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Dissertation Director:

Kathryn E. Uhrich

Polymeric micelles are spherical assemblies of amphiphilic polymers widely
studied for many biomedical applications. Nanoscale amphiphilic macromolecules (AMs)
are novel amphiphilic polymers composed of an alkylated sugar backbone covalently
linked to poly(ethylene glycol) (PEG). In aqueous solution, AMs self-assemble to form
10-20 nm micelles with critical micelle concentrations as low as 100 nM, making them
more stable than other common micelles. In addition, the basic structure of AMs has
multiple points of modification such that the polymer can be modified and evaluated for
virtually any application. This work highlights the promise of functionalized AMs as a
novel, versatile biomaterial.

Carboxy-terminated AMs were previously shown to inhibit highly oxidized low-
density lipoprotein (hoxLDL) uptake in macrophage cells. To gain a mechanistic

understanding of this inhibition, a series of AMs were designed and synthesized by
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modifying the basic polymer structure to evaluate several characteristics including:
amphiphilicity, PEG chain length, anionic charge location, type of anionic charge,
number of anionic charges, rotational motion of the anionic group, and PEG architecture.
The optimal AM for inhibiting hoxLDL uptake was determined to be one with a rigid,
rotationally-restricted carboxylic acid within the hydrophobic portion of the polymer.

Building upon previous work that showed AMs deliver cargo intracellulary, a
series of cationic polymers were designed and synthesized for nucleic acid delivery. The
cationic moiety was added within the hydrophobic component of the AMs such that when
the cationic portion complexed with anionic nucleic acids, the nucleic acids would be
localized in the micellar interior. Three cationic AMs were evaluated with varying
surface charges. The polymer with the highest surface charge was the most effective at
complexing with and delivering small interfering RNA to U87 glioma cells.

Finally, without modification, AMs are capable of water-solubilizing hydrophobic
drugs. This property can be applied to hydrophobic fluorescent nanocrystals, which are
useful for biological imaging. In the last chapter, AMs were utilized to water-solubilize
white light-emitting nanocrystals without altering the emission properties of the
nanocrystals. By modifying the polymer structure to incorporate functionalities that can
coordinate to the surface of the nanocrystals, smaller, water-soluble assemblies that

maintain white light-emission were obtained.
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PREFACE
“From the ashes of disaster grow the roses of success!”

From Chitty-Chitty Bang-Bang
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1. INTRODUCTION

A polymer is a macromolecule composed of simple, small organic or inorganic
molecules covalently linked in a repeating fashion with hundreds to thousands of repeats.
Their high molecular weights give polymers unique properties compared to small
molecules including higher viscosities, decreased solubility, and increased mechanical
strengths, which can be fine-tuned based upon size (or number of repeat units) and
chemical composition. These properties make polymers useful for a multitude of
applications including clothing, rubber, and plastics, as well as many biomedical

applications including the delivery of drugs and diagnostics.!"*

1.1. Polymers for Drug Delivery: Polymer Therapeutics

The therapeutic efficacy of pharmaceutical compounds to treat diseases (i.e.
drugs) is often limited by the ability of the drug to 1) accumulate at the active site of the
therapeutic and 2) maintain a therapeutic level.”> ¥ Without adequate accumulation at the
active site, the drug could be ineffective in one of two ways; if the concentration is too
high toxic levels are likely to be obtained, while if the concentration is too low, no
therapeutic effect will be achieved."” * Drug delivery is the formulation of a therapeutic
compound by “whatever means possible” (generally within a carrier system)
administered to the active site at an adequate and sustainable dosage."*!

One class of widely used drug carrier systems are biocompatible polymers.
Generally, polymers are attractive for drug delivery because their inherent properties
discussed above allow for multiple options of formulation, such as microspheres, films,

fibers, and hydrogels, which is chosen based upon the specific application."! Within the



general class of polymers, biocompatible polymers are used for drug delivery
applications to avoid vehicle toxicity to biological systems while enhancing drug efficacy
and reducing overall drug toxicity.”! Biocompatible polymers have also been shown to
increase the circulation time, cellular uptake, and tolerability of therapeutics.' ®

Biocompatible polymers for drug delivery can be categorized into two classes:
biodegradable and non-degradable.* > 7 Biodegradable polymers are macromolecules
consisting of covalent bonds that can be broken down by biological means, such as
hydrolysis and/or enzymes. Biodegradable polymers are advantageous for bioactive
delivery because, following or during therapeutic delivery, the polymers degrade into
materials that can be readily excreted from biological systems. In contrast, non-
degradable polymers need to be retrieved or manipulated further following drug
delivery.”™ " However, this degradation has to happen such that the bioactive is released
in a controlled manor before the polymer completely degrades; otherwise the bioactives
are released all at once, i.e. dose-dumping, which can lead to issues including toxicity and
the need for frequent dosing.* > *1 Additionally, the bioactive needs to be released in such
quantities to achieve a therapeutic level.[* !

The combination of a polymer and a bioactive/therapeutic may be considered a
polymer therapeutic. Multiple types of polymer therapeutics are known, encompassing
physical and chemical means of drug incorporation (examples of which are shown in
Figure 1.1): polymeric drugs or sequestrants, polymer-protein conjugates, complexes of

polymers with nucleic acids (polyplexes), polymer-drug conjugates, formulation of the

drug into a polymer, physical incorporation of the drug into a polymer matrix (hydrogels



or microspheres), and physical and/or chemical incorporation of the drug into a

polymeric micelle.” '’

a Polymeric drug or sequestrant b Polymer-protein conjugate € Polyplex: polymer-DNA complex
Hydrophilic
block

@ DNA
Cationic
block
Mw = 5-40,000 Da
~20 nm 40-60 nm
d Polymer-drug conjugate € Polymeric micelle
Hydrophilic
lock
Targeting residue bloc
Drug

. Hydrophobic
8

5-15 nm 60-100 nm

Figure 1.1. Schematic representation of the types of polymer therapeutics."” '’

For the purpose of the work done herein, physical incorporation of the drug into a
polymeric micelle, complexes of polymers with nucleic acids, and the polymers as drugs
will be described in detail.

1.1.1. Physical Incorporation of a Drug Into a Polymer Micelle

1.1.1.1. Polymer Micelles

Polymer micelles, which are dynamic assemblies of amphiphilic polymers, are
one type of polymer therapeutic. They have many attractive features including the ablity

to achieve a nanoscale size and their inherent amphiphilicity. In general, materials on the



nanoscale are attractive for biomedical applications as this size mimics that of many
biological entities. This feature enhances the circulation time of the material as the
nanomaterials are not immediately recognized as being foreign to biological systems."! In
addition to nanoscale size mimicing biological entities, the amphiphilicity of polymer
micelles mimics the amphiphilicity of cell membranes, which enhances the permeability

of the micelles.'!

Polymer micelles can be composed of a variety of structural
components but all polymer micelles are composed of unimers that have a hydrophobic
block covalently bound to a hydrophilic block. To be classified as a polymer micelle, one
or both of these blocks must be a polymer. Some common hydrophobic polymers include
subunits such as poly(propylene oxide) (PPO), poly(D,L-lactide-co-glycolide) (PLGA),
and polycaprolactone while common hydrophilic polymers are poly(ethylene glycol)
(PEG), poly(N-vinyl-2-pyrrolidone) (PVP), and poly(vinyl alcohol) (PVA).”! One of the
most commonly used hydrophilic polymers is PEG because not only is it inexpensive, but
PEG also has extremely low toxicity and is capable of efficient water solubilization while
further increasing circulation time of the polymer micelle by being a “stealth carrier”; it is
not recognized by biological systems as a foreign material and therefore no immune
response is elicited.'> "> ¥ It also increases stability of micelles, both for storage and

[6, 12, 13

within the serum of the body, I"and aids in shielding cargo (such as drugs and

nucleic acids) in the core from enzymatic degradation.!® >4
Three main types of amphiphilic unimers are known self-assemble into polymer
micelles as shown in Figure 1.2.") When both components of a unimer are polymers, the

resulting polymers are termed diblock or triblock copolymers. Poly(g-caprolactone)-PEG

and Pluronic® are examples of commercially available diblock and triblock copolymers,



respectively, that self-assemble to form polymer micelles, shown in Figure 1.2A and B.
The triblock copolymer Pluronic® is composed of poly(ethylene oxide) (PEO)-
poly(propylene oxide), (PPO)-PEO. Alternatively, the hydrophobic component of
polymer micelles can be composed of a lipophilic small molecule linked to a hydrophilic

polymer. One example of this type of polymeric unimer is PEGylated cholesterol (Figure

1.2C).
A
o
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Figure 1.2. The three types of unimers that self-assemble in aqueous media to form
polymer micelles: A) diblock copolymers, B) triblock copolymers, and C) a lipophilic
component conjugated to a hydrophilic polymer, where blue represents the water-soluble

component(s) and black represents the hydrophobic component.



1.1.1.2. Polymer Micelles as Polymer Therapeutics

Polymer micelles self-assemble in aqueous media such that the hydrophobic
components of the unimers form a hydrophobic core that is ‘protected’ from the
hydrophilic media and solubilized by the hydrophilic components that form a hydrophilic
corona, Figure 1.3. The hydrophobic core of the polymer micelle can then be used to
water-solubilize hydrophobic materials, such as drugs, based upon interactions with the
hydrophobic domain of the polymer. The examples of the different unimer types that self-
assemble into polymer micelles shown in Figure 1.2 are biocompatible polymers widely

investigated for drug delivery.

hydrophilic
component

hydrophobic
component

®
e \ H,0

Water-insoluble
therapeutic

Polymer Micelle:
Polymer Therapeutic

Figure 1.3. Polymer micelles as polymer therapeutics: self-assembly of a diblock
copolymer and water-insoluble therapeutics in aqueous solution to form a polymer

therapeutic.

The combination of many features make polymer micelles particularly attractive
as polymer therapeutics: their amphiphilicity allows them to permeate well through cell
1

membranes!' ", their nanoscale size increases circulation time, they generally have good

shelf and in vivo stability, and depending on the structure the loading of hydrophobic



drugs can be highly efficient.” ® However, the use of polymeric micelles is often limited
due to micellar instability, as the micelle is in constant equilibrium with the unimers. The
assembly of polymeric micelles is controlled by the critical micelle concentration (CMC),
or the lowest concentration at which micelles form. Micelles with lower CMCs (such as
100 nM as compared with 100 pM) are more stable as micelle systems at higher
concentrations (i.e. there are less free unimers in solution) and, therefore, drug loading is
more efficient.”

1.1.2. Complexes of Polymers with Nucleic Acids

In addition to conventional small molecule drugs, nucleic acids are often used as
therapeutics. Commonly referred to as gene delivery, the delivery of nucleic acids for the
treatment of disease has the potential to offer a treatment option for diseases that are
currently untreatable. Such diseases are the result of mutations to genes and/or missing
genes. However, unlike many small molecule therapeutics, nucleic acids must be
protected from enzymatic degradation by nucleases in biological systems. Cationic
polymers that can electrostatically complex with and condense the nucleic acid are a
viable, and widely studied option, for nucleic acid delivery."” ']

1.1.2.1. Strategies for Nucleic Acid Therapy

Strategies for treatment using gene therapy include introduction of a therapeutic
gene as well as the silencing of abnormal gene expression within diseased tissue. The
technology includes traditional antisense delivery as well as the more recent RNA
interference (RNAI) as a mechanism to control gene expression.!'*! Traditional antisense
oligonucleotides (ODNSs), synthetic single-stranded DNA, selectively inhibit gene

expression by base-pairing to selected regions on mRNA. However, this therapeutic



approach is only a short-term silencing technique."® On the other hand, antisense RNA
can result in longer-term gene silencing with inducible and reversible gene inhibition,
which can be tuned to fit different circumstances. The new-found approach of RNAi has
shown potential as a potent antisense approach in which small interfering RNAs
(siRNAs) assemble with a multiprotein nuclease complex, which eventually unwinds
double-stranded RNA causing degradation of target mRNAs that are sequentially
homologous to the siRNA.!"% Currently, vectors for gene therapy remain in the research
and trial phase.

