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Nanocomposite Particles as Theranostic Agents for Cancer
Timothy Arne Larson, Ph.D.
The University of Texas at Austin, 2012

Supervisor: Konstantin Sokolov
Co-Supervisor: Andrew Ellington

The exploration of nanoparticles for applications in medicine has grown
dramatically in recent years. Due to their size, nanoparticles provide an ideal platform
for combining multiple functionalities and interfacing directly with the biological realm.
Additionally, nanoparticles can have physical properties that don’t naturally exist in
biology. Metal nanoparticles in particular have unique optical and magnetic properties
which have driven nanomaterials research. The optical properties of gold nanoparticles
and the magnetic properties of iron nanoparticles make them suitable for use as contrast
agents in diagnostics and for radiation enhancement in therapeutic applications. The
strong optical absorption and scattering and the nature of the conduction electrons of gold
particles makes them ideal contrast agents for two-photon microscopy, photoacoustic
imaging, and photothermal therapy.

The superparamagnetic nature of iron oxide

nanoparticles is clearly visible in magnetic resonance imaging, rendering them suitable as
whole-body imaging contrast agents.

All nanoparticle types can serve as delivery

vehicles for drugs consisting of small molecules, peptides, or nucleic acids.

This

multiplicity of characteristics renders nanoparticles suitable for use in combining
diagnosis and therapy, such as using particles to first detect the spatial extent of a cancer,
and then to enhance near-infrared radiation in the tissue optical window to induce
vi

localized heating of diseased tissue. This combined approach requires both a mechanism
of enhanced imaging contrast and a localized therapeutic mechanism, and the studies
presented in this dissertation present work both on these aspects. By coating iron oxide
nanoparticle cores with gold shells, it is possible to obtain a nanoparticle with both
magnetic and optical properties. While individual gold nanoparticles do not absorb light
in the infrared, receptor-mediated aggregation and the plasmon coupling effect lead to
enhanced optical absorption only in diseased tissue.

In addition to exploring these

advanced applications, this work presents a fundamental investigation into the stability of
gold nanoparticles in biological media.

A previously unknown mechanism of gold

nanoparticle destabilization and opsonization is presented and supported, along with a
technique for reducing this opsonization and greatly enhancing the stability of gold
particles in biological applications. This work will provide guidance to future designs of
nanoparticle systems.
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Chapter 1:Introduction
1.1 BACKGROUND
Cancer is a leading cause of death in the United States1. Much effort and
resources have been spent to understand and control cancer, but it is still accountable for
more deaths than heart disease for persons under the age of 85. The most significant
decline in cancer mortality has come more from enhanced detection capabilities rather
than improved treatment options, and the disease state at the time of detection
significantly impacts prognosis. The two most prevalent cancers are representative of
this. These are prostate cancer and breast cancer, and treatment options for advanced
cancers remain limited1,2. Advances in prostate-specific antigen (PSA) screening have
led to diagnosis of prostate cancer in younger men, but current therapies often result in
unwanted complications such as incontinence and sexual dysfunction3. Prostate cancer
has the highest incidence of all solid tumor malignancies in American and Canadian men,
while breast cancer is the the most common cancer malignancy in women1,4. These
tumors primarily metastasize to the bone and brain, and the 5 year survival rate drops
drastically once the primary tumor has metastasized. The significant drop in survival
after metastasis occurs with all cancer types.
Cancer treatment options have expanded in recent years, but there are still high
rates of unwanted side-effects with all therapies5,6. The current standard therapies for
prostate cancer are radical prostatectomy, bracytherapy, radiation therapy, hormonal
therapy, and cryotherapy, but their deficiencies have stimulated interest in the
development of molecular specific therapies targeting markers of cancer such as human
epidermal receptor (HER) 1 and 2, prostate-specific membrane antigen (PSMA), and
selective endothelin A receptors7.

Breast cancer treatment also requires a
1

multidisciplinary approach that includes surgery, radiation therapy and adjuvant systemic
therapy5. Still, metastasized cancer is extremely difficult to treat with localized forms of
treatment due to the difficulty both of finding and reaching small metastases.
1.2 MOLECULAR APPROACHES TO CANCER THERAPY
1.2.1 Small Molecules and Monoclonal Antibodies
Due to the limitations of traditional approaches for treating cancer, chemical
approaches to curing cancer are very appealing for their ability to treat and prevent
recurrence of metastases. There are a number of molecular specific therapies for cancer
currently in development, and several have been approved for clinical use, including
small-molecule tyrosine-kinase inhibitors such as gefitinib and erlotinib, monoclonal
antibodies against cell surface receptors upregulated in cancer, and other compounds that
interfere with growth and proliferation pathways that are upregulated in different types of
cancer8,9. In order to better target these drugs to cancers, it is important to understand the
molecular underpinnings of cancer. Breast cancer is a heterogeneous disease associated
with different outcomes depending on the molecular characteristics of the tumor10,11.
Adjuvant endocrine therapy is effective only for patients whose tumors overexpress the
estrogen receptor (ER) and/or the progesterone receptor (PR). Trastuzumab (Herceptin)
and cetuximab (Erbitux) monoclonal antibody therapy is a major advance for cancers
overexpressing HER2 or HER1 respectively.

In patients whose tumors do not

overexpress ER, PR or HER2 (the so-called “triple negative” breast cancer) the only
systemic treatment option is cytotoxic chemotherapy.

It should be noted that

chemotherapy is also used in patients with ER/PR-positive tumors and HER2-positive
breast cancer, and there is great interest in developing methods to identify patients at low
risk of recurrence, who may not need chemotherapy in the adjuvant setting12. Prostate
2

cancer is often treated with the hormone androgen, but some prostate cancers develop
androgen insensitivity which must be monitored13. Humanized monoclonal antibodies
targeting the prostate cancer surface receptor PSMA are in development but have not yet
made it into the clinic14.
In this work HER 1, also known as epidermal growth factor receptor (EGFR), is
used as a model cell surface receptor that is commonly upregulated in cancer and targeted
using small molecule drugs and monoclonal antibodies15. EGFR is a receptor tyrosine
kinase that exists in both isolated and clustered states on the cell surface. Dimers have an
innately higher affinity for epidermal growth factor (EGF) than isolated receptors, but
EGF can also induce dimerization.

After binding to EGF the receptors cross

phosphorylate, internalize via clathrin-coated pits, and initiate a signaling pathway that
leads to increased cellular proliferation16. Cetuximab can inhibit this pathway, and can
also induce autophagy after it has been conjugated to a nanoparticle to produce a
multivalent particle17.
1.2.2 Emergence of Nucleic Acids
Recently, a new class of therapeutic agents based on small RNA molecules which
can silence specific genes by causing cleavage of the target mRNA was
demonstrated18,19.

One type of small RNA molecule - micro RNA (miRNA) - is

normally present in cells to regulate metabolism. It has been realized that synthetic
siRNA strands could be used to develop molecular specific cancer therapy by targeting
anti-apoptosis proteins such as the Bcl-2 protein family20-22. When siRNA enters a cell it
is cleaved by a protein called Dicer and then incorporates into an RNA induced silencing
complex (RISC). The RISC-siRNA complex can cause the degradation of many mRNA
molecules that are complementary to the siRNA sequence over a long period of time 23.
3

Therefore, siRNA provides a silencing mechanism that is far more powerful than
antisense RNAs which only block mRNA in a one-to-one ratio. It was also recently
demonstrated that siRNA can specifically silence a target gene without interfering with
endogenous miRNA which is important to the normal functioning of an organism, further
validating the use of these short oligonucleotides as therapeutic agents24.
A second aspect of molecular specificity is at the level of recognition and delivery
of therapeutic compounds to cancer cells. Antibodies have been used for this approach
for many years. Recently, new targeting reagents have emerged - small ribonucleic acid
sequences named aptamers25. Aptamers are selected from random sequence pools to
target biologically relevant antigens. Typically, an oligonucleotide library is synthesized
that contains a number of random sequence positions flanked by constant sequences
required for enzymatic amplification. Those species in the population that bind to a
target can be sieved from non-binding species by any of a variety of affinity purifications,
such as filtration or column chromatography.

The stringency of selection can be

controlled by controlling the concentration of the ligand, the length of the binding
reaction, and the composition and wash volume of the buffers. Following a single cycle
of selection the remaining nucleic acid binding species can be amplified by a
combination of reverse transcription, PCR, and in vitro transcription, depending on the
pool. After multiple cycles of selection and amplification those aptamers with the highest
affinity for the target typically emerge from the population. It has proven possible to
select aptamers not only against small molecules and proteins, but against both cell
surface markers and whole cells.
One of the advantages of using aptamers rather than antibodies, peptides, or other
affinity reagents is that they are chemically synthesized and can therefore be readily
adapted for conjugation to all manner of surfaces, including nanoparticles. For example,
4

anti-PSMA aptamers were conjugated to streptavidin-coated quantum dots via sitespecific chemical biotinylation at their 3’ ends or enzymatic incorporation of biotin at
their 5’ ends.

Aptamers extended at their 3’ or 5’ ends can be hybridized to

oligonucleotides that have been immobilized on surfaces. This strategy is particularly
useful because a short oligonucleotide handle can be synthesized with any of a variety of
linker chemistries (including those that can be conjugated to amines, thiols, acids, or
epoxides). By changing the sequence and length of the oligonucleotide handle aptamers
can be modularly introduced to nanoparticles and other surfaces, and the distance
between the aptamer and surface can be precisely controlled.
Despite of all these promising developments delivery remains one of the major
barriers to clinical applications of the nucleic acid based therapeutic and targeting
compounds. Several platforms are currently under exploration including naked nucleic
acids, liposomes, polymer nanoparticles, and viral vectors26. However, delivery of naked
nucleic acids suffers from short circulation times and fast clearance in the liver and
spleen27. Other approaches such as liposomes can extend the circulation time but are
primarily useful for targeting hepatic tissue, although work is ongoing to target these
carriers to other organ sites28. These delivery options also offer limited capabilities for
simultaneous non-invasive in situ monitoring of biodistribution of therapeutic nucleic
acids. In this dissertation I will explore several approaches for targeting cancer cells
based on metal nanoparticles, enabling molecular detection, diagnosis, and therapy of
cancer.
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Chapter 2: Properties of Metallic Nanoparticles
2.1 DESIGNING NANOMATERIALS
The foundation of life rests firmly on a base of nanomaterials.

A modern

understanding treats the basic unit of life as the cell, but all cellular functions require the
operation of nanoscale proteins and nucleic acids to maintain homeostasis, provide
structural integrity, adapt to their environment, and replicate29,30. These proteins and
enzymes are the original nanorobots, capable of performing highly complex functions
including chemical catalysis, sensing, signaling, and every other function required for life
to exist31. The recent explosion in interest in inorganic nanomaterials stems in part from
their ability to interface intimately with the biological world. Inorganic nanoparticles can
be attached to and coated with a wide range of molecules and polymers, replicating many
of the functions previously reserved to the biological realm.

The versatility of the

nanoparticle platform has motivated research into adapting these particles for use in
medicine.

It has been demonstrated that the use of nanoparticles can dramatically

increase tumor accumulation and can provide novel platforms for delivery of therapeutic
or contrast-enhancing agents in vivo32.
Nanoparticles in biomedical applications are usually composite materials
containing a core and a surface coating. The core acts as some combination of contrast
agent, therapeutic agent, and structural support. The organic surface coating determines
how the particle interacts with biological systems. Core materials include metals and
metal oxides, semiconductors, dye-doped silica, carbon nanotubes, and polymers.
Surface coatings generally contain passivating agents such as polyethylene-glycol (PEG);
targeting ligands including aptamers, peptides, antibodies and antibody fragments, and
small molecules such as folic acid; and reporter molecules sensitive to enzymes,
8

environmental factors such as pH, or other markers indicative of disease33-35. In this
section I will detail the properties of these metal cores and common methods for
modifying their surface chemistry.
Metal nanoparticles have several properties that make them attractive for use as
both diagnostic and therapeutic agents. Paramagnetic particles containing iron, cobalt, or
manganese have been demonstrated as powerful MRI contrast agents with either negative
or positive T2 contrast depending on the acquisition parameters used36,37. Magnetic
nanoparticles are approved for human use by the FDA in the form of Feridex, which can
be detected at the single-particle level 38, and this is a big advantage over more traditional
MRI contrast agents such as gadolinium-enriched polymers. Plasmonic nanoparticles, for
which gold and silver are the most common materials, have been demonstrated for a wide
variety of applications. Gold nanoparticles have been used for cancer detection39, drug
delivery40, and siRNA or anti-sense DNA transfection41,42.

They are ideal imaging

reagents because they can provide colorimetric contrast induced by surface plasmon
resonance43,44, and they also provide absorption contrast for photothermal therapy45.
GNPs coated with Raman reporters can be used to detect target protein or tumors via
surface-enhanced Raman detection39,46.
Modification of the nanoparticle surface can add useful chemical properties47.
Particles coated with antibodies or aptamers become specific for the molecular target,
making them advantageous molecular contrast agents capable of targeting cancer
biomarkers44,48-52. Nanoparticles can also be coated with multiple functional groups to
allow combinations of delivery, targeting, monitoring and therapy. The Sokolov group
demonstrated nanoparticles with targeting and delivery functionalities for optical imaging
of intracellular targets in live cells53. Another implementation of this idea involved the
use of manganese nanoparticles coated with both siRNA and myristoylated polyarginine
9

peptides (MPAP) which cause nonspecific internalization in human cells54.

These

particles were injected systemically in a mouse xenograft model and the accumulation of
nanoparticles in tumors was monitored using MRI. The siRNA targeted either enhanced
green fluorescent protein (eGFP) or survivin, an anti-apoptosis protein, and the study
demonstrated specific knockdown of the fluorescent protein or of the survivin and
depending on which siRNA was attached to the nanoparticle. The silencing of survivin
was associated with tumor shrinkage. However, the delivery of siRNA using MPAP does
not target only cancer cells and therefore the nanoparticle conjugates can be internalized
by any cell type.
2.2 OPTICAL PROPERTIES OF GOLD NANOPARTICLES
Throughout written history, examples can be found of the use of nanoparticles for
their optical properties. For example, one of the first known aesthetic applications dates
to Roman times, when gold and silver nanoparticles were used in the coloring of glass55.
The study of nanoparticles and their optical properties, with an associated recognition of
the unique size-related aspects, began with Faraday’s incidental exploration of gold films
and colloids for the purpose of more fully understanding the properties of light56. In his
studies he developed several methods for synthesizing colloidal gold, and despite the
limited instrumentation available, was able to differentiate between the absorption and
scattering properties of the colloidal dispersions and dried films that he produced. The
electrodynamic theory to fully explain these optical properties wasn't available until the
early 1900s, at which point a complete theory of the optical properties of metal
nanoparticles was elaborated by Gustav Mie in a form that continues to be used today52.
In order to understand the optical properties of metals, it is useful to start at the
material complex permittivity function. The material complex dielectric permittivity
10

function ( ) relates directly to the complex refractive index
, with

optical frequency

and

as

, where the

as the velocity and wavelength of light in the

medium. For any material, the primary effect of increases in the real part of the refractive
index leads to enhanced scattering, while increases in the imaginary part of the refractive
index leads to enhanced absorption. Lorentz provided an equation to approximate the
complex permittivity as a function of electromagnetic frequency57:

( )

∑

(

)

( )

This equation expresses the bulk material complex permittivity function in the
form of a sum of resonances. Each of the resonance terms has an associated oscillator
strength

, a resonance frequency

and peak-width

degree of energy dissipation in the material.

,

which corresponds to some

and

refer to the number of atoms

per unit volume, and the electron charge and mass.

This expression is especially

convenient in that each term in the series of resonance terms can be directly related to
some physical resonance process in the bulk material. Further, these resonances are often
directly observable through associated resonance-enhanced scattering and absorption.
At frequencies ω sufficiently higher than any of the

, equation 1 becomes

simply
( )
where the plasma frequency

( )
encapsulates the effect of all

electrons per

molecule, which now oscillate as if they are essentially free electrons57. Equation 2 by
itself is often used to describe the properties of metallic materials, and when combined
with a phenomenological electron-collision damping factor is known as the Drude
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model58. For bulk metals in common use, the optical frequency corresponding to the
transition between equations 1 and 2 occurs deep in the infrared, with the plasma
frequency itself far in the ultra-violet.
For metals, the frequency-dependent behavior of equation 2 allows the real part of
the permittivity to become negative, producing a corresponding resonance in the material
polarizability function.

For nanoparticles, this metallic resonance is readily seen in

consideration of the denominator of the Claussius-Mossoti relation
( )
( )
( )
( )
( )
( )
which expresses the volume-polarizability

in terms of the complex permittivities of the

particle

. The polarizability, and therefore also the

, and the surrounding medium

scattering and absorption, is a maximum when
the location of this resonance is at an optical frequency

. For small spherical particles,
√

59

.

The resonance in a material polarizability in response to an incident photon
corresponds to a quantized surface collective oscillation, and is known as a surface
plasmon-polariton, colloquially referred to as a plasmon. Such plasmons can exist at the
interface between any metallic and dielectric material.

Plasmon-polaritons are the

combination of a charge density oscillation of the conduction electrons with an oscillation
of the material electric polarization. The complete quantum mechanical treatment of
plasmon-polaritons exists, which in general is significantly ahead of experimental
observation; that is, there are physical predictions about the behavior of plasmons that
have not yet been observed experimentally, yet the theoretical foundation has remained
stable for many years59. However, given that the basis of most material permittivity
functions in use for electrodynamic modeling has been phenomenological, in many cases
a full quantum mechanical treatment is not required. In fact, the ability to effectively
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calculate the electrodynamic interaction for small metal particles has been demonstrated
since the early 1900's52, and these calculation results have not been significantly modified
by the more recent quantum mechanics paradigm. For nanoparticles of silver, gold, and
copper, the plasmon resonance is especially strong, and occurs in the visible region of the
spectrum. For the smallest particles, some few nanometers in diameter, the absorption
cross section significantly predominates; however, scattering exceeds absorption starting
at a few 10s of nm in diameter, and becomes highly efficient60.

