morphology using electron microscopy.  The 

fixation, dehydration, and embedding steps are the same as discussed previously.  

Shown in Figure 11b is a lower resolution TEM picture showing a cross-section of a 

complete cell.  The darkened areas of the image where nanoparticle density is highest 

are clearly at the cell periphery and especially at the leading edge of this cell.  Figure 

11c shows a closer look at the dark leading edge shown in (b).  This image shows the 

apparent arrangement of the nanoparticles into long linear chains which is 

representative of how actin filaments are organized in the cytoskeleton.  The inset 

(panel I) demonstrates the case when an incomplete nanoparticle is used to target 

actin.  In this case, the nanoparticles lacked the all-important HA2 moiety which 

allows the particles to escape the vesicles and reach the cytosol.  As we see, the 

particles are not found in long strands but instead are completely trapped in 

endosomal structures. 
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The spectral information collected in this experiment was more limited than 

in the previous experiment concerning EGFR.  Rather than taking a full spectral 

profile with the PARISS system, this study employed a colorimetric assay to quantify 

spectral information.  The colorimetric assay exploits the red-shift property of 

aggregated nanoparticles by looking at the ratio of intensity in the red channel to the 

total intensity of an RGB image.  The method is less exact and has no spatial 

information but can be done ex post facto using the same color images used to monitor 

the cells over the course of the experiment. 
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Figure 12: Efficacy of multiple functionalities in labeling intracellular targets.  Darkfield 
reflectance imaging of live NIH3T3 cells labeled with varying 20nm gold 
nanoparticle contrast agent formulations. Arrows indicate the presence of visible 
filapodia. Scale bars are 10µm.  a) Unlabeled cells.  b) Contrast agent 
functionalized with anti-actin targeting antibody and only the TAT delivery 
peptide.  c) Contrast agent functionalized with only anti-actin targeting antibody 
d) Contrast agent functionalized with only TAT-HA2 delivery peptide.  e) 
Multifunctional contrast agent with both targeting and delivery moieties.  
Adapted from [56]  

The colorimetric assay was used to demonstrate the functionality of the full 

hybrid nanoparticle versus the controls.  Each element of the nanoparticle (actin-

targeting, TAT, and HA2) was separately de-activated and the cells were labeled as 

normal.  Figure 12a (unlabeled cells) appear to be predominantly blue with little trace 

of any green or red coloration and this is borne out with only 26% of the signal in the 

red channel.  In Figure 12b, the cells do contain the actin-targeting element and the 

TAT peptide (to induce uptake) but are missing the HA2 portion that allows the 

particles to break free of the endosomes.  The image shows some discrete points of 

yellow-green coloration which are likely the tightly packed particles contained in the 

endosome.  The total red channel intensity is only 20% of the total signal averaged 

over the entire image.  Removing the HA2 (delivery) and TAT (uptake) peptides 

entirely, as seen in Figure 12c, produces cells that are slightly less blue  (33% red 

channel signal) than totally unlabeled cells.  This seems to indicate that some of the 

contrast agents were brought into the cells but not large enough numbers to create a 

signal from aggregation.  Conversely, if the uptake and delivery peptides are added 

but the actin-targeting moiety is removed (Figure 12d), the cells appear similar to (c)  

with a 32% red channel intensity.  Again, the particles are making their way into the 
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cell (thanks to the peptides) but without the targeting mechanism they float 

aimlessly throughout the cytosol and do not come together to create a signal in the 

red channel.  Only with the full contrast agent functionality (Figure 12e) do we see a 

truly large color change.  The proportion of signal in the red channel rises to 52% and 

subjectively the color is shades of green, yellow, and orange.  In addition, the actin 

fibers and filopodia are clearly distinguishable.     

The development of a multifunctional nanoparticle to target intracellular 

targets is an important step as it stands.  However, as a matter of deployment, the 

experiment once again points out the central need to connect the dots between metal 

nanoparticle imaging and theoretical predictions.  Full spectral signatures were not 

pursued in this experiment, in part, because there is no framework in place to help 

interpret them.  Addressing this hole in our understanding of nanoparticle signal will 

be the topic of the next two chapters.  
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4. Creating Individually Addressable Nanoparticle Aggregates By 
Electron Beam Lithography And Capillary Assembly 

4.1 INTRODUCTION 

In this chapter, I will describe our first attempts to create synthetic 

aggregates tailor-made to have specific geometries and interparticle separations.  

These aggregates will have many properties in common with aggregates found in 

biological experiments (like those of Chapter 3) but will also differ in several 

important ways as I will discuss.  All cellular experimental techniques intended to be 

equally applicable to the in vivo realm require nanoparticles that are in an aqueous 

colloidal suspension.  Bearing in mind the desire to mimic biological aggregates, the 

first inclination of the experimenter should be to find a way to use the very same 

aqueous colloidal particles to create model aggregates.  We will prepare these model 

systems on a substrate so that we can compare the geometry of each individual 

aggregate to its optical properties.   

Chapter 4.2 will briefly describe some limited experiments we performed 

attempting to create nanoparticle aggregates by creating biochemical links between 

particles in solution.  The techniques used derive directly from conjugation 

experience in cellular systems.  Though the ideas were intriguing and perhaps retain 

some usefulness to this day, the experiment was a failure in the end and we moved on 

to other more successful techniques. 

An alternative method to avoid the additional chemistry in chapter 4.2 is to 

find a way to physically place particles onto a surface in the desired arrangement.  
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Several groups have shown self-assembled mono- and multi-layers of particles can 

form at the receding edge of an evaporating drop of solution.  This method of 

physical deposition by convective assembly and capillary force became our chosen 

method to produce aggregates from particles in solution and is described in the rest 

of chapter 4.   

4.2 SOLUTION BASED PARTICLE ASSEMBLIES MEDIATED BY BIOCHEMICAL BONDS 

Our initial effort was to create model aggregates in solution by chemically 

modifying single particles to induce them to join together in groups.  This concept is 

appealing because the separation distance between particles can be fully customized 

with a judicious choice of biomaterials.  Another attractive point is that candidate 

biomaterials are likely to be very similar in size to the molecules found in real 

cellular systems.  The first step was to identify a complementary chemical system 

that would allow us to selectively link small numbers of particles.  By attaching each 

building block of the system separately to particles and then mixing the 2 

populations, one can hope to create particle groups bound as closely as they are in 

our cellular systems of interest.  The leading complementary biochemical system in 

the modern age is almost certainly the avidin-biotin system.  Avidin and streptavidin 

are proteins that contain 4 binding sites that have a high affinity to bind biotin.  

Biotin is a small B-complex vitamin that can be grafted to many different proteins to 

create a unit of similar size to that of avidin.  The dissociation constant for this pair is 

extremely low and is nearly unmatched in strength by any other non-covalent 
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interaction seen in nature [86].  Because of its widely known and appreciated 

properties, the avidin-biotin system is readily available in thiol-modified form which 

allows us to conjugate the protein to the nanoparticle with minimal effort.   

The attachment of biotin to the surface of gold nanoparticles is accomplished 

by using biotinylated bovine serum albumin (BSA) that has also been modified to 

contain an amino or thiol group.  This product is purchased directly in this form.  The 

procedure for gold attachment is as follows:  Prepare 0.1 mg/mL mercapto-biotin BSA 

(Sigma-Aldrich Inc.) in 40mM HEPES buffer.  Adjust the pH of the solution to 6.0.  Mix 

equal volumes of BSA and Au colloid solution and let react for 15-20 minutes.  Add a 

1% of total volume amount of 1% PEG to further stabilize the solution against 

spontaneous aggregation.  Then spin the conjugate solution in a centrifuge at high 

speed for 90 minutes at 8°C.  Carefully remove the supernatant and resuspend the 

pellet of conjugates in 1x PBS with 1% PEG at the desired final concentration (often 

one quarter or half the initial concentration of particles). 

A similar approach was intended for the avidin portion of the experiment.  

However, we experienced a much rougher development cycle in conjugating avidin 

and streptavidin to our particles.  The pH at which the proteins have their isoelectric 

points are far from physiological conditions and we did not have much luck in 

stopping the particles from immediately and irreversibly clumping and precipitating 

out of solution.  We proceeded with a three-pronged development strategy.  The first 

idea was to continue to develop our conjugation protocol until we could make 

streptavidin conjugates.  The second idea was to place plain gold nanoparticles on a 
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substrate and blanket them with a layer of avidin.  This substrate would then be 

exposed to the BSA-biotin conjugates.  This should create some pairs and triplets 

although there will also undoubtedly be some non-targeted binding. We tested this 

technique with 70nm plain particles and 20nm BSA conjugates and did observe mild 

success but the numbers of aggregates were very low.  One of the few good examples 

is shown in Figure 13.  The third idea was to mix a calibrated amount of avidin in 

solution into the BSA-biotin conjugated particles and allow the avidin to act as a 

protein bridge connecting pairs and triplets of particles.  If the concentration of 

avidin is too high or the mixing speed is too low in this method, the potential exists 

for the particles to simply clump and precipitate out of solution.   