1.1.2.1.1. Viral Vectors

Currently, the most effective delivery devices for genes are viral vectors, those
carrier systems derived from viruses such as retroviruses and adenoviruses.!' ! These viral
vectors are biocompatible, 100 nm self-assemblies of lipids, proteins, and nucleic acids
that include the desired gene. In the case of retroviruses, the lipids form a bilayer to
protect the gene. In contrast, the adenovirus has proteins which form a tightly packed
coat-like protective structure. The stages involved in the delivery of DNA to the nucleus
by these viral vectors are condensation of DNA into nanoparticles, protection of DNA
from degradation, adsorption of the nanoparticles to cells, delivery into the cytoplasm and
nucleus, and final release of the “package”, as depicted in Figure 1.4."! Viruses are
successful at all stages of delivery. However, while these viral vectors have extremely
high transfection efficiencies, they also provoke an immune response which can lead to
inflammation and possible oncogenesis, or the development of a malignant tumor.!"*! In
addition, these vectors are difficult to scale-up.!'® As the disadvantages due to safety far

outweigh advantageous transfection, non-viral synthetic vectors are necessary.
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Figure 1.4. Schematic depicting the processes necessary to effectively achieve nucleic

acid delivery.!"!

1.1.2.1.2. Non-viral Vectors

Conceptually, non-viral gene vectors could be designed and synthesized to
improve upon safety issues associated with viral vectors while retaining efficient
transfection. As non-viral vectors are indeed synthetic, they can be tailored to meet the
delivery needs of the particular nucleic acid. However, synthesizing macromolecules to
carry nucleic acids for use in humans yields generates several new problems including
insufficient stability of the carrier molecules, non-specific uptake by the reticulo-
endothelial system (RES), and the most significant problem, cytotoxicity.'” Efficiency
of gene delivery requires the daunting task of efficient gene complexation, reaction with
extracellular macromolecules, cellular uptake, endosomal escape, nuclear entry, and
DNA release from the complexes. Severe failure at any of these stages results in an

[

ineffective gene delivery device.!'®! Thus, viral vectors provide cues for synthetic



systems; their nano-size is mimicked by synthesizing nanomaterials for ease of
circulation and successful cellular uptake by. Other factors may be modified by
structurally altering synthetic vectors to incorporate moieties that complex with DNA
efficiently and have high buffering capabilities to enhance endosomal release.

Numerous synthetic approaches are known to effectively deliver nucleic acids
into cells. Early approaches involved the formation of electrolyte complexes of genes
with cationic lipids or polymers (such as polyethyleneimine (PEI)), known as lipoplexes
and polyplexes that are less than 200 nm in size.!'” Undesirable in vivo effects, including

]

rapid clearance in the blood stream, non-specificity!”), and embolism due to the

formation of aggregates greater than 400 nm following intravenous injection that cause
precipitation of the complexes and entrapment within the capillaries of the lung,'”
exclude these vectors from use without further modification.

Liposomes are another, more promising, approach to nucleic acid delivery.
Cationic liposomes possess a positively charged, polar head group and a hydrophobic tail,
which self-assemble to form liposomes. The liposomes can solubilize and intracellulary

[15, 18

transport the nucleic acids. I However, while liposomes are promising, problems

include toxicity as well as inefficient delivery of the gene into the cell due to pinocytosis
or endocytosis by leucocytes during circulation.!'¥

1.1.2.1.3. Polymeric Micelles as Non-viral Vectors

As discussed in Section 1.1.1, polymeric micelles have been widely studied as
hydrophobic drug delivery systems. However, more research has been directed towards

the use of micelles to protect genes during transport by association inside the

hydrophobic core as well as for their increased complex stability and circulation.
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While many polymers are used in biomedical applications, the most common
polymers for nucleic acid delivery are PEI and poly(L-lysine) (PLL), as cationic
polymers that complex with DNA. PEI is often taken as the “gold standard” for
comparison with new synthetic delivery devices due to its outstanding ability to condense
DNA, permeate into the cell, and escape from the endosome.*” With its extremely large
concentration of amines capable of protonation at physiological pH, PEI readily achieves
endosomal escape via the proton sponge effect.!’”’ However, it is this same amine
concentration that is PEIs greatest fault, as the polymer is cytotoxic as a result of the
large overall positive charge. In addition, once inside the cytoplasm, the DNA is
generally not released due to tight interactions of PEI and DNA. To decrease cytotoxicity
and increase release capabilities, PEI is often modified by PEGylation, acetylation, or an
environmentally labile group (such as a ketal) to reduce the charge.”**? In addition,
other cationic polymers, such as PLL and poly(amido amine) (PAMAM) dendrimers, are
studied as alternatives.!'> %!

Generally, two types of micelles are used in nucleic acid delivery, those
composed of unimers that self-assemble spontaneously in aqueous media and those
micelles where self-assembly must be chemically induced. The chemically induced
assembly of micelles is commonly found in gene delivery, as self-assembly is not
possible with too much cationic charge in the hydrophobic core. Polyelectrolyte complex
micelles (PECM) are such examples, in which the gene is conjugated to the hydrophilic
portion of the micelle and a cationic core-forming agent is used to induce micelle
formation. In two studies by Kim et. al., siRNA and an ODN modified with a primary

amine are covalently linked to PEG via enzymatically and hydrolytically degradable
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bonds, respectively. A cationic core forming agent, PEI, PLL, or Lipofectamine, is then
added to the unimer to induce assembly of the 70-90 nm micelles which were potent
suppressors of the desired genes.!'* !

Similarly, two or more polymers can be covalently linked to form block
copolymers. In the case of gene delivery, the copolymer is typically composed of a
hydrophilic polymer conjugated to an amine-containing polymer, PLL or PEI, which can
then be complexed with DNA to induce self-assembly in which the DNA is compacted
within the core.”* **! Copolymers such as PEI or PLL grafted with PEG are often studied
for their increased stability, blood circulation, and transfection efficiencies while also

21, 26, 27

resulting in decreased cytotoxicity.! I Lipoplexes can also be PEGylated to prevent

aggregation and excretion by the RES and increased stability over long periods of
time.*”

Amphiphilic polymers represent the second general type of micelles in which the
unimers have a hydrophobic and hydrophilic portion, and are designed to self-assemble
into micelles. These types of micelles are not widely studied for gene delivery due to the
difficult nature of loading negatively charged genes into the hydrophobic core. However,
one example reported by Wang et. al. is a unimer in which the hydrophobic portion is
cholestryl chloroformate while the hydrophilic shell is formed from a synthetically
designed cationic polymer of a poly (N-methyldiethyleneamine sebacate), whose cationic
properties result from a tertiary amine. These cationic micelles were shown to induce

higher gene expression than PEI in various cell lines and therefore show promise as non-

viral vectors for gene delivery.
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1.1.3. Polymers as Drugs

An alternate approach for polymers in therapeutics is when the polymer itself
displays bioactivity. These polymers can be either natural polymers extracted from plants
or animals or synthetic polymers that exhibit bioactivity. Natural polyanions and
polysulphates have long been known to possess antitumor and antiviral activity.!'”
Synthetic polymers with bioactivity have been use for numerous applications including
the sequestration of molecules to treat diseases such as hyperkalemia and iron disorders
and to sequestor toxins such as anthrax.”’ Further, polymers have been designed as
anticancer agents, to treat HIV, and hepatitis C, to provide just a few examples." '

As with non-polymeric drugs, biocompatibility, patient tolerability, and
specificity are factors that need to be considered. In contrast to small molecule
therapeutics, the advantage of bioactive polymers is the variety of formulation options

available to polymers, as discussed in Section 1.1, without the need for additional

components that could alter therapeutic efficacy.

1.2. Polymers for Biological Imaging Applications

In addition to their utility in drug delivery, polymers have also found use in
biological imaging applications, using both conjugated fluorescent polymers and
polymers to biostabilize imaging agents. For the purpose of the work done herein, the use
of polymers to biostabilize fluorescence imaging agents will be described in more detail

in the subsequent sections.
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1.2.1. Nanoparticle Imaging Agents

The vast majority of nanoparticle imaging agents currently evaluated for
biological imaging are formed of heavy metals, such as iron, titanium, and cadmium. The
formulation of these heavy metals into nanoparticles yields particles with magnetic and
fluorescent properties useful for imaging.”® **>"

Fluorescent nanoparticles, or semiconductor quantum dots (QDs), have several
advantages over typical fluorophores including size-dependent optical properties that can
be easily tuned and have enhanced photostability relative to organic fluorophores.
However, these nanoparticles are often water-insoluble and cytotoxic in nature.?* % 3> 3
Thus, the biocompatible, water-soluble polymers previously described for drug delivery
have found widespread use in the biocompatibilization of nanoparticles.

1.2.2. Water-solubilization of Nanoparticle Imaging Agents Using Polymers

As synthesized, the metal surfaces of many fluorescent nanoparticles are
hydrophobic alkanes such as tri-octyl phosphine oxide (TOPO), hexadecylamine, or
octadecylamine that render the nanocrystals hydrophobic.”* **! Additionally, due to their
heavy metal composition, fluorescent nanocrystals are not biocompatible.”® Thus, for
use in biological applications, they must be modified to render them both hydrophilic and
biocompatible.®

Multiple methods to induce hydrophilicity and biocompatibility to QDs can be
envisioned. Two commonly employed methods are encapsulation and ligand exchange"”

31341 (shown in Figure 1.5). These methods will be discussed in greater detail in Chapter

4.
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Figure 1.5. Schematic image of a) ligand exchange coating of semiconductor

nanocrystals and b) ligand capping, or encapsulation, of semiconductor nanocrystals.*"

1.2.3. Biological Imaging Using Water-soluble Nanoparticle Imaging Agents

Nanoparticle imaging agents have been used for applications from cellular
imaging and material tracking to disease diagnosis and treatment.” 2539

1.2.3.1. Imaging & Tracking

Generally, it is well known and accepted that cells regulate and control biological
processes; but the mechanisms are poorly understood. A greater understanding of cells,
the mechanisms by which cells function “normally”, and the deficiencies leading to
disease states will provide a platform towards the “smart” design of therapeutics to
correct cellular difficiencies to treat disease.”) One way to gain more insight into these
mechanisms is cellular imaging of fixed and live cells using polymer-solubilized
nanoparticles.”> 253740
In addition to gaining a better understanding of cellular mechanisms, imaging

techniques have been used to track nanomaterials within biological systems to determine

where they accumulate as well as learn more about the relationship between
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[28.41.92] Ag discussed in Section 1.1, one of the purposes of

nanomaterials and organisms.
using a delivery vehicle to “carry” a therapeutic is to more effectively administer the
therapeutic to the active site. Fluorescence imaging techniques can be used to
instantaneously and terminally follow drug delivery in two ways: 1) organic fluorophores
that do not affect the mechanism of the drug can be added to the vehicle or 2)
nanoparticles (fluorescent or magnetic) can be formulated within the delivery vehicle and
their release rates followed to model therapeutic release. In instance 1, the fate of the
vehicle is followed, while in instance 2, the fate of a model therapeutic is profiled.