In general, the total

scattering cross section of a single such particle will exceed the conversion cross section
of any fluorescent dye molecule by many orders of magnitude. For gold nanoparticles
specifically, the high degree of chemical inertness and immunity to photo-bleaching
provide strong advantages for applications in biomedical optics.
Exciting recent developments make use of the high sensitivity of the plasmon
resonance peak location to perturbations in the local optical field adjacent to the
plasmonic nanoparticles

61-64

. Using both the nonlinear enhancement of the intensity of

the total scattering cross section, as well as the modification of the spectral properties of
the cross section, imaging techniques have been developed which have successfully
demonstrated sensitivity to nanometer-scale morphology changes in observations of
living cells16.
In order to take advantage of the tissue optical window, metal nanoparticles have
been synthesized with strong absorption and scattering in the NIR. These particles
include gold-coated silica nanoshells65, gold nanorods66, hollow gold nanocages67,68, and
silver prisms69. It has also been demonstrated that molecular-specific clustering of
targeted spherical gold nanoparticles produces the desired NIR shift in scattering and
absorption properties of nanoparticles70-72. Representative spectra of gold spheres and
gold nanorods of varying aspect ratios are presented in Figure 2.1.
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Figure 2.1. TEM images of gold nanoparticles of varying aspect ratios (left) and their
associated optical extinction spectra (right).
Gold-coated silica nanoparticles, known simply as gold nanoshells, have a broad
extinction peak that is centered between approximately 700 and 1050 nm depending on
the particular geometry, with most of the extinction due to scattering. As the shell-tocore diameter ratio increases, the optical properties of the particle shift towards those of a
solid gold sphere of the same outer diameter, while thinner shells produce more redshifted extinction peaks. Gold nanocages, with their hollow interior, have properties
similar to gold nanoshells68.

Gold nanorods have two extinction peaks, generally

attributed to the transverse and longitudinal plasmon modes. The transverse peak is
centered at 520 nm, near the peak for isolated gold spheres, while the longitudinal mode
shifts toward the infrared with increasing aspect ratios.

Aggregates of plasmonic

nanoparticles have broad peak features that are highly dependent on the specific
aggregate morphology, but in general the extinction will red-shift as the inter-particle
14

spacing decreases, and as more particles are added to the aggregate or the mean number
of particle-to-particle neighbors increases16.
2.3 MAGNETIC PROPERTIES OF IRON OXIDE PARTICLES
The first descriptions of magnets date back to 2500 B.C. from Greek, Indian, and
Chinese civilizations73. Due to the abundance of hematite, the phenomenon was readily
observable. Magnetic material found its first widespread use in compasses during the
13th century74. The classical theory of electromagnetism reached its final form with
Maxwell’s publication of “On Physical Lines of Force”, and variations on Maxwell’s
equations are still used today75.
Bulk materials can be described in terms of their relative magnetic permeabilities
, which defined relative to the permeability of free space

. The relative permeability

depends on the response of a material’s atoms and ions to an external magnetic field H.
Magnetic properties of materials derive from the angular momentum of electrons and
nuclei, a classical description of a quantum mechanical phenomenon. According to
quantum mechanics, particles with spin ½, such as electrons, protons, and quarks, have a
magnetic moment. The electron magnetic moment is given by ⃗⃗

, where e and

m are the charge and mass of an electron, c is the speed of light, and g is the
gyromagnetic ratio, which is 2 according to the Dirac equation76. Because electrons are
paired in orbitals, only atoms with unpaired electrons can exhibit net magnetism. The
behavior of various atoms in externally applied magnetic fields gives rise to the three
general types of magnetic materials, known as diamagnetic, paramagnetic, and
ferromagnetic. All material has some degree of diamagnetism, which is a tendency to
oppose a magnetic field, or

. material is comprised of atoms containing no

unpaired electrons, and so it does not generally respond to external magnetic fields.
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Paramagnetic materials enhance a magnetic field (
magnetic dipoles.

), and experience attraction to

Ferromagnets maintain magnetization even in the absence of an

external magnetic field.
Magnetic nanoparticles are a fairly unique class of magnetic material77.
Technically, iron oxide is a ferromagnet, but in colloidal form the particles’ individual
magnetic moments do not contribute to an overall net magnetization, and so these
particles are known as superparamagnetic. In the presence of an external magnetic field
the particles will align with the field and be attracted to it, and in addition they exhibit
extremely high magnetic permeabilities. This has been used to develop methods for
heating solutions of magnetic particles, which has spurred interest in the use of these
particles for hyperthermal therapies, and in addition, renders the particles highly suitable
for use as MRI contrast agents78-80. This is expanded on in Chapter 4.
2.4 PHYSICOCHEMICAL PROPERTIES AND DLVO THEORY
2.4.1 Theory and Model of Nanoparticle Interactions
While the theory of the optical properties of nanoparticles was thoroughly
developed at the beginning of the 1900s, it would take much longer to develop theories
about nanoparticle stability and interactions. One of the first steps was taken by Otto
Stern with the publication of theory explaining the development of an electrolytic double
layer near charged surfaces which would become known as the Stern layer81. This was
extended to the interactions of particles in a series of publications on the interactions of
like-charged colloid suspensions by Derjaguin, Landau, Verwey, and Overbeek in the
1940s82,83. This theory, called DLVO theory, describes the electrostatic and van der
Waals interactions between two charged particles in an ionic solvent. It provides some
basic understanding but makes a number of simplifying assumptions. It only accounts for
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van der Waals attraction and electrostatic repulsion, and additionally the theory relies on
the Hamaker theory to describe the attractive force84. A recent publication demonstrated
the shortcomings of DLVO theory for explaining the behavior of highly polarizable
charged nanoparticles in low ionic strength solutions85. The particle interaction potential
becomes far more complicated when the screening length is long such that the entirety of
each particle responds to the charged field of its partner, but this scenario does not
necessarily apply in common biological media due to high salt concentrations.
Generally the electrostatic interaction is purely repulsive in high ionic strength
solutions, while the van der Waals interaction is entirely attractive, but there are colloidal
systems that deviate from this simplification85,86. In the past several years Kim et al. have
modeled the aggregation of gold nanoparticles using a constant-number Monte Carlo
implementation of DLVO theory developed to model the Stober process as an
aggregation process87-90.
2.4.1.1 Monte Carlo Model of Particle Aggregation
In order to better understand the nature of gold particle aggregation the model
employed by Kim et al. is compared with the simple case of Brownian coagulation and
extended to solutions of varying ionic strength.

Additionally, a relatively simple

algorithm is implemented that can avoid the N2 time cost for calculating the precise
coagulation kernel ensemble average.
The coagulation modeling is done using a constant number Monte Carlo
technique developed by Smith et al89. This technique can be used to model coagulation
and disintegration of colloids and requires far less computation time than constant
volume Monte Carlo techniques for equivalent error. The error for constant-N scales as
̅
(
)
̅
√
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while the error for a constant-V model scales as
̅
( )
̅
√

⁄

For coagulation the algorithm involves storing an array of particles by their
masses, choosing two particles i and j to coagulate based on the coagulation kernel,
coagulating the two particles into array space i and then choosing a random replacement
to fill array space j. The coagulation kernel is defined as

with Kc equal to the value of the kernel for the mean mass of the initial particle
distribution and kij is a normalized value for the kernel for particles i and j.
(
)
(̅ ̅ ),
(̅ ̅ )

The time for each step κ in the simulation is calculated as:
〈

〉

(

)

where the coagulation kernel ensemble average 〈

⁄
〉

∑ ∑
(

)

.

The probability that any two particles will coagulate after being chosen is
. If coagulation is rejected then two new particles are chosen until a pair is
accepted based on the probability

. It is preferable to use kmax as opposed to the sum

of all kij in order to maintain the appropriate relative probabilities while speeding up the
overall probability of acceptance, reducing computation time.
The original implementation of this Monte Carlo technique did not explicitly
calculate the value of 〈

〉 at each step in the simulation, instead simply using the value

of the coagulation kernel for the particle pair chosen. This simplification is not fully
addressed, but Smith et al. do note that this choice is satisfactory for cases where the
coagulation kernel is not broadly distributed. Since it was found that the values of Kij
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have a broader range when incorporating DLVO theory, a simple algorithm was
developed to replace the NxN stepwise calculation with a version that requires !i
calculations for each mass i in the system. Basically, the algorithm involves binning the
particle distribution by mass, and then calculating the number of possible pairs for each
mass present in the array. For an initial monodispersed distribution of N particles with
mass M0,
〈

〉

( )

(̅

̅ )

As the number of masses increases the algorithm can be implemented as
(
)
∑ (∑
(
) ∑
(
))
〈 〉
(
)
where NM is the number of different masses in the array and Ni is the number of particles
with mass i. This algorithm greatly reduces the number of calculations required to
calculate the ensemble average for fairly narrow size distributions. As the particle
population approaches the limit where there is only one particle of each mass, this
algorithm approaches NxN calculations.
Three different coagulation kernels are used in this paper: the simple constant
kernel where

for all i,j; a Brownian diffusion kernel KB; and a modified

Brownian diffusion kernel accounting for electrostatic repulsion using a stability factor W
based on DLVO theory90. The Brownian diffusion kernel is defined as
⁄

(

)

[

(

)

⁄

(

)

]

where kB is Boltzmann’s constant, T is temperature in Kelvin, and

is the solvent

viscosity in Pa*s91,92. This is equivalent to the alternate definition used by Kim et al.
defined as
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(

)

(

⁄

⁄

⁄

)(

⁄

)

assuming that the mass M and volume V are scaled by a constant density. In general this
paper uses mass instead of volume, and the initial distribution is normalized such that M0
= 1 for all cases.
One method of incorporating DLVO theory in this model involves calculating a
stability ratio W. The modified coagulation kernel is then defined as:
(
)
(

)

where the stability ratio is the integral of the interaction potential:
( (
)⁄ )
(
)
∫
Here s is the scaled distance between two particles

⁄(

), and W is

the integral of the total interaction potential between the two particles being examined.
This integral was evaluated with a simple numerical method and the interval was adjusted
until further increases yielded no change; this resulted in the integral being taken over the
range from 1

̇ to 100 microns.

is the sum of the van der Waals attraction and

electrostatic repulsion,

A classic equation to calculate the van der Waals attraction for two spherical
particles is84:
[

(

)

(

)

(
(

)
]
)

where AH is the Hamaker constant and R is the distance between the centers of two
particles of radius a1 and a2. The electrostatic repulsion depends on the inverse Debye
screening length:
⁄

(

)
20

Here e is the elementary charge, NA is Avagadro’s constant, I is the solvent ionic
strength,

is the dielectric constant of the solvent, and kT is thermal energy.

The electrostatic repulsion is calculated depending on the value of
[
(

(

(
[
Here

)]

(

)

(

)
⁄

)

:

)
(

⁄

) ]

represents the surface charge of the particles and a1 and a2 are the radii

of the two interacting particles; the radii were calculated from the mass. The second case
for

is the linear superposition approximation by Ohshima.
In order to incorporate the two complex kernels into the model a lookup table was

created for each possible i,j pair up to masses of 500 particles for KB and W. These were
then used to calculate the kernel ensemble average at each step in the simulation and
lookup the kernel value for each pair analyzed during each simulation step. Additionally,
a lookup table was created up to masses of 100M0 to explore the effect of ion
concentration on the rate and qualitative nature of coagulation. The ion concentration
was varied from 2*10-7 (representing deionized water) to 2*10-3, simulating a sodium
chloride concentration of 1 mM.
For these simulations the initial particle diameter was chosen to be 15 nm and the
surface potential was made equivalent to the zeta potential using a measured value of 55.3 mV from the literature88. The concentration was chosen to be 1 nM, modified to
units of particles/m3 to match the standard nanoparticle concentration of gold spheres
synthesized via the Frens method93.
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2.4.1.2 Model Implementation and Results
The first step in developing the algorithm was to compare the constant
coagulation kernel with published results. The constant kernel is especially useful as an
analytical solution exists for the mean particle mass as a function of time
̅( )
̅
Smith et al. showed that the constant-N Monte Carlo method closely matched the
theory for up to 7*105 coagulation events89. We ran our simulation for 1*106 events and
plotted the mean mass of the array versus time. The result, shown in Figure 2.2, indicates
that our algorithm behaves appropriately for the constant kernel case. This calculation
took 20 minutes on a standard desktop computer.
The next step in developing the algorithm was to implement both the simple
Brownian diffusion coagulation kernel and the modified diffusion kernel incorporating
DLVO theory. For Brownian diffusion the time constant and mean mass are calculated
as
̅( )
̅
where b depends on the particle distribution and quickly approaches an asymptotic value
of 1.07592.
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Figure 2.2. Mean mass versus time for the constant coagulation kernel. Results are
from one simulation with N = 20,000,
.

Figure 2.3. Mean mass vs. time for the Brownian diffusion kernel. Results are from one
simulation with N = 20,000 and 70,000 coagulation events.
Computational restrictions limited these simulations to 7*104 coagulation events.
The results for this simulation are shown in Figure 2.3, and again the mean mass of the
simulated particle array closely follows the theoretical prediction. It should be noted that
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in this case the value of the kernel ensemble average never deviated by more than 10%,
with the final value ending up as 1.07, and simulations run using the estimation of the
ensemble average yielded similar results.
The effect of ion concentration on electrostatic repulsion was calculated for
particles of diameter 15 nm for ionic strengths ranging from 2*10-7 – 2*10-3 using
equation 16, and the results are plotted in Figure 2.4, along with a sample plot of VT
calculated for the minimum ionic strength.
electrostatic repulsion decays more rapidly.
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As the ionic strength increases the

Figure 2.4. Plots of the total interaction potential and electrostatic repulsion as a
function of ionic strength. Top: A plot of van der Waals, electrostatic, and
total interaction potential between two particles of diameter 15 nm. The
potential is scaled by kT and the particle separation is scaled as in the
calculation of the stability ratio W. Bottom: A plot of electrostatic repulsion
with increasing ionic strength, from 2*10-7 – 2*10-3 M.
In order to better understand the difference between coagulation kernels, 2-D
images were made with intensities calculated as the logarithm of the Brownian diffusion
kernel, the stability ratio W, and the modified kernel incorporating DLVO theory; the
images are all scaled to their separate minimum and maximum values and are shown in
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Figure 2.5. The range of the stability ratio and the DLVO-modified kernel spans 50
orders of magnitude, while the span of the Brownian diffusion kernel is contained within
less than one order of magnitude.

These images demonstrate the very different

qualitative and quantitative behavior of the Brownian diffusion coagulation kernel from
the DLVO-modified kernel. The Brownian kernel has a maximum corresponding to the
interaction between the largest and smallest particles in the array, while the DLVOmodified kernel has a maximum value for the interactions between smallest particles.
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Figure 2.5. A visual comparison of the coagulation kernels used to simulate
nanoparticle aggregation. Top: the Brownian diffusion coagulation kernel
KB. Middle: the stability ratio W for I = 2*10-7. Bottom: the combination of
the two into the modified kernel.
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In addition to comparing the electrostatic repulsion, smaller lookup tables were
created for the different ionic strengths used in these simulations.

Even at ionic

concentrations of several mM the stability ratio dominated the DLVO kernel and no
qualitative differences were observed. However, the time step calculated for the first
10,000 coagulation steps of the simulation did vary significantly depending on the ionic
strength used. The results for the time constant

, the mean mass of the distribution at

step 10,000, and the variance of the distribution at step 10,000 are given as a function of
ionic strength in Figure 2.7. The main difference is noted for the time constants which
range over n orders of magnitude, as 10,000 steps are not enough to notice much
evolution of an array containing 20,000 particles. The variance does increase for the
highest ionic strengths although no noticeable difference in mean is observed. This is
understandable, as higher ionic strengths will screen the electrostatic repulsion and lead
the aggregation pattern to more closely resemble that of Brownian coagulation, which
leads to a much larger variance in the resulting mass distribution.

Figure 2.6. Values for , mean, and variance of simulations run for 10,000 steps at
different ionic strengths using the DLVO kernel.
The final particle mass distribution for simulation runs of 70,000 coagulation
events is shown in Figure 2.7 for a single run of the Brownian diffusion kernel and the
DLVO-modified kernel with very low ionic strength.
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Figure 2.7. Simulation results of Monte Carlo modeling of nanoparticle aggregation.
Left: mass distribution after 70,000 coagulation events for the Brownian
diffusion kernel. Right: results for the DLVO kernel.
The simulation implemented predicts the rate of aggregation for gold colloids at
varying ionic concentrations, as well as the resulting size distributions of the aggregates
as a function of time. A significant difference in the resulting size distribution was
observed between the Brownian diffusion kernel and the DLVO kernel. This can be
explained by examining the kernels: the strong maximum for the smallest particle
interactions in the DLVO kernel forces these particles to aggregate first, shifting the
entire distribution, while the much narrower range of the Brownian diffusion kernel
allows a broader range of interactions to occur such that many of the smallest particles
remain isolated.
In order to fit the model to observed predictions it would be necessary to measure
the size distribution as a function of time in solutions of varying ionic strength using
dynamic light scattering or potentially by quenching the reaction with a steric stabilizer
such as methoxy-PEG-thiol at specific time points and then depositing the resulting
aggregates on a coated mesh grid for examination by electron microscopy. There is
always a trade-off between the number of parameters used to fit a model to experimental
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data and the quality of fit obtained, and ideally the fit could be made by varying only the
surface potential, a value that is difficult to measure in practice. It has already been
shown in a model of the Stober process by Lee et al. that using only the nucleation size
and the surface potential as fitting parameters in this model yielded good fits with
experimental data, and for our case the initial gold nanoparticle size can be precisely
measured using electron microscopy. A modification to the DLVO theory would be
required to account for the significant deviation from sphericity in smaller particle
aggregates.
This specific implementation of the Monte Carlo algorithm suffered due to the
length of time required to generate kernel values for the larger masses in the lookup table.
There are at least two possible methods to overcome this and still obtain reasonable data.
One method would be to generate the lookup table on the fly as values are requested by
the simulation; this avoids the many calculations required at the extreme edges of the
kernel where there is not a high probability of any given value being requested. Another
method would be to subsample the coagulation kernel and then interpolate to obtain the
necessary resolution, which should yield acceptable results given the continuous nature of
the coagulation kernel used in this simulation.
This model can be easily extended to account for modifications which alter the
coagulation kernel used and thus could potentially be a useful tool for developing novel
particle interactions, such as those used to generate colloidal crystals using DNA base
pairing to induce ordered aggregation of gold nanoparticles94.
2.4.2 Methods for Modifying Gold Surface Chemistry
The interaction between nanoparticles and biological systems is primarily
governed by nanoparticle size, shape, and surface properties67. Surface properties can be
30

modified through chemical conjugation with the goal to achieve certain general
characteristics such as surface charge, hydrophilicity and stability as well as more
specific functionality conferred by materials that include small ligands, peptides, nucleic
acids, proteins, and other natural and synthetic polymers. More specific functionalities
conferred by these surface moieties include enhance binding affinity towards key
molecular targets in cells and tissues, signaling in response to environmental cues, and
efficient delivery to cellular compartments or to a specific disease site in vivo. More
general functionalities include so-called “stealth” properties such as non-reactivity with
off-target molecules, avoiding of opsonization, and escaping quick clearance by the
reticuloendothelial system (RES). Nanoparticle conjugation is critical for both in vitro
and in vivo applications, as uncoated nanoparticles are colloidally unstable and often
cytotoxic in biological solutions68. Bare gold nanoparticles aggregate at physiological
electrolyte concentrations, and uncoated quantum dots oxidize, decreasing quantum
efficiency and photostability while releasing toxic elements into solution. Stable surface
coatings can also reduce opsonization in vivo, leading to longer blood residence time and
increased accumulation at the target site69. Stability requirements are defined by the
particular application and can range from hours to days and even longer in the case of in
vivo applications. There are two main methods of conjugation: physical or non-covalent
adsorption, and chemical or covalent attachment.