 

Figure 13: An unusual example of a successful attachment of a 20nm BSA-biotin conjugated 
nanoparticle to an avidin coated 70nm particle.  Image scanned in from a thermal 
print imaged by TEM.  Such high quality results were infrequent in our 
biochemical linking experiments. 
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These three techniques experienced some limited success but all were 

hampered by several serious drawbacks inherent to the initial proposition.  The 

difficulty in co-locating the same aggregate in a light microscope and an electron 

microscope was very high as the fields of view are often radically different.  This 

problem is very similar to our attempts to image cell slices as described in Chapter 

3.1.  Here, we explored the possibility of using markers that are visible on both size 

scales including finder grids, polystyrene microbeads, and intentionally introduced 

defects such as tears or scratches.  Accidental defects and the polystyrene 

microbeads did enable the ability to do limited registration of the nanoparticles 

between instruments but they also introduced a second problem; because the items 

had to scatter light to be seen in the darkfield microscope they also had a tendency to 

swamp out the signal from adjacent nanoparticle clusters.  Because the nanoparticle 

clusters were many orders of magnitude dimmer than the bright marker items, it 

became impossible to really do a thorough study spanning many aggregates sizes and 

shapes.  In addition, our techniques were somewhat limiting because the assembly 

was not directed so much as random.  The number of larger aggregates found would 

certainly be quite small and that was unsatisfying in an experiment meant to mimic a 

statistical average of many conformations found on a cell surface.  One might try to 

overcome this problem by increasing the concentration of particles deposited on the 

grid.  However, the resolution of the spectral imaging device demands a relatively 

low coverage of particles so they can be optically separated and this necessarily 

limits the number of aggregates one can identify on each substrate. 
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Several research groups have also explored the idea of forming aggregates in 

solution using various binding or linking agents.  In addition to the avidin/biotin 

complex another relevant system catering to this idea is hybrid DNA strands [87-89].  

Though successful in producing nanoparticle networks, these groups do not 

necessarily attempt to produce aggregates of low numbers of particles nor do they 

attempt to individually interrogate the particles and compare optical signature to 

morphology. 

4.3 ELECTRON BEAM LITHOGRAPHY PROCESS (RAITH-50) FOR CONVECTIVE ASSEMBLY 

Convective assembly of particle structures is an area that is becoming well 

developed in this decade.  The technique shows promise to both populate individual 

patterned structures (such as filling nanogaps) and to produce large-scale single and 

multidimensional crystals of nanoparticles [90-92].  In tandem with soft imprint 

lithography techniques, it is a useful method to “ink” a master stamp to create 

repeatable nanoparticle structures [93].  In our implementation, convective assembly 

is used to selectively fill holes or wells in a polymer resist created by electron beam 

lithographic methods.  These holes are carefully designed to produce nanoparticle 

arrangements of prescribed size and spacing. 

Electron Beam Lithography (EBL) is a direct-write lithography technique that 

can achieve resolutions below even deep-UV optical lithography systems [94].  In 

most traditional lithography systems, light shines through a mask onto a photoresist 

to form the desired pattern.  The EBL does not use a mask but instead directly rasters 
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a beam of accelerated electrons across the electron resist on the substrate in a 

manner that could be compared to an “intermittently on” scanning electron 

microscope.  Because a small field of view is required to achieve high resolution, care 

must be taken to stitch together neighboring fields of view for structures larger than 

a single field (often about 100µm2 for fine structures).  EBL often cannot supplant 

traditional lithography techniques in the industrial setting despite its attractive 

resolution limits because each device must be written serially by the beam.  It is most 

often used to create small quantity prototypes and masks to be used in traditional 

lithography.  EBL has been ideal in our work because our patterns have constantly 

changed and evolved and demand (in some cases) high resolutions.   

The experiments in this chapter were all performed using the Raith-50 system 

in the Center for Nano-Materials.  The Raith EBL system has its own special 

proprietary software to translate pattern files into movement of the electron beam 

but will accept specific universal file formats including GDSII and CIF.  GDSII files 

were created in the system software from scripts in MATLAB using the Caltech 

Intermediate Form (CIF) as an intermediate conversion step.  CIF was very easy to 

work with because it is ASCII based rather than a binary file type like GDSII and using 

MATLAB as the development platform made it very easy to generate iterated versions 

of the patterns by simply tweaking variables and re-running a script.  In the end, a 

combination of files both MATLAB-originated and created in-suite were used. 

The manufacturer of the Raith-50 system suggests that it is able to achieve 

“sub-100nm resolution” [95].  Anecdotally, it has been suggested that under optimal 
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conditions the resolution can be as high as 20nm [96].  Our experience is that 20nm 

may be somewhat optimistic but nevertheless it was possible with effort and fine 

tuning of the electron dose to consistently create features at 60-80nm resolution. 

A multi-step process for patterned surface production was established after 

much experimentation.  The patterning process was performed entirely in the 

cleanroom at the Nano Fabrication and Characterization Facility (affiliated with the 

Center for Nano & Molecular Science & Technology) where the Raith EBL and related 

equipment was located.  To begin, 4” diameter silicon wafers (P <111> Single Side 

Polished Mechanical Grade; University Wafer) were diced into smaller pieces 

approximately 15mm on a side.  These smaller pieces are easier to work with in later 

process steps and maximize the number of experiments that can be done with one 

wafer.  The pieces are placed in a beaker of de-ionized ultrafiltered water in an 

ultrasound bath for 20 seconds to remove any large material deposited on the surface 

by the dicing process.  The wafer is then sprayed with acetone (to wash away organic 

contaminants) followed by isopropyl alcohol (to rinse the chip further).  Before the 

IPA can evaporate, the chip is blown dry using a dry nitrogen gun.  The chip is now 

ready for deep cleaning in the Reactive Ion Etcher (RIE; March Plasma CS1701F).  The 

chip is cleaned by oxygen plasma (300W, 50sccm O2, 10 minutes) to make the surface 

as pristine as possible.  Following the cleaning steps, the chip is ready for application 

of resist.   

Our choice of resist was based both on published literature and the 

recommendations of other experienced users.  We decided to use poly (methyl 
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methacrylate) (PMMA, 950k MW, 2% solids; Microchem) which is a very widely used 

electron beam resist [97].  The low solid percentage was chosen because it produces 

the thinnest films.  PMMA has very high ultimate feature resolution while also having 

a reasonable electron sensitivity and very simple development chemistry.  It consists 

of long strands of molecules which are relatively insoluble in the developer solution.  

When an appropriate electron dose (220 µC/cm2 at 20kV in our experiments) 

impinges on the film, the bonds between neighboring units are scissored which 

creates a lower effective molecular weight polymer at those locations.  This reduced 

polymer is soluble in the developing solution.  This type of resist is known as a 

“positive tone” resist because exposed areas are removed (in opposition to negative 

tone resists where exposed areas cannot be removed by the developer).   

The resist is applied by means of a spin coater in order to produce a uniform 

thin layer across the entire chip.  The specific resist parameters are listed in Table 2.  

The clean chip is first loaded into a spin-coater.  Resist is applied by an eyedropper or 

syringe with filter to cover about two-thirds of the chip surface.  The spin-coater 

cycle is then immediately started (in some early procedures the resist was applied 

while the chip spun at a low speed but the results were not significantly different).  

After the spin-coater stops the chip is removed from the vacuum chuck and placed on 

a pre-heated hotplate.  The chip is now ready to be exposed by the electron beam. 
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Resist type PMMA 

Spin coater 3500RPM for 60 seconds 

Hot plate (pre exposure bake) 180°C for >15 minutes  

Developer 1:3 MIBK:IPA at 4°C for 90 

seconds 

Developer rinse IPA (dunk) for 20 seconds 

Dry Dry N2 gun 

Table 2: Resist parameters for PMMA 

After exposure, the actual physical removal of the patterned (exposed) resist 

occurs in the development stage.  A commonly used developer for PMMA is some 

combination of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA).  We 

performed experiments with different proportions of MIBK to IPA to test the 

aggressiveness of the developer.  The mixture is always maintained at 4°C in a lab 

refrigerator as this has been shown to improve the final resolution [98].  Using a 1:1 

mixture makes a quite aggressive but very effective solution while lowering to a 1:3 

MIBK:IPA mixture gives better resolution at a cost of not fully removing the resist.  

An AFM scan of a chip after development in the 1:1 solution (Figure 14A) shows that 

the solution has fully developed the exposed resist but it has also eroded the sidewall 

to an unacceptable degree.  A similar AFM scan of a chip developed in 1:3 MIBK:IPA 

(Figure 14B) shows a nice sidewall but clearly the exposed resist has only been 

partially carried away by the developer leaving behind a rough texture of unremoved 

PMMA.  To take full advantage of the high resolution of the cold 1:3 MIBK:IPA 
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developer, the chip may be descummed after development by a brief exposure to 

oxygen plasma in the RIE system (Figure 14C).  However, care must be taken not to 

completely remove all of the PMMA from the chip as PMMA has an extremely low 

etch resistance.  An exposure as brief as 4 seconds (15 sccm O2, 100W RF power) is 

enough to clean out the wells while not significantly reducing the total film 

thickness.  Both capillary and vapor deposition of particles benefit from retaining as 

thick a resist layer as possible.  In the case of vapor deposition, it is essential to 

maintain a thickness of film on the order of twice as thick as the intended gold layer 

so that the walls are “shadowed” from the vapor source.  This keeps sidewalls thin 

and easy to remove. 