1.2.3.2. Diagnostics

Fluorescence imaging techniques have also found widespread use in the diagnosis
of disease, termed biosensing. A biosensor is built on two components; a biorecognition
element and a signaling element. In the case of fluorescence-based biosensors, the
signaling element, i.e. fluorescence, is often based upon Forster resonance energy transfer
(FRET) in which energy is transferred from a donor chromophore to an acceptor
chromophore resulting in a change in the fluorescence signal (enhancement or

30-311 An example of a fluorescent biosensor is one in which the biorecognition

depletion).!
element is an antibody that, upon binding with the protein or receptor it is specific to,
produces a stronger fluorescent signal.**) The optimal biosensors are those that are
selective to the desired target, fast, sensitive, produce accurate and reproducible results,
and reusable.””

1.2.3.3. Theragnostics

Theragnostics are relatively new treatment techniques that combine disease

diagnosis with a treatment modality. Theragnostics span a range of topics including
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predictive medicine, integrated medicine, and pharmocodiagnostics. The development
and use of theragnostics has the potential to revolutionize disease therapy — shifting care
towards “personalized medicine”.*" Polymer micelles are attractive candidates for

development as theragnostics as they can carry multiple types of cargo.

1.3. Nanoscale Amphiphilic Macromolecules
Nanoscale amphiphilic macromolecules (AMs) are novel, polymeric micelles. In
aqueous media, the unimers self-assemble to form biocompatible!*”), nano-sized micelles

at concentrations as low at 100 nM (the CMC),*"

making them more stable than other
polymeric micellar systems that have CMCs only as low as 2 pM.!®!

1.3.1. Synthesis of AMs

The basic unimer structure is a branched hydrophobic component formed by the
tetra-alkylation of a biocompatible sugar, which is further derivatized with linear,

hydrophilic PEG — all of which are linked via biodegradable bonds.”® The synthesis of

the parent compound, 1¢M, from the biocompatible sugar, mucic acid, is shown in

Figure 1.6.
o > 2 o 3
o o/=0 0)=0
O OH OH 10 O O O A~ O O O O
WOH e, HO)MOH HO ST Wo\v\of
HO 96°C, 24 hrs, Ar DCC/DPTS i1s
OH OH O CHoClo/DMF

o
0O 0 O 0O 0 O
zEzogzo RT, 48-72 hrs, Ar gzozgzo
S\ 3 N3
1 1cM

Figure 1.6. Synthesis of the parent polymer, 1¢M, by derivatizing mucic acid with
lauroyl chloride and poly (ethylene glycol).

Many facets of the AM structure can be readily tuned depending upon the desired

application: 1) hydrophobicity can be enhanced by the increasing the number of sugar
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hydroxyl groups (i.e., alkyl group modification points) as well as the increasing the alkyl
group chain length used to derivatize the sugar, 2) hydrophilicity can be enhanced by
lengthening the PEG length (or increasing molecular weight), and 3) sugar
stereochemistry can be modified.

Sugar stereochemistry has been shown extremely important in numerous
biomedical applications. In work by Liu et. al. utilizing similar sugars incorporated into
cationic polymers, the sugar stereochemistry had a significant affect on the complexation
and delivery of siRNA.""! In addition, preliminary work in collaboration with Professor
Prabhas Moghe’s group (Rutgers, Biomedical engineering) has determined the sugar

stereochemistry has a significant effect on AM binding to scavenger receptors.[**>" I

n
this work, the sugar stereochemistry was held constant by utilizing a mucic acid

backbone with the stereochemistry shown in Figure 1.7.

O OH OH

HO OH

OH OH O

Figure 1.7. Structure of mucic acid showing hydroxyl stereochemistry.

1.3.2. Applications of AMs
Previous research has employed AMs as polymer therapeutics for applications as
drug delivery vehicles®' ™, to deliver cargo intra- and subcellularly, and as polymer

[54-58

drugs for the management of cardiovascular disease”"*. However, AMs are attractive

for multiple other applications due to their low CMC values, lending micellar stability,
solution stability (lack of aggregation) for up to three weeks"*® °' and

biocompatibility'*!. As mentioned in Section 1.3.1, numerous facile, applications-driven

modifications can be made to tune AM hydrophobicity and hydrophilicity. Further, AM
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functional groups can also be modified on both the hydrophilic and hydrophobic portions
of the unimer. The modification of the hydrophobic portion with functional groups for
specific biomedical applications is the major feature explored in this work.

1.3.3. Research Projects

Previous research in our laboratory investigated 1¢M as a biocompatible, micellar
polymer therapeutic for the delivery of cancer therapeutics.”' ¥ In addition, preliminary
work with collaborators showed 1¢M was capable of acting as a drug itself, inhibiting
highly oxidized low-density lipoprotein (hoxLDL) uptake in macrophage cells.”*>"

Stemming from this early work, several research projects were designed to
explore the use of AMs in different applications. By utilizing the free carboxylic acid
within the hydrophobic moiety as a point of functionalization, the AMs can be modified
in numerous ways to be used in a variety of biomedical applications. In Chapter 2, the
ability of the AMs as bioactive ligands for the treatment of cardiovascular disease was
further explored. Through the design, synthesis, and evaluation of anionic AMs with
numerous structural modifications, the interaction between the bioactive AMs with the
scavenger receptors on macrophage cells was better understood to enable the “smart”
design of future AMs. In Chapter 3, the carboxylic acid of the AMs was functionalized
with cationic moieties, specifically ethyleneimines, to complex with and deliver nucleic
acids for gene therapy. Finally, in Chapter 4, the ability of AMs to biostabilize white
light-emitting nanocrystals was explored utilizing encapsulation and ligand exchange to

design a novel imaging, biosensing, and/or theragnostic system.
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1.3.3.1. Carboxy-terminated AMs for Managing Cardiovascular Disease

Our early research collaborations with Prof. Prabhas Moghe, Biomedical
Engineering Department at Rutgers University, demonstrated that carboxy-terminated
AMs inhibited the uptake of oxidized low-density lipoprotein (oxLDL), the harmful form
of cholesterol, by competitive binding to scavenger receptors on macrophage cells.”*>*!
The unihibited uptake of oxLDL by scavenger receptors on macrophage cells is known to

[59-68]

be a critical step in the progression of atherosclerosis — a major cause of

. . 69-71
cardiovascular disease.[®7!

However, our understanding of how the amphiphilic
polymers outlined in Section 1.3.1 inhibit oxLDL uptake was limited. Thus, anionic
polymers with varying structures were designed, synthesized, and evaluated for their
ability to inhibit oxLDL uptake in macrophage cells. A rigid, sterically hindered
carboxylic acid was observed to be the most efficient structure at inhibiting oxLDL
uptake. We hypothesized that the carboxylic acid rigidity enables the appropriate
confirmation for binding to the cationic scavenger receptor on macrophage cells. This
hypothesis has since been confirmed by molecular modeling studies.”®

1.3.3.2. Cationic AMs for Nucleic Acid Delivery

The biocompatibility and solution stability of AMs makes them a highly attractive
candidate for biomedical applications. To utilize the polymers as nonviral vectors for
nucleic acid delivery, cationic moieties were incorporated into the hydrophobic
component of the unimer backbone to render the systems positively charged. These
positively charged moieties allow the negatively charged nucleic acid to complex with

the polymer. Additionally, as these positive charges are localized within the hydrophobic

component of the unimer, the nucleic acids will reside within the hydrophobic core of the
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polymer and be protected from degradation by nucleases. The cationic moieties
incorporated were small, linear ethyleneimines of varying lengths chosen with the goal of
achieving the efficiency of PEI without the cytotoxicity observed using PEI. The resuling
cationic AMs formed electrostatic complexes with nucleic acids, specifically small
interfering RNA (siRNA). The complexes successfully the delivered the siRNA
intracellularly and produced gene silencing in U87 glioblastoma cells equivalent to
complexes of siRNA with a linear PEI (L-PEI) control.

1.3.3.3. AMs to Biostabilize White Light-emitting Nanocrystals

New safe and efficient fluorescence systems for imaging, biosensing, and other
applications as discussed in Section 1.2 are highly desirable for the design of better
treatment options. Previous research performed in our laboratory utilized the AMs to
water-solubilize and deliver hydrophobic drugs.”'”” Similarly, fluorescent nanocrystals
are hydrophobic and often cytotoxic due to their heavy metal composition. To utilize
fluorescent nanocrystals for the biomedical imaging applications discussed in Section
1.2, the nanocrystals must be water-soluble. In this work, white light-emitting
nanocrystals (WLNCs) were biostabilized by encapsulation within AMs and additional
ligand exchange, whereby a functionalized AM coordinated to the metal surface of the
nanocrystals. The WLNCs were successfully water-solubilized using both an unmodified
(1eM for encapsulation) and phosphonic acid-modified AM (for ligand exchange)
without significantly hindering the nanocrystal fluorescence. The highest fluorescence
was achieved with AM-encapsulated WLNCs while the smallest sized systems were
achieved using ligand exchange-solubulized WLNC. Preliminary in vitro uptake in

human THP-1 macrophage cells qualitatively showed no significant decrease in cell
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numbers or morphology change, indicating excellent cytocompatibility and more efficient

uptake of the ligand exchange-solubilized WLNC.

1.4. Summary

The many favorable attributes of AMs warrant exploration for biomedical
applications beyond the typical use for drug delivery. By utilizing the carboxylic acid
within the hydrophobic portion of the unimer, many new polymers were designed and
synthesized for multiple applications. By modifying the architecture of the polymers, new
information about the efficient binding of AMs to scavenger recptors on macrophages
was obtained, allowing the better design of future polymer systems. The incorporation of
cationic moieties to the AMs resulted in cytocompatible polymers with the ability to
deliver nucleic acids in vitro for gene therapy. Additionally, early studies indicate that
AMs are promising for the biostabilization of fluorescent nanocrystals for imaging,

diagnostics, and/or biosensing applications.
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2. STRUCTURE-PROPERTY RELATIONSHIPS OF NANOSCALE
AMPHIPHILIC MACROMOLECULES FOR CONTROLLED INHIBITION OF

CHOLESTEROL UPTAKE

2.1. Introduction

Atherosclerosis, triggered by interactions of macrophage, smooth muscle and
endothelial cells with low-density lipoproteins (LDL) within the vascular wall, continues
to be the major cause of cardiovascular disease and leading cause of adult mortality.!' !
Macrophages play a central role in escalating this athero-inflammatory cycle as
macrophages endocytose oxidized LDL (oxLDL) through unregulated scavenger
receptors and form foam cells, the early hallmark of atherosclerotic plaques. The
localized build-up of cholesterol within the vascular intima and the consequent athero-

inflammatory cascade present a major challenge to current therapeutic strategies.*”!