Physical adsorption utilizes

electrostatic and van der Waals interactions to promote attachment of larger proteins and
polymers to the nanoparticle surface. In general this form of attachment is not suitable
for small molecules due to weak individual interactions. Covalent conjugation methods
generally involve modifying either the molecule or the particle surface to add functional
groups that are then used in standard bioconjugation techniques; these functional groups
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include amines, carboxylic acids, and thiols80,95-97. Thiols are also widely used for their
ability to bind strongly to both gold and to semiconductor nanoparticles.
Special care must be taken when developing conjugation protocols for
biomolecules to avoid denaturation and loss of function.

For example, many

bionconjugation methods that utilize amine or carboxylic acid moieties may result in loss
of control over the orientation of attached proteins, and may also reduce the activity of a
protein due to the presence of amines and carboxylic acids in the protein active site.
Smaller peptides are often synthesized with a cysteine group at one end

70

, and nucleic

acids can be synthesized with precise control over the placing of several functional
groups for conjugation, allowing precise control over orientation 41,72. Additionally, there
are protocols available for conjugating specifically to the heavy chain of antibodies,
allowing greater control over the antibody orientation68.
2.4.2.1 Physical adsorption
Physical adsorption, or non-covalent attachment, is a process by which
electrostatic and van der Waals interactions are used to attach proteins and polymers to
nanoparticle surfaces. This process was the basis for the first conjugation methods
developed for proteins and gold nanoparticles98, and has since been expanded to include
many types of polymers and nanoparticles. The initial method involved adjusting the pH
of a gold colloid solution to the isoelectric point of a protein, and then mixing the protein
with gold colloid. More recent implementations involve using an organic buffering
system such as HEPES or MPS to conjugate monoclonal antibodies to gold nanoparticles
at room temperature 44.
Physical adsorption was also applied for functionalization of cetyl trimethyl
ammonium bromide (CTAB) coated positively-charged gold nanorods. The method used
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electrostatic interactions to conjugate antibodies to the nanorods and to make them
biocompatible by coating the positive CTAB layer using the negatively charged polymer
polystyrene sulfonate, and then coating the polystyrene sulfonate with antibodies through
electrostatic interactions95,99. Although physical adsorption can in principle provide a
very simple route to nanoparticle surface modification, the stability of the conjugates is
suspect. Unfortunately, molecules with higher binding affinity to a nanoparticle surface
can potentially replace physically adsorbed proteins. For example, it is energetically
favorable for thiol-containing molecules to replace physically adsorbed compounds from
gold or semiconductor nanoparticles leading to concomitant loss of functionality and
destabilization. As discussed in the next section, covalent attachment provides a more
stable alternative to the physical adsorption methods.
2.4.2.2 Covalent Conjugation
Conjugation of metal and semiconductor nanoparticles often relies on the strong
bond that forms between thiols and the nanoparticle surface53,100.

Specific

implementations include adding thiol-containing linkers to proteins and peptides53,101,
synthesizing peptides with a terminal cysteine group, modifying the metal surface with
thiolated linker molecules that contain a functional group suitable for a standard
bioconjugation protocol102, and using oligonucleotide handles with thiol groups at one
end41,103. However, it should be noted that this method is not necessarily limited to
conjugating nucleic acids; any molecule that can be tagged with a short oligonucleotide
handle can potentially be attached to a nanoparticle surface using this technique.
Most synthesized spherical gold nanoparticles are formed in a citrate-containing
solution and hence the nanoparticles are coated with negative citrate ions that
electrostatically stabilize the gold colloid in salt free solutions. Typical thiol-containing
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molecules can easily replace the citrate ions on gold surface to facilitate the stability of
nanoparticles in biological environment and to aid in further bioconjugation of the
nanoparticles. However, the synthesis procedure for gold nanorods involves the use of
cationic surfactant molecules such as CTAB66,104. Unfortunately, these surfactants are
cytotoxic and therefore must be replaced for in vivo applications. Several approaches
have been explored to replace the CTAB coating of gold nanorods to more biocompatible
molecules that facilitate further bioconjugation of nanoparticles with targeting
moieties105,106. In particular, the surfactant coating has been replaced with the
biocompatible molecules containing a thiol group, e.g. mPEG-thiol, or the biological
recognition molecules, such as antibodies, antibody fragments106, and peptides or
aptamers with thiol groups101,107.
It is important to note that linkers with two adjacent sulfhydryl groups such as
thioctic acid provide greater stability as compared to a single sulfhydryl group101. It has
been shown that molecules conjugated using sulfhydryl-containing linkers can be
replaced in biological environment by an excess of naturally present sulfhydrylcontaining biomolecules such as glutathione108.
2.4.2.3 Directional conjugation
Directional conjugation involves the achievement of a high level of control over
the orientation of the biomolecule on the nanoparticle surface.

This is particularly

important in the conjugation of antibodies to the particle surface as many potential
orientations of the antibody lead to a loss of antibody binding function, but in general
orientation is also quite important for other proteins and molecules.

Directional

conjugation can be accomplished for molecules which have uniquely accessible
functional groups.

In the case of antibodies one such functional group is the
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carbohydrate moiety located on the heavy chain, although it will be noted that this moiety
is only available on glycosylated antibodies. This type of carbohydrate can be oxidized to
an aldehyde in the presence of sodium periodate, and the resultant aldehyde will react
specifically with hydrazide groups. In one implementation of this approach the aldehydes
were modified using a heterofunctional linker with hydrazide and dithiol groups on
opposing sites of the molecule. The hydrazide moiety interacts with the aldehyde on the
antibody and the dithiol then enables conjugation directly to the surface of gold
nanoparticles109. Small peptides can be synthesized with a terminal cysteine group, and
nucleic acids can also be synthesized with precise control over the location of a wide
range of functional groups useful for conjugation.
2.4.3 Nanoparticle Behavior In Vivo
There are two primary factors that need consideration while designing
nanoparticle-based agents for clinical applications in humans. First, the agent should have
sufficiently long blood residence time to accumulate at the target site after systemic
delivery. Second, the agent should be cleared from the body after the intervention is
complete in order to avoid potential long term toxicity. Nanoparticles with hydrodynamic
diameter less than about 6 nm undergo quick renal clearance that can significantly
decrease their accumulation at target sites110. In contrast, larger nanoparticles do not
clear quickly, but may have long term retention in the body that potentially leads to
adverse effects due to toxicity after degradation of the nanoparticles or chronic toxicity to
the liver and spleen after prolonged presence. Intravenous administration is the most
effective method for delivery of imaging and therapeutic agents as the blood stream very
quickly distribute the administered agent throughout the body. The fate of any agent after
injection depends on numerous factors with size, shape and surface coating of the
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nanoparticles playing crucial roles111-114. It has been shown that clearance of circulating
nanoparticles from the bloodstream and associated uptake by the liver and spleen are
significantly reduced by a neutral or hydrophilic coating of the particle surface that such
as is afforded by PEG115. In the case of applications in cancer imaging and therapy,
administration of nanoparticles leads to specific accumulation in tumor sites due to
enhanced permeability and retention (EPR) effect with the load in the tumor being
directly proportional to the blood residence time. Eventually nanoparticles are cleared
from blood by the reticuloendothelial system (RES) or by the kidneys. Generally,
particles larger than 200nm are cleared by the spleen, while nanoparticles smaller than
100 nm are mainly cleared by the liver116, and nanoparticles with hydrodynamic size
smaller than about 5.5 nm undergo effective renal clearance117. The longer term fate of
nanoparticles accumulated in the liver and spleen has not yet been fully studied, although
more recent studies have indicated that small quantum dots (<4nm) and gold
nanoparticles (5 nm) can be secreted through feces118,119. The efficacy of this excretion
pathway decreases by an order of magnitude when particle size increases to 11 nm.
Recently, several groups have recognized that the initial size of the nanoparticle
agent does not necessarily limit longer-term systemic clearance, For example, Park et al.
reported luminescent silicon nanoparticles that biodegrade in vivo to sub 6 nm size to
facilitate quick renal clearance120. Troutman et al. also demonstrated a similar approach
through the reduction of gold onto liposomes to result in a nanoshell-like geometry.
These gold-liposome constructs were shown to degrade in vitro in the presence of
surfactants to gold nanoparticles with sizes ranging from 4.5 to 8 nm121. In order to more
fully explore the effects of surface coatings on pharmacokinetics, Perrault et al.
performed an extensive study demonstrating the affect that varying the molecular weight
of PEG molecules on the nanoparticle surface has on blood residence time122. In
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particular they found that increasing the molecular weight of the PEG coating increases
the blood residence time as much as 10-fold. Much work remains to determine the
effects of mixing molecules such as PEG with targeting peptides and antibodies on
pharmacokinetics.
Frangioni et al. demonstrated that the charge of the surface coating has a dramatic
effect on the adsorption of serum proteins in vivo, actually leading to changes in the
particle's hydrodynamic radius110.

They demonstrated that the smallest possible

nanoparticles with efficient clearance and an unaltered hydrodynamic size in vivo are
fabricated using zwitterionic molecules. However, gold nanoparticles of 5 nm diameter
coated with positive surface charge showed better excretion in urine and feces than
negatively-charged or neutral counterparts118. More work needs to be done to elaborate
the details of surface coating related effects on clearance patterns of different types of
nanoparticle . It is possible that nanoparticle clearance from target organ sites such as
tumor will proceed through reabsorption into blood capillaries for particles less than
about 10 nm, while larger complexes between 10 and 100 nm will be filtered into the
lymphatic system123.
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Chapter 3: Use of Nanoparticles in Optical Imaging Modalities
3.1 OPTICAL MICROSCOPY
3.1.1 Widefield and Confocal Microscopy
The first thorough study of gold nanoparticles as scattering contrast agents for
optical microscopy was published by Yguerabide and Yguerabide124. This idea was later
extended for imaging cancer biomarkers using spherical gold nanoparticles conjugated to
monoclonal antibodies44. The antibodies targeted cell surface receptors that are overexpressed in cancer, and the nanoparticles were shown to greatly enhance backscattered
light from labeled cancerous tissue, while showing very little non-specific binding to
healthy tissue44,125. The difference in signal between healthy and cancerous tissues is
associated with the increased expression of EGFR as cervical cancer progresses from
benign to more advanced stages126.

This work was the first demonstration of the

phenomenon of plasmon resonance coupling for the molecular imaging of tissue ex vivo
and in vivo. Activation of EGFR leads to dimerization and concurrent assembly of the
receptors; this results in near-field coupling between spatially close gold nanoparticles
which specifically interact with receptor molecules. The plasmon resonance coupling
between spherical nanoparticles leads to coherent scattering, a significant red-shift of
more than 100 nm, and broadening of the absorbance of the nanoparticles. These effects
allow optimization of imaging wavelengths for highly sensitive detection of labeled cells,
even in the presence of single unbound gold nanoparticles.
Gold nanoparticles, due to their high scattering cross section, are especially useful
contrast agents for darkfield microscopy. In darkfield microscopy, the center of the
illumination cone is blocked by an annulus prior to entering the condenser lens. The
annulus, condenser lens, and objective lens are matched such that the objective lens does
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not detect any illumination light unless it scatters off of a sample, as shown in Figure 3.1.
Typical high resolution darkfield images of A431 cells are shown in Figure 3.2. Due to
Rayleigh scattering of small organelles and cytoskeletal structure inside the cells, the The
spectral shift associated with spheres was also used to follow EGFR trafficking in live
cells following EGF stimulation16. Aaron et al. used live cell darkfield microscopy to
image dynamic behavior of EGF receptors labeled with spherical gold nanoparticles.
After stimulation with a growth factor the receptors dimerize and are then internalized
into endosomes inside the cell, causing aggregation of the attached nanoparticles. These
steps in receptor trafficking led to a progressive red-shift in the scattering signal, enabling
the determination of receptor regulatory states using a straightforward analysis of color
images of labeled cells. It should be noted that more complex effects are associated with
the coupling of plasmon resonances between non-symmetric particles such as gold
nanorods; in this case either a red or blue shift of the longitudinal peak can be observed
depending on the relative orientation of the coupling nanoparticles127,128.
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Figure 3.1. Schematic of the light path for a transmitted darkfield microscope. The
center of the illumination cone is blocked by an annulus such that no light
reaches the objective in the absence of non-specular reflectors. Highly
scattering objects such as organelles, collagen, and metal nanoparticles are
readily visible in darkfield microscopy images.
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Figure 3.2. Darkfield transmitted image of A431 cells labeled with gold nanoparticles.
The gold nanoparticles were conjugated to the mouse anti-EGFR antibody
with a dithiol linker using hydrazide chemistry. Scale bar is 20 µm.
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One of the drawbacks of standard widefield microscopy is the lack of significant
depth information in the image. It is possible to overcome this either by using confocal
microscopy. Confocal microscopy completely rejects light outside the field of view by
refocusing collected light onto a small pinhole prior to directing it towards a detector.
Only light from the focal plane is in focus to make it through the pinhole, while light
from outside of the focal plane is rejected. In Figure 3.3, confocal images were acquired
of A431 human keratinocyte cells that had been targeted with gold nanoparticles
conjugated to anti-EGFR aptamers97. In order to demonstrate that the particles had
internalized inside the cell, the cells were incubated on ice to prevent internalization and
then treated with nucleases to remove any particles on the outside of the cell, leading to a
significant drop in signal. By contrast, when cells were incubated with particles at 37 °C,
there was a significant amount of observable internalization, and the internalized particles
did not respond to nuclease treatment.
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Figure 3.3. Confocal images of gold nanoparticles targeting EGFR on A431 cancer
cells. The particles were conjugated to an anti-EGFR aptamer and tagged
with streptavidin-phycoerythrin to enable fluorescence imaging. Cells were
incubated with particles either on ice or in an incubator to determine
whether particles would bind and internalize. Little fluorescence was
observed in negative controls with random aptamers sequence (B and E).
When cells and particles were incubated on ice, fluorescence was mainly
apparent on the cell surface (C), and the signal was reduced after after
Riboshredder treatment (D). In contrast, significant fluorescent signal was
localized inside A431 cells when the cells and nanoparticle-aptamer
conjugates were incubated at 37ºC (F and G).
3.1.2 Two-photon microscopy
Another method for achieving depth sectioning in optical microscopy is the use of
two-photon microscopy. Two-photon imaging relies on two low-energy photons arriving
at a fluorophore or contrast agent nearly simultaneously and recombining to Recent
publications have demonstrated the potential of combining two-photon imaging (TPI)
with photoluminescence (PL) from gold nanoparticles. TPI has enhanced penetration
depth in tissue because the excitation wavelengths are in the near infrared (NIR) while
gold nanoparticles are biocompatible and easy to conjugate for a variety of tasks53,129.
Gold nanorods and nanoshells have been demonstrated as useful contrast agents in TPI
applications; these particles generally range from 15x50 nm and larger for nanorods and
120 nm diameter for nanoshells95,130,131. A demonstration of TPI of A431 cells labeled
with gold nanorods conjugated to anti-EGFR antibody is shown in Figure 3.4. Gold
clusters have received relatively little attention, although several groups have
demonstrated TPL from plasmon-coupled gold structures such as spheres deposited on a
coverslip132,133, spheres in solution aggregated via the addition of sodium chloride134, or
lithographically fabricated arrays of pillars or bowtie antennae135,136. These structures
and particle clusters are effective PL contrast agents due to plasmon coupling between
gold particles. Coupling between particles requires them to approach within a few
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particle radii and has been suggested as an alternative to FRET; as the particles are
brought close together the peak extinction red-shifts towards the NIR62,137. This property
of gold nanoparticles was demonstrated for cancer detection due to the massive increase
in backscattered signal observed upon receptor-mediated aggregation44,138.

Figure 3.4. Two-photon images of autofluorescence from A431 cells (left) and cells
labeled with gold nanorods (right). The nanorods were conjugated to antiEGFR antibody 29.1 using electrostatic adsorption.
It is also possible to obtain strong two-photon PL in gold spheres, ranging from 5
nm to 50 nm diameter, which have undergone receptor-mediated clustering on the surface
of cancer cells. These particles are an order of magnitude smaller than other gold
nanoparticles used as TPI contrast agents, making them especially sensitive to plasmon
coupling. This was demonstrated using cells expressing epidermal growth factor receptor
(EGFR) as it is an important biomarker in cancer biology; techniques developed for this
particular marker can be easily adapted to similar receptors implicated in many cancers
such as prostate specific membrane antigen, human epidermal receptor 2, and transferring
receptor139,140. The ability to sense the extent of receptor clustering can be especially
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important as EGFR is known to localize to specific points on a cell surface and
internalize in response to chemical signals15,141. Two-photon luminescence from gold
nanoparticle clusters can reveal the spatial distribution of receptors on the nanometer
scale, an important proof-of-concept for nanoparticle FRET-like applications.

In

addition, particles at 5 nm diameter and below can potentially clear the body through the
kidneys, making them attractive candidates for in vivo applications110.
In order to explore the effects of plasmon coupling on two-photon PL we used a
custom-built two-photon microscopy setup, illustrated in Figure 3.5. A femtosecond
Ti:Sapphire laser (Mira 900, Coherent Inc.) was used for excitation illumination, and the
power was modulated with an acousto-optic modulator (23080-1, NEOS Technologies).
The power measurements were recorded using a pick-off mirror sampled prior to the
beam-scanning optics (6215HB, Cambridge Technology Inc.), and a 63x oil-immersion
objective was used. PL was collected in epi-mode and split using a 600nm shortpass
dichroic mirror. Additionally several filters were placed after the dichroic mirror prior to
the emission light reaching the two photomultiplier tubes (PMTs).
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Figure 3.5. Two-photon microscopy system.
Spherical gold nanoparticles of 5 nm diameter were purchased from Ted Pella,
and larger diameter particles were synthesized using citrate reduction of chlorauric acid
under reflux93. Anti-EGFR antibody (clone 29.1, Sigma) was functionalized with a
hydrazide-dithiol bifunctional linker (Sensopath Inc.)142. Thiolated antibody was mixed
with 5 nm diameter particles at a 1:1 ratio and reacted for 1 hour, after which mPEG-SH
(5 kD, some company) was added to passivate any remaining bare gold surface; the
solution was then brought to an isotonic molarity with concentrated phosphate buffered
saline (PBS). Larger particles were conjugated to antibodies in a similar fashion, then
centrifuged and resuspended in 1x PBS. A431 cells, a human keratinocyte cell line, were
purchased from ATCC and cultured in DMEM supplemented with FBS. The cells were
either harvested via trypsin and labeled in suspension or seeded on coverslips and labeled
and imaged while adherent.
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We verified that the light collected was due to a two-photon process by measuring
the quadratic dependence of the emitted PL on the excitation power, as seen in Figure
3.6. Additionally, we excited solutions containing isolated spheres, aggregated spheres
(via the addition of sodium chloride), and nanorods (Nanopartz) to ensure that the signal
we observed was from clusters of spheres on the cell surface and not from isolated
particles.