 62 

 

Figure 14: AFM scans of chip with different developer solutions and different plasma treatment.  
(A) Chip developed with 1:1 MIBK:IPA.  The edge is clearly rounded off and not 
sharp even with minimal exposure time to the developer.  (B) Chip developed with 
1:3 MIBK:IPA at 4°C.  The sidewall remained sharp but there was still scum at the 
bottom of the well. (C) Chip developed as in (B) but followed by brief exposure to 
O2 plasma.  The chip has been "descummed" effectively but retains sharp 
sidewalls. 

4.4 EXPERIMENTAL SETUP 

With a patterned chip in our possession, the next step is to construct the 

convective assembly apparatus that will fill the pattern with nanoparticles.  The basic 

concept of convective assembly is to harness the very large local forces experienced 

at the moving edge of a colloidal solution to direct the nanoparticles into our pattern.  

One source suggests a theoretical calculation of the capillary interaction energy at 

the interface as ~24kT for a 2nm diameter nanoparticle which is more than enough to 

overcome the energy of Brownian motion on the particle (of order kT) [90] .  This 

fluid movement can occur as a result of evaporation or from the mechanical motion 
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of a fluid across a surface (i.e. horizontally dragging a droplet of solution or vertically 

withdrawing the substrate from a vial of solution).  The success of the technique 

relies on several variables.  First, the moving fluid edge must be moving at the 

correct speed.  This may be controlled environmentally (temperature, air pressure, 

humidity) or changed mechanically.  Second, the contact angle between the fluid and 

surface must be correctly tuned.  If the angle is too steep, particles are "peeled away" 

from the surface before they can be deposited and if the angle is too small there will 

be gaps in the deposition as the particle replenishment zone becomes too small.  

Finally, the concentration of the solute must be high enough to continually re-supply 

the "front" with enough particles to avoid gaps as it recedes. 

 

Figure 15: Illustration of capillary deposition setup 

Our implementation follows the setup shown by O. Velev [91]; a typical 

pictogram of our setup is illustrated in Figure 15.  Our substrate (a patterned PMMA 
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coated silicon chip) is attached to rubber spacers on a microscope slide with double-

sided tape.  The spacers allow the tape and chip to be easily removed from the glass 

slide at the end.  This assembly sits on our precision microscope stage (Optiscan II; 

Prior Scientific) and is hefty enough that the chip will not move as the fluid is 

dragged.  A small volume (15 µL-20µL) of colloidal solution is pipetted into the space 

between our substrate and a glass microscope slide braced above the substrate.  A 

laser pointer is aimed onto foil attached to the upper microscope slide.  The 

reflection of the laser is monitored as the slide is lowered; when the slide touches the 

substrate the laser light speckle shows movement.  The slide is then backed away 

from the surface by 150-200µm as measured by the microscope stage digital readout.  

The reason the slide is tilted at an angle is to force the fluid to the crevice of 

minimum gap.  The microscope stage on which the substrate rests is then slowly 

moved parallel to the surface as the glass slide above is held steady.  Because the 

droplet wishes to stay in the area of minimum gap, it is pinned in place to the 

stationary glass slide hanging above as the substrate translates.   

4.5 CREATING AND OPTIMIZING GOLD SOLUTION 

With a patterned chip in place and an experimental apparatus to produce 

convective assembly, all that is needed is the solution of nanoparticles that we wish 

to deposit.  Many options exist to produce a colloidal solution of nanoparticles but 

the most popular modern solution-based production method for gold nanoparticles is 

traced back to G. Frens in 1973 [99].  The method involves reducing chloroauric acid 
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(HAuCl4) using a trisodium citrate solution.  By varying the amount of sodium citrate 

in the initial step, we can finely control the number of nucleation sites for the gold in 

solution which also controls the amount of gold reduced into each particle.  In this 

manner particle size can be well controlled.  Our lab begins with the Frens procedure 

to produce roughly 18-20nm diameter “seed” particles that will be further grown by 

a process described by Brown et. al.  The Brown/Natan process employs 

hydroxylamine as a reducing agent to convert ionic gold in solution to neutral gold 

on the surface of particles [100].  The power of the method lies in the fact that 

hydroxylamine is not effective enough (at room temperature) to create new nuclei 

from the gold ions alone which means that existing particles are increased in size 

steadily but no new particles are formed.  This process has been shown to produce 

particles with better monodispersity for large particle sizes (d≥50nm) than simply 

using the Frens method [101].  A typical procedure is described as follows.   

Preparation of 20nm gold seed particles begins with a beaker cleaned with 

freshly prepared aqua regia (1 part nitric acid (HNO3) to 3 parts hydrochloric acid 

(HCl)) and rinsed 4-5 times in deionized ultrafiltered water.  If the beaker is simply 

cleaned with detergent, some particles of gold or other material may be present in 

the beaker which provides unwanted nucleation sites for the gold acid and may spoil 

the batch.  Dilute 1mL of chloroauric acid (HAuCl4) in 50mL of water in a beaker and 

bring to a boil while stirring with a clean teflon-coated magnetic stir bar.  Add 

approximately 1mL of fresh 1% trisodium citrate in deionized ultrafiltered water.  

Continue to boil for approximately 5 minutes; during this time the solution should 
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change color continuously from purplish to a deep ruby red.  The nucleation and 

growth of the particles continues until all of the gold acid is consumed; with the 

above parameters the final particle diameter should be approximately 16-20 nm and 

the concentration will be about 6X1011 particles/mL.  The Brown/Natan process can 

now be performed using these particles as a seeding solution.  Add 49.2mL of DIUF, 

480µL of 1% HAuCl4, and 400µL 0.2M NH2OH to an aqua regia cleaned beaker and 

vigorously stir.  Add 1mL of the seed gold particles from the Frens procedure 

described above.  The color change from deep ruby red to a more faded purplish 

color reflects particle growth from 20nm diameter to approximately 70nm diameter 

(the solution will also be much more dilute than the seed stock which will also 

contribute to the apparent color change to the eye). 

Successful deposition requires a relatively high particle density in solution, 

however, which means we need to concentrate our particle solution. To prevent 

aggregation at high density, we wish to attach a layer of molecules to act as a spacer 

that prevents particles from coming close enough to agglutinate.  The spacer 

molecule we have chosen is thiolated poly-ethylene-glycol (PEG-thiol) of several 

different molecular weights.  PEG-thiol is a long polymer which is highly soluble in 

water and has one end modified to contain a thiol moiety.  This thiol group creates a 

very strong bond with gold and is thus the attachment point between the molecule 

and our particles.  The particles are combined 1:1 by volume with a solution of PEG-

SH at 10-5M and allowed to gently rotate for 30 minutes.  PEG-SH attachment was 

verified by adding together a 1:1 mixture of 1M NaCl and pegylated particles to check 
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for aggregation.  If the PEG-thiol is forming a shell around the nanoparticle, it will 

prevent aggregation of the particles in solution.  The solution is good if the color does 

not change but if it slowly turns clear the particles have precipitated and the PEG-

thiol attachment was unsuccessful.   

With our particles successfully protected from aggregation at high density, we 

must explore ways to actually concentrate the particles solution.  One method we 

employed was to place the solution into an Amicon Ultra 100,000MW centrifugal 

filter (Millipore Inc.) to reduce the volume by about 25x (4mL down to 150µL).  Note 

that this still represents a dilution over the stock seed solution.  Another method that 

has similar success is to simply spin the solution as is in a centrifuge to pull the gold 

out of solution into a pellet at the bottom of the tube.  The supernatant (containing 

any unbound PEG-SH) can then be drawn away by pipette and the pellet can be 

reconstituted with the necessary amount of deionized ultra-filtered water to obtain 

the desired concentration. 

4.6 CAPILLARY DEPOSITION 

All the pieces are now in place to begin capillary deposition of our particle 

solution.  We now turn our attention to what types of patterns are most appropriate 

to create the particle arrangements and separations we want on our substrate.  Our 

initial experimental design called for "holes" in the PMMA pattern small enough to 

contain a single nanoparticle per hole and closely spaced enough to create coupling 

between particles.  The first step was to create many widely spaced holes and adjust 
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deposition parameters until we can fill the majority of the holes.  Several movement 

speeds were tested and the best results seemed to be obtained at the slowest reliable 

speed the microscope stage would reproducibly move (about 1.5µm/sec).  One slower 

stage mode that was not documented in the manual but was at least 2 to 3 times 

slower than the above speed was also tested despite its actual speed and 

reproducibility being unknown.  At this very slow speed, most of the solution would 

evaporate before the stage had translated enough to cover the whole patterned area 

of the chip.  Along with stage speed, contact angle was another very important 

experimental variable.  The contact angle is defined as the angle between the surface 

and the edge of the meniscus of a drop of solution on the surface.  At the final stage 

of the EBL process (after development but without descumming), the PMMA is 

extremely hydrophobic.  Published reports specifying appropriate contact angles are 

somewhat contradictory with some sources specifying 10°-30° [90] while others 

suggest a range of 50°-60° [93, 102].  Unfortunately, as shown in Figure 16A, the 

contact angle of unmodified gold solution on plain PMMA is nearly 70°.  When this 

solution was used, little to no gold remained on the surface as the sharp angle 

“scraped away” the particles as it receded.  There are two possible avenues to modify 

the contact angle:  changing the solution or changing the substrate.  It has been 

shown that adding surfactant-type solutions (such as Triton X-100 and sodium 

dodecyl sulfonate (SDS)) can change the wetting ability of the solution [93].  It is also 

possible to modify our PMMA surface by treatment in oxygen plasma.  This is 

fortuitous as the plasma treatment was already being used to help descum the trench 
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bottoms of features during the pattern development phase.  The plasma changes the 

surface charge and also attaches oxygen molecules.  The effect of this is to make the 

surface more polar which in turn means a more hydrophilic surface [103].  Again, 

caution must be taken because PMMA has quite low resistance to plasma treatment 

and will be completely digested if left for more than about 10 seconds.  Figure 16B 

shows a surface treated by a brief (5 second, 15 sccm, 100W) oxygen plasma in a 

reactive ion etcher (RIE) machine.  The resulting contact angle of 40° is much more 

favorable for deposition and has the additional effect of descumming the wells.  