2.2. Background

2.2.1. Atherosclerosis

Elevated levels of cellular and plasma cholesterol have serious consequences on
the progression of cardiovascular disease, the leading cause of death in America.” * !
The major carriers of cholesterol in blood plasma are LDLs, which enter the arterial walls
through injured or leaky endothelial lining on the intima.'* ) Once LDL enters the intima,
it can be oxidized, causing compositional alterations and compromising the ability of

native LDL receptors on macrophage cells to recognize the oxidized LDL (oxLDL).!"

Rapid uptake of highly oxLDL (hoxLDL) occurs through scavenger receptors on the
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macrophage cellular membrane, including scavenger receptor A (SRA), scavenger
receptor B (SRB), CD36 and CD68. Scavenger receptors lack a feedback mechanism to
control internalization, leading to excess cholesterol accumulation within the cytoplasm
and triggering the development of foam cells and fatty streaks, a key characteristic of
early atherogenisis.!'*"”!

2.2.2. Current Therapeutic Stategies

Many treatment options have been developed to lower systemic levels of
cholesterol, however, they are known to cause adverse side effects - from gastrointestinal

[20, 21

complaints to liver enzyme elevation and myopathy. 1" Alternate approaches to

directly limit macrophage recruitment and atherogenesis have also been investigated,

including scavenger receptor knockdown'*> !

as well as cholesterol acyl- transferase
(ACAT)-1 and ACAT-2 suppression.** Deletion of scavenger receptors SR-A and CD36
caused a marked decrease in the progression of advanced necrotic lesions in ApoE-/-

micel?!

, indicating that scavenger receptors play a key role in disease progression. A
parallel approach has been the inhibition of monocyte recruitment and macrophage
differentiation;'*®! for example, the recent administration of dehydroepiandrosterone
inhibited macrophage infiltration, independent of systemic cholesterol levels."*”

2.2.3. Carboxy-terminated AMs as Bioactive Polymer Ligands

Our laboratory, in collaboration with Professor Prabhas Moghe’s laboratory in the
Department of Biomedical Engineering at Rutgers University, previously explored AMs
for inhibiting hoxLDL uptake through competitive inhibition of scavenger receptors on

murine macrophages.”*>?! Preliminary results were performed with three polymers, 1¢M,

1cP, and 0cM. These polymers were studied for their variations in location, or existence,
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of a carboxylic acid terminal group; 1¢M has a carboxylic acid on the end of the
hydrophobic component while 1¢P has its carboxylic acid on the chain end of the
hydrophilic PEG and 0¢M has no carboxylic acid (shown in Figure 2.1). As shown in
Figure 2.1, 1cM inhibited oxLDL with the greatest efficacy compared with the other

polymers tested, 1¢P and 0cM, under serum-free conditions.

) ) v ) Y
o o o 0O 0 O 0
0)=0

IcM OcM lcP

40
" - .
0

negative positive IeM OcM IcP
control control

Figure 2.1. Results of preliminary studies to determine the effect of the location of the
carboxylic acid on AMs on the ability of the polymers to inhibit hoxLDL uptake under
serum-free conditions. The negative control is the uptake of fluorescently labeled
hoxLDL in THP-1 macrophages with no polymer and the positive control is the uptake of

the hoxLDL in the presence of a SR-A antibody.

Despite the early promise of the AMs, the relationship between polymer structure
and activity for controlled inhibition of cholesterol uptake is not clear, particularly under

physiological conditions.
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In this work, AMs with systematic structural variations were synthesized to
identify the critical elements that contribute to the AM’s ability to inhibit hoxLDL uptake
by human THP-1 macrophage cells cultured in vitro, under both serum-lacking and
serum-containing conditions. Six key parameters were varied and the resulting degree of
hoxLDL uptake was quantitatively compared: length of the PEG chain, anionic charge
location, type of anionic charge, number of anionic charges, rotational motion of the
anionic group, and PEG architecture. We hypothesized that the most efficient polymer for
hoxLDL inhibition would: 1) be amphiphilic; ii) have the greatest amount of anionic
charge possible within the hydrophobic portion, which would result in increased charge
density to promote honing and subsequent binding to the positively charged scavenger
receptor; and iii) have two, short-chain linear PEG chains conjugated to the hydrophobic
backbone via a branch-point, to better shield the anionic charge and stabilize the

nanoassemblies from disruption by serum proteins.

2.2 Results and Discussion

2.3.1. Synthesis of Structurally and Architecturally Modified AMs

A range of AMs were designed (see Table 2.1) based upon results from previous
work!?*?? and synthesized to determine the most effective inhibitor of hoxLDL uptake.
Several AMs were previously synthesized for a variety of applications.”***! New AMs
were synthesized from these previously published compounds as summarized in Scheme

2.1.
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Polymer Final Structure Schematic | PEG Charge Charge | Type of PEG
Name Length Location Number | Charge | Architecture
§o
[e] o O i
1cM Ho)m()%ofm NV Long | Hydrophobic 1 Carﬁg;{dyhc 1 Linear
5
S0
o d o ‘
1cM- 2000 HOMOWOZS AWV Short | Hydrophobic 1 Car[l;(c);(dyllc 1 Linear
z °f i
0cM q WOWOT W Long None 0 None 1 Linear
1cP q MNwOWOQ o ANy Long | Hydrophilic 1 Calk(;i(dyhc 1 Linear
fé:c;&o
o0 O O
1sM ”OYS‘OwNMO\V\O)’;g .N\J Long | Hydrophobic 1 Sulfate 1 Linear
2eM o \//j\ HMO%O/}” W\J Long | Hydrophobic 2 CarAbi)i);yhc 1 Linear
HO i:ogzo
2¢cbM Y T Ow"* s W\J Long | Hydrophobic 2 Cal:zgi(dyhc 1 Linear
O
0 . 2 Linear
1cM-2000x2 oSOk, o Short Hydrophobic 1 Carbo?(dyhc from a
%: gc x2 Aci branch point
éz ;;: 2 2 Linear
0cM-2000x2 g w otk \}“S;J\/ Sh(z)rt None 0 None from a
3: gz ooty X branch point
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TABLE 2.1: Chemical structures, schematics representing the placement of anionic
charge, and information regarding PEG length (where 2 kDa is indicated by “short” and 5
kDa by “long”), charge location, number of charges, type of anionic charge, and PEG

architecture for all AMs.
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Scheme 2.1: Synthesis of newly synthesized AMs (2¢bM, 1sM, 0¢M-2000x2, and

2cbM-2000x2) for screening as inhibitors of hoxLDL uptake.

The parent compounds, 1¢M and 1¢M-2000x2, served as building blocks for
subsequent modifications. Specifically, the carboxylic acid on the mucic acid backbone
of 1¢M and 1¢M-2000x2 was activated with N-hydroxysuccinimide or thionyl chloride
to functionalize the polymers with a small linker molecule containing the desired
functionality, such as a sulfate to yield 1sM or dicarboxylic acid to yield 2cbM and
2cbM-2000x2. Polymer structures were verified by proton nuclear magnetic resonance

('H NMR) spectroscopy and molecular weight determined by gel permeation
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chromatography (GPC) relative to PEG standards. Due to the abundance of PEG in the
polymers (~83 % of protons), the presence of new protons in the 'H NMR spectra were
often difficult to detect, particularly from 0.8 to 2.4 ppm where the methylene protons of
the hydrophobic chains comprise the majority of that region. Thus, spectra were
monitored for the disappearance of the protons of the activating group (N-
hydroxysuccinimide) at 2.8 ppm, or the appearance of aromatic protons (2¢bM and
2¢bM-2000x2) at ~ 8.4 ppm.

In total, ten AMs were tested for their ability to inhibit hoxLDL uptake, both with
and without serum. The polymer characteristics tested were amphiphilicity, branching of
the hydrophobic region, length of the PEG chain, anionic charge location, type of anionic
charge, number of anionic groups, rotational motion of the charged group, and PEG
architecture. Structures of all polymers, schematics representing the placement of anionic
charge, and information regarding specific variable parameters are shown in Table 2.1.
As the precise mechanism for uptake was unknown, screening this polymer array was
expected to identify the key structural parameters for inhibiting hoxLDL uptake.

2.3.2. Inhibition of hoxLDL Uptake
The in vitro hoxLDL uptake studies were performed by Nicole Iverson, a Ph.D. candidate
in Biomedical Engineering (Rutgers University, Piscataway, NJ) supervised by Professor
Prabhas V. Moghe. However, the results were mutually and collaboratively discussed
and outlined below.

The combined results for hoxLDL uptake were normalized to respective cell
number across all polymer configurations synthesized and shown in Figure 2.2.

Additionally, fluorescent images of boron-dipyrromethene (BODIPY)-labeled hoxLLDL

32



uptake for the two most efficient AMs (1¢M and 2¢bM-2000x2) compared with hoxLLDL
uptake alone are shown in Figure 2.3. The highly efficient AMs perform comparably to
positive control (SRA antibody blockage), with hoxLDL uptake inhibited by about 20%
after 24 hours in serum-free conditions. The early serum-free data correlates well with
the 48 hour data in serum-containing conditions. These trends suggest that it takes longer
(more than 24 hours) to reverse the serum protein-mediated competitive blockage of
polymer-receptor binding via serum proteins. Thus, behaviors of polymer binding to
macrophages at early times in serum-free conditions, which may be primarily scavenger

receptor mediated, are similar to longer times in serum-containing conditions.
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Figure 2.2: Internalization of hoxLDL by THP-1 macrophage cells after incubation with
10° M AMs for 24 or 48 hours with and without 5 % FBS. Levels of hoxLDL were
measured and quantified in comparison to corresponding hoxLDL treated cells that were

not treated with any polymers.
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2cbM-2000x2
+ hoxLDL

hoxLDL alone 1cM + hoxLDL

24 h serum 24 h serum free

48 h serum

Figure 2.3: Fluorescent images of BODIPY-labeled hoxLDL uptake for hoxLDL alone
(negative control), hoxLDL with 1¢M, and hoxLDL with 2¢bM-2000x2 (the two most

efficient polymers at inhibiting hoxLDL uptake).

The inhibitory results, discussed in depth below, were not due to polymer
cytotoxicity as judged by cell morphology and cell counts for each polymer. It has been
previously reported using IC21 murine macrophage cultures that these polymers are
highly biocompatible in vitro, even at two orders-of-magnitude higher concentrations.**!
In addition, the parent polymer, 1¢M, was also reported as non-cytotoxic in human
umbilical endothelial cells (HUVEC), umbilical arterial smooth muscle cells (UASM),
and normal dermal human fibroblasts (NDHF)."’!

2.3.2.1. Role of Amphiphilicity

To examine the role of the amphiphilicity, the efficiency of control polymers,

PEG and PEG-COOH, to inhibit hoxLDL internalization was tested. PEG is a common
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hydrophilic polymer chosen for its biocompatibility and ability to evade excretion from
the bloodstream by the reticuloendothelial system (RES).!****! The PEGs tested here were
chosen because they have the same average molecular weight as the PEG of 1¢cM. PEG-
COOH was chosen due to the presence of the anionic charge, which has been found to be

8321 Additionally, in modeling

a key parameter for AM inhibition of hoxLDL uptake.|
studies, Plourde et. al. observed that the binding energy of a PEG-COOH was half that
of 1¢M when docked with an SR-A collagen-like domain homology model.”'! Based on
these modeling results, PEG-COOH was anticipated to inhibit hoxLDL better than 0cM,
but to a lower extent than 1¢M, while PEG was anticipated to behave like 0¢cM or have
no effect at all.