Figure 3.6. A log plot demonstrating the quadratic dependence of detected signal on the
power of the exciting laser. The slope of the line presented is 2.15.
We also examined the spectral properties of two-photon luminescence from both
gold nanorods and clusters of 5 nm gold spheres. In order to measure the resulting twophoton spectra, samples were prepared in a glass cuvette and placed below the
microscope objective. The collected light was directed to a side port on the microscope
and collected with a 200 micron .22 NA optical fiber. The output was directed into a
SpectraPro 2300i (Princeton Instruments) and detected with a Pixis 2K CCD camera
(Princeton Instruments). For the clusters of 5 nm gold, NaCl was added to bring the
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concentration up to 50 mM to induce aggregation immediately prior to adding the particle
solution to the cuvette. Nanorods with a peak absorbance wavelength of 808 nm were
prepared using the standard CTAB-based synthesis method and washed via centrifugation
to reduce the CTAB concentration to 5 mM. Fluorescein was prepared in PBS at 1 mM.
The spectra are shown in Figure 3.7. It should be noted that while there is a 720 nm lowpass filter to eliminate light from the excitation laser, some residual laser light can be
detected starting near 675 nm, as seen in the spectra obtained from a clean glass
coverslip. The laser light can also be detected directly at 790 nm in all samples except
fluorescein – this is due to the much lower acquisition time required for the fluorescein
sample, which is also visible as a lower baseline signal in the 250-350 nm wavelength
range. The 5 nm gold sphere aggregates and the gold nanorods have similar two-photon
luminescence spectra, but there is a small peak at 400 nm in the aggregated spheres143.
This peak corresponds to double the wavelength, suggesting a second-harmonic process
that is more pronounced in spherical clusters versus nanorods.
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Figure 3.7. Spectra of two-photon fluorescence or luminescence from nanoparticles
from gold nanoparticles.
Cell samples labeled with spherical gold nanoparticles were imaged using the
previously mentioned TPI system along with a Leica 6000 DM upright microscope using
a 20x objective (0.5 NA) with a 75W Xe illumination source for epi-darkfield images and
a 40x phase objective (.75 NA) for transmitted brightfield images. Darkfield images of
labeled cell samples can be seen in Figure 3.8. Cells labeled with 50 nm particles have a
greenish haze across the entire cell from isolated particles as well as orange spots visible
due to the redshift attributed to plasmon coupling in particle clusters (Figure 3.8 a), while
cells labeled with 5 nm spheres have a light greenish haze that it is not overtly obvious
(Figure 3.8 b).
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Figure 3.8. Darkfield reflectance images acquired with 20x objective of cells labeled
with 50 nm gold spheres (a) and 5 nm gold spheres (b). Scale bar is ca. 20
microns.
When considering the PL mechanism in gold it is important to separate the
surface plasmon resonance, the primary contributor to the extinction spectrum, from the
band structure in which electron-hole pairs are created upon irradiation with high-fluence
NIR light. The band structure can be considered constant for nanoparticles of sizes
greater than 2 nm, the point at which the density of states closely approaches that of bulk
gold144. Dulkeith et al. do an excellent job of discussing the physics underlying the
enhanced PL efficiency in gold nanoparticles as compared to gold films – an increase
from 10-10 to 10-4 efficiency. This enhanced efficiency is attributed to an overlap of the
surface plasmons with the energy gap between excited holes and electrons near the Fermi
surface.
Other groups have more closely explored the mechanisms of TPL using
techniques such as scanning near-field optical microscopy (SNOM) on single nanorods
and clusters of particles deposited on a coverslip132,145 or by taking careful PL
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measurements from particles in solution144,146. It is generally understood that enhanced
PL is observed when the energy of the excitation photons is matched to the peak
extinction wavelength of the nanoparticle contrast agent; this indicates that plasmon
resonance also plays an important role in excitation. At this point it is not clear exactly
how the red-shifting due to plasmon coupling interacts with the excitation and emission
mechanisms, so to further explore this we acquired spectral images of cells labeled with
nanoparticles. Spectral imaging was performed using a PARISS hyperspectral camera
attached to previously mentioned Leica microscope with the 40x objective in transmitted
brightfield mode. Spectral imaging is performed as follows: light passes through the
sample, and into the PARISS system where it is passed through a slit and then through a
prism, which disperses the light orthogonal to the direction of the slit. The light is then
measured with a CCD which records the wavelength on one axis and the vertical
dimension of the sample along the other axis. The sample is then scanned past the slit in
the horizontal dimension and an image is built up with sequential acquisitions. The OD
of the sample is determined by acquiring a lamp spectrum and then calculating OD =
log10(Ilamp/Icell). An intensity map of the OD of A431 cells labeled with 50 nm gold
particles at 550 nm is shown in Figure 3.9, along with spectra averaged over two different
regions of interest showing the effect of plasmon coupling on the extinction. The bright
region in the image corresponds to a large number of particles clustered on the cell
surface; this region would appear bright orange in an epi-darkfield image. The average
spectrum contains contributions from aggregates, which causes a significant increase in
the OD along with a broadening of the plasmon peak.
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Figure 3.9. An intensity map at 550 nm of cells labeled with 50 nm gold particles, along
with absorbance measurements averaged over the boxed regions of interest.
TPI was performed on the same samples used to acquire epi-darkfield and spectral
images, and the results can be seen in Figure 3.10. An additional check to distinguish
between TPL from gold nanoparticles and autofluorescence from cellular chromophores
was done by comparing the signal obtained using a 600 nm shortpass channel and a 700
nm bandpass channel. Cells labeled with gold nanoparticles showed clear signal in both
channels, while unlabeled cells required approximately 10 times more power and were
only visible in the shortpass channel due to autofluorescence from NADH.
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Figure 3.10. Two-photon images at 790 nm excitation wavelength using 40x objective.
Cells labeled with nanoparticles are shown in (a) and (b), with unlabeled
cells shown for comparison (c,d). (a) and (c) show the signal collected in
the 600 nm shortpass channel, (b) and (d) show signal collected using a 700
nm bandpass filter. Scale bar is ca. 10 microns.
We also conducted TPI on cell samples labeled with 5 nm gold spheres, shown in
Figure 3.11. One of the major differences between cells labeled with 50 nm particles and
cells labeled with 5 nm particles is the much increased signal acquired in the 600 nm
shortpass channel for 5 nm spheres. This implies that the emission spectrum for clusters
of 50 nm spheres is redshifted significantly compared to the emission spectrum for
clusters of 5 nm spheres; this corresponds with the shift in scattering observed in the epidarkfield images shown in Figure 3.8, supporting the theory that surface plasmons
mediate PL emission in nanoparticles144.
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Figure 3.11. TPL imaged on cells labeled with 5 nm diameter gold spheres. (a) shows
signal collected using a 600 nm shortpass dichroic mirror and (b) shows
signal collected using a 700 nm bandpass filter. Scale bar is ca. 10 microns.
We have demonstrated strong two-photon PL emission from clusters of small
nanospheres used to label molecular assemblies on the surface of cancer cells. Because
small gold spheres do not normally resonate in the NIR they must aggregate in order to
become visible, making them sensitive to receptor-mediated clustering.

This

demonstrates the potential of using plasmonic coupling as a replacement for FRET in
certain applications. Future work will be done to more carefully quantify the effects seen
from spheres of different sizes and to determine the emission spectrum of nanoparticles
as a function of particle size and intensity – because the intensity is proportional to the
size of the cluster we expect there to be significant changes in the emission spectrum.
Another interesting effect we wish to characterize is the effect of plasmon coupling on
the PL lifetime. Imura et al. demonstrated that the PL lifetime of nanorods changed
depending on the specific geometry of the nanorod, while Link et al. showed that the PL
lifetime of molecular gold clusters was dependent on the wavelength at which it was
measured145,146. By more fully exploring these effects it will be possible to obtain much
more useful information about the specific nature of any given particle cluster using TPI,
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leading to the ability to monitor molecular assemblies in near-real time using noninvasive high resolution optical techniques.
3.2 PHOTOACOUSTIC IMAGING
Photoacoustic imaging is a combined optical and ultrasonic imaging modality that
uses pulsed lasers to rapidly heat the local environment of strong absorbers, generating an
acoustic response that is then detected using an ultrasonic transducer.

Plasmonic

nanoparticles with their strong optical absorption are ideal contrast agents for
photoacoustic imaging147.
nanospheres

undergoing

This was demonstrated using molecular-specific gold
receptor-mediated

aggregation148

and

has

also

been

demonstrated with gold nanorods149. Mallidi et al. used PEG-coated and antibody-coated
gold nanoparticles targeting EGFR to demonstrate that photoacoustic imaging is able to
distinguish between a mixture of cells and non-targeted gold nanoparticles and cells
specifically labeled with anti-EGFR nanoparticles. We prepared three biologically
relevant tissue models: unlabeled 3D tissue phantom containing just cells; cells in the
presence of non-targeted PEG-coated nanoparticles; and specifically labeled cancer cells.
It was demonstrated that photoacoustic imaging with 520 nm laser excitation is able to
detect the presence of nanoparticles in tissue phantoms while 680 nm excitation
selectively detects labeled cancer cells. This sensitivity of photoacoustic imaging with
680 nm excitation was attributed to the receptor-mediated aggregation of gold
nanoparticles that results in strong red shift and broadening of absorption and thereby
enhances the detection using red and NIR excitation. Indeed, the peak absorption of
isolated gold nanoparticles is near 520 nm, coincident with the 532 nm excitation, while
gold nanoparticle aggregates have significantly red-shifted absorption; this results in a
significant increase in the signal at 680 nm excitation for gold nanoparticle aggregates.
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This concept has been expanded by the use of multiple illumination wavelengths to
obtain spectroscopic data about the sample150.

This information can be used to

distinguish between contrast agents and local tissue or to distinguish between contrast
agents in different states, enabling spectroscopic photoacoustic imaging to obtain
functional information about the biological environment.
Photoacoustic imaging is a technique relying on the illumination of tissue by
nanosecond pulsed laser light and the subsequent emission of acoustic waves from tissue
under thermal stress confinement. Previous studies have shown that gold nanoparticles
can be used as contrast agents in photoacoustic imaging because of their strong optical
absorption and scattering properties72. The gold nanoparticles can also be used as
therapeutic agents in photothermal therapy70. The extinction spectra of the gold
nanoparticles can be modified by varying their shape and size. The gold nanoparticles can
be tuned to resonate in the NIR region45 as light has higher penetration depth in the tissue
at these wavelengths.
Epithelial cancer cells tend to overexpress epithelial growth factor receptor
(EGFR)151, causing the specifically targeted nanoparticles to cluster on the cell surface.
This clustering leads to plasmon resonance coupling between nanoparticles and a red
shift in the plasmon resonance frequency of the gold nanoparticle assembly

45,152,153

. The

red-shift provides the opportunity to differentiate cancer cells from surrounding benign
cells by using a combination of labeling with gold nanoparticles and multi-wavelength
illumination.
In this work, tissue phantoms prepared with human keratinocyte cell line were
used to demonstrate the application of molecular targeted gold nanoparticles in
photoacoustic imaging. The 532 nm and 680 nm pulsed laser illuminations were chosen
for the photoacoustic experiments due to overlap with the absorbance spectra of the
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isolated and aggregated gold nanoparticles152-154. Our study shows that photoacoustic
imaging can differentiate between cancer cells labeled with the molecular targeted gold
nanoparticles and the cells mixed with non-specific gold nanoparticles, even when the
concentration of isolated non-targeted particles is much higher. These results provide a
basis for development of highly sensitive approaches for detection of asymptomatic
epithelial pre-cancers in vivo.
3.3.1 Materials and methods
3.3.1.1 Preparation of tissue phantoms
Specifically for the photoacoustic imaging experiments, three tissue phantoms
consisting of human epithelial carcinoma cells (A431 keratinocyte) were used: (1) the
control tissue phantom with no gold nanoparticles; (2) the targeted tissue phantom
labeled with EGFR targeted gold nanoparticles; and (3) the non-targeted tissue phantom
with nanoparticles coated only with a polyethylene glycol-thiol (mPEG-SH) layer which
has no molecular specificity.
Gold particles (50 nm diameter) were synthesized via citrate reduction of
chloroauric acid (HAuCl4) under reflux. Anti-EGFR monoclonal antibody (clone 225,
Sigma) was conjugated with gold nanoparticles using a protocol described elsewhere

155

.

The protocol resulted in nanoparticles functionalized with antibodies via a bifunctional
PEG linker, and any remaining bare gold was then passivated with mPEG-SH.
PEGylated particles without antibodies were obtained by mixing the colloid suspension
with mPEG-SH in deionized water.
The A431 cells were purchased from American Type Culture Collection
(ATCC) and cultured in DMEM supplemented with 5% fetal bovine serum at 37°C in a
5% CO2 environment. Cells were harvested and resuspended in DMEM at a
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concentration of 2·106 cells/mL and divided into three 450 µl aliquots. The aliquot for the
targeted sample was mixed with an equal volume of the anti-EGFR gold bioconjugate
solution and allowed to interact for 45 minutes at room temperature. The other two
aliquots were not exposed to the nanoparticles. The three cell suspensions were then spun
down at 200 g and resuspended separately using 250 µL aliquots of a buffered collagen
solution (2.1 mg/mL, pH 7.4), resulting in a final cell concentration of 3.6·106 cells/ml.
To determine the amount of nanoparticles attached to cells in the targeted sample, the
optical density of the solution of gold bioconjugates at the concentration used for labeling
was compared to the optical density of the supernatant obtained after the labeled cells
were spun down. The UV-Vis measurements showed ca. 260,000 particles per cell
corresponding to approximately 25% of the total number of receptors per cell

156

. The

targeted sample contained approximately 1·1012 gold nanoparticles/mL. The buffered
collagen solution for the non-targeted sample contained approximately 4·1012 PEGylated
nanoparticles/mL. The control tissue sample had no gold nanoparticles. The cell/collagen
solutions (200 µL) were pipetted into separate stacked spacers (0.5 mm silicone isolators,
Molecular Probes) in Petri dishes for optical characterization and photoacoustic imaging.
The cell/collagen solution in the Petri dish was allowed to gel in a 37C incubator for 1
hour. This procedure resulted in phantoms with randomly distributed cells in a threedimensional collagen matrix157. The 3D arrangement of cells gives an opportunity to
study imaging approaches having depth resolution. The phantoms were then covered
with 50 µL of media and stored in an incubator for several hours prior to imaging.
A blocking assay was done to verify the molecular specificity of the antiEGFR particles. A431 cells were harvested and exposed to 1 mg/mL clone 225 antibody
or nonspecific (anti-goat IgG) antibody in PBS for 15 minutes. Furthermore, separate
aliquots of A431 cells (ca. 106 EGFR receptors per cell156) and MDA-MB-435 cells
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(which do not express EGFR) were exposed only to PBS for use as positive and negative
controls. Targeted particles were added to all cell suspensions in a 1:1 volume ratio and
mixed for 20 minutes. The cells were then spun down and the optical density (O.D.) of
the supernatants was compared to the O.D. of the labeling solution to determine the
particle uptake.
3.3.1.2 Optical imaging of tissue phantoms
The tissue phantoms were characterized using a 75W Xenon light source and
Leica DM 6000 upright microscope in epi-illuminated darkfield mode. Images were
collected through a 20x, 0.5 NA darkfield objective and detected using a Q-Imaging
Retiga EXi ultra-sensitive 12-bit CCD camera.
The absorbance spectra were collected with a PARISS hyperspectral imaging
device (Lightform, Inc.) in transmitted brightfield mode and a halogen light source. The
hyperspectral device was coupled to the Leica microscope and was used to measure the
absorbance spectra at each pixel in the image. A single vertical section of the sample
image was projected onto a prism through a 25 µm slit. The prism spectrally dispersed
the one-dimensional image onto a two-dimensional Q-imaging Retiga EXi CCD detector.
The sample was translocated laterally via a piezoelectric stage and the imaging process
was repeated to construct the three-dimensional hyperspectral data cube. The spatial
resolution of hyperspectral image was 1.25 µm and the spectral resolution was 1 nm. A
blank slide containing 1x PBS was used to acquire the illumination lamp spectra.
Transmitted brightfield spectral data cubes were then acquired from 20 µm by 300 µm
areas of each sample and normalized to the illumination lamp spectra.
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3.3.1.3 Ultrasonic and photoacoustic imaging of tissue phantoms
A block diagram of the experimental setup for ultrasound and photoacoustic
imaging is shown in Fig. 1. A microprocessor unit with a custom built LabVIEW
application controlled all modules of the imaging system including the ultrasound
pulser/receiver, pulsed laser, data acquisition unit, and all motion axes needed for
imaging via 3-D mechanical scanning. A 48 MHz single element focused ultrasound
transducer (focal depth = 5.5 mm, f# = 1.4) was used to obtain both ultrasonic and
photoacoustic images of the tissue phantoms. The tissue phantom was attached to a 3-D
positioning stage and placed in the focal region of the transducer. The Petri dish was
filled with 1x PBS solution to maintain the appropriate pH in the medium surrounding the
tissue phantoms.
In these photoacoustic imaging experiments, a Q-switched Nd:YAG laser
(532 nm wavelength, 5 ns pulses, 20 Hz pulse repetition frequency) and a tunable OPO
laser operating at 680 nm wavelength and capable of producing 7 ns pulses at 10 Hz
pulse repetition frequency were used. The ultrasound and photoacoustic images were
obtained by mechanically scanning the tissue samples over the desired region with 12 µm
lateral steps. At each step, the pulsed laser light irradiated the sample and the
photoacoustic response from the sample was captured using 8-bit, 500 MHz digitizer.
The signal recording was initiated by the trigger signal from the laser source. The same
trigger signal, delayed by several microseconds, was sent to the pulser/receiver to initiate
the pulse-echo ultrasound imaging. An acquired A-line, therefore, contained the
photoacoustic signal followed by the conventional ultrasound signal. During the offline
processing, digital bandpass (20-70 MHz) filtering was employed to reduce noise in the
signals. Finally, the signals were processed to produce spatially co-registered 2-D
photoacoustic and ultrasound images. A block diagram is shown in Figure 3.12.
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Figure 3.12. Block diagram of the combined ultrasound and photoacoustic imaging
system.
3.3.2 Results
Blocking the cells with an excess of clone 225 antibody resulted in a 26x decrease
in labeling efficiency as compared to the positive control while the cells exposed to
nonspecific IgG showed no decrease in labeling efficiency. The MDA-MB-435 cells do
not express EGFR and showed no particle uptake. These results were also confirmed
using darkfield optical imaging and indicate molecular specific binding of the
bioconjugated gold nanoparticles to membrane-bound EGF receptors. These results are
shown in Figure 3.13.
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Figure 3.13. Specificity assay confirming that gold nanoparticles conjugated with antiEGFR antibody clone 225 specifically bind to cancer cells expressing EGFR
on their surface via antibody-target interactions. A) GNP-Ab with EGFR(+)
cells. B) GNP-Ab with EGFR(-) cells. C) GNP-Ab with EGFR(+) cells
treated with polyclonal anti-goat IgG. D) GNP-Ab with EGFR(+) cells
treated with excess clone 225 antibody. The microscopy images are in
darkfield reflected mode.
The absorbance spectra of the control, targeted and non-targeted tissue
phantoms are shown in Figure 3.14. The control phantom has low absorbance in
wavelength range of 450-800 nm. The non-targeted phantom has an absorbance peak at
520 nm, which is in excellent agreement with the absorbance spectrum of a suspension of
isolated gold nanoparticles. The targeted phantom has the peak red-shifted and broadened
due to EGFR-mediated aggregation of gold nanoparticles112,152,153. The absorbance
spectra were used as a guideline to gauge the difference in the optical properties of the
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Figure 3.14. Absorbance spectra of control, targeted and non-targeted tissue samples
normalized to the illumination lamp spectrum.
The darkfield images of the control, targeted and non-targeted tissue phantoms are
presented in Figure 3.15. The control phantom in Figure 3.15(a) does not contain any
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gold nanoparticles and hence the cells appear bluish white due to their intrinsic light
scattering properties. The targeted phantom (Figure 3.15 (b)) shows orange colored cells
caused by the plasmon-resonance scattering of anti-EGFR conjugated gold nanoparticles
which interact with EGFR molecules on the cytoplasmic membrane of A431 cells. The
non-targeted tissue phantom (Figure 3.15 (c)) has gold particles in suspension
surrounding the cells. These isolated gold particles are associated with the greenish haze
in the background surrounding the unlabeled A431 cells which appear bluish in the
image.
The ultrasonic images of the three tissue phantoms are presented in Figure 3.15
(d), 3(e) and 3(f). As expected, these images do not reveal any information regarding the
isolated or clustered state of the gold nanoparticles due to insufficient acoustic contrast.
The photoacoustic images of the tissue phantoms shown in were obtained with either 532
nm laser irradiation or 680 nm laser irradiation. All photoacoustic images are displayed
using the same dynamic range. The photoacoustic images of the control phantom do not
show any signals at both 532 nm and 680, indicating that the tissue absorbs less light at
these wavelengths as compared to the other two tissue phantoms. The faint signal in the
lower region of the images in Figure 3.15 (g) and Figure 3.15 (j) was due to absorption of
the laser by the plastic bottom of the Petri dish holding the phantom.
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Figure 3.15. Darkfield, ultrasound and photoacoustic images ( = 532 nm and 680 nm) of
control, specifically targeted and non-targeted tissue phantoms. The
darkfield images measure 440 µm by 340 µm field of view. The ultrasound
and photoacoustic images measure 2 mm by 1.67 mm.
At 532 nm laser irradiation, the photoacoustic image of the non-targeted phantom
indicates higher optical absorbance than the targeted phantom.