Figure 16C shows a solution of PEG-coated gold combined in a 4:1 ratio with a 

solution made up of 0.1%wt Triton X-100 mixed with 10mM SDS (as described in [93]) 

placed on a plain PMMA surface.  The contact angle has been reduced to 26° which we 

found to be a bit too low.  The added surfactants tended to deposit particles not only 

in the crevices but also on the flat surfaces.  It is probably possible to adjust the 

concentrations to tune the desired contact angle but the plasma RIE exposure 

method provided a satisfactory enough method that further experiments were not 

conducted with surfactants. 
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Figure 16: (A) Droplet of concentrated solution of gold in water placed on unmodified PMMA 
surface has a contact angle of 70°.  (B) Droplet of concentrated gold in water on 
PMMA surface that has been treated by a brief exposure to oxygen plasma (RIE).  
The contact angle has improved to 40°.  (C) Droplet of concentrated gold in water 
to which has been added the surfactants Triton X-45 and SDS as in [93], placed on 
an unmodified PMMA surface.  The contact angle has lowered to 26°.      

 

 

Figure 17: Single particles placed in an array by capillary deposition.  In some cases, a second 
particle managed to fit into the hole alongside the first.   

The first substrates we tested consisted of well separated holes of different 

diameters to test the possibility of depositing a single nanoparticle in each hole.  

Figure 17 shows an SEM image of a successful deposition of particles into individual 

holes.  In some instances 2 particles were placed into a single hole when there was 
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room to fit (either a larger hole or small particles than average).  The original EBL 

pattern placed the holes very precisely with no misalignment.  This figure shows, 

however, that during the resist liftoff procedure the particles have moved around 

slightly on the surface.  This slight movement will have to be addressed if we wish to 

place particles near one another in adjacent wells separated only by a distance on the 

order of a particle radius or less.   

The next step was to take substrates with closely spaced holes and deposit 

particles into the holes.  Unfortunately, as can be seen in Figure 18, the particle 

deposition was very hit and miss overall.  The filling fraction was never very high and 

the disorder in the deposited particles was at an unacceptable level.  Increasing the 

concentration did not appreciably improve the filling fraction.  One problem 

inherent to this system is that we require holes of a very precise size and location but 

our particle solution is not truly monodisperse.  We are interested only in a small 

fraction of the possible particles:  too big and they will not fit in the holes but too 

small and you could have multiple particles per hole or an extra artificially large gap 

introduced between neighboring particles.  Additionally, producing uniform holes 

with such exacting spacing was pushing the Raith-50 instrument to its technical 

limits.  For example, it created fairly uniform holes if there was a large distance 

between adjacent holes but when creating denser patterns of closely spaced holes the 

quality and uniformity of each hole began to drop.  This is partly due to the 

proximity effect which is defined as extra “added” dosage coming from electrons that 

have scattered away from an adjacently written spot.  These electrons partially 
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develop the resist surrounding each structure.  Of course, the holes near the center of 

the pattern receive more extra dosage than holes near the edge so they are slightly 

bigger.  Dosage corrections for each hole in the pattern would be required to 

compensate for this.  Another problem with the Raith system is the low bandwidth of 

the signal generator driving the electron beam.  At only 4MHz, our exposure times 

for the electron beam were pushing the bounds of the speed at which the beam blank 

could switch the beam on and off.  We believe that this did manifest itself in slight 

bridging of neighboring holes when the spacing was small.  The solution to the above 

problems was realized nearly by accident. 

 

Figure 18:  Unsuccessful deposition of single particles into single holes.  Each of the light spots 
is composed of ~50 individual holes meant to be filled by a single particle.  The 
particles only partially fill the large number of individual holes. 

The chips on which these filling experiments were being performed contained 

not only small structures but large structures (on the order of 1mm) to aid in chip 
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orientation for both microscopy and deposition.  Somewhat incidentally, we noticed 

that those larger structures were also well filled with closely packed particles after 

the deposition.  This insight led us to develop a new experimental protocol; instead of 

individual particles in individual holes we decided to explore filling much larger 

holes with as many particles as can physically fit (usually between 1 and 60 closely 

packed particles).  This design improvement relaxes the requirements for the 

electron beam lithography but introduces the need to keep the particles separated by 

a different means than individual wells.  Without some sort of dielectric spacer layer, 

neighboring particles would be in electrical contact and their plasmonic properties 

would be useless to probe.  The dielectric spacer layer also would ideally be 

implemented in a flexible way that allows us to tune the gap distance.  

As revealed in the above methods subchapter, we decided to use PEG-thiol 

conjugated to the particle to act as our spacer layer.  Conveniently, PEG-thiol is 

available in a wide variety of molecular weights which will roughly correlate to 

different dielectric shell thicknesses around our particles.  PEG-thiol was purchased 

in 2kDa, 5kDa, and 30kDa molecular weights (Creative PEGWorks).  Because the PEG-

thiol should create a complete layer surrounding each gold nanoparticle, the 

configuration is appropriate to describe the molecules as “brush-like” [104, 105].  It is 

then appropriate to calculate the effective molecule length as the Flory radius using 

the equation ([106] p. 33): 

 0 � 1 2 3-.5 (4.1) 
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where 1 is the length of a single monomer unit and 3 is the number of units in the 

chain (degree of polymerization).  Each monomer unit of PEG is 44amu so the 3 

molecular weights used have 3  of 45, 113, and 681 units.  The PEG monomer unit 

length is 0.35nm [107].  The calculated lengths of the PEG spacer molecules are thus 

3.4nm, 6.0nm, and 17.5nm respectively.  The expected gaps between neighboring 

particles will then be twice as large taking into account the layer surrounding both of 

the two particles.   

 

Figure 19: (A) An overview picture of several structures where particles failed to completely fill 
the center.  Note that this effect does not depend on the direction of the moving 
meniscus as the hole appears in a different area of the structure for each one.  (B) 
Successful particle deposition into a large patterned area.  Some gaps and 
irregularities remain but coverage is nearly complete.  (C) A partial second layer 
has formed above the first layer (despite the first layer not being completely 
filled itself). 

 

Our initial experiments with 70nm diameter particles and 2kDa PEG-SH were 

very promising.  Holes were created with the EBL process that were large enough to 

hold 20 to 50 particles of diameter 77nm (spacer layer included).  The first 

observation we made (Figure 19A) was that in many of the experiments the particles 

tended to congregate only at the outside perimeter (sidewall) of each hole.  This 
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phenomenon has been documented in the past and was deemed to be yet another 

manifestation of incorrect hydro-phobicity/-philicity [90].  Based on the literature, 

the solution was to increase the plasma exposure of the substrate over and above 

what had been used to descum and initially set the contact angle.  Our upper bound is 

again limited by the fact that the PMMA has very poor etch resistance and will be 

completely stripped away in 10-12 seconds of plasma treatment.  A combination of 

factors combined to solve the problem.  First, at this time we discovered the 

importance of paying attention to the state of the stationary upper glass slide.  

Cleaning the slide thoroughly in an ultrasonic bath of IPA followed by water and then 

a strong RIE cycle improved the deposition greatly.  We found that changing the 

contact angle of the solution at the upper surface has an effect on the overall shape 

of the meniscus which creates a more favorable angle for deposition.  Secondly, we 

were able to inch the RIE exposure time up to 7 seconds which resulted in 

satisfactory filling of the holes from edge to edge and evidently left enough of the 

PMMA layer for the deposition to be successful.    Figure 19B shows a successful 

deposition from edge to edge in a single square well of edge length 500nm.  This 

figure also illustrates that even in the best samples we still tend to see crystal defect 

style fault lines and mismatches in the particles which are laid down.  Bearing in 

mind that our solution is not completely homogenous, these gaps and faults may be 

an acceptable cost to produce these types of patterns.  Figure 19C shows another 

example that illustrates why simply increasing the concentration does not help 

overcome these types of defects.  Even though the first layer is still incomplete, a 
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second layer has begun to form atop it.  The dependence of multiple layer formation 

on withdrawal speed and particle concentration has been described previously [91, 

102].   

 

Figure 20: (A) 40nm gold nanoparticles coated in 30kDa weight PEG-SH deposited into a 500nm 
diameter hole.  The particles become very closely spaced at what was the rim of 
the hole.  Additionally, as in this image, single particles were often found 
surrounding the structure when they should have been lifted away.  (B) A 
different area of the same particles showing their spacing.  The average gap 
distance is about 35nm. 