As shown in Figure 2.4, the amphiphilic polymers, 0¢cM and 1¢M, consistently
inhibited hoxL DL internalization to a greater extent than both anionically terminated or
unfunctionalized hydrophilic PEGs under all conditions. Notably, 1¢M was the only
polymer that showed significant inhibition of uptake at all conditions, whereas 0cM
showed modest levels of effect, suggesting that the combination of amphiphilicity and
anionic charge presentation is operative in early competitive studies. Additionally, as
PEG-COOH had little effect with or without serum, this result suggests that the anionic

group on the hydrophobic portion of the polymer may be more effective, which is

discussed later (Section 2.3.2.4).
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Figure 2.4: The uptake of hoxLDL in THP-1 macrophages as a function of polymer

amphiphilicity and branching of the hydrophobic region.

2.3.2.2. Role of Branching of the Hydrophobic Region

To examine the effect of the branched hydrophobic region of AMs, the well-
known amphiphiles Pluronic P85 and Cremophor EL were tested for their ability to effect
hoxLDL internalization. Pluronic P85 and Cremophor EL were chosen based on their
structural similarity to AMs with respect to their hydrophilic PEG regions. Additionally,
they are similarly amphiphilic, biocompatible and widely studied for pharmaceutical
applications.[***%!

As shown in Figure 2.4, compared with Pluronic P85 and Cremophor EL, the
AMs, specifically 1¢eM and 0cM shown here, competed far more effectively with
hoxLDL uptake whereas Pluronic P85 and Cremophor EL had little effect on hoxLDL
uptake. These results highlight the importance of the branched architecture of the
hydrophobic component of the AMs, which allows them to significantly reduce hoxLDL

uptake.



2.3.2.3. Role of PEG Chain Length
The ability of PEG to evade excretion by the RES system is generally attributed to

PEG’s ability to shield the system from disruption by serum proteins."***

I Based upon
the literature, a longer PEG chain length was anticipated to yield increased stability in
serum caused by additional PEG density resulting in more chain entanglements,
providing enhanced micelle stability and protection of the critical anionic charge.**
This expectation was confirmed in testing AMs with hydrophilic PEG molecular weights
of 2 kDa (1¢M-2000) and 5 kDa (1cM). As shown in Figure 2.5, at the 24 hour time
point with and without serum, 1¢M and 1¢M-2000 have comparable levels of hoxLDL
inhibition. However, after 48 hours in the presence of serum, the longer PEG chain length
was most effective at hoxLDL inhibition. This result confirms the hypothesis that

increased PEG length results in increased chain entanglements, better micellar stability

and protection of the anionic charge from serum protein disruption.
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Figure 2.5: The uptéke of hoxLDL in THP-1 macrophages as a function of PEG chain

length.
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2.3.2.4. Role of Carboxylic Acid Location

As previously stated, AM inhibition of hoxLDL uptake by macrophage cells
occurs by competitive binding between AMs and hoxLDL for positively charged
scavenger receptors.”” *! Thus, it is necessary for the anionic group of AMs to be readily
available and easily bound in the receptor pocket. Our initial hypothesis was that the
anionic group on the hydrophilic, or external, portion of the micelle would be more
accessible for binding to scavenger receptors and increased binding would lead to better
inhibition of hoxLDL uptake. However, modeling studies and in vitro testing in the

absence of serum demonstrated that the anionic charge in the hydrophobic region of the

30321 These results were

polymer was more effective at inhibiting hoxLDL uptake.!
confirmed herein and, expanding on previous work, in the presence of serum both at 24
and 48 hours 1¢M performed significantly better than 1¢P, as shown in Figure 2.6. This
effect is likely due to the interaction of serum proteins with the carboxylic group, which
is not shielded by PEG when it is positioned on the hydrophilic portion of the micelle.
For serum- and non-serum-containing conditions, the greater charge density that results
from having the anionic charge within the hydrophobic interior when micellization
occurs may lead to greater hoxLDL inhibition. In addition, the hydrophobic core is
conformationally rigid, such that the carboxylic acid has less rotational freedom and a

better ability to lock into the active site on scavenger receptors.'*”!
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Figure 2.6: The uptake of hoxLDL in THP-1 macrophages as a function of carboxylic

acid location.

2.3.2.5. Role of Anionic Charge Type

Like carboxylic acids, sulfates have also been shown to bind to scavenger
receptors and thus inhibit hoxLDL uptake.*™ To investigate this nature-mimicking
capability, a sulfate moiety (1sM) was incorporated into the hydrophobic portion of the
polymer. In contrast to 1¢M, whose anionic group would likely have a pKa of 3-4 1*!, the
pKa of the hydrogen sulfate moiety is likely < -3 P%. However, independent of their
microenvironments, both acids would likely be deprotonated at physiological pH. In the
absence of serum, both 1¢M and 1sM inhibited hoxLDL uptake more than the non-acidic
system (0cM), but 1¢M did so to a far greater extent than 1sM, as shown in Figure 2.7.
However, in serum-containing conditions at 24 and 48 hours, 1sM inhibited hoxLDL
uptake on a similar level to 0¢M, significantly less than 1¢M. This result may be due to
the decreased steric hindrance surrounding the sulfate, making it more readily available

for interactions such as hydrogen bonding with other residues of the scavenger receptor.
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Additionally, the methylene spacer increases the rotational motion available to the 1sM,
which may result in inadequate binding to the active receptor site. The role of decreased
steric hindrance surrounding the anionic group and increased rotational motion will be

discussed in later sections (Section 2.3.2.7).

IeM
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Percent hoxLDL per cell

NNV
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Figure 2.7: Uptake of hoxLDL in THP-1 macrophages as a function of the type of

anionic group; carboxylic acid vs. sulfate.

2.3.2.6. Role of Number of Anionic Charges

The number of anionic charges was investigated by comparing 1¢cM, 0cM, and
2¢cbM. Increasing the number of charge groups was anticipated to result in greater charge
density, which would result in more significant attraction of the AMs to the positively
charged binding pocket on scavenger receptors and, therefore, greater hoxLDL uptake
inhibition. Additionally, the addition of a spacer molecule was expected to reduce the
steric hindrance surrounding the carboxylic acid and allow better access to the binding
site, which would decrease hoxLLDL uptake. However, as shown in Figure 2.8, the

additional carboxylic acid with an aromatic spacer, 2¢bM, shows hoxLDL uptake
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inhibition comparable to that of 1¢M for all time points.
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Figure 2.8: Thé uptake of hoxLDL in THP-1 macrophages as a function of the number of

anionic charges and rotational motion of those charges.

We postulate that this result is due to the ability of only one carboxylic acid to
bind to scavenger receptors at a time. Thus, the addition of more carboxylic acids does
not provide any additional benefit. In fact, modeling studies by Plourde et al. showed that
additional carboxylic acids actually lowered the overall AM binding affinity due to
hydrogen bonding with residues in the scavenger receptor binding pocket that inhibited
binding of the AM to the active site.”'! This result suggests that the carboxylic acids may
be too readily accessible for the first interaction they encounter, which is hydrogen
bonding rather than binding within the active site. Further, this data indicates that despite
the steric hindrance surrounding the carboxylic acid of 1¢M, the carboxylic acid is
available for binding and that adding a spacer molecule to increase availability may

potentially hinder binding.
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2.3.2.7. Role of Anionic Group Rotational Motion

To analyze the impact of rotational motion, the aromatic dicarboxylic acid-
containing 2cbM was compared with the aliphatic dicarboxylic acid-containing 2¢M,
which allows the carboxylic acids more freedom for rotation and movement. In addition
to the difference in flexibility, the spacers also result in differing carboxylic acid pKa’s;
independent of their microenvironments, the pKa of the 2¢M carboxylic acids would be
approximately 2 and 4 P! while those of the 2¢bM isophthalic group would be
approximately 3.5 and 4.5 P2 However, at the pH utilized in this work, physiological
pH, both carboxylic acids for 2¢M and 2¢bM would likely be deprotonated.

It was anticipated that changing the rotational motion would have a significant
impact on scavenger receptor ability to bind the carboxylic acid. As 2¢M has aliphatic
carboxylic acids, the rotational motion is less restricted than the aromatic carboxylic
acids of 2cbM. As shown in Figure 2.8, the aromatic carboxylic acids on 2beM result in
significantly greater hoxLDL uptake inhibition than 2¢M for all time points, both with
and without serum. Also, 2¢M behaves like 1¢P with respect to the extended time point
in serum, both of which did not result in lower percent hoxLDL per cell than 24 hours in
serum. Although the carboxylic acids are in different regions of the polymer, in both 1cP
and 2c¢M the carboxylic acids have significantly more rotational motion as aliphatic
components. These results indicate that restricted rotational motion of the anionic group
is essential for the carboxylic acid to effectively bind to the scavenger receptor active
site. Additionally, this result suggests that the steric hindrance surrounding the carboxylic
acid of 1¢M restricts the rotational motion of the carboxylic acid such that the carboxylic

acid is capable of enhanced binding.
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2.3.2.8. Role of PEG Architecture

Finally, a structural branching point to which two, short-chained PEGs were
attached was anticipated to provide increased stabilization against serum proteins.** >*!
To maintain overall PEG content, each PEG arm was 2 kDa in molecular weight,
compared to the linear AMs with PEG 5 kDa. AMs with zero, one, and two carboxylic
acids in the hydrophobic core were synthesized with this architectural branching point
and tested for hoxLDL uptake inhibition. As shown in Figure 2.9, all AMs with the PEG
branching point inhibited hoxLDL more significantly than their linear counterparts
without serum. In the absence of serum, 2¢bM-2000x2 results in the lowest percent of
hoxLLDL per cell overall, edging out 1¢M, which typically outperforms all other
polymers. In serum-containing conditions for both 24 and 48 hours, the AMs with a PEG
branching point inhibited hoxLDL at similar levels to their linear counterparts except for
the 2¢cbM-2000x2 and 2¢bM polymers. At 48 hours, the 2cbM-2000x2 significantly
inhibited hoxLDL internalization over 2cbM. However, while 2cbM-2000x2 out

performs its linear counterpart, inhibition of hoxLDL uptake is statistically the same as

1cM.
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Figure 2.9: The uptake of hoxLDL in THP-1 macrophages as a function of PEG

architecture.

Generally, utilizing two, short-chain PEGs emanating from a branch-point

resulted in more efficient hoxLDL inhibition compared to their linear counterparts under

serum-free conditions. However, providing a PEG branching point did not significantly

alter the polymer’s hoxLDL inhibitory capacity compared with the linear polymers in

serum-containing conditions. While a PEG branching point likely increases shielding of

the micellar hydrophobic core, the linear PEG (5 kDa molecular weight) results in

significant chain entanglements, as seen with the 1¢M-2000 and 1¢M polymers, such that

utilizing a branching point with lower molecular weight PEGs did not significantly

passivate against serum proteins, and consequently did not alter the hoxLDL inhibition.
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2.4. Summary

Overall, AMs exhibit rich structure-function relationship behaviors regarding the
hoxLDL uptake inhibition in macrophages. Within the AM compositions, longer PEG
chains were more efficient at protecting AMs in serum-containing conditions. One
rotationally-restricted carboxylic acid within the hydrophobic core was sufficient for
producing the most effective hoxLDL inhibiting AM. By increasing charge and changing
the PEG architecture to two, short-chain, linear PEGs emanating from a branch point,
significant improvements were not observed for decreasing hoxLDL uptake. These
findings have implications for designing polymers for improved competitive inhibition of
intimal cholesterol uptake under physiological as well as pathologic conditions.**>*!