Due to the high

absorbance of the non-targeted phantom at 532 nm, the laser fluence decreases
exponentially with depth. Depth dependent compensation was applied to photoacoustic
signals in Figure 3.15 (i) to compensate for the signal loss due to decrease in the laser
light fluence. At 680 nm illumination, very little photoacoustic response was obtained in
the non-targeted phantom, unlike the targeted tissue phantom that produced signal from
the entire thickness of approximately 1 mm.

These results demonstrate that the

photoacoustic signal is compatible with the hyperspectral analysis (Figure 3.14), a
relatively low overall bulk extinction coefficient was observed in the non-targeted
phantom as compared to targeted phantom at 680 nm. Thus, specific targeting of gold
nanoparticles to EGFR molecules that are overexpressed in certain types of cancer results
in significant increase in the photoacoustic signal in the red optical region. We attribute
the increase in photoacoustic signal to EGFR mediated assembly of gold nanoparticles on
the cytoplasmic membrane of the cancerous cells; this leads to plasmon resonance
coupling between adjacent gold particles and changes in their absorbance spectra.
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3.3.3 Discussion and conclusions
The results of our study indicate that photoacoustic imaging at 532 nm could
identify the distribution of the gold nanoparticles in tissue. Furthermore, a large
difference between EGFR targeted and non-targeted (isolated) gold nanoparticles was
observed in the photoacoustic images at 680 nm laser irradiation. The contrast
mechanism in photoacoustic imaging is based upon the difference in optical properties of
the tissue constituents, and hence photoacoustic imaging could be used to differentiate
between cancerous and normal cells using molecularly targeted gold nanoparticle contrast
agents, as was previously demonstrated with purely optical techniques116,152,153. Also,
compared to optical imaging, the penetration depth of photoacoustic imaging can be on
the order of centimeters if near-infrared laser light is used. Moreover, photoacoustic
imaging is a non-ionizing method and it does not have the safety concerns associated
with some other radiological imaging modalities such as CT or PET. The combined
ultrasound and photoacoustic imaging has many applications ranging from cancer
detection and therapy monitoring to tissue engineering158-160.
Gold nanoparticles have excellent biocompatibility161 and the conjugation
protocols to attach proteins to gold nanoparticles are also well developed118,122,162. The
photoacoustic imaging with gold nanoparticles demonstrated in this report can be
potentially extended to a combined diagnostic imaging and therapy approach.
Photothermal therapy with plasmonic nanoparticles was previously demonstrated for both
pulsed123 and continuous light sources16. Based on the information obtained with
photoacoustic imaging, pulsed or continuous wave photothermal therapy could be
performed to induce localized tumor necrosis, potentially even using the same light
source as was used in photoacoustic imaging. Moreover, ultrasound based strain imaging
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can be performed together with photoacoustic imaging and phototherapy at no additional
cost to monitor tumor necrosis over time160.
In conclusion, the photoacoustic imaging technique could detect tumors by
selectively targeting cancerous cells that overexpress EGFR. In our studies, photoacoustic
imaging was performed at 532 nm and 680 nm on three tissue phantoms prepared using
A431 skin cancer cells targeted with anti-EGFR gold bioconjugates. The results of our
study demonstrate that using molecular targeted gold nanoparticles and photoacoustic
imaging, specific molecular differentiation and highly sensitive and selective detection of
cancer could be achieved. Further studies are required to evaluate this molecular specific
imaging technique in vivo and its potential in combination with phototherapy.
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Chapter 4: Gold-Coated Iron Oxide Particles for Theranostics
Optical and magnetic resonance based imaging techniques have had a significant
impact in both experimental and clinical settings due to the high resolution, fast scan
times, and quality of data that can be obtained using both modalities 163. However, each
of these techniques has certain constraints. While MRI provides exceptional anatomic
information and depth of imaging, it suffers from limited spatial resolution. Optical
imaging yields excellent spatial resolution and is inexpensive, robust and portable, but
does not provide the penetration depth, field of view, or anatomic detail achievable with
MRI.
It has been recognized that a combination of MRI and optical imaging can lead to
the development of new approaches that will bridge gaps in resolution and depth of
imaging between these two modalities. At the same time this combination can provide
complimentary anatomic, functional, and molecular information. A combination of MRI
with near-infrared (NIR) diffuse optical spectroscopy (DOS) was evaluated in tumor
animal models 164-166, and for the detection of breast cancer in human pilot clinical studies
167

. In these experiments, MRI was used to obtain precise anatomic information on

location of tissue structures that were probed optically.

DOS provided quantitative

measurements of oxy- and deoxyhemoglobin content in tissue.
The use of targeted contrast agents can improve contrast and provide information
about specific biomarkers in both modalities

168-170

. Recent advances in engineering

nanoscale materials have enabled the use of nanoparticles as molecular specific reporters,
offering increased signal over traditional probes as well as easier conjugation
chemistries34,44,48,171,172. Single-particle detection using iron oxide nanoparticles38 in MRI
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and quantum dots in optical imaging173 demonstrate the potential of these developing
techniques.
The potential benefits of combined MRI and optical imaging has stimulated the
development of many hybrid magnetic-fluorescent probes that have been demonstrated
for imaging in in vitro and in vivo models. There are two general classes of molecular
specific bimodal contrast agents based on either iron oxides174-176 or gadolinium177-180.
Josephson et al. used cross-linked iron oxide nanoparticles functionalized with Cy5.5 that
would only fluoresce in either a reducing environment or in the presence of proteases174.
This allowed the use of MRI to determine location while fluorescence signal would yield
information about the local chemical environment. Polymer-based bimodal agents have
been used to monitor tumour response to chemotherapy and for the study of embryo
development180.
Iron oxide nanoparticles offer significantly increased MRI contrast over
traditional gadolinium based contrast agents due to the much larger magnetic moment
surrounding each particle181. This allows iron oxide nanoparticles to be coated with
many materials with desirable properties without losing their T2 enhancement properties.
Gold-coated iron and iron oxide nanoparticles were recently demonstrated as MRI
contrast agents with improved biocompatibility due to the gold layer182. Wang et al.183
injected neural stem cells loaded with gold-coated iron oxide nanoparticles into a rat’s
spinal cord and monitored their progress using MRI.
Recently, it was demonstrated by our group and others that plasmonic gold
nanoparticles can be used as bright molecular specific contrast agents for optical imaging
techniques44,95,148. Plasmonic nanoparticles are also promising agents for photothermal
therapy of cancer. Selective photothermal destruction of cancer cells with non-ionizing
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laser irradiation was achieved using gold nanoshells45, solid gold nanoparticles184, gold
nanorods185, gold nanocages186, and magnetic gold nanoshells187.
Therefore, nanoparticles which consist of a plasmonic layer and an iron oxide
moiety could provide a promising platform for development of combined multimodal
imaging and therapy approaches in future medicine. However, the feasibility of this
platform has yet to be fully demonstrated. In this paper we use gold-coated iron oxide
hybrid nanoparticles as molecular specific bimodal contrast agents with both magnetic
and optical contrast. The gold layer exhibits a surface plasmon resonance that strongly
scatters light in the visible range and also provides a convenient surface for conjugating
targeting moieties, while the iron oxide cores give strong T2 contrast. We synthesized
hybrid nanoparticles which specifically target epithelial growth factor receptor (EGFR), a
common biomarker for many epithelial cancers 188. In addition we take advantage of EGF
receptor-mediated aggregation of the anti-EGFR hybrid nanoparticles for highly selective
photothermal destruction of labeled cancer cells using a NIR pulsed laser system.
4.1 MATERIALS AND METHODS
4.1.1 Nanoparticle synthesis and modification
Core/shell γ-Fe2O3/Au nanoparticles were synthesized as previously reported

189

.

First, iron oxide seeds were synthesized by hydroxide oxidation of Fe(II) and Fe(III) ions
in aqueous solution with bubbled N2 to de-oxygenate the solution. The resulting Fe3O4
particles were then boiled in 0.1 M nitric acid to oxidize the particles to γ-Fe2O3. This
step provides a better surface for deposition of gold layers. The iron oxide seeds were
washed in water via centrifugation and resuspended in 0.1M tetramethyl ammonium
hydroxide to stabilize the particles. The seed suspension can be stored for several
months.
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A gold layer was reduced onto the surface using an iterative hydroxylamine
seeding process

190

. Iron oxide seeds were first mixed with citrate, and then alternating

aliquots of hydroxylamine and HAuCl4 were added to the stirred solution. The color
changed from the light brown of iron seeds through blue and eventually became red as
the gold layer grew thicker. The process was followed using UV-Vis spectroscopy and
electron microscopy after each iteration. The gold deposition process does not coat all of
the iron oxide cores, therefore the magnetic gold was separated from an excess of bare
iron oxide cores using centrifugation 191.
The gold surface of the nanoparticles was functionalized as reported in

53

. Anti-

EGFR Neomarker clone 225 antibodies (Sigma) were purified using a 100k MW filter
from Centricon and then mixed with 0.1M sodium periodate. This results in oxidation of
carbohydrate moieties on the antibody’s Fc region to aldehydes.

The reaction was

quenched with phosphate buffered saline (PBS) and then a hydrazide-polyethylene
glycol-thiol heterobifunctional linker molecule (Sensopath Technologies, Inc., SPT0014B) was mixed with the antibodies for 20 minutes. During this step the hydrazide
portion of the polyethylene glycol (PEG) linker interacts with aldehyde groups on the
antibodies to form a covalent bond. One more filtration step was used to remove excess
linker molecules.
The antibody/linker solution was diluted in the organic buffer 4-(2-hydroxyethyl)1-piperazineethanesulfonic acid (HEPES), pH 8.75 to 0.05 mg/mL and mixed with the
gold/iron oxide particle solution in a 1:1 volume ratio for particle functionalization via
gold-thiol interactions. The mixture was agitated for 30 minutes at room temperature and
then a small amount of 10-5 M 2kD PEG-thiol was added to coat any remaining bare gold
surface. After thirty minutes 2% 18 kD PEG in PBS was added and the particles were
centrifuged at 3800 rpm for 30 minutes and resuspended in 1% PEG in 1x PBS.
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4.1.2 Cell culture and phantom preparation
MDA-MB-468 cells were used as a cancer model to demonstrate molecular
specific cellular imaging. Cells were cultured in minimum essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS). Before labeling, cells were harvested,
centrifuged, and resuspended in complete MEM. Then, cells were mixed with contrast
agent solution in a 1:1 volume ratio and allowed to interact for 30 minutes at room
temperature. After labeling cells were centrifuged to remove unbound particles and
resuspended in 1xPBS for optical imaging or in a buffered (pH 7.4) collagen I solution
for MRI imaging.
The collagen provides highly viscous environment that prevents cells from
settling over time. Two-hundred microliters of cell suspensions in buffered collagen at
different cell concentrations were pipetted into NMR tubes (Wilmad Glass, 300 MHz)
and allowed to gel in an incubator (37 C, 5% CO2) for 30 minutes. Two samples were
prepared with a layer of collagen on the bottom and a second layer of labeled or
unlabeled cells. A third phantom type was prepared with a series of layers containing a
dilution sequence of cells labeled with the hybrid contrast agents, also with a bottom
layer of pure collagen. Each layer was allowed to gel before addition of the next collagen
solution. Media was added to the top of each tube after the final layer of collagen had
gelled.
4.1.3 Nanoparticle characterization
During the synthesis of the iron oxide seeds there are several centrifugation steps
that are not 100% efficient. In order to quantify the exact iron concentration in the final
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iron oxide seed solution and the final hybrid gold/iron oxide nanoparticles mass
spectrometry was performed using an Agilent ICP-MS system.
Stock iron seeds, Feridex (Bayer), and gold-coated iron oxide were diluted 10x in
ultra-pure water and dissolved in an 11 N sulfuric, 6N hydrochloric acid solution and
then further diluted 10000x in 0.2 M nitric acid to provide the necessary points to
quantify the iron concentration in the colloid suspension.
In order to calibrate the system, samples were compared against a standard
dilution series of iron chloride that was dissolved in deionized water. A commercial iron
oxide colloid suspension, Ferridex, was measured to ensure that the protocol was
correctly measuring mass of iron in iron oxide nanoparticles. The iron content of the iron
oxide seed solution and the stock gold-coated solution were measured separately and
compared to ensure that the gold coating was not inhibiting dissolution of the iron in the
colloid suspension. Finally, a sample of purified hybrid nanoparticles, with excess iron
oxide seeds removed via centrifugation, was dissolved in the sulfuric/hydrochloric acid
and measured to determine how much iron had been coated by gold.
Stock iron oxide seeds and magnetic gold nanoparticle solutions were
characterized with transmission electron microscopy to determine the morphology and
size distribution. Particle suspensions were evaporated on 200 µm copper grids with a
Formvar coating and imaged on a Philips EM208 with 80 kV accelerating voltage. The
resulting images were analyzed using NIH ImageJ to determine size distribution.
Three hundred microliters of stock and functionalized gold/iron oxide
nanoparticles as well as dilute cell suspensions, both unlabeled and labeled with targeted
hybrid nanoparticles, were placed in a 96-well plate for absorbance measurements using a
BioTek Synergy HT microtiter plate reader.
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To determine particle uptake by labeled cells, the cells were first mixed with antiEGFR hybrid nanoparticles and, after a 30 minutes incubation period, were centrifuged to
remove unbound particles. The difference in the optical density of the supernatant and
the optical density of the original labeling solution was used to determine the average
number of nanoparticles bound per cell 44.
4.1.4 Optical imaging
Samples for optical imaging were prepared in the same manner as the cell
samples for MRI. Aliquots of collagen/cell solutions were placed on microscope slides.
Confocal microscopy was done on a Leica SP2 AOBS confocal microscope using 594
nm laser excitation and a 20x dry objective. Images of labeled and unlabeled cells were
acquired under identical conditions. Darkfield microscopy was carried out on a Leica
6000 DM upright microscope using a 20x objective (0.5 NA) with a 75W Xe illumination
source. Images were acquired with a Q-Imaging Retiga EXi ultra-sensitive 12-bit CCD
camera at 85 ms exposure for all samples. Images were analyzed using NIH ImageJ and
Matlab (The Mathworks, Natick, MA, USA) code to subtract the background and then
determine the average signal intensity. The intensity ratio between labeled and unlabeled
samples was calculated by averaging the intensity across all pixels which contained a
cell, defined as any pixel with an intensity value above background. The background
signal was determined by averaging the signal intensity at a blank spot in each image.
This value was subtracted from each image and all pixels above 0 were then averaged
and compared.
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4.1.5 MRI
All data and images were acquired using a 4.7 T Biospec experimental MR
system (Bruker Biospin MRI, Billerica, MA, USA). The signal decay time constants T1
and T2 of each sample were measured using a spin-echo saturation-recovery (TE = 10.5
ms; TR = 2500 ms, 1500 ms, 1000 ms, 500 ms, and 200 ms) and a Carr-PurcellMeiboom-Gill spin echo train (TE = 15ms to 360ms in 15ms increments; TR = 1100 ms)
respectively. All images were acquired over identical geometries (FOV 32mm x 32 mm;
1 mm slice; 64 x 64 matrix). Images were analyzed using ParaVision® 3.0.2 and rate
constants were fit to the Solomon-Bloemberg-Morgan model for relaxation

192,193

using

Matlab. T2 and T2* are time constants that describe the persistence of observable signals
in MRI. T2 is largely a function of the intrinsic properties of tissues and fluids, and T2*
accounts for additional signal damping due to magnetic field inhomogeneities. The
relaxivities r2 and r2* are the reciprocals of T2 and T2*, respectively.
Relaxivity values (r1, r2, and r2*) for nanoparticles were calculated using
measurements done with a series dilution of each colloid suspension. Nanoparticle
solutions were pipetted into 5 mm NMR tubes which were then submerged in water with
added gadolinium in a 50mL centrifuge tube, all of which were aligned along B0 to
minimize any influence from susceptibility mismatch. Samples were diluted to provide
total iron concentration ranging from 1.15 µg/mL to 23 µg/mL. The inverse T1, T2, and
T2* values were plotted as a function of iron concentration in mM Fe, a linear fit was
applied, and the slope of each fitted curve provided the respective relaxivities for the
solution. Cell samples were imaged with the same pulse sequence used to obtain data on
the colloid suspensions.
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4.1.6 Photothermal Therapy
MDA-MB-468 cells were grown to confluence on 40 mm diameter circular
coverslips.