Armed with a method to produce aggregates with spacing determined by the 

PEG layer surrounding each particle, we moved forward to replicate the experiment 

using longer strands of PEG-SH molecules to create a larger spacing.  In tandem with 

experiments using 70nm diameter gold nanoparticles, we began to also use 20nm and 

40nm diameter particles to accentuate the relative size of the spacing (and because a 

spacing of greater than a single radius was an important data point we wished to 

capture).  In addition to the experiments with 2kDa PEG-SH, we added 5kDa and 

30kDa molecular weights.  Initial results with 30kDa PEG-SH conjugated to 40nm gold 

nanoparticles appeared very promising.  In Figure 20A is a typical example of this 

type of particle deposited in a large hole.  One striking feature is the very high 

density of particles at the edge of a hole (at the sidewall).  This directly illustrates the 
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strong preference of particles to congregate at the edge of the feature as the 

meniscus recedes and how this will negatively affect the features we were hoping to 

achieve with regularly distributed particles in the aggregate.  Nevertheless, the 

spacing towards the center of the feature is indeed much larger than had been seen 

with shorter lengths of PEG-SH.  Another unfortunate factor unique to small particles 

with large PEG attached was the presence of single particles outside the area of the 

hole that did not get lifted off successfully.  This could be due to the fact that the PEG 

layers are intertwined with particles down in the well and therefore they can hang on 

during the liftoff step and redeposit onto the silicon surface.  Figure 20B shows an 

area far from any feature where a large expanse of particles was deposited.  The 

average interparticle gap distance is approximately 30-35nm which is in concordance 

with expectations based on our theoretical prediction that the PEG length on each 

particle is 17.5nm (making the gap twice that length).    

Clearly, based on Figure 20A, there is an important problem of spacing 

variability that depends on the strength of the capillary force which must be 

addressed.  This phenomenon is shown more starkly in Figure 21.  This experiment 

shows an area of 30kDa PEG-SH coated gold particles that have been deposited at a 

meniscus edge.  Halfway down the image (where there is a break in coverage), it 

appears that the receding edge of the solution was briefly pinned to the substrate or 

was otherwise disturbed.  At this point, the particle density becomes extremely high 

to the point that particles are nearly touching.  There is then a continuum of 

interparticle spacings ranging from nearly touching out to the type of spacing 
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consistent with expectations for 30kDa PEG-SH coated gold discussed above.  Our 

hypothesis is that the very large forces experienced at the edge of the meniscus were 

enough to compress the PEG molecules and force the particles together.   

Additionally, it is possible that the PEG molecules from the different particles could 

intercalate to some degree so that we could not achieve the full distance of two times 

the PEG length.  This lack of stiffness to withstand the incredible capillary forces 

unfortunately creates a large amount of variability from one structure to the next.  

Extensive experiments with all 3 PEG lengths produced no single reliable spacing for 

any of them (although of course the degree of change between 2kDa PEG-SH in fully 

extended and fully compressed forms is much less than for the larger molecules).  

This lack of controllability and our simultaneous advances in structures produced by 

evaporation (Chapter 5) meant that no suitable solution to this problem was 

uncovered over the term of this work. 
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Figure 21: The interparticle spacing of particles coated with 30kDa PEG-SH depends on the 
capillary force and local particle density at the moment of deposition.  In some 
areas (“closer spacing”) the PEG layer surrounding the particle is compressed and 
the particles come close enough to be very nearly touching.  In other areas the 
force seems to be less and the particles are more distantly spaced.  The “natural” 
spacing area appears to be on the non-pressurized side of the front while the 
“distant” spacing is probably the true spacing when the force has been evenly 
applied and the front is in motion. 

4.7 SUMMARY 

Capillary assembly of nanoparticles has clearly been shown by this and other 

experiments to contain the seeds of success.  However, our experiments were 

ultimately unsuccessful in creating usable aggregates with essential controllable 

properties.  Several experimental modifications could lead to success if this 
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experimental technique is re-attempted in the future.  First, an overall modification 

likely to yield success is to replace PMMA with a different electron beam resist such 

as KRS-XE [90] or to perform a wet etch step to imprint the pattern in the silicon 

itself [92].  Different resists (and silicon itself) have the benefit of greater etch 

resistance which allows for more latitude during processing to modify the surface 

wettability without significantly changing film thickness.  Second, the experimental 

design may work better with a spacer molecule of greater longitudinal stiffness.  One 

molecule that fits the criteria is single- or double-stranded deoxyribonucleic acid 

(DNA).  DNA is very resistant to compression (especially in the double-stranded form) 

and the spacer length can be prescribed down to the size of an individual base pair.  

DNA also has the immediate benefit of an extensive literature base documenting 

methods of attachment to gold nanoparticles [31, 108].  Finally, our experimental 

process did not completely control several variables such as room temperature or 

humidity that other research groups have invested more effort into isolating and 

controlling.   

These experimental adjustments were in the process of being implemented 

while at the same time the related experiments in Chapter 5 were beginning to find 

success.  Therefore, the path of Chapter 5 was followed and the track of Chapter 4 

found its end without fulfilling all of its promise. 
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5. Creating Individually Addressable Nanoparticle Aggregates by 
Electron Beam Lithography and Gold Metal Deposition 

5.1 INTRODUCTION 

The creation of small scale structures by combining lithography and metal 

deposition is a simple and time-worn technique.  It is commonly used to create 

conductive pathways between elements in a circuit and to create sandwich structures 

consisting of multiple layers of different materials [109].  In the simplest case, a 

patterned substrate is placed into an evaporator machine.  The machine then 

sublimes a solid wire or ingot of the material by resistive heating (running a current 

through a metal boat filled with the material) or electron-beam heating (a focused 

electron beam locally superheats the material) [110].  Crystal oscillators tuned to the 

material's density parameters report on the film thickness as it grows.  After 

depositing the metal, the substrate chip is put into a solvent that removes the 

electron beam resist.  This carries away all of the unwanted metal film and leaves 

behind only the structures defined previously by the EBL machine. 

The advantages of using gold evaporation to produce our nanoparticles are 

clear.  The only limitation on particle size, shape, and arrangement is the resolution 

of the EBL machine.  The gold completely fills each of the “holes” to the edges so the 

interparticle spacing is consistent and repeatable.  The major disadvantage is that the 

particles that are created are no longer spherically symmetric but instead resemble 

cylinders or “pillars”.  Because of this asphericity, the scattering spectra will 

certainly diverge from what is measured in solution based (spherical) nanoparticles.  
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This adds the additional challenge to our experiments that any of our findings must 

be generalized in order to apply them to biologically relevant systems. 

In this chapter I will describe the experiment in detail from the fabrication 

steps to the data acquisition and analysis.  I will show the effect of particle number 

and interparticle spacing on the scattering spectra of aggregates and relate this 

knowledge to our previous experiments in cellular systems. 

5.2 ELECTRON BEAM LITHOGRAPHY PROCESS (JEOL JBX6000) FOR DIRECT GOLD DEPOSITION 

As previously described in chapter 4.3, our first experiments with electron 

beam lithography were performed on a Raith-50 system.  However, it was apparent 

from those experiments that samples which attempted to achieve very high feature 

resolution suffered from poor quality (Figure 22).  An alternative machine was 

located in the Microelectronics Research Center at the JJ Pickle Research Campus.  

The JEOL JBX6000 system has a 50kV emitter and can achieve a smaller spot size on 

the sample.  It also features several automated focusing routines that help to create a 

uniform exposure across the entire field of interest.   
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Figure 22: A failed attempt to produce a structure with small gold nanopillars at very close 
spacing using the Raith-50 and PMMA on ITO-coated glass covers slips.   

The JEOL EBL system will accept pattern files in GDSII and its own primitive 

scripting language known as the JEOL01 data format.  Both of these file types must be 

converted into the JEOL52 format (using conversion software) and combined with 

scheduler text files that describe where and how many times the pattern is to be 

printed on the wafer.  We discovered that the conversion software is quite finicky 

about the exact format of the GDSII files.  To have success, the file had to be stripped 

of any extraneous comments or information and each layer and object had to have a 

specific number assigned to it which was a tedious process to do manually using CAD 

software.  For simple patterns, it is much easier to create a file using the J01 format.  

In addition to being very easy to set up, this format also enjoys native compatibility 

which means there is a reduced chance of unanticipated run failure. 

The JEOL JBX6000 is located in the cleanroom of the Microelectronics 

Research Center at the JJ Pickle Research Campus.  As has been mentioned, the 
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cleanroom environment is important to prevent contamination of the sample.  The 

support staff at the MRC recommended that we adopt a new resist known as ZEP-

520A.  ZEP-520A was developed by Nippon Zeon Corporation in an attempt to find a 

resist with similar properties to PMMA but with better etch resistance.  It is based on 

poly(methyl-a-chloroacrylate-co-a-methylstyrene) and has high resolution and good 

electron sensitivity [97].  The process parameters for ZEP-520A are listed in Table 3.  

We used ZEP-520A in a 1:1 dilution with its solvent ZEP-A to create an even thinner 

resist layer.  The development cycle is slightly different for ZEP than for PMMA.  

Rather than using a blend of MIBK:IPA, the developer solution is provided by the 

manufacturer under the name ZED-N50.  The other difference in our process was that 

instead of being dunked into developer bottles, ZEP was developed on the spin coater 

to allow quick removal of the developer and fast drying of the alcohol rinse. 