In summary, the tunability of the parent AMs enables structure optimization. The
ultimate goal of this study was to provide insights regarding rational biomaterial design
criteria to inhibit hoxLDL uptake. These insights are ultimately relevant for evaluating
biomaterial performance in vivo for localized treatment of atherosclerotic lesions. To
optimize the AM properties, several structural characteristics were analyzed: length of the
PEG chain, carboxylic acid location, type of anionic charge, number of anionic charges,
rotational motion of the anionic group, and PEG architecture. Each AM was tested
without serum and in the presence of serum for 24 and 48 hours to determine its ability to
inhibit hoxLDL uptake in THP-1 human macrophage cells. The parent AM 1¢M, with its
rigid, hydrophobic carboxylic acid and linear PEG chain of 5 kDa was the most efficient
at inhibiting hoxLDL internalization by THP-1 human macrophage cells in serum. While

altering the PEG architecture, 1¢M-2000x2 and 2¢bM-2000x2, produced AMs equally

efficient in their hoxLDL uptake inhbition, 1¢M is far superior when considering
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polymer cost and production time. Future efforts will delve deeper into understanding the
receptor-mediated processes that effect hoxLDL inhibition. Translational research is also
ongoing to test the selected AMs within animal models of atherogenesis and

inflammation.

2.5. Experimental

2.5.1. Synthetic Materials

Unless otherwise stated, solvents and reagents were purchased from Fisher
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO) and used as received.
PEG 5 kDa was purchased from Polysciences, Inc. (Warrington, PA) and dried by
azeotropic distillation from toluene before use. Specialty, functionalized PEGs were
purchased from Laysan Bio, Inc (Arab, AL) and used as received. Several polymers were
prepared as previously described: 1cMPY 1eM-20008Y ) 0eMP) 2eMP? 1eP*)) 1eM-
2000x2°%, 0¢M-2000x2"), 2cbM-2000x2"°".

2.5.2. Characterization Methods

2.5.2.1. Proton Nuclear Magnetic Resonance (‘"H NMR) Spectroscopy

Proton nuclear magnetic resonance (‘H-NMR) spectra of the products were
obtained using a Varian 400 MHz or 500 MHz spectrophotometer. Samples were
dissolved in chloroform-d, with a few drops of dimethyl sulfoxide-de if necessary, with
tetramethylsilane as an internal reference.

2.5.2.2. Gel Permeation Chromatography (GPC)

Molecular weights (My,) and polydispersity indices (PDI) were determined using

gel permeation chromatography (GPC) with respect to PEG standards (Sigma-Aldrich)



on a Waters Stryagel® HR 3 THF column (7.8 x 300 mm). The Waters LC system
(Milford, MA) was equipped with a 2414 refractive index detector, a 1515 isocratic
HPLC pump, and 717plus autosampler. An IBM ThinkCentre computer with Waters
Breeze Version 3.30 software installed was used for collection and processing of data.
Samples were prepared at a concentration of 10 mg/mL in tetrahydrofuran, filtered using
0.45 pm pore size nylon or polytetrafluoroethylene syringe filters (Fisher Scientific) and
placed in sample vials to be injected into the system.

2.5.2.3. Differential Scanning Calorimetry (DSC)

Melting points were determined by DSC on a TA DSC Q200. TA Universal
Analysis 2000 software was used for data collection on a Dell Dimension 3000 computer.
Samples (3-5 mg) were heated under dry nitrogen gas. Data were collected at heating and
cooling rates of 10 °C /min with a two-cycle minimum.

2.5.3. Polymer Synthesis

2.5.3.1. 2¢cbM

The carboxylic acid of 1e¢M (0.56 g, 0.094 mmol) was activated with SOCI, (50
mL) at 90 °C overnight under argon gas. Excess SOCIl, was removed via rotary
evaporation and the yellow oil subsequently dissolved in anhydrous THF (15 mL) and
anhydrous pyridine (1 mL). 5-Aminoisophthalic acid (0.14 g, 0.75 mmol) in anhydrous
THF (16 mL) and anhydrous pyridine (2 mL) was then added to the reaction flask and
allowed to react for 48 hours at room temperature under argon. THF and pyridine were
removed via rotary evaporation and the resulting oil dissolved in CH,Cl,, washed with
IN HCI and brine, dried over MgSOs, and concentrated. The desired product was then

precipitated from CH,Cl, by addition of 10-fold diethyl ether and the solid collected by
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centrifugation. Solvent was removed by decanting and the resulting yellow solid was
dried under ambient atmosphere (12 hrs) and under high vacuum (12 hrs). Yield: 0.52 g,
91 %. 'H- NMR (CDCl3): & 8.61 (m, 1H, ArH), 8.17 (m, 2H, ArH), 5.70 (m, 2H, CH),
5.20 (m, 2H, CH), 4.24 (m, 2H, CH2), 3.60 (m, ~0.45 kH, CH20), 3.38 (s, 3H, CH3), 2.44
(m, 4H, CH2), 2.29 (m,4H, CH2), 1.60 (m, 8H, CH2), 1.26 (m, 64H, CH2), 0.88 (t, 12H,
CH3). Ty =56 °C GPC: M,;: 6.3 kDa; PDI: 1.09.

2.5.3.2. 1sM

2-Aminoethyl hydrogen sulfate (7.0 mg, 0.050 mmol) was dissolved in DMSO (2
mL) by warming over medium heat on a stir plate for 15-30 min. After cooling to room
temperature, 0.5 M NaOH (101 pL) was added and the solution stirred for 30 min. In a
separate flask, 0cM (0.20 g, 0.033 mmol) was dissolved in CH,Cl, (6.0 mL) and
subsequently added to the solution of 2-aminoethyl hydrogen sulfate dropwise and the
reaction stirred overnight (12 hrs). The CH,Cl, was then removed via rotary evaporation
then the DMSO removed via lyophilization. The resulting solid was dissolved in CH,Cl,
and the solution filtered to remove excess 2-aminoethyl hydrogen sulfate and the N-
hydroxysuccinimide by-product. The desired product was precipitated from CH,Cl, by
addition of 10-fold diethyl ether and the solid collected by centrifugation. Solvent was
removed by decanting and the resulting yellow solid was dried under ambient atmosphere
(12 hrs) and under high vacuum (12 hrs). Yield: 0.16 g, 78 %. 'H-NMR (CDCI3): & 5.83
(m, 2H, CH), 5.48 (m, 2H, CH), 3.67 (m, ~0.45 kH, CH20), 3.38 (s, 3H, CH3), 2.32 (m,
8H, CH2), 1.60 (m, 8H, CH2), 1.22 (m, 64H, CHz2), 0.88 (t, 12H, CH3).

Tm=55°C. GPC: My: 6.4 kDa; PDI: 1.08.
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2.5.4. In Vitro Inhibition of oxLDL
[Cell studies were performed by Nicole Iverson, Department of Biomedical Engineering,
Rutgers University, Piscataway, NJ, under the supervision of Professor Prabhas V.
Moghe]

2.5.4.1. Cell Culture

Human THP-1 monocytes (ATCC), were grown in suspension, at a concentration
of 100,000 cells/cm; with Roswell Park Memorial Institute (RPMI) medium containing
0.4 mM Ca”" and Mg”" (ATCC) and supplemented with 10 % fetal bovine serum (FBS),
in an incubator with 5 % CO; at 37 °C and split every four days through centrifugation.
The cells were seeded at a concentration of 100,000 cells/cm?® and differentiated from
monocytes into adherent macrophage cells by the addition of 16 nM phorbol myristate
acetate. [31] Once differentiated, the macrophage cells were not propagated and were
used within one week of differentiation.

2.5.4.2. LDL Oxidation to hoxLDL

Highly oxidized LDL (hoxLDL) was prepared by oxidation of LDL within five
days of each experiment. BODIPY-labeled human plasma derived LDL (Molecular
Probes, OR) was oxidized by incubation with 10 pM CuSOQOy4 (Sigma) for 18 hrs at 37 °C
with 5 % CO; before oxidation was stopped with the addition of 0.01 % w/v EDTA
(Sigma).

2.5.4.3. hoxLDL Internalization

Internalization of hoxLDL by macrophage cells was assayed, either with or
without 5% FBS, by incubating fluorescently labeled hoxLDL (10 pg/mL) and the

various polymer conditions, at 10° M, with cells for 24 or 48 hours at 37 °C and 5 %
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CO,. Test conditions also included two controls: RMPI medium and polymers alone to
ensure that no cell or polymer auto-fluorescence was observed. The cells were then
washed twice with PBS and imaged for cell-associated fluorescence. Images were
analyzed using Image Pro Plus 5.1 software (Media Cybernetics, San Diego, CA) and
fluorescence was normalized to cell number before being compared to the sample with
only hoxLDL,

2.5.4.4. Statistical Analysis

Error bars on graphs indicate standard error of the mean based upon biological
triplicate samples in each experiment and three separate experiments for each condition.
Single factor ANOVA with Tukey’s post-hoc analysis, performed on SPSS software, was

used for statistical analysis. Significance is claimed for differences of p < 0.05
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3. CATIONIC NANOSCALE AMPHIPHILIC MACROMOLECULES AS

SYNTHETIC POLYMERS FOR NUCLEIC ACID DELIVERY

3.1. Introduction

Gene therapy is the modification of genetic information to treat a disease. As
discussed in Chapter 1, nucleic acid delivery is a therapeutic option for currently
untreatable diseases. However, many technical challenges must be overcome for gene
therapy to be realized as a viable therapy. One of these challenges, which is the focus of

this work, is the development of more safe, efficient, and versatile (i.e., the ability to use

the same carrier for the treatment of numerous diseases) synthetic carriers for the nucleic

acids.!!!

3.2. Background

3.2.1. Gene Silencing

The use of short interfering RNA (siRNA) molecules for gene silencing has
enormous clinical potential for treating human disease, particularly for anticancer
applications.”> *! Recent advances in siRNA delivery technology have led to several
human clinical trials using therapeutic siRNA.* > However, further development of safe,
efficient siRNA delivery systems is required to advance siRNA therapeutics for routine
clinical use and address diverse disease states. The delivery of siRNA and other nucleic
acid molecules to malignant cells has been attempted, for example, with varying degrees
of success with numerous non-viral molecules including proteins, peptides, and synthetic

polymers.[®
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3.2.2. Synthetic Polymers for Nucleic Acid Delivery

Self-assembled polymeric micelles have shown particular promise as drug and
gene delivery vehicles due to their unique properties including steric stability, size
suitable for passive tumor targeting, low cytotoxicity, high water solubility, and high
drug encapsulation efficiency.””! Polymeric micelle systems are currently being
investigated as drug delivery vehicles in several Phase I and II clinical trials.""*'* More
recently, several polymeric micelle systems have been evaluated for siRNA delivery, '

(15, 16] However,

I or for the co-delivery of siRNA and hydrophobic anticancer drugs.
further development is needed for a delivery system that possesses increased stability,
lowered toxicity, biodegradability, as well as the versatility for treating multiple disease
states and ease of modification (e.g., targeting moieties) to increase specificity.
Specifically, for polymeric micelles, improvements on existing systems are necessary to
improve their drug loading capacity, stability in the blood stream, and ability to penetrate
the cell membrane to make these systems viable for widespread clinical use.'”