The confluent monolayers were incubated with anti-EGFR hybrid

nanoparticles or non-targeted nanoparticles for 30 minutes in media. The non-targeted
nanoparticles were prepared by exposing hybrid nanoparticles to short polyethylene
glycol (PEG) molecules terminated at one end by a thiol group. Optical densities of
labeling solutions were compared before and after incubation to determine the extent of
particle loading. An OPOTEK tunable pulsed laser was used as the irradiation source.
Labeled and unlabeled monolayers were irradiated with 7 ns pulses at 700 nm and 10 Hz
repetition rate.
After irradiation the cells were incubated for 30 minutes in media, and then
calcein AM (Molecular Probes) was added as a live cell stain. The dye permeates cell
membranes and is activated by esterases inside the cytoplasm, at which point the dye
becomes membrane impermeable. The cells were then imaged under a Leica 6000 DM
microscope using a 10x, 0.25 NA objective and a 475 nm/510 nm excitation/emission
filter cube from Chroma.
4.2 RESULTS AND DISCUSSION
4.2.1 Nanoparticle characterization
Core/shell γ-Fe2O3/Au nanoparticles were synthesized with a final size of 45 nm
+/- 14 nm (Figure 4.1, a). The hybrid nanoparticles have a plasmon peak centered at 540
nm, slightly red-shifted from ca. 535 nm of pure gold nanoparticles of comparable size.
This shift can be accounted for by the core-shell structure of the nanoparticles. The goldcoated particles had 101 g Au/mL and 18.5 g Fe/mL after centrifugation to remove
excess iron seeds; these values were determined by mass spectrometry. Figure 4.1 (b)
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shows the normalized absorbance spectra taken from nanoparticle suspensions before and
after conjugating antibodies to the nanoparticles. Attachment of antibodies results in a 5
nm red shift in the spectra that is attributed to an increased index of refraction
surrounding the nanoparticles due to the protein coating44. We expected that the ratio of
iron to gold would have a more significant impact on the optical properties of the
particles, but spectra from the colloid suspensions are largely consistent with pure gold
nanoparticles; the iron oxide does not appear to have a significant impact on the optical
properties.

Figure 4.1. Spectra of magnetic gold nanoparticles before (a) and after (b) conjugation
with antibodies.
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The r1 values were negligible compared to r2 and r2* for the solutions tested; this
is in agreement with previously published data for iron oxide based MRI contrast
agents194. The functionalized magnetic gold nanoparticles had an r2 of 23.5 mM Fe-1*s-1
and an r2* of 68.8, which is in good agreement with the previously published r2 value of
28.2 mM Fe-1*s-1 for bare iron core/gold shell nanoparticles synthesized in an inverse
micelle reaction182. There is a decrease by a factor of 4.3 times and by 5.5 times in r2 and
r2* values, respectively, for the anti-EGFR hybrid nanoparticles as compared to pure iron
oxide seeds. Similar effect was observed by Moffat et al. where polyacrylamide coated
iron oxide nanoparticles were conjugated with PEG molecules of different sizes195. The
authors demonstrated that the r2 values generally went down with increasing PEG size.
The observed decrease can be accounted for by the fact that r2 effect is dependent on
water molecules diffusing past an iron oxide contrast agent and experiencing an altered
magnetic field; any coating that increases the hydrodynamic radius could reduce the
volume of water molecules diffusing through the altered magnetic field surrounding each
nanoparticle, thus decreasing the observed contrast.
4.2.2 Optical Imaging
Figure 4.2 shows confocal reflectance and darkfield images of labeled and
unlabeled MDA-MB-468 breast cancer cells. The confocal images are false-colored
grayscale images, while the darkfield images were white-balanced using a Spectralon
(Lab Sphere) white standard. The acquisition settings were identical for labeled and
unlabeled cells and were optimized such that the unlabeled cells were visible without
causing the labeled sample to saturate the detector. The confocal reflectance image of
labeled cells shows bright rings around each cell which is consistent with labeling of an
extracellular membrane-bound receptor such as EGFR (Figure 4.2, b). Labeled cells
88

appear yellow-orange in the darkfield reflectance images (Figure 4.2 2, d). Individual
hybrid particles scatter in the green optical region, but in closely spaced assemblies the
adjacent particles exhibit plasmon resonance coupling that results in a strong red-shift in
their scattering spectra 44,196-198. We have recently demonstrated that EGFR labeling with
gold nanoparticles mediates formation of closely spaced assemblies of nanoparticles on
cellular surface that can account for the observed orange color in Figure 4.2 (d)124.
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Figure 4.2. Optical imaging with hybrid nanoparticles. Reflectance imaging was done
with a 20x darkfield objective and 75W Xe illumination. Confocal imaging
was done at 594 nm with a 20x dry objective. Scale bars are ca. 20 μm. A)
Reflectance confocal image of unlabeled cells B) Reflectance confocal
image of cells labeled with nanoparticles conjugated to anti-EGFR antibody
C) Darkfield reflectance image of unlabeled cells D) Darkfield reflectance
image of cells labeled with nanoparticles conjugated to anti-EGFR antibody.
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The intensity ratio between labeled and unlabeled cells was 17-fold in confocal
reflectance imaging and the difference in darkfield images was dependent on which
channel (red, green, or blue) was compared. The ratio was 10 fold and 4.7 fold in the red
and the green channels, respectively, and there was no contrast in the blue channel. The
integrated intensity difference between labeled and unlabeled samples was 4.5 fold.
4.2.3 MRI measurements
Tissue phantoms were prepared using labeled and unlabeled MDA-MB-468 cells
suspended in a collagen matrix, and were imaged to demonstrate the potential of these
nanoparticles as molecular specific MRI contrast agents. MRI tubes were filled with
alternating layers of collagen gels containing either unlabelled cells or different
concentrations of cells labeled with antibody-conjugated magnetic gold nanoparticles as
shown in Figure 4.3(B). The concentration of labeled cells was varied from 1.75x106
cells/mL to 1.4x107 cells/mL. The darkfield reflectance images in Figure 4.3 (A)
correspond to small aliquots of solution taken from each of the suspensions of cells in the
MRI tubes (Figure 4.3, B). Labeled cells appear orange-yellow and unlabeled cells
exhibit characteristic endogenous blue scattering in the darkfield imaging (Figure 4.3, A).
The labeled cells show a strong negative contrast in T2 which decreases with decrease in
cell density (Figure 4.3, C). Unlabeled cells are indistinguishable from pure collagen,
and T1 effects were not observed in any cell sample.
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Figure 4.3. MRI imaging of cells labeled with hybrid nanoparticles. Sections a-f
correspond to the following cell suspensions through the entire figure, the
scale bar is ca. 50 μm in the darkfield images: a) labeled, 1.4*107 cells/mL
b) labeled, 7*106 cells/mL c) labeled, 3.5*106 cells/mL d) labeled, 1.75*106
cells/mL e) unlabeled , 1.4*107 cells/mL f) labeled, 1.4*107 cells/mL A)
Darkfield reflectance imaging of aliquots taken from each cell/collagen
solution; B) Color image of NMR tubes loaded with tissue phantoms C) T2weighted image of the tubes shown in B D) T1-weighted image of the tubes
shown in B
We conducted preliminary calculations to estimate the range of the hybrid
contrast agents and cellular concentrations that will be detectable using MRI. We defined
the criterion for minimum detection to be that contrast-enhanced tissue compartments
must exhibit a net change in signal level that exceeds three times the standard deviation
of noise characteristics associated with its baseline intensity. This condition may be
equivalently expressed as a minimal contrast-to-noise ratio (CNR) of three.

The

minimum detection threshold was calculated in terms of cells per voxel as a function of
the initial signal-to-noise (SNR) ratio of the image (Figure 4.4). The yellow line in
Figure 4 depicts the limit below which the presence of labeled cells could not be detected.
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We assumed that an average cell would have 2.76*10-6 g Fe based on the average
particle loading of cells and that the particles would still have the same relaxivity as that
measured for colloid suspensions.
A signal-to-noise ratio greater or equal to 30 for T2-weighted acquisitions with a
resolution of 0.15mm x 0.15mm x 1mm can be easily achieved with the 4.7T system that
was used in this study. With this baseline SNR we estimated that it would be possible to
detect as little as ca. 30-40 labeled cells per 0.0225 mm3 voxel, which corresponds to
about 0.1% of the cells present in this volume in a typical human tissue and to subnanomolar concentrations of the contrast agent.

Figure 4.4. Theoretical detection limit for cells labeled with magnetic gold
nanoparticles.
4.2.4 Photothermal Therapy
Figure 4.5(a) shows the effect of receptor mediated aggregation of anti-EGFR
hybrid nanoparticles on the absorbance of labeled cancer cells. It is well known that
EGFR function is associated with dimerization and clustering on the cytoplasmic
membrane
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. This receptor clustering leads to molecular specific aggregation of anti93

EGFR hybrid nanoparticles and results in a marked increase in absorbance of the
nanoparticles in the red and near-infrared (NIR) optical regions. We used this
phenomenon for highly selective destruction of cancer cells using NIR light.
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Figure 4.5. Photothermal therapy with anti-EGFR hybrid nanoparticles. (a) Absorbance
spectra of unlabeled cells in the presence of PEGylated hybrid nanoparticles
(green) and of labeled cells (red). The total amount of nanoparticles is the
same in both cell suspensions. Fluorescence images of cells labeled with
anti-EGFR hybrid nanoparticles (b) and cells pre-exposed to PEG-coated
particles (c) after one 7 ns, 400 mJ/cm2 laser pulse at 700 nm. Green
fluorescence is due to calcein AM live stain that indicates cellular survival.
(d) Darkfield reflectance image of the irradiated labeled cells at the
boundary of the laser beam spot; green color of cells which are located
outside of the laser beam is associated with fluorescence of the live-cell
stain. (e) Fluorescence image of cells pre-exposed to PEG-coated hybrid
nanoparticles after 600 hundred 7 ns, 400 mJ/cm2 pulses at 700 nm.
Fluorescence images were obtained using 10X objective and a 475 nm/510
nm excitation/emission filter cube and the darkfield imaging was carried out
with 20X darkfield objective and a Xe lamp illumination. The scale bars are
ca. 100 m in fluorescence images and ca. 50 m in the darkfield image.

95

The effect of treatment of labeled and unlabeled cells with a 700 nm pulsed laser
is shown in Figure 4.5 (b, c, and e). We used a pulse energy at which a few labeled cells
in the illumination spot consistently survived after a single pulse. One 400 mJ/cm2 pulse
at 700 nm results in nearly complete death of all labeled cells with no effect on cells preexposed to non-targeted PEGylated hybrid nanoparticles (Figure 4.5, b and c,
respectively). Figure 4.5 (e) shows that even after 600 pulses most of the unlabeled cells
survive the exposure. Figure 4.5 (d) shows a darkfield reflectance-image of the treated
labeled cells at the laser beam spot boundary. Both the cells exposed to the laser beam
and the cells which were not exposed show bright orange-yellow spots that correlates
with labeling with the hybrid nanoparticles. Cells outside of the illumination spot exhibit
green fluorescence from calcein AM which indicates survival.
The energy used is slightly under reported energies required to cause bubble
formation around single nanoparticles70,184 but the effect of nanoparticle clustering
greatly reduces the energy requirement to produce bubble formation200. The 700 nm laser
light is predominantly absorbed by the aggregates of molecular specific hybrid
nanoparticles on the surface of labeled cancer cells. The selective excitation of the
aggregates could account for the over 500 times energy difference that we observed in the
sensitivity of labeled and unlabeled cells to the photothermal treatment.
We synthesized and demonstrated molecular specific plasmonic/magnetic
nanoparticles for combined MRI/optical imaging and photothermal therapy of cancer
cells. Magnetic gold nanoparticles derive their MRI contrast from interactions between
the magnetic moments of protons and the modulated magnetic field surrounding each
magnetic nanoparticle. As a proton experiences an increased (or decreased) magnetic
field close to the particle its frequency shifts accordingly, causing rapid dephasing and an
associated drop in T2 signal. The optical contrast is based on the large scattering cross96

section of the gold layer that surrounds the paramagnetic iron oxide core of these hybrid
particles. High optical absorption of this plasmonic layer also makes these nanoparticles
useful for photothermal therapy with both continuous wave and pulsed irradiation
regimes45,70,184,201. The mechanism of destruction depends on the method of irradiation,
but in either case it is possible to selectively destroy cells that have nanoparticles in the
near vicinity.

We showed that receptor mediated aggregation of anti-EGFR hybrid

nanoparticles allows highly selective, molecular specific destruction of highly
proliferative cancer cells using pulsed NIR laser irradiation. The addition of MRI and
optical contrast results in the possibility to obtain the location and concentration of an
administered dose of the hybrid agent to help guide laser therapy.
In this study we chose EGFR as a target because it facilitates receptor-mediated
aggregation and is a common biomarker for many types of cancers including lung, oral
cavity and cervix. However, the conjugation procedure described here can be
implemented for any humanized antibody, opening up this technique for a wide range of
potential targets.
MRI is sensitive to a wide range of tissue characteristics that create soft tissue
contrast that is unsurpassed by other imaging modalities. Another unique aspect about
MRI is that the tissues themselves produce the signals that are measured in order to
generate the images, thus the acquisition of cross-sectional tomographic images can be
achieved without ionizing radiation. Although about 2/3 of all stable nuclei exhibit a net
magnetic moment that will couple with external fields, MRI is achieved through
interaction with hydrogen nuclei. While the simplest MRI scans yield high-resolution
anatomical details, more involved techniques can provide information ranging from
tissue functionality to localized chemical composition.
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Magnetic resonance spectroscopy (MRS) and spectroscopic imaging (MRSI) of
species containing 1H and other particles with odd half-integer spin are often used to
characterize the chemical environment of samples and tissues. The fluorine nucleus is
among these, and it exhibits several properties that make it an exciting choice for a wide
range of biological interrogations. The relative scarcity of

19

F in biological systems

provides essentially no background signal against which exogenous fluorinated agents
need to be distinguished. The NMR sensitivity of 19F, the only stable isotope of fluorine,
at 83% of 1H is the second highest of all stable elements, and its precise resonance
frequency is more than 20 times as sensitive to its chemical environment as 1H
Because of these advantages, applications employing
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202

.

F in NMR and MRI for in vivo

biological experiments have been recently developed, including interrogation of tissue
pO2203 and pH204, drug kinetics205, and monitoring of gene expression206,207, among many
others208.
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Chapter 5: Gold Nanoparticle Conjugates with Nucleic Acids for
molecular imaging and intracellular delivery
GNPs conjugated to nucleic acids via terminal thiols have been employed in a
wide variety of applications, including small molecule and single

nucleotide

polymorphism sensing61,209-215, colloidal crystal synthesis130, targeted gene knockdown
via either antisense or laser-mediated oligonucleotide release41,42,216, and molecular
optical imaging97,103.

Interest in these conjugates has spurred investigation into the

specifics of the conjugation kinetics and ways by which this conjugation may be
improved to increase nanoparticle loading of nucleic acid molecules and to yield a more
stable and dispersed DNA-coated colloid suspension217-219.
The commonly used protocol for conjugating nucleic acids to gold nanoparticles
involves first mixing a thiol-terminated oligonucleotide in water with gold colloid, and
then slowly increasing the salt concentration over a period of 24 hours in the conjugation
reaction to gradually reduce electrostatic repulsion between the oligonucleotide220.
Under properly controlled conditions the DNA to GNP interaction rate is higher than the
GNP-GNP aggregation rate at every step in the process such that no GNP aggregation
occurs. However, it can be difficult to maintain colloidal stability, which has led to
groups increasing the time over which salt is added to several days, adding stabilizing
surfactants, and adjusting the temperature of the reaction221,222.
Several groups have recently looked into the use of GNPs as carriers of nucleic
acids that can be selectively activated or released using light irradiation. This was first
demonstrated in principle by Jain et. al. who explored the mechanism underlying the
cleavage of the gold-thiol bond upon excitation of a GNP-nucleotide conjugate with a
femtosecond pulsed laser223. This work demonstrated that hot electrons can directly
cleave the gold thiol bond without first being converted to heat via electron-phonon and
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phonon-phonon relaxation.

A different approach was demonstrated by Chen et. al.

whereby gold nanorods could be wrapped in longer DNA strands coding for a gene of
interest – upon laser irradiation the nanorods deformed into spheres and the DNA was
released from the particle surface, freeing it to serve as a template for transcription of
mRNA, followed by protein synthesis224. Using eGFP as a model protein it was shown
that protein expression could be selectively induced in irradiated cells with only a slight
decrease in cell viability. Further work by Braun et. al. and Lee et. al. showed that it was
possible to use nanoparticles to deliver either siRNA or DNA antisense by either
cleaving the gold-thiol bond holding siRNA to a gold nanoshell or by denaturing the DNA
antisense from an oligonucleotide handle conjugated to the surface of gold
nanorods42,225. The siRNA-conjugated nanoshells were coated in Tat-lipid layer to take
advantage of the Tat nuclear localization signal, while the nanorod-dsDNA conjugates
were delivered via Lipofectamine. A more detailed study was performed in vitro with
colloid dispersions to clearly differentiate between DNA denaturation and gold-thiol bond
cleavage on 16 nm diameter gold spheres226. It was shown that at lower laser fluences
and at higher salt concentrations it was possible to selectively denature dsDNA on
nanoparticle surfaces while avoiding Au-S bond cleavage. Lu et al. demonstrated
delivery of siRNA to a tumor xenograft expressing folate receptors via folate targeting
followed by laser-triggered endosomal disruption and release of siRNA into the cytosol,
leading to gene knockdown227.