Resist type ZEP-520A 

Spin coater 2600RPM for 60sec 

Hot plate (pre exposure bake) 180°C for 60sec 

Developer ZED-N50 for 120sec 

Developer rinse 
IPA for 30sec (spin 
coater) 

Dry Spin coater 

Table 3: Resist parameters used to create and develop samples with JEOL 6000 EBL machine 

5.3 BULK GOLD METAL EVAPORATION 

After the wafer is fully exposed and developed, it is transported to the main 

campus for metal deposition in the CNM cleanroom.  The preferred deposition 
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methods in lithographic and solid-state applications are thermal and electron beam 

evaporation of gold wire.   In general, we have chosen to evaporate thermally but 

both methods are straightforward and produce comparable results.  The Denton 

Thermal Evaporator in the CNM was used for the thermal deposition.  The machine 

basically consists of a vacuum chamber, several sets of electrodes connected to high 

current power sources, and 2 crystal oscillators which measure the thickness of the 

metal layer.  The sample is loaded onto a chuck suspended from the roof of the 

machine and a shutter is closed in front of it.  Across one set of electrodes we place a 

tungsten boat loaded with gold wire and across another set we place a rod that has 

been electroplated with chromium.  The boats and sample are then pumped down 

until a vacuum of approximately 1X10-5 Torr is reached. The final vacuum does not 

seem to impact the results as long as it is “low enough” (i.e. in the 10-5 Torr range).  

The first deposition stage consists of applying a very thin (0.5nm-2nm) layer of 

chromium to the substrate.  The current is slowly increased on the chromium rod 

until it is emitting at ~0.1Å/second and the shutter is opened.  The chromium 

promotes adhesion between the gold and the silicon surface and without this layer 

the gold will shift position on the surface or could possibly be lifted completely away 

in later steps.  The gold can now be evaporated by running a current through the 

boat.  Again, the current should be increased slowly (for example: 1 Amp per 5-10 

seconds) to prevent sudden shock heating of the gold wire which can cause it to spit 

or eject from the boat.  As the heat increase, the gold slowly melts and then begins to 

evaporate and coat all surfaces within direct line-of-sight of the gold source.  The 
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deposition rate and total thickness of both gold and chromium are monitored with 

0.1 nm accuracy by crystal oscillator units in the chamber.  The rate should be 

relatively stable before opening the shutter.   Our gold was commonly deposited at a 

steady rate of about 0.3nm/sec.  At this point in the process the gold metal has 

completely covered the surface of the wafer (in fact it looks like a simple gold 

mirror).  The next step is to remove the areas that were not written in the EBL 

machine. 

 

Figure 23: A pictorial representation of the lithography process. 

The removal of the remaining electron resist (and the extraneous gold it is 

supporting) is a step often known as “liftoff”.  Liftoff (depicted as the final step in 

Figure 23) consists of submerging the wafer chip in a solvent that removes the resist 

completely (without regard for exposure state).  In this regard it is more aggressive 

than developer which only targets the exposed areas.  In most circumstances, 

additional measures are often required to help the solvent penetrate the small space 

between the chip and what is now a protective gold layer.  If no chromium 

underlayer was applied to the chip, simply putting the chip in room temperature 

acetone is usually enough to remove the unwanted gold and resist.  However, as 
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mentioned above, the chromium layer is necessary to hold the patterned areas of 

gold in place.  In the case of a chromium layer combined with a relatively thick resist 

layer (achieved with undiluted resist or slow spin coater speeds), heating the acetone 

to ~80-90°C will help the solvent penetrate and usually leads to a successful liftoff.  

However, in the case of chromium and a thin resist layer, even heating to 90°C for 

several hours is not enough to remove the gold.  In this case we must resort to a 

quick burst (15-20 seconds at most) of ultrasonic vibration to help the solvent to 

penetrate.  The ultrasonic treatment should be minimized because it provides the 

opportunity for the gold structures to be removed and additionally it obliterates the 

removed gold layer into many very small pieces that are loosed into the solvent.  This 

floating detritus could reattach to the chip and cover the aggregates or simply 

overwhelm the imaging system due to their high overall brightness/reflectivity.  In 

general, with a sensible time in the ultrasonic bath the chromium layer seems to be 

powerful enough to prevent gold pillar movement and a rinse of the chip with 

isopropyl alcohol as it comes out of the acetone solution is enough to wash away any 

re-deposited gold.  Figure 24 shows an image obtained with AFM of gold nanopillars 

created in this fashion.  More detail about particular arrangements of nanoparticle 

assemblies will be discussed in Chapter 5.6. 
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Figure 24: AFM image of a portion of a  nanopillar assembly on a substrate.   

5.4 DATA ACQUISITION 

Each individual nanoparticle aggregate was examined using both optical and 

electron microscopes to establish a correlation between physical dimensions and 

scattering properties.  The aggregates were examined in the Zeiss Supra 40 VP 

scanning electron microscope (SEM).  Because the aggregates sit atop a silicon wafer, 

adding a conductive metal layer over the top was not necessary; all that was needed 

was to establish an electrical connection between the top surface and the metal stub 

mounted in the machine.  Using a simple pair of bare metal microelectronic clamps, 

we could tightly fasten the chip to the stub while simultaneously providing the 

connection.  With this setup, it was possible to unmount the chip after SEM analysis 

and take the same sample back and forth to the optical imaging setup. 



 89 

  The preferred optical imaging modality to observe nanoparticles is darkfield 

microscopy with reflected light (because of the opaque substrate).  As opposed to a 

typical brightfield setup, the darkfield microscopy technique blocks the paraxial rays 

of the illumination light from striking the sample.  A schematic of a transmission 

darkfield setup is shown in Figure 25.  The light can be thought of as having the shape 

of a "hollow cone".  The angles allowed to pass are all large enough that they will not 

be captured within the numerical aperture (NA) of the imaging lens.  Therefore, all 

unperturbed or "background" light is rejected from the final image and only light 

that is scattered in some way from the nanoparticle assemblies can pass through the 

imaging system.  As seen in the figure, the incoming light strikes the sample at high 

angles. 
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Figure 25: Schematic of transmission dark field imaging setup.  (Copyright 2006 by Richard 
Wheeler in accordance with GNU Free Documentation License) 

Optical imaging was done using a Leica DM6000M upright microscope with 

20x and 50x non-immersion objectives. The light source was a 75 watt xenon arc 

discharge lamp.  True-color imaging was performed with a SPOT 1.4 megapixel color 

mosaic camera (Diagnostic Instruments).  White balance was obtained with a 

Spectralon diffuse scattering standard.    
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Figure 26: An illustration of the function of the PARISS hyperspectral system.  At each x-
position of the microscope stage, a y-oriented slice of the sample is imaged onto 
the entrance slit of a prism based spectrometer.  The resulting spectral 
information at each pixel is recorded by a CCD camera, the stage is advanced, and 
the process repeated. 

Spectral measurements were obtained by a hyperspectral system known as 

PARISS (Prism and Reflector Imaging Spectroscopy System, Lightform Inc.) [111].  A 

pictorial representation of the PARISS system is depicted in Figure 26.  The PARISS 

system acquires a spectral information datacube containing wavelength information 

at every X-Y coordinate in the region of interest.  The PARISS consists of a Q-Imaging 

Retiga EXi 12-bit camera, a prism, an entrance slit, and a precision microscope stage.  

At each stage position, light from the slit is dispersed through the prism and imaged 

on the CCD of the camera.  This image represents the spectral information at each Y-
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coordinate for the particular X-coordinate chosen at the slit position.  The stage then 

advances one step and the next spectral image is acquired.  The stepsize is 

determined by the object size imaged onto the slit by the objective; for a 50x 

objective and our 25µm slit the step is 500nm.  These images (one at each X position) 

are then grouped to create the 3D datacube (1 spectral dimension and 2 spatial 

dimensions).  One of the great advantages of this technique is that the prism is a 

dispersive element that does not sacrifice intensity nearly as much as a grating.  This 

is very helpful in experiments with dimmer elements that one is analyzing.  Another 

advantage is that the acquisition of all wavelengths occurs simultaneously (i.e. there 

is no waiting for a motor to scan a grating or to change the path length in an 

interferometer).  However, only a small part of the spatial information is acquired at 

a time and depending on exposure time it may take seconds or minutes to scan a 

complete sample.  This may be detrimental to a project with moving objects (for 

example, cells) but in my experiments all samples are immobile so this problem was 

negated. 

5.5 DATA ANALYSIS AND CLASSIFICATION 

Data were acquired from 6 examples of each pattern type.  Raw spectral data 

was acquired in the range between 450nm and 800nm.  The raw spectra need to be 

processed in some way to remove the influence of the lamp spectrum and of innate 

scattering of the substrate material.  To create a "lamp normalization" spectrum, a 

signal was collected in brightfield mode from the direct reflection of an aluminum 
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mirror.  This datacube contained twenty-five averages at each slit position for 100 slit 

positions.  The data was then averaged across slit position to create a well smoothed 

signal that gives accurate lamp intensity information at every point along the slit (Y-

coordinate).  In addition, a background spectrum was created by averaging the 

spectrum from about one hundred points in an area well separated from the gold 

aggregates.  The normalized background signal (created by dividing the background 

by the lamp normalization) contains the influence of the silicon chip itself on the 

scattering spectrum.  Each data spectrum was itself normalized and then the 

normalized background was subtracted from the data. 

Each aggregate was an extended structure (larger than a single pixel).  To 

determine which pixels contained aggregate information, the intensity at each 

wavelength was examined for each pixel.  Because of our background subtraction and 

normalization, zero is a true baseline for each spectrum.  If the intensity rose above 

0.2 at any wavelength, the pixel was deemed significant and included.  Each pixel 

meeting this criterion in a cluster is summed together to produce the total intensity 

for the aggregate.   