3.2.2.1. Nanoscale Amphiphilic Macromolecules as Synthetic Polymers

In this work, the hydrophobic functionality of AMs was exploited to create non-
viral vectors for siRNA delivery. Specifically, linear, cationic ethyleneimine groups were
conjugated to the AM’s hydrophobic backbone (see Figure 3.1 and Scheme 3.1) to
facilitate electrostatic encapsulation of siRNA and delivery to malignant glioma cells.
Ethyleneimines were chosen due to their similarity to the highly efficient, non-viral
vector, PEL. However, PEI suffers from high cytotoxicity, limiting its use for systemic in

vivo applications where high polymer concentrations are required.!"® ') The minimum

number of amine groups to efficiently deliver siRNA and elicit a gene-silencing response
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in malignant glioma cells, while maintaining the favorable structural properties and low
cytotoxicity of the AM materials, was identified in this work. This proof-of-concept
study outlines the rational design approach to siRNA delivery systems and identifies a

promising new siRNA delivery system.

Y — RSV

lcM Cationic AM

Figure 3.1. Schematic representation of the modification of AMs, specifically 1¢M, to

obtain cationic AMs.

3.3. Results and Discussion

3.3.1. Synthesis of Cationic AMs

The goal was to create novel synthetic vectors that exploit the structural properties
of PEI that are beneficial for siRNA delivery while reducing the inherent cytotoxicity
associated with PEI. AMs were modified with two different lengths of ethyleneimine
chains to yield three novel polymer systems: ethylenediamine to yield 1N, or
pentaethylenehexamine to yield SN and 9N polymers. The polymers were synthesized as
shown in Scheme 3.1 from the amine-specific N-hydroxysuccinimide (NHS)-activated

starting materials.
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Scheme 3.1. Synthesis of cationic-AMs; (top) synthesis of monomer and dimer mixtures
of 1nM and 5nM from NHS-activation of 1¢M (0cM) !, (bottom) synthesis of 9nM via

di-activation of 1 with NHS (2).



The parent polymer, 1¢M, served as the basic building block for the polymer
modifications.  Specifically, the carboxylic acid was activated with N-
hydroxysuccinimide to functionalize the polymers with linear ethyleneimines,
systematically increasing the total number of amines from one, 1InM, up to nine, 9InM.
Isolation of cationic AMs with amines conjugated to, rather than associated with, the
polymer was insured by precipitation from diethyl ether; this process precipitates the AM
products but not the ethyleneimine starting materials, ethylenediamine and
pentacthylenehexamine. Amine conjugation was further verified by 'H NMR
spectroscopy and molecular weights determined by GPC relative to PEG standards. In
addition to monitoring '"H NMR spectra for the disappearance of protons associated with
the NHS activating group (~ 2.8 ppm), new peaks assigned to the ethyleneimine groups
were observed resonating at 1.3 and 1.8 ppm for 1InM and from 2.5-3.0 ppm for SnM and
9nM.

3.3.2. Hydrodynamic Diameter and Zeta Potentials of Cationic Polymers

The AMs modified with their respective ethyleneimines were characterized by
dynamic light scattering (DLS) and zeta potentials to ensure that: 1) nanoscale size was
retained and 2) resulting assemblies were cationic, a necessary property for complexing
with the siRNA. Hydrodynamic diameters and zeta potentials of the polymers are

summarized in Figure 3.2.
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Figure 3.2. Hydrodynamic diameters (A) and zeta potentials (B) of ethyleneimine-

modified polymers as compared to 1¢M control.

All cationic AMs formed micelles in the nanoscale size range as determined by
dynamic light scattering (Figure 3.2A). 1nM and SnM formed micelles of approximately
the same size as 1¢M, while micelles formed from 9nM were significantly larger (~125
nm) presumably due to charge repulsion of the highly cationic ethyleneimine units.

Successful conjugation of the amines was shown by the disappearance of N-
hydroxysuccinimide in the '"H NMR spectra as well as by the zeta potential increase from
negative (1¢M), to less negative (1nM), and positive (SnM and 9nM), as shown in
Figure 3.2B. The zeta potential increased with increasing ethyleneimine length, further
indicating the successful incorporation of amine groups.

3.3.3. Cytotoxicity of Cationic-AMs
The in vitro cytotoxicity studies were performed by Alexander M. Harmon, a Ph.D.
candidate in Chemistry and Chemical Biology (Rutgers University, Piscataway, NJ)
supervised by Professor Kathryn E. Uhrich.

To assess the safety of the cationic-AMs, their cytotoxicity was compared to that

of linear PEI 25 kDa (L-PEI) in U87 glioma cells. A dose response curve was generated
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for all samples by counting viable cells remaining after a 72-hour exposure to the
polymers (Figure 3.3). A significant decrease in cytotoxicity (p<0.05) was observed for
all AMs compared to L-PEI at the highest concentrations tested (10 and 10 M).
Interestingly, when comparing the AMs, the 9nM material exhibited the lowest
cytotoxicity. One explanation is that the surface charge density of the 9nM micelles is
actually lower as their hydrodynamic diameter (shown in Figure 3.2A) has increased by
a factor of approximately five and, therefore, the surface area is increased by a factor of

25 compared to the InM and SnM micelles.

120

I
= 100 e I I
S —— — i
= T 0, =
R ~—
£ !
S 60 N ~~1nM
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Figure 3.3. Cytotoxicity of cationic-AMs and L-PEI to U87 glioma cells after a 72-hour
exposure. Data represent mean + standard deviation (n=4). Astericks represent
concentrations at which cationic-AMs elicited a significantly lower cytotoxicity than L-

PEI (p < 0.05).
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3.3.4. Characterization of siRNA/AM Complexes

3.3.4.1. Gel Electrophoresis
The gel electrophoresis complexation studies were performed by Carolyn Waite, a Ph.D.
candidate in Chemical and Biochemical Engineering (Rutgers University, Piscataway,
NJ) supervised by Professor Charles M. Roth.

The ability of cationic AMs to complex anionic siRNA was evaluated using gel
electrophoresis. Complexes were formed at several nitrogen:phosphate (N/P) ratios and
run on an electrophoresis gels to separate un-complexed siRNA from the AM/siRNA
complexes. N/P ratios refer to the ratio of polymeric nitrogens-to-nucleic acid
phosphates. Generally, lower N/P ratios are desirable to minimize negative vehicle
effects (i.e., cytotoxicity).

Efficient complexation by gel electrophoresis is determined by the decreased
fluorescence intensity of un-complexed siRNA; when complexed with the carrier
molecule, the siRNA no longer fluoresces. Polymers containing zero or one cationic
amine group (i.e., 1¢M and 1nM) displayed no complexation of siRNA at charge ratios
up to N/P=80 (Figure 3.4). By increasing the number of amine groups to five (5SnM), a
modest extent of siRNA complexation (approximately 20%) was observed at N/P ratios
of 60 and higher. Significantly improved siRNA complexation efficiency was observed
with the AM containing nine amine groups, 9nM, where most of the siRNA was
encapsulated by N/P=50. Hence, for subsequent physical and biological characterization
studies, AM/siRNA complexes were formed at N/P>50. In comparison with other
synthetic vectors, the ratio of polymer to nucleic acid necessary for the cationic AMs to

efficiently complex with siRNA is significantly higher; other synthetic vectors have been
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shown effective at N/P 10 and under.”" **) However, as long as the polymers are non-
cytotoxic at the concentrations being used, this ratio is not important. For the cationic
AMs used in this work, they are non-cytotoxic (as shown in Figure 3.3) at the
concentrations utilized (< 10° M).

140

120 ——— ——

100

&0

& |nM
60 5nM
9nM

40
= |cM

20

Relative Sybr Green Fluorescence (%)

0 10 20 30 40 50 60 70 80 90
N/P

Figure 3.4. Graphical representation of the fluorescence data derived from gel
electrophoresis of cationic AM/siRNA complexes as compared to 1¢M/siRNA where

decreased Sybr Green Fluorescence indicates successful complexation with siRNA.

The inefficient complexation of SnM in comparison to 9nM is likely due to both
the decrease in the number of amines that can be protonated in SnM and the location of
the amines. With respect to the number of protonated amines, work by Geall et. al.
showed that when diamines were linked to cholestorol, the pKa’s of the amines varied
widely. Specifically, for pentacthylenehexamine the pKa’s varied from 2.5 to 10.2, with
only 2 amines having pKa’s above physiological pH.**! As cholesterol is similar in
hydrophobicity to the alkylated mucic acid component, the pentaethylenehexamine
moiety conjugated to the polymer in SnM is likely to have similar pKa’s to those

reported by Geall et. al. — meaning only two of these amines would likely be protonated

61



at physiological pH. In addition, these amines are likely located deep within the
hydrophobic core of the resulting micellar assembly making them: 1) unable to be
protonated and 2) if they are protonated, unavailable for siRNA complexation. If the
amines are protonated in SnM, more incubation time with the siRNA and vigorous
agitation may expose the protonated amines for more efficient siRNA complexation. In
contrast, while 9nM has a similar aminated component within the polymer’s hydrophobic
domain, an additional amine component remains that links the hydrophobic and
hydrophilic domains. Due to their proximity to the hydrophilic PEG, these amines likely
interact more with the aqueous solution to be more readily protonated. Additionally, these
protonated amines are more accessible for sSiRNA complexation as they are not be buried
within the micellar hydrophobic core. Future work to titrate the cationic AMs could
provide further insight into the pKa differences that affect siRNA complexation.

3.3.4.2. Hydrodynamic Diameter and Zeta Potential

Once complexed with siRNA (Figure 3.5A, N/P=50 and 100), all cationic AMs
maintained the nanoscale size of the AMs alone. Nanoscale sizes of less than ~100 nm is
desirable for improved circulation time, passive tumor targeting by the enhanced
permeation and retention (EPR) effect, and optimal cellular uptake for siRNA/polymer
complexes.[24’ 2] For 1c¢M, 1nM, and SnM, the addition of siRNA to the AM systems had
no statistically significant effect on the hydrodynamic diameters as compared with the
size of the AMs alone. However, complexeation of siRNA with 9nM at N/P 50 resulted
in a significant reduction in micellar size as compared with the size of 9nM alone
presumably due to the charge neutralization that occurs when the cationic polymer

complexes with the anionic siRNA. Additionally, when more 9nM is added, to yield N/P
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100, the size of the resulting complexes returns to the size of the 9nM alone. This data
indicates the available siRNA has complexed with the polymer and the size of the
micellar system is again controlled by electrostatic repulsion of the cationic unimers. This
data suggests that only 9nM has significant complexation and condensation of the
siRNA, which is in agreement with the gel electrophoresis data discussed previously.
When siRNA was complexed with the cationic-AMs at nitrogen/phosphate (N/P)
ratios of 50 and 100, the zeta potentials (shown in Figure 3.5B) significantly changed
compared to the native polymers in the absence of siRNA (p<0.05). Specifically, at N/P
50, the zeta potentials for complexes of siRNA and 5SnM decreased from 12.7 mV of the
S5nM alone to 5.3 mV with siRNA. Likewise, the zeta potential of 9nM decreased from
33.1 mV alone to 7.89 mV with siRNA. The zeta potentials for both AMs then increased
at N/P 100 — back to that for the vehicle alone for SN but only to 22.2 mV for 9nM. This
data suggests that 9nM complexed most efficiently with siRNA; the decrease in zeta
potential is a result of charge neutralization when the negatively charged siRNA
complexes with the cationic AMs. Further, these results are in agreement with the gel
electrophoresis and sizing data. Based on the physical characterization of AM/siRNA
complexes by gel electrophoresis, dynamic light scattering, and zeta potential, 9nM was

expected to be the most effective siRNA delivery vehicle.
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A Hydrodynamic Diameters of AM/siRNA Complexes
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Figure 3.5. Hydrodynamic diameters (A) and zeta potentials (B) of AM/siRNA
complexes following incubation of the indicated polymer and siRNA for 60 minutes at

room temperature.