Here we present the development and characterization of a significantly improved
conjugation, greatly reducing the time required for synthesis from 24 hours to 60 minutes
while maintaining colloid stability and increasing DNA loading density. We show that
increasing the temperature to 85 °C and carefully controlling the mixing of a gold colloid
solution with a thiol-terminated oligonucleotide pre-incubated with salt leads to rapid
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functionalization of GNPs in minutes with no observable particle aggregation. The preincubation of DNA with NaCl is critical, and it is hypothesized to be due to fact that the
local salt concentration surrounding DNA is several orders of magnitude higher than the
bulk concentration in the surrounding solvent228. By pre-incubating DNA with salt, the
negative charge can be shielded before the gold nanoparticles are added, leading to an
increase in the initial kinetics rate that stabilizes gold particles before they have a chance
to aggregate. The resulting DNA-coated nanoparticles were characterized via UV-Vis
spectroscopy, dynamic light scattering, and fluorescence measurements to determine the
average number of oligonucleotides per particle, increase in particle hydrodynamic
radius, and colloidal stability.
5.1 RAPID CONJUGATION METHODS
GNPs of 18 nm diameter were synthesized using the Frens method via citrate
reduction of gold chloride93. These particles were characterized via spectroscopy, TEM,
and dynamic light scattering (DLS). The particles had an average size of 18 nm by TEM
and 19.2 nm by DLS, and the plasmon peak was centered at 518 nm.

Thiol-

functionalized oligonucleotides (ssDNA-SH) were purchased from Integrated DNA
Technology, deprotected in 50 mM tris(2-carboxyethyl)phosphine (TCEP) to reduce
disulfide bonds, and the capping agent was removed using a NAP-5 size exclusion
column from GE, resulting in a 100 uM stock DNA solution in water that was stored at 20 °C. DLS data (Beckman Coulter Delsa Nano) was used to quantify the stability of the
DNA-GNP conjugates at 0, 15, and 45 minutes and to observe possible size changes due
to ssDNA-SH attachment. As can be seen in Figure 5.1, the intensity distributions show
no detectable shift in nanoparticle size for salt concentrations ranging from 0 to 10 mM
NaCl, indicating very little attachment of DNA molecules.
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During the initial phase of the GNP-DNA conjugation, nanoparticles are added to
a solution containing thiolated oligonucleotides and NaCl at 85 °C in a 5:1 volume ratio.
The final concentrations are 1 nM GNP, 1.2 uM DNA, and 50 mM NaCl.

Initial

experiments suggest that NaCl concentrations above 50 mM will lead to GNP
aggregation, as determined by DLS and spectroscopy, shown in Figure 5.1. No shift in
hydrodynamic radius was observed for NaCl concentrations of 0 and 10 mM, while a 3
nm diameter increase was observed after 15 minutes at a salt concentration of 50 mM.
The particle hydrodynamic radius jumped to 80 nm at a NaCl concentration of 60 mM,
indicating significant aggregation. This data is supported by the UV-Vis data shown in
Figure 5.2 which indicates significant broadening and red-shift of the plasmonic peak,
which is associated with aggregation As the DNA begins to coat the GNP surface, the
particles will become increasingly stable in high ionic strength solutions.

After 10

minutes, there are approximately 70 DNA/particle, allowing the addition of NaCl to bring
the salt concentration to 500 mM, which then greatly speeds up the conjugation kinetics.
The particles were found to be completely coated by DNA 45 minutes after the addition
of extra NaCl.
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Figure 5.1. Size distributions of GNP incubated with thiol-capped oligonucleotides at
increasing salt concentrations. 50 mM NaCl was found to be the optimum
concentration for reaction kinetics without causing aggregation.
1.2

Absorbance
bare gold

Normalized Absorbance

1

DNA-GNP 10mM
0.8
GNP-DNA 50mM
0.6

GNP-DNA 60mM NaCl

0.4
0.2
0
400

450

500

550
600
Wavelength(nm)

650

700

750

Figure 5.2. UV-Visible spectra of GNP incubated with thiol-capped oligonucleotides at
increasing salt concentrations. The significant peak broadening of the 60
mM NaCl sample corroborates the DLS data showing significant
aggregation under those conditions.
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In order to test the hypothesis that pre-mixing DNA and NaCl improved the initial
rate of conjugation and thus reduced particle aggregation, a set of experiments were
carried out to examine the colloid stability following addition of GNP to a DNA-NaCl
solution or the addition of a GNP-DNA solution to a NaCl solution.

The final

concentrations of all reagents were identical: 0.8 nM particles, 1.2 uM ssDNA, and 50
mM NaCl. All solutions were heated to 85 °C in small glass vials, and then the GNP
solution was added to DNA-NaCl or the GNP-DNA solution was added to NaCl. The
conjugation was allowed to proceed for 15 minutes, and then the solutions were cooled to
room temperature and characterized via spectroscopy and DLS. The observed diameter
via DLS was 23 nm when the GNP solution was added to the DNA-NaCl solution, while
the observed diameter was 35 nm when GNP-DNA was added to NaCl, which is larger
than possible from DNA coating alone. Later experiments showed that a DNA coating of
200 per particle resulted in a size increase to only 30 nm. This suggests that the preincubation of DNA and NaCl is critical for obtaining stable monodispersed DNA-coated
GNP using this protocol.
At 50 mM NaCl the average nanoparticle size shifts from 20 nm to 23 nm due to
attachment of ssDNA. It has been shown that while there is correlation between the
amount of DNA on a nanoparticle surface and its hydrodynamic radius, this correlation is
not linear219. It should be noted that the referenced study was looking at hybridization,
but it is analogous to this experiment. Further increase in salt concentration to 60 mM
resulted in significant increase in average sizes of nanoparticles to more than 100nm
indicating aggregation. Aggregation was also evident by changes in the UV-Vis spectra
of the nanoparticle suspensions including broadening of the plasmon resonance peak and
extinction increase in the red-NIR optical region.
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5.2 KINETICS CHARACTERIZATION
Upon determining that 50 mM NaCl was a critical concentration that enabled the
reaction to proceed quickly without destabilizing GNPs, further experiments were done to
determine stability of the conjugates at different time points during the reaction and
quantify the number of DNA per particle over time An additional aliquot of concentrated
NaCl was added at various time points after the initial mixing of DNA and colloidal gold
solutions at 50 mM to bring the final NaCl concentration up to 250 mM. This high final
salt concentration would destabilize colloidal solution if the reaction was not allowed to
proceed for a sufficient amount of time. Indeed, at shorter initial incubation times,
ranging from 10 seconds to 2 minutes, some aggregation took place, resulting in
broadening of the plasmon peak. From 7 minutes to 13 minutes no spectral differences
are observable upon the addition of salt and the only spectral difference between these
conjugated solutions and the original gold colloid was a red-shift of the plasmon
resonance peak position from 522 nm to 526 nm. This shift has been attributed to the
increased refractive index in the vicinity of gold nanoparticles due to DNA conjugation.
Therefore, seven minutes after start of the reaction the attachment of ssDNA-SH
molecules resulted in complete stabilization of DNA-GNP complexes under high ionic
strength.
In order to determine the number of DNA molecules attach per particle as a
function of the reaction time, the solutions were first quenched on ice to drastically slow
the rate of functionalization, then washed twice via centrifugation to remove unbound
ssDNA-SH, and, finally, the resulting pellet with conjugates was redispersed in PBS. An
aliquot of DTT was added to bring the DTT concentration up to 50 mM and displace the
DNA off the particles. The resulting suspension was heated for 15 minutes to ensure
complete replacement of DNA with DTT, leading to complete particle aggregation as
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they were no longer stabilized by oligonucleotides, and then the particles were then
removed via centrifugation.

The concentration of DNA in the supernatant was

determined by adding SYBRGold stain (Invitrogen) to the supernatant and comparing the
fluorescence of the supernatant with the fluorescence of a set of calibration solutions.
These experiments showed that the DNA per particle ratio increased over a 30 minute
time period, and that the additional NaCl significantly increased the rate of reaction, as
can be seen in the bar graph in Figure 5.3.

Figure 5.3. The number of oligonucleotides per particle over time.
The number of oligonucleotides per particle reached a maximum of 275
molecules in reaction with NaCl, roughly double the amount seen if the salt concentration
is kept at 50 mM.

This number is equivalent to 85 pmols/cm2, whereas previous

literature has shown that the amount of DNA appears to saturate at 37 pmols/cm2 at room
temperature and 50 pmols/cm2 at 50 °C215. It is not surprising that increasing the kinetic
energy of the ssDNA and GNP via heat enables the reaction to proceed further before
electrostatic repulsion becomes too great to overcome. If one treats a footprint of ssDNA
as a 1 nm diameter sphere, it would theoretically be possible to fit more than 500 DNA
per 20nm gold particle, which is well beyond the amount of 275 we observed. As the
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extent of conjugation in our protocol approaches saturation, the hydrodynamic radius
increases from 20 nm to 30 nm, and the plasmon resonance peak red-shifts from 518.5
nm to 522 nm. The size changes agree reasonably well with the size of DNA used here –
with a length of 25 bases, it would be expected to be approximately 8nm long. DLS size
distributions show that the particles remain stable and monodispersed, as seen in Figure
5.4.
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Figure 5.4. Increased GNP size as DNA coverage increases. The final size reached is
approximately 30 nm diameter.
The oligonucleotide layer on the nanoparticle surface can serve as a convenient
handle for a variety of functional nucleic acids. To demonstrate this effect we annealed
aptamer J18 to the oligonucleotide layer via an extension on the aptamer that was
complementary to the oligonucleotide handle.

The aptamers was added to the

oligonucleotide-coated GNP at a concentration of 0.3 µM and incubated at 80ºC for 3
min., leading to a loading of about 30 aptamers per GNP. The particles were then mixed
with two cell lines, MDA-MB 435 and MDA-MB 468, which are EGFR(-) and EGFR(+)
respectively.

In addition, the non-specific aptamer pool was used as an additional
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negative control. The results are shown in Figure 5.5, and demonstrate that the GNPaptamer conjugates are highly specific to the targeted cancer cells.

Figure 5.5. Cell labeling with GNP-aptamer conjugates, imaged with darkfield
microscopy. A) A431 cells only. B) GNP-Aptamer with EGFR(+) cells. C)
GNP-pool with EGFR(+) cells. D) GNP-Aptamer with EGFR(-) cells.
In conclusion, we have shown that our modified protocol results in stable,
monodispersed GNP-DNA conjugates within 30 minutes, a vast improvement over
previously reported methods. In addition, it increases the coverage of DNA per particle,
which has important implications for gene delivery and gene silencing applications.
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Chapter 6: Stability of Gold Nanoparticles for In Vivo Applications:
Mechanism of PEG-Layer Disruption in Biological Media
Gold nanoparticles (GNP) have been proposed as optical contrast agents and drug
carriers for a variety of biochemical and biomedical applications229,230. Their strong and
tunable optical properties, in combination with an easily modified surface chemistry,
have spurred this interest231,232.

These applications generally require modifying the

surface chemistry in order to render the nanoparticles biocompatible, provide
functionality, and stabilize the nanoparticle suspension against unwanted aggregation in
biological media for several hours233. A variety of modifications have been investigated
for this purpose, including combinations of proteins, self-assembled monolayers of small
molecules, and natural or synthetic polymers96,234,235. The polymer polyethylene glycol
(PEG), modified to have a single thiol on one end (methoxy-PEG-thiol or mPEG-SH),
has found wide use due to its lack of toxicity, resistance to opsonization, and ease of
conjugation with gold nanoparticles236. PEG has been used in drug formulations for
decades, and has been shown to increase the blood half-life of a variety of
pharmaceutically active compounds without adverse toxic effects237.
There have been a number of studies investigating the stability, toxicity, protein
and cellular interactions, and in vivo biodistribution of PEGylated gold nanoparticles.
Multiple studies have shown that PEGylation reduces opsonization and can reduce or
eliminate cellular uptake of nanoparticles238,239. An increasing density of PEG on gold
nanoparticles correlates inversely with opsonization of serum proteins, and the degree of
opsonization correlates directly with particle internalization by J774A.1 macrophage
cells239. The addition of mPEG-SH to a GNP conjugated to tumor necrosis factor (TNF)
greatly increased the blood half-life and tumor accumulation of TNF240. PEGylated gold
spheres have been used as negative controls for cellular interaction in several different
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papers, demonstrating that PEGylated spheres generally do not bind to a variety of cancer
cell lines in the absence of a specific targeting ligand80,148,150. As mentioned in a review
by Walkey et al., these in vitro experiments often use simplified media that may miss out
on more complicated mechanisms of interaction that can occur in blood241. Additionally,
the studies are often done with short time points of several hours, which again can miss
slower processes that are relevant to in vivo applications in which the particles have blood
half-lives ranging from hours to days122.
In vivo experiments are often performed with longer time points ranging from
hours to days, with the end point analysis generally consisting of mass spectrometry or
another quantitation method to determine the amount of gold in various tissues. It has
been widely reported that the liver and spleen accumulate the majority of systemically
injected gold nanoparticles, and that nanoparticle clearance is dependent on both size and
surface chemistry242,243.

PEGylated gold nanoshells were demonstrated as the first

nanoparticle contrast agents for photothermal therapy of a cancer tumor, with their tumor
accumulation attributed to the enhanced permeability and retention (EPR) effect45. The
blood half-life of gold nanorods can be improved through PEGylation, and higher
PEGylation densities result in an increase in half-life up to 24 hours115,244,245. In one
study, PEGylated gold spheres with increasing amounts of transferrin attached to the
PEG showed no additional tumor accumulation243.

In contrast, PEGylated polymer

particles were shown to have decreased tumor accumulation when the concentration of
nucleic acid aptamers on the particle surface became too high246. In both studies the liver
and spleen cleared the majority of injected particles, even for the particle formulations
with only PEG on their surface.

Several studies have shown that increasing the

molecular weight of attached PEG up to 10 kDa leads to a higher blood half-life for
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spherical gold particles, and that increased blood half-life leads to higher tumor
accumulation in a mouse xenograft tumor model122,247.
The interaction of gold nanoparticles with thiol-containing small molecules has
been shown to be important for multiple applications in drug delivery. Glutathione is a
thiol-containing molecule derived from cysteine and is present in concentrations ranging
from 1-10 mM in the cytosol and at low micromolar concentrations in the blood.
Cysteine is present in blood at levels ranging from 180 – 300 uM, with the majority of
cysteine present in proteins or as the oxidized dimer cystine

108,248

. Oishi et al. relied on

intracellular glutathione as an activation agent for an siRNA delivery vehicle comprised
of a PEGylated gold nanosphere with siRNA bound to the gold surface via a thiol
bond108. Glutathione-mediated displacement of the siRNA inside the cell led to high
gene knockdown activity of the GNP-siRNA-PEG complex, while siRNA without a thiol
showed little activity in the nanoparticle complex, which was attributed to siRNA-particle
dissociation in media prior to cell internalization. Several other papers have reported the
use of dithiothreitol at millimolar concentrations to displace DNA attached to the surface
of gold nanoparticles in order to facilitate quantitative assays97,215. As can be seen from
the literature, the nature of the PEG layer can influence protein and cellular interactions,
while increasing the blood half-life can improve the tumor targeting efficiency of a
nanoparticle formulation. Additionally, surface coatings adsorbed to gold nanoparticles
via thiols can be displaced by thiol-containing small molecules, and these molecules are
present in the blood in sufficient concentration to warrant further investigation.
In this paper, we first show that the mPEG-thiol layer on GNPs is displaced by
cysteine and will opsonize within 24 hours of being placed in cell culture media
supplemented with fetal bovine serum (FBS). We then demonstrate that GNP-PEG
opsonization can be greatly reduced by including a small hydrophobic shield between the
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GNP and the hydropholic PEG layer. Finally, the opsonization layer is shown to greatly
increase the particle uptake rate in a macrophage cell line. To our knowledge, this is the
first report of the disruption and opsonization of high-density PEG layers on gold
nanoparticles in biological media over a period of several days. This has important
ramifications for the design of gold nanoparticle formulations for use as diagnostic and
therapeutic agents both in vitro and in vivo.
6.1 RESULTS AND DISCUSSION
6.1.1 Gold nanoparticle synthesis and modification.
Citrate-capped gold spheres were synthesized following the Turkevich method by
adding sodium citrate to a refluxed solution of chlorauric acid249. Recent literature results
demonstrate that citrate plays a role both as a precursor to the nucleating reagent and as
buffer to control the pH250,251. The reactivity of gold ions increases with decreasing pH,
and this result is responsible for the ellipticity observed with the synthesis of larger
particles using the Frens method93. Our reaction ratios were controlled such that the
synthesis proceeded slowly, requiring approximately 10 minutes to complete.

The

resulting gold colloid was characterized by transmission electron microscopy (TEM),
optical spectroscopy, and dynamic light scattering (DLS).

The DLS and TEM

measurements were in good agreement, with a typical gold core size of 18 nm. The DLS
measurements were consistently found to be 1-2 nm larger than the TEM images
suggested, which is consistent with a citrate layer causing an increase in the
hydrodynamic radius, shown in Figure 6.1. Additionally, the addition of mPEG-SH and
mPEG-alkyl-SH caused a slight red-shift in the plasmon peak position, with the mPEGalkyl-SH causing a larger shift than the mPEG-SH. Assuming a complete reduction of
gold would yield a particle concentration of 1.25 nM, which is consistent with the
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observed OD of 1.0 with particles having an extinction coefficient of 9.41*108 M-1cm-1
252

.

Figure 6.1. TEM, DLS, and UV-Vis data of gold nanoparticles. Top left: TEM image
of GNP. The average size by TEM was 17.1 +/- 1.33. Top right: Three
reconstructed size distributions of stock particles via DLS. The cumulants
analysis of DLS for the same sample shows a diameter of 19.7 +/- 0.15 and
a polydispersity of .068 +/- .003. Bottom: UV-Vis spectra of the stock
GNP, GNP-PEG, and GNP-alkyl-PEG.
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In order to assess the impact of a hydrophobic alkyl group between the thiol and
the PEG portion of the polymer molecule, methoxy-PEG-alkyl-thiol (mPEG-alkyl-SH)
was synthesized by adding mercaptododecanoic acid NHS ester to a solution of methoxyPEG-amine at 20-fold molar excess. The resulting m-PEG-alkyl-SH was purified by
multiple rounds of dialysis and tested for reactivity with GNP.