Parameters such as peak position and width were extracted from normalized 

data spectra by fitting them with a smooth function.  Several fit functions were tested 

and evaluated to see which provided the best fit (as measured by the sum squared 

error (SSE)).  The scattered spectrum from our patterned aggregates can be modeled 

as either a single peak or two peaks depending on the degree to which the particles 

are coupled.  To create the best possible curve fits, we tested several functions 
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including: symmetric Gaussian, symmetric Lorenzian, asymmetric Gaussian, 

asymmetric Lorenzian, and asymmetric ½ Gaussian + ½ Lorenzian.  We also tested a 2-

peak symmetric Gaussian and 2-peak symmetric Lorenzian.  The two functions that 

performed the best consistently were the single peak ½ Gaussian + ½ Lorenzian (an 

example is Figure 27A) and the 2-peak symmetric Gaussian (Figure 27C). 
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Figure 27:  Examples of calculated fit curves from our spectral data.  (A) A single peak fit 
matches well with spectra of small N and/or large spacing.  (B) The single peak fit 
does not match the spectra of systems with large N and small spacing.  (C) A 2-
peak fit matches this type of spectrum much better.  (D) However, applying both 
fits to each curve and looking at only the SSE can lead to mistakes.  This curve 
looks very much like a single peak but the 1-peak SSE is 5.2 while the 2-peak SSE 
is 4.1.  Without additional criterion, this spectrum would be classified mistakenly 
as 2 peaks.   

The automatic determination of whether a spectrum contained 1 or 2 peaks 

was a challenging problem.  All spectra were fit with the single and 2 peak fit 

functions and the sum squared errors were compared.  Except in a few optimal cases 

(such as the one shown in Figure 27A), the two peak fit will nearly always return a 
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better SSE overall because there are so many more free parameters at the algorithm’s 

disposal.  For example, the single peak shown in Figure 27D is ostensibly modeled 

better by the 2-peak fitting routine although it clearly appears to be a single peak.  

Therefore, additional criteria had to be established that could accurately enable the 

machine to identify cases where the two peak fit was erroneously applied and favor 

the single peak fit instead.   

To improve the automated classification, the spectra were first classified as 

having one or two peaks by a human operator.  The goal is to establish a rule that 

helps to separate 1 peak from 2 peak spectra by examining properties such as relative 

peak positions, widths, or heights reported from both the 1 and 2 peak fit algorithms.  

Once a rule set is devised, it can then be applied universally in conjunction with the 

SSE to enable the computer to correctly differentiate and report proper peak values.  

Several sets of variables were tested to find the variable that created the best 

stratification.  The most successful pairing was a comparison between the blue peak 

position and the red peak position in the 2 peak fitting.  Figure 28 consists of a scatter 

plot showing the results of a 2-peak fit on each individual spectrum.  The computer’s 

classification (based solely on lowest SSE) and the human classification are compared 

and the result determines the color of the dot.  If they agree, the dot is colored blue 

(for single peak) or green (for 2 peak).  If the computer has misidentified a true single 

peak as having 2 peaks the dot is colored red.  Using this plot, we can draw cutoff 

lines that act as rules in a flowchart to help the computer correctly classify the 

points. 
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Figure 28: Classification diagram to develop a rule set for computer-aided determination of 
single or double peak fit.  Each spectrum was analyzed by a human operator and 
single or double peak status was predicted.  If the machine correctly matched the 
human’s decision based simply on SSE comparison, the point is colored blue 
(single peak) or green (2 peak).  Red dots are points the machine has predicted to 
be double peak but should actually be single peak.   

The first step is to check the lowest SSE.  If the single peak is indicated by this 

test, the flowchart terminates because there are realistically no cases where a true 2 

peak spectrum is fit better by the single peak curve.  If the 2 peak SSE is lowest, we 

move on to the next rule.  The next step is to check whether the red peak wavelength 

is larger than 700nm and reject a 2 peak fit if so.   This rule was necessary due to a 

small number of 2 peak fits where the red peak was at a physically impossible 

wavelength (usually over 1000nm).  The third rule is that the red peak wavelength 

can be no smaller than 605nm or the 2 peak fit is rejected.  This criterion in a sense 
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represents our inability to spectrally resolve 2 peaks at a certain point where they 

are very close.  This cutoff is shown as the horizontal line in Figure 28.  The final rule 

the computer must check is represented by the sloped line in Figure 28.  The equation 

for this line is 6 � 7.333! # 3348.47 and if the point lies in the half space above this 

line it is classified as a 2 peak spectrum.  As the plot shows, some of the points have 

ended up on the wrong side of the curve and are misrepresented.  This curve 

represents the best compromise by catching as many misclassified points as possible 

while sacrificing very few properly categorized points.  The now complete algorithm 

for classification into 1 or 2 peak fits is applied to an average spectrum composed of 

each of the 6 individual samples at each gap/number combination.  The result of this 

classification is then assigned to each unique gap/number combination and the 

individual curves are fit and reported with this assignment in mind. 

5.6 DATA INTERPRETATION 

Aggregates of gold nanopillars were fabricated in a variety of arrangements to 

test multiple hypotheses.  Thus, the design of the pattern itself becomes a crucial 

element of the experiment.  Our mission is to elucidate the effect that particle 

number and interparticle spacing have on the final reflectance spectrum of the 

aggregate.  Therefore, we must predict the range of values of particle number and 

gap spacing which we can expect to significantly change the output.  The effect of 

gap distance on scattering properties has been investigated in previous publications 

by other research groups and has also been described theoretically.  It is considered 
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that the most important range for coupling is when the edges of the particles are 

within the distance of a radius (or in terms of the center-to-center spacing, 3 times 

the radius).  Each individual particle in our experiment is 110nm in diameter and 

65nm thick.  The lower limit on interparticle spacing is enforced by the EBL 

resolution itself.  We discovered that below about 15nm of gap spacing the rate of 

defects (including thin bridges connecting neighboring particles, misshapen 

particles, and/or incomplete liftoff) rose significantly.  Therefore, the smallest gap 

spacing we chose was 15nm which represents about 0.27R.  We chose 3 additional 

spacings: 30nm (0.55R), 65nm (1.18R), and 170nm (3.1R).  The largest gap spacing of 

over 3R will act as a control because at such a large distance the particles are 

predicted to have negligible interaction with each other.  The 15nm and 30nm gap 

spacings are in the regime we refer to as “strongly” coupled.  The 65nm case is in the 

regime we refer to as “weakly” coupled while the 170nm case is “uncoupled.”  
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Figure 29: The 10 structures created in this experiment.  Scale bars are 100nm 

The dependence of signal on the number of particles in the aggregate has not 

been examined as closely in the experimental arena as interparticle spacing.  The 

lower bound is clearly a single particle and theoretically speaking the upper bound 

would be an infinite array of particles.  It is predicted that as the number of particles 

grows larger and larger the influence on the total aggregate of each additional 

particle diminishes.  In fact, our research group predicts that adding additional 

particles more than 5 particle diameters from the “center” of the aggregate should 
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produce no additional redshift [23].  In effect, there is a threshold where the 

spectrum shift saturates.  For our 110nm diameter particles arranged in a regular 2D 

hexagonal close packed lattice, approximately 55 particles spaced at less than a 

radius are needed to achieve the aggregate size where saturation is taking place.  A 

pattern was generated that contained 55 particles per aggregate at multiple 

interparticle spacings.  However, a problem was encountered upon analysis of these 

particles with the spectroscopy/microscopy system.  A sample RGB image of a 

random selection of some of these structures is shown in Figure 30.  Several of these 

structures have a clear imaging defect in the form of a dark spot at the center of the 

bright circle.  Comparing the location of these defects to their positions in the 

randomly generated CAD file, we discovered that the problem became worse as the 

overall size of the aggregate increased.  This phenomenon is likely to be independent 

of the metal properties of the particles themselves and could be the result of a 

coherence length of our xenon broadband light source that is on the order of the 

structure size or may simply be the far field diffraction pattern expected from any 

collection of scattering objects of this size and spacing.  Whatever the explanation, 

we do not wish to confound our results by this factor whose effect on total intensity 

(especially as a function of wavelength) is difficult to quantify.  Therefore, based on 

intensity cross sections of structures in Figure 30, it seems very wise to limit our total 

structure to less than about 25 of our particles which produces the black spot only at 

the very largest gap spacing.  The size range from a single particle up to 25 particles 

still allows us to probe the range of aggregate sizes found in the EGFR experiments 
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(Chapter 3.1).  Our final patterns consisted of structures with one of 10 particle 

numbers, each at the 4 aforementioned interparticle spacings.  Specifically, the 

structures contained 1, 2, 3, 4, 7, 9, 13, 15, 19, or 23 particles with gaps of 15, 30, 65, or 

170nm.  Each structure was replicated 6 times to add to our statistics at each 

gap/number combination. 

 

Figure 30: (left) Image of an array of structures of N=55 with variable spacing (structures are 
randomly organized).  Note that donut-like shape on the structures 
(corresponding to the larger spacings).  (right) A cross section through one of the 
donuts confirms the apparent dip in intensity at the center.  
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Figure 31: Representative spectra from individual aggregates at selected number spaced by 
15nm (A,B), 30nm (C,D), 65nm (E,F) and 170nm (G,H).  The spectra on the right 
side (B,D,F,H) are the same spectra from the left side normalized by peak 
intensity to allow better comparison of peak locations. 

