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ABSTRACT

Nanoparticle based cellular therapies hold great promise for clinical applications and
medicinal use in human patients by allowing for targeted delivery of a personalized medicine
payload to specific cells and tissues in a variety of disease states. The large surface to volume
ratio of solid inorganic nanoparticles and the availability of facile surface functionalization
chemistries with gold, gold-coated, and semi-conductor nanoparticles enables the design of
delivery agents which can simultaneously carry a targeting molecule, such as an antibody or cell
penetrating peptide (CPP), a short oligonucleotide for RNA interference or intracellular sensing,
and a full gene for genetic therapy to correct aberrant protein function or cause apoptosis of
cancer cells. The scope of applicability for nano-therapy technology is incalculable, however
current understanding of the intracellular uptake and processing of nanomaterials-based
therapeutics is limited and many facets of the cellular response to nanoparticle therapy are still in
need of investigation. The goal of this dissertation work has been to elucidate the effects of
nanoparticle-based therapeutics to ascertain the intracellular fate and processing of model
nanomedicines by designing nanoparticle-bioconjugates capable of spatiotemporally reporting
live intracellular uptake and processing events using fluorescence microscopy, and magnetic
detection. The first chapter gives an introduction to nanoparticles and their use in biological
applications, as well as detailing how they can be used as intracellular sensors. The second
chapter investigates the ability to control therapeutic DNA cargo release from a gold
nanoparticle in live cells using different appendage chemistries. The third chapter probes the
intracellular environment experienced by the nanotherapeutic and discusses nano-induced effects
to the intracellular environment. The fourth chapter investigates nanotherapy cellular uptake
targeting using cell penetrating peptides, as probed by fluorescent quantum dots, to determine
outcomes for a variety of naive and drug resistant mammalian cell lines, include human lung,
skin and brain cancers as well as rodent cancer model cell lines. The fifth chapter combines
optical and magnetic analysis techniques to investigate multiplexed sensing with gold shelled
iron oxide nanoparticles to investigate cellular uptake. And the last chapter summarizes the work

and provides a discussion of the outlook for the work.
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CHAPTER 1

INTRODUCTION

1.1 Background of Nanomaterials for Biological Applications

Since the beginning of time, humans have been motivated, both by curiosity and the need
for survival, to learn from and manipulate the world around them. Through this, mankind has
honed the skills needed to recognize patterns, design tools, and concoct medicines to improve
quality of life and expand the collective human intellect. Today those same skills are used in the
pursuit of scientific insights. Driven by the fundamental desire to more deeply understand the
physical world and to put that knowledge to practical use, scientific inquiry has led to great
advances in knowledge, technology, and medicine.®® One of the most noteworthy fields of
advancement, which spans all three categories, is the development and study of nanomaterials

for biological and medical application.
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Figure 1.1 Comparative scale of common biologically relevant objects, molecules, and
nanoparticles, versus punctuation.

Materials fabricated at the nanometer scale have unique size-dependent physical
properties and have the added advantage of being similar in size to biologically relevant objects

and molecules (Figure 1.1). The term “nano” is used as the shorthand for the unit nanometer,
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where nano- is the Greek prefix that denotes a unit one that is billion times smaller than the root
unit of meter, when referring to size. Objects on the nanometer scale are at least 100 times
smaller than the width of a human hair (~100 pm), and in the field of nanoscience, it is
convention that a true nanoparticle is between 1-100 nm in diameter. This makes nanomaterials
similar in size to biological macromolecules such as proteins and nucleic acids, as well as small
cell structures, like ribosomes, while still being smaller than the smallest animal organelle, the
mitochondria (~500 nm) (Figure 1.1). Added to the utility of the nanometer size regime, is the
unique collection of physical phenomenon that occur in materials solely at the nanometer size
scale.® These properties include unique interaction with electromagnetic radiation, in the form of
enhanced photoluminescence, absorption, and magnetization -- depending on the material; as
well as otherwise uncommon shape morphologies (not seen in the bulk-scale material) that can
allow for catalytic activity and reactive surfaces for appending molecules of biological
interest.!*'® Nanosized materials also have large surface to volume ratios which provide
optimum area for functionalization with biologically useful molecules.**® For these reasons
nanometer sized materials are particularly valuable for interacting with individual living cells
and directly delivering therapeutic or sensing agents for treatments and diagnostic purposes
(Figure 1.2).
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Figure 1.2 (A) General schematic of multi-biofunctionalized nanoparticle (NP) for diagnostic
and therapeutic cellular applications with appended peptide for cellular targeting, and diagnostic
or therapeutic fluorescent dye-labelled drug and nucleic acid molecules. (B) General pathway of
NP cellular uptake and processing, showing endosomal encapsulation, processing, escape and
disassembly of the NP construct to recover dye fluorescence, and potential exocytosis.



Gaining better understanding and more control over nanomaterials’ surface functionalization
chemistry, as well as insights into cellular uptake and processing will provide new mechanisms
for specifically tailoring nanomaterials for individualized therapeutic approaches. Eventually
leading to the design of materials with the ability to diagnose intracellular conditions as
indicators of disease, deliver therapeutic cargo to treat or reprogram unhealthy cells, or target and
specifically destroy nuisance cells, like cancers. The overarching goal of bio-nanomaterials
research is to develop and deploy an army of “smart” nano-medicines which are able to infiltrate
cells of interest, reconnoiter health status, and complete therapeutic missions to benefit patients,
at the cellular level. A major benefit of the eventual realization of these nanotherapeutic
technologies will be a cessation of the dreaded pharmaceutical “side-effects” that are so
prevalent in modern medicinal approaches which use small molecule drugs that are systemically
delivered to circulate the whole body, as they often have numerous non-target interactions,
causing cascading needs for additional drugs to combat unwanted symptoms.26” Thus, the ideal
utilization of nanomedicine will take healthcare to the next level of sophistication and improve
quality of life for all mankind. The first step to actualizing this utopic goal is to fully understand
the physical and biological implications of these nanomaterials, as well as to recognize what

tools are available to control and optimize their efficacy.

1.1.1 Nanomaterials: History, Composition, and Physical Properties

Millions of years before humans could fathom designing or using nanomaterials, nature
had engineered nanometer-size