PEGylation of the

particles was accomplished by adding either mPEG-SH or mPEG-alkyl-SH molecules to
a solution of GNP at room temperature for 30 minutes, after which the particle solution
was purified via centrifugation. DLS measurements were taken of the resulting GNPPEG and GNP-alkyl-PEG in PBS, incomplete media (media as purchased), and media
supplemented with 5% FBS (complete media) (Figure 6.2).

Light scattering from

proteins in serum causes a shift in the size determined by cumulants analysis, while the
reconstructed distribution more correctly distinguishes between the separate contributions
from proteins and particles, as seen by the small peak at approximately 10 nm observed
for the size distributions obtained in complete media. It should be noted that DLS
measurements on complete media alone are not entirely consistent with an average size
of 10 nm, and so caution should always be taken and corroborating analytical techniques
used to ensure that results are consistent with the expected result.
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Figure 6.2. DLS size distribution of freshly prepared GNP-PEG in incomplete media
(black, dashed line) and in complete media (black, solid line) and of GNPalkyl-PEG in complete media (grey, solid line).
6.1.2 Effect of cysteine on mPEG-SH layers.
In order to test the impact of cysteine on PEGylated particles, GNP were coated
with a mixture of 5 kDa mPEG-SH and FITC-PEG-SH at a 4:1 ratio. The mixture was
required to avoid aggregation, as a coating of 100% FITC-PEG-SH resulted in
aggregation of the GNP upon centrifugation. This is not unexpected, as while FITC does
not have a strong binding energy with itself, the effect of small binding energies across
multiple moieties has been shown to induce aggregation of nanoparticles in other
situations215. The PEGylated GNP were resuspended in PBS, and varying amounts of
cysteine and a DTT control were added to aliquots of the GNP-PEG-FITC solution, after
which the fluorescence intensity was recorded over time using a fluorescence plate
reader. The control contained DTT at a high concentration and indicates that release of
the FITC-PEG-SH molecules resulted in an increase in fluorescence. The experiment
demonstrated that increasing concentrations of cysteine led to increasing amounts of
displaced PEG, with a pronounced effect even at 25 uM cysteine, as seen in Figure 6.3.
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Figure 6.3. Displacement of GNP-PEG-FITC by cysteine in PBS. Schematic illustrates
cysteine displacing PEG, which leads to increased fluorescence, as indicated
by the DTT control. 200 and 400 uM cysteine lines overlap.
To more fully explore the disruption of the mPEG-SH layer, GNP-PEG particles
with 10 kDa mPEG-SH were synthesized, washed via centrifugation, resuspended in
either incomplete media or complete media, and sterile filtered into a clean, sterile
cuvette. For these experiments 10 kDa PEG was chosen to match the best results of the
data presented by Perrault et al122. The size of the particles was measured by dynamic
light scattering over a period of 6 days, with the error bars indicating the measurement
error, and can be seen in Figure 6.4. Incomplete media contains PBS, a number of
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divalent cations in the mM range, cystine and methionine, and a few other small
molecules that do not contain sulfur; the complete reagent list can generally be found
from the manufacturer.

The GNP-PEG sizes were found to decrease slightly but

significantly over the first two days, after which the behavior diverged significantly. The
particles in the incomplete media began aggregating, which became obvious due to the
change in appearance of the solution from red to purple. Additionally, if the solution was
shaken prior to DLS measurements, the size of the particles increased dramatically and
the measurements had poor reproducibility, as seen in the measurement on day 3. By
contrast, when the cuvette was very carefully placed into the DLS machine, the
aggregated particles remained sedimented on the bottom of the cuvette and did not
contribute to the signal; the particles that remained in solution showed a monotonic
decrease in size until day six.

By day six, the particles in incomplete media had

completely aggregated. GNP-PEG in complete media displayed very different behavior.
Here there was no observed aggregation of particles, although the size did begin to
increase gradually after two days. This is likely due to the formation of a protein corona
around the particle, a process that has been found to proceed gradually on the order of
hours and days253,254.

124

450
400

Diameter (nm)

350
300
250
200
150
100
50
0
Day 0 Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Figure 6.4. Cumulants analysis of DLS data collected from GNP-PEG in incomplete
media (grey) and complete media (black). Error bars indicate variability in
the DLS measurements.
The fact that cysteine readily displaces densely packed mPEG-SH layers on GNP
is surprising given the resistance of PEG layers to adsorption of large molecules239.
Some insight can be gained from a review of the literature on ligand exchange
mechanisms of the gold-sulfur bond255-257. As noted by Caragheorgheopol and Chechik,
gold ligand exchange mechanisms showed a “very rich and diverse chemistry”. Thiols,
thiolates, and disulfides can be involved in ligand exchange reactions, and the specific
mechanism depends on the ligand pair involved. Electron-withdrawing substituents in
either the incoming or outgoing ligands promotes reactivity, a feature found in both
mPEG-SH and cysteine. Cysteine-terminal peptides were shown to bind directly to the
surface of gold nanoparticles that had been stabilized with 3 kDa mPEG-SH, which
demonstrates that even larger peptides are capable of penetrating through the PEG
layer258. However, Maus et al. also demonstrated that the effect could be avoided by
including an alkyl group between the PEG and the thiol258. The similarity between our
observed PEG layer disruption by cysteine and the report by Maus et al. of cysteine125

terminal peptides attaching to GNP-PEG led to the exploration of thiol-alkyl-PEGmethoxy groups for their stability in complete media.
6.1.3 Opsonization of GNP-PEG and GNP-alkyl-PEG.
Experiments were then conducted in complete media with both GNP-PEG and
GNP-alkyl-PEG, with time points of 4, 18, and 24 hours.

As before, GNP were

functionalized with either mPEG-SH or mPEG-alkyl-SH, washed via centrifugation,
resuspended in complete media, and then sterile filtered and monitored for size over
several days, with the results shown in Figure 6.5. As mentioned previously, the GNPPEG sample first dropped slightly in size before increasing in size beginning on day 3,
while the GNP-alkyl-PEG sample remained stable without any change in size over the
entire time period, consistent with the idea that the alkyl group is protecting the gold
core. The effectiveness of the alkyl group is not unexpected, as Maus et al. showed data
indicating that the alkyl group completely eliminated the binding of cysteine-terminal
peptides to GNP. Additionally, the mPEG-alkyl-SH was shown to greatly enhance the
stability of silver nanoparticles in the presence of high ionic strength solvents, suggesting
that a hydrophobic shield may be more generally capable of protecting the gold core259.
However, it should be pointed out that a hydrophobic layer alone is not sufficient to
prevent opsonization and other destabilizing interactions in complex media254.
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Figure 6.5. Hydrodynamic diameter of GNP-PEG and GNP-alkyl-PEG over 6 days in
DMEM + 5% FBS.
To further corroborate the presence of opsonization, the protein layer was
detected directly using a Coomassie blue reagent for a Bradford protein assay260. GNPPEG and GNP-alkyl-PEG were functionalized, washed via centrifugation, resuspended in
compete media, and kept in an incubator for 24 hours. The particles were then washed
three times in PBS, and then added to either PBS or the Coomassie Plus reagent from
Pierce in the micro format. The PBS control was used to calculate the concentration of
nanoparticles and provide spectra to subtract from the Coomassie data. The calibration
curves demonstrated that this Coomassie Plus assay was sensitive to serum albumin down
to 0.5 ug/mL, which is equivalent to a detection limit of 15 albumin proteins per particle.
It is important to note that the protein corona formed on particles in serum contains many
different proteins, and that there is some variability in the response of Coomassie Plus to
different proteins239,253,254,261. While the assay worked well for GNP-PEG, the GNPalkyl-PEG samples were at or below the detection limit, and never exceeded 0.5 ug/mL;
see Figure 6.6 for representative Coomassie assay data. Controls done using only GNPPEG and GNP-alkyl-PEG confirmed that the particles alone did not have an appreciable
effect on the Coomassie Plus reagent, and the supernatant of the final wash step was also
measured and found to be equivalent to be PBS. Each sample was split into three
separate aliquots for the Bradford assay, and as seen in Figure 6.7, the measurements
were highly reproducible. While this test is not sensitive to confirm whether the GNPalkyl-PEG experience any opsonization, it is clear that GNP-PEG opsonize to a
significant extent even at 24 hours. It is also very interesting to compare the opsonization
of GNP-PEG against the hydrodynamic size radius measurements taken at 24 and 48
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hours. While there is a significant degree of opsonization at these time points, it is not
detectable via a change in the hydrodynamic radius.
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Figure 6.6. Sample absorbance data for the Coomassie Blue assay with GNP-PEG and
GNP-alkyl-PEG at 24 and 48 hours. Both GNP-PEG samples show
significant opsonization, while the GNP-alkyl-PEG samples do not have
detectable amounts of protein.

129

6
ug protein/mL

5
4
3
2
1
0
4 hrs

24 hrs

48 hrs

Figure 6.7. Opsonization of GNP-PEG over a period of 2 days in complete media.
6.1.4 Effect of pre-incubation in media on uptake by macrophages.
As mentioned in the introduction, blood concentrations of reduced cysteine have
been reported at levels ranging from 10-20 uM, concentrations of the oxidized dimer
cystine are much higher at 50 – 100 uM, and an additional 50-100 uM cysteine exists
within blood proteins, for a total blood cysteine concentration ranging from 200-300
uM248,262-266. Some studies do not distinguish between reduced and oxidized forms of
cysteine in the blood, which can lead to confusion when cysteine levels are reported.
DMEM media contains only the oxidized dimer cystine at a concentration of 200 uM,
although macrophages are known to excrete cysteine in order to regulate immune
function263, and cysteine in media will oxidize within 24 hours267 at 37 °C. Once we had
shown that cysteine will disrupt the mPEG-SH layer and that GNP-PEG will slowly
opsonize, we planned on experiment to test the effect of opsonization on macrophage
interaction.

We also conducted an MTS cell viability assay to determine whether

PEGylated GNP or the PEG molecules themselves would have a significant impact on
cell viability at the concentrations used268. Using pairwise t tests, we found that there
was no significant difference between any of the samples, shown in Figure 6.8.
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Figure 6.8. Viability assay of PEG and GNP-PEG conducted using MTS reagent. No
significant difference was found between any of the samples.
GNP-PEG

and GNP-alkyl-PEG were pre-incubated in phenol-free DMEM

supplemented with 5% FBS for 1 or 2 days at 37 °C. RAW macrophage cells were
seeded on coverslips in a 6 well plate and allowed to attach overnight. Either preincubated or freshly prepared GNP-PEG and GNP-alkyl-PEG were added to the wells
and allowed to interact for either 4 hours or 24 hours in an incubator at 37 °C. The
coverslips were then placed on a microscope slide and the cells were imaged using an
upright Leica 6000DM in brightfield transmitted and darkfield reflected modes using a
20x objective. Figure 6.9 shows the uptake of GNP-PEG pre-incubated in media for 2
days after 4 hours being placed on cells. There are no detectable particles in the cells
incubated with freshly prepared GNP-PEG particles, shown in Figure 6.9 (a) and (c), in
agreement with previous literature conducted at short time points and high-density PEG
layers on GNP239.

However, pre-incubation in media allows the PEG layer to be

disrupted and opsonized, leading to rapid cell uptake as seen in Figure 6.9 (b) and (d).
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Particles present as red or blue in brightfield transmitted images depending on their
aggregation state, and as various shades of green to orange in darkfield images. The
difference in color between the two modes is caused by absorption dominating in
brightfield images while only scattering is visible in darkfield images of thin samples.

Figure 6.9. Brightfield (a,b) and darkfield (c,d) images of cells incubated with either
freshly prepared GNP-PEG (a,c) or GNP-PEG preincubated in media for 2
days (b,d). Nanoparticles cause red contrast in brightfield transmitted mode
and green to orange contrast in darkfield reflected mode.
A similar comparison study was conducted using GNP-PEG and GNP-alkyl-PEG
preincubated in media for 24 hours and left to interact with cells for 24 hours. As seen in
Figure 6.10, while there is a good deal of uptake in macrophages treated with the GNPPEG sample, there was no detectable uptake in cells treated with GNP-alkyl-PEG. This
correlates with the previous assays looking at either hydrodynamic radius or directly at
protein opsonization of GNP-PEG and GNP-alkyl-PEG in complete media.
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Figure 6.10. Brightfield (a,b) and darkfield (c,d) images of cells incubated with either
GNP-PEG (a,c) or GNP-alkyl-PEG (b,d) that had been preincubated in
complete media for 24 hours. The presence of nanoparticles is readily
apparent in cells treated with GNP-PEG, while there were no detectable
particles visible in the GNP-alkyl-PEG sample.
6.2 CONCLUSION
This study reports on the disruption of high-density mPEG-SH layers over a
period of days in biological media. Additionally, it was shown that significant protein
opsonization may not be detectable through dynamic light scattering assays and must be
detected using more direct methods such as protein specific assays. A standard Bradford
assay was adapted for use on gold nanoparticles, and demonstrated the detection of
opsonized proteins on GNP-PEG, but not on GNP-alkyl-PEG. The PEG layer disruption
and opsonization is accelerated by cysteine, and leads to rapid macrophage-specific
uptake. Opsonization and cell uptake can be greatly reduced by incorporating a small
hydrophobic region in between the nanoparticle core and the hydrophilic PEG shell. The
impact of this PEG modification on the blood half-life of gold nanoparticles and further
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investigations on the mechanism of cysteine-mediated ligand exchange on PEGylated
gold nanoparticles is underway.
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Chapter 7: Conclusions and Future Work
7.1 CONCLUSIONS
In Chapter 2, the properties of nanoparticle properties are discussed in order to
consider design principles for the use of nanoparticles in biological systems. Important
considerations include the desired physical properties and the intended interaction with a
biological system. For optical properties, the extinction coefficient generally scales with
the volume of the particle up to a certain size, and shape can great influence the position
of the plasmonic peak absorption. Nanorods and other particles with a peak absorption in
the infrared do not rely on aggregation to achieve high contrast in tissue, but neither can
they utilize receptor-mediated aggregation to achieve greater discrimination between
healthy and diseased tissue.

Magnetic particles also experience greatly enhanced

magnetism with size, but there is a tendency for magnetic nanoparticles to become
unstable due to magnetic attraction between nanoparticles becoming stronger than the
thermal background energy kBT.
In Chapter 3, several optical imaging modalities were employed to demonstrate
how gold nanoparticles can serve as optical contrast agents. Special emphasis was given
to the ability of gold spheres to aggregate on the surface of cancer cells and experience
plasmon coupling, which greatly enhances their optical signal in the near infrared both
for imaging, such as with photoacoustic or two-photon microscopy. Other particles,
including gold nanorods, are individually suitable for optical methods in the near
infrared, which makes them suitable for use in situations where receptor-mediated
aggregation is unlikely to occur, but might reduce contrast between healthy and
unhealthy tissue where an abundant molecular target capable of inducing aggregation
exists.
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The ability to combine optical approaches and MRI was demonstrated in Chapter
4 with the use of gold-coated iron oxide nanoparticles. The iron core adds magnetic
properties to the nanoparticle without significantly changing their strong optical
absorption. The contrast achievable both via standard microscopy and with MRI was
quantified. The use of receptor-mediated aggregation for photothermal destruction of
cells via localized cavitation was also demonstrated. A pulsed laser can induce cavitation
surrounding gold spheres, which causes mechanical disruption in the near vicinity.
Particles attached to receptors on the surface of cells will facilitate cell death, whereas
non-targeted particles in the near vicinity do not cause damage because the overall
amount of energy deposited into solution is negligible.
The ability to use particles as carriers for drugs first requires a suitable drug for
delivery.

The recent development of siRNA provided the motivation to develop

improved methods for conjugating nucleic acids to gold nanoparticles, as covered in
Chapter 5. The traditional method of nucleic acid to gold nanoparticles is slow and
unwieldy and can lead to unwanted aggregation due to the difficulty of overcoming the
electrostatic repulsion of the negatively charged DNA backbone and citrate-coated gold
surface. If the nucleic acid charge is first shielded using a low concentration of sodium
chloride, heated up, and mixed rapidly with a hot solution of gold particles, the
combination of increased kinetic energy and reduced repulsion enables the DNA to
rapidly conjugate to the gold and stabilize the particles before they have a chance to
aggregate.
The nature of nanoparticle interactions with biological media is by far the least
well understood design parameter, due both to the lack of a robust underlying theory and
the complexity of biological fluids. Stealth and targeting properties have been designed
using polymers that are inert and don’t provide a suitable surface for protein interactions,
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and targeting relies on a variety of moieties that have high binding affinities for the
target. However, Chapter 6 details one way in which a gold particle surface can be
disrupted by small molecules present in biological media, leading to a complete
transformation in the interaction of the particle with cells and tissues. The incorporation
of an alkyl group between the thiol and the PEG was explored for avoiding this unwanted
disruption and found to be extremely effective at eliminating opsonization and
macrophage clearance.
7.2 FUTURE WORK
It has been amply demonstrated that metal nanoparticles can function as contrast
agents for a variety of imaging and therapeutic applications. The majority of these
demonstrations take place in vitro, but a large number of studies have also been done in
vivo, primarily in mice. However, despite the large body of literature, the mononuclear
phagocyte system remains a massive barrier to in vivo applications. While a hydrophobic
shield was shown to be very effective in vitro, cell culture media is a poor substitute for
blood in a live animal. A preliminary animal study is currently planned to test whether
the hydrophobic shield translates to increased blood half-life. The results of the in vivo
study will determine whether further investigation is warranted on the use of hydrophobic
shields in nanoparticle design.
Separate from the issue of the effectiveness of the hydrophobic shield, the
discovery of a new mechanism by which nanoparticles can be opsonized is an important
development and leads to the reevaluation of previous in vivo results. Many studies
involving gold nanoparticles relied on a standard mPEG-SH and so would be expected to
have experienced the same opsonization and macrophage uptake that was demonstrated
in vitro.

This could explain the high accumulation and short half-lives generally
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reported. Further work remains to determine whether the presence of reduced cysteine in
blood plays a more significant role than that played by cystine in media. There may be
other methods for avoiding this interaction or even to take advantage of it. An increased
understanding of and focus on opsonization and blood interaction will likely prove to be a
guiding principle of nanoparticle design.
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