Figure 31 shows representative spectra acquired from individual nanopillar 

assemblies.  For small numbers of pillars the scattering is characteristically a single 

peak centered roughly at 550nm.  As the number of particles in the assembly 

increases in the 15nm gap case (A, B), a second peak mode begins to arise and steadily 

becomes more intense and more redshifted as the number continues to increase.  In 

the 30nm gap case, a similar behavior is seen but the shift effect is weaker overall.  

More particles are required to achieve the same change in spectrum; this trend 

continues with the 65nm gap case.  Even at the highest particle number in our 

experiment the shift is not as dramatic as the highly coupled cases.  In the 170nm gap 

case, one can see that the spectrum does increase in intensity but its position changes 

very little as more particles are added.  In addition the intensity increase is not as 

dramatic as in the highly coupled case.  This is in accord with the prediction that 

with such a large spacing between particles there will be very little coupling.   

As this figure shows, the spectra obtained from nanopillar structures tend to 

be more complicated than spectra from similar arrangements of small spherical 

particles for two important reasons:  the nanopillar shape and overall aggregate size.  

The sharp edges and lack of spherical symmetry on each individual nanopillar means 

that there is more than one distinct resonant mode into which the excitation light 

may couple.  Additionally, the size of the overall structures quickly becomes 

significantly larger than the half-wavelength of the excitation light as more particles 
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are included.  In this case, the dynamics of the interaction are outside the regime of 

the quasi-static approximation and the light experiences a significant phase shift 

across the aggregate.  As a result of some combination of both of these aspects, the 

spectra of highly coupled large nanopillar systems have a prominent blueshifted peak 

which is usually minimal in smaller systems of nanospheres. 

 

Figure 32: The peak shift vs. number of particles in the structure for 4 different gap spacings.   

In this study, we measured 3 important properties of the nanoparticle 

structures:  the peak wavelength value, the width of the peak, and the total intensity 

of the response integrated over the entire spectrum. The first and perhaps most 

important property to investigate is the influence particle number and gap spacing 
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on the redshifting of the peak wavelength.  In Figure 32, the peak location of the red-

most peak (for 2-peak fitting) or single peak (for single peak fitting) is shown for 

multiple particle numbers and spacings.   

At the smallest spacing of 15nm, the red-shifted peak begins to appear almost 

immediately as particles are added.  As particle number increases the peak redshifts 

until N=9.  At that point, a greater number of particles in the aggregate increases the 

intensity of the redshifted peak but does not change the peak’s center wavelength.  It 

has been shown previously that random 3D aggregates of small gold nanoparticles 

have extinction spectra that reach a saturation point at which additional particles do 

not add more shift [112].  The 30nm gap spacing shows similar behavior although it 

appears to saturate at a slightly lower wavelength than the 15nm case.  This 

difference has not been shown to be statistically significant.  The root cause of the 

peak shift and saturation behavior is a combination of the near field particle coupling 

and an optical de-phasing effect that arises because the overall aggregate size is of 

the order of a wavelength of the light.  The optical phase shift could influence the 

magnitude of the coupling due to a sign inversion of the field across the structure 

and this might affect the saturation behavior.   

The peak shift in the strong coupling examples are contrasted by the weak 

coupling in the 65nm sample.  The shift is negligibly small until the aggregate is made 

of approximately 15 particles.  At that point, the redshift becomes significant and 

increases for larger aggregates.  Importantly, at the largest numbers of particles used 

in this study the wavelength shift of the weekly coupled case overlaps in a statistical 
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sense with the strongly coupled case.  This result is significant because it illustrates 

that even in a weakly coupled regime the system will experience a peak wavelength 

redshift as large as the strongly coupled case if enough particles are present.  Finally, 

the uncoupled 170nm gap case shows no redshift change between the lowest and 

highest particle number.  Because the overall size of the structure is even larger in 

the weak and uncoupled cases, we believe the near-field particle coupling is 

dominant over the dephasing effects. 

 

Figure 33: Peak width vs. number of nanopillars in the structures 

Peak broadening has previously been predicted and observed in particle pairs 

[49, 113] as another result of particle coupling and our observations show similar 
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behavior to what has been previously shown.  Figure 33 depicts the FWHM of the 

longest wavelength peak for each nanoparticle assembly.  As expected, the strongly 

coupled (15nm and 30nm gap) spectral curves broaden significantly as more particles 

are added.  The change is statistically significant when comparing N=23 to N=1 and 

when comparing to the 170nm gap case. The weakly coupled case (65nm gap) does 

begin to show broadening but not before large numbers of particles are present.  The 

uncoupled case (170nm gap) does also show some signs of peak broadening at larger 

numbers (p<0.05 when testing N=1 against N=23) which may be more due to 

dephasing effects than near field coupling as the particles are well spaced but the 

overall structure size is very large. 
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Figure 34: Area under each spectrum vs. the number of particles in the aggregate. 

The overall peak intensity is the third important parameter that changes with 

the total particle coupling.  It has been demonstrated previously that the intensity 

increase has an N2 dependence in coupled particle systems for very small particles 

[54].  The increased intensity in strongly coupled systems comes from the 

contributions of the coupled term in each particle’s interaction potential.  The total 

integrated area of the spectral profile for each sample is shown in Figure 4c.  The 

increase in intensity as a function of particle number for the strongly coupled cases 

(15nm and 30nm) is fit well with a quadratic at low particle number but levels off as 

more particles are added.  The change between N=1 and N=23 is statistically 
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significant (p<0.05).  The weakly coupled case of 65nm gap does not increase as 

steeply with number but is well modeled by a quadratic up to the largest particle 

number in our study.  The uncoupled case of 170nm still shows an increase as more 

particles are added but its overall intensity increase is very minor by comparison and 

is well modeled by a line.   

These results indicate that specific spectral observations can be described 

with both particle number and interparticle gap distance.  This finding is vital for the 

development of biomedical sensors based on spectral shift because it provides a 

guideline for the optimal range of a biomolecular sensor.  A redshifted spectral peak 

results when enough particles are present and are near enough to one another for 

coupling to occur.  Importantly, this peak shift saturates in large number aggregates 

at levels which depend on the interparticle spacing.  This saturation point should be 

used to optimize gain in biosensor design.  In addition, spectral shifts caused by 

increasing particle number can be tuned by varying gap distance to take advantage of 

the most sensitive range of the peak shift.  These physical considerations have useful 

practical implications in targeted sensing such as live cell imaging of molecular 

functions that occur on this length scale.  

A new approach to thinking about particle coupling in real world experiments 

springs from these results; namely, that bringing particles closer together is far from 

the only strategy to create a notable signal change.  Our findings support the 

interpretation that particle number could be used as readily as interparticle spacing 

as a tool to create observable signal changes in nanoparticle optical imaging 
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applications.  One immediate application is to the experimental problem posed in the 

EGFR experiment (Chapter 3.1).  The monoclonal antibodies conjugated to the 

nanoparticles must create a buffering shell predicted to be about 10nm thick.   As was 

shown in Chapter 4, it is difficult to quantify the ability of these shells to prevent the 

nanoparticles from coming close to one another but in the worst case scenario the 

gap could be as much as 20nm which represents nearly a particle diameter.  Based 

simply on theoretical predictions, one might expect minimal coupling in aggregates 

of these particles but that experiment did show conclusive evidence of spectral red-

shifting.  This experiment shows, however, that even at larger spacings (which 

produce little shift for small numbers of particles) we can still develop a spectral 

redshift by creating aggregates with larger and larger numbers of particles.   
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6. Summary 

Nanoparticles have emerged as a critical imaging technology with bright 

prospects in the biomedical landscape.  If the full potential of nanoparticle coupling 

can be realized, the opportunity certainly exists to gain a better understanding of 

molecular processes in cells than other current techniques allow.    Gold and silver 

nanoparticles (in particular) can be small enough to be non-disruptive to cell 

function but still give a bright signal that is simple to detect using a darkfield 

microscopic setup.   

As proof-of-concept, gold nanoparticles were targeted to EGFR and actin in 

live cells.  The nanoparticles attached to their targets and were observed throughout 

a time course experiment.  The aggregation dynamics of the nanoparticles (as 

measured by spectrometer) correlate directly to previously understood cellular 

processes as verified by sectioning the cells and looking directly at nanoparticle 

arrangements in a TEM.  Preliminary analysis of the spectra can distinguish between 

grossly different clustering states but the ability to make a finer distinction between 

states is a desirable goal.  To this end, we created immobilized nanoparticle 

aggregates that model the organizational structure of biological aggregates. 

Multiple approaches to creating repeatable isolated aggregates were 

attempted including biochemical linking, capillary deposition from solution, and 

direct metal evaporation.  Both of the more robust methods utilized patterns of wells 

in a resist created with electron beam lithography.  Capillary deposition was 

successful initially but was eventually abandoned due to low particle coverage and an 
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inability to overcome the immense capillary force to keep particles separated by a 

specified distance.   

Aggregates of “nanopillars” were created by directly evaporating metal onto a 

patterned substrate.  The aggregates were created with a range of particle numbers 

and interparticle spacings to fully span the range of expected behavior.  The 

scattering properties of these aggregates were then measured and compiled.  The 

spectra were fit by smooth functions to extract information such as peak position, 

peak width, and total spectral intensity.   
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