3.3.5. Luciferase Silencing of AM/siRNA Complexes
The in vitro silencing studies were performed by Carolyn Waite, a Ph.D. candidate in
Chemical and Biochemical Engineering (Rutgers University, Piscataway, NJ) supervised
by Professor Charles M. Roth.

The ability of AMs to facilitate cellular delivery of siRNA and elicit silencing of
the reporter gene, firefly luciferase, in U87 cells was also evaluated. Polyplexes (i.e.,
complexes of polymers and siRNA) of anti-luciferase siRNA were formed (siRNA

concentration: 100 nM, N/P=50, AM concentration: ~10” M) and delivered to U87-Luc
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cells, which were subsequently assayed for luciferase expression. Significant luciferase
silencing (p <0.05) was observed using the AMs containing five or nine amines (SnM
and 9nM), but not observed for AMs containing just one amine group (1nM) (Figure
3.6A). A similar luciferase silencing response was observed between the 9nM and L-PEI,
a widely-studied polymeric system for nucleic acid delivery (Figure 3.6A). Delivering a
scrambled siRNA sequence did not elicit luciferase silencing, demonstrating that the

AMs do not induce off-target silencing effects.

% Luciferase Silencing
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Figure 3.6. Luciferase silencing in U87-Luc cells of the indicated polymers complexed
with siRNA 24 hours post-transfection. The samples SnMScr and 9nMScr indicate
treatments with a scrambled siRNA sequence not specific to firefly luciferase. Data
represent mean + standard deviation (n=3). Asterisks indicate treatments that elicited
statistically significant luciferase silencing compared to the untreated control, C,

(p<0.05).
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Figure 3.7. Time-course and dose titrations performed with 9nM/siRNA complexes to
US87-Luc cells. siRNA concentration was held constant (100 nM) with varying N/P ratios
(A) and the N/P ratio was held constant (N/P= 50) with varying siRNA concentrations
(B). Data represent mean + standard deviation (n=3). Asterisks indicate treatments that
elicited statistically different luciferase silencing compared to the other treatment groups

in the experiment (p<0.05).

To study the dynamics and dose-dependence of luciferase silencing by the most
promising polymer (9InM), siRNA transfection experiments were performed at various
time points, polymer concentrations (Figure 3.7A) and siRNA concentrations (Figure

3.7B). The minimum N/P ratio required for a maximum luciferase silencing response was
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N/P=25 (siRNA concentration: 100 nM, AM concentration: 1.2x10” M), (Figure 3.7A),
and the minimum siRNA concentration required for optimal silencing response was 50
nM (Figure 3.7B).

3.3.6. Uptake of AM/siRNA Complexes
The uptake studies were performed by Carolyn Waite, a Ph.D. candidate in Chemical and
Biochemical Engineering (Rutgers University, Piscataway, NJ) supervised by Professor
Charles M. Roth.

To qualitatively observe the data collected from the luciferase silencing assay,
SnM/siRNA and 9InM/siRNA were incubated with U87 green fluorescent protein (GFP)-
labeled cells and their uptake observed using confocal microscopy. GFP cells were
utilized to allow simultaneous visualization of the cells and fluorescent siRNA using
fluorescent microscopy. Successful cellular association of siRNA delivered by 5SnM and
9nM was observed and qualitatively comparable to siRNA delivered by L-PEI (Figure
3.8). Interestingly, the trends observed in the quantitative luciferase silencing assay
differed somewhat from the cellular association of a fluorescently labeled siRNA
sequence into U87GFP cells. The 9nM delivered more siRNA to the cells than L-PEI (as
noted in the fluorescent images), however, this trend was not observed in the luciferase
silencing assay where both 9InM and L-PEI elicited similar extents of luciferase
silencing. This observation suggests that while 9nM may be capable of delivering siRNA
to cells, other intracellular barriers such as siRNA unpackaging or endosomal escape may
be affecting gene silencing activity by 9nM. This phenomenon will be investigated

further in subsequent work.
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Figure 3.8. Fluorescent microscope images of siRNA distribution (red) in U87-d1EGFP

cells (green) when delivered by the indicated polymers.

3.4. Summary

A series of amphiphilic macromolecules were functionalized with linear
ethyleneimines to render them positively charged for improved siRNA complexation. By
increasing the number of secondary amines from one to five to nine (ie, from 1nM to
9nM, respectively), increased zeta potential and stable complexation with siRNA was
achieved. All cationic AMs were less cytotoxic to U87 cells than L-PEI at polymer
concentrations of 10 uM or greater. The cationic AM with nine amines, 9nM,
successfully delivered siRNA molecules to U87 cells and elicited silencing of the reporter
gene, firefly luciferase. This work highlights the promise of AMs for siRNA delivery and
specifically identifies a novel AM molecule, 9nM, that displays low cytotoxicity
compared to L-PEI, stable complexes with siRNA while maintaining a nanoscale size,

and efficiently delivers siRNA delivery to malignant glioma cells.

3.5. Experimental
3.5.1. Synthetic Materials
Unless otherwise stated, solvents and reagents were purchased from Fisher

Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO) and used as received.
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PEG 5 kDa was purchased from Polysciences, Inc. (Warrington, PA) and dried by
azeotropic distillation from toluene before use. Methoxy-PEG-succinimidyl
carboxymethyl (MW 5 kDa) (mPEG-SCM), was purchased from Laysan Bio, Inc (Arab,
AL) and used as received. 1%%, 1eM™® and 0cM™ were prepared as previously
published.

3.5.2. Characterization Methods

3.5.2.1. Proton Nuclear Magnetic Resonance (‘"H NMR) Spectroscopy

Proton nuclear magnetic resonance (‘H-NMR) spectra of the products were
obtained using a Varian 400 MHz or 500 MHz spectrophotometer. Samples were
dissolved in chloroform-d, with a few drops of dimethyl sulfoxide-ds if necessary, with
tetramethylsilane as an internal reference.

3.5.2.2. Gel Permeation Chromatography (GPC)

Molecular weights (My,) and polydispersity indices (PDI) were determined using
gel permeation chromatography (GPC) with respect to PEG standards (Sigma-Aldrich)
on a Waters Stryagel® HR 3 THF column (7.8 x 300 mm). The Waters LC system
(Milford, MA) was equipped with a 2414 refractive index detector, a 1515 isocratic
HPLC pump, and 717plus autosampler. An IBM ThinkCentre computer with Waters
Breeze Version 3.30 software installed was used for collection and processing of data.
Samples were prepared at a concentration of 10 mg/mL in tetrahydrofuran, filtered using
0.45 um pore size nylon or polytetrafluoroethylene syringe filters (Fisher Scientific) and

placed in sample vials to be injected into the system.
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3.5.2.3. Differential Scanning Calorimetry (DSC)

Melting points were determined by differential scanning calorimetry (DSC) on a
TA DSC Q200. TA Universal Analysis 2000 software was used for data collection on a
Dell Dimension 3000 computer. Samples (3-5 mg) were heated under dry nitrogen gas.
Data were collected at heating and cooling rates of 10 °C/min with a two-cycle minimum.

3.5.2.4. Hydrodynamic Diameter and Zeta Potential Measurements

Dynamic light scattering (DLS) and zeta potential analyses were performed using
a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). DLS
measurements were performed at a 90° scattering angle at 25 °C. Size distributions by
volume of measurements were collected in triplicate, averaged and reported. Zeta
potential measurements were collected in triplicate, averaged and the Z-average charges
reported. For all measurements, error bars represent peak widths of the average value.
Polymer solutions at a concentration of 1.0 mg/mL were prepared using picopure water
and filtered with a 0.45 pM Nylon syringe filter (Fischer Scientific, Pittsburgh, PA).

3.5.3. Polymer Synthesis

3.5.3.1. InM

Ethylenediamine (50 gL, 0.75 mmol) was dissolved in HPLC-grade CH,Cl, (3
mL) and triethylamine (0.15 mL, 1.1 mmol). In a separate vessel, 0cM (0.51 g, 0.085
mmol) was dissolved in HPLC-grade CH,Cl, (9 mL) and subsequently added to the
solution of ethylenediamine dropwise via syringe pump at a rate of 1.0 mL/hr. The
reaction was stirred overnight (~ 18 hrs). The reaction solution was then diluted with
CH,Cl, and subsequently washed with 0.1 N HCl/brine (1x) and brine (2x). The

combined aqueous portions were extracted with CH,Cl, and the combined organics dried
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over MgSQO,, and concentrated to a yellow oil. The desired product was precipitated from
the oil dissolved in CH,Cl, (5 mL) by addition of 10-fold diethyl ether and cooling over
dry ice for 1 hr. The solid was then collected by centrifugation at 3000 rpm for 5 min and
the supernatant removed by decanting. The resulting white solid was dried under ambient
atmosphere (12 hrs) and under high vacuum (12 hrs). Yield: 0.41 g, 80 %. 'H-NMR
(CDCly): & 5.67 (m, 2H, CH), 5.14 (m, 2H, CH), 4.24 (m, 3H, CH,), 3.60 (m, ~0.45 kH,
CH,0), 3.37 (s, 3H, OCH,), 2.37 (m, 8H, CH,), 2.29 (m, 4H, CH,), 1.81 (b, 4H, CH,),
1.60 (m, 8H, CH,), 1.26 (m, 64H, CH,), 0.87 (t, 12H, CH;). T,, = 58 °C GPC: M,,: 6.3
kDa; PDI: 1.1.

3.5.3.2. 5nM

Pentaethylenehexamine (0.15 mL, 0.64 mmol) was dissolved in HPLC-grade
CH,Cl; (10 mL) and triethylamine (0.33 mL, 2.4 mmol). In a separate vessel, 0cM (0.48
g, 0.079 mmol) was dissolved in HPLC-grade CH,Cl, (10 mL) and subsequently added
to the solution of ethylenediamine dropwise via syringe pump at a rate of 1.0 mL/hr. The
reaction was stirred overnight (~ 17 hrs). The bright yellow reaction solution was diluted
with CH,Cl, and subsequently washed with 0.1 N HCl/brine (1x) and brine (2x). The
combined aqueous portions were extracted with CH,Cl, and the combined organics dried
over MgSQO4, and concentrated to a cloudy yellow oil. The desired product was
precipitated from the oil dissolved in CH,Cl, (5 mL) by addition of 10-fold diethyl ether
and cooling over dry ice for 1 hr. The solid was then collected by centrifugation at 3000
rpm for 5 min and the supernatant removed by decanting. The resulting white solid was
dried under ambient atmosphere (12 hrs) and under high vacuum (12 hrs). Yield: 0.42 g,

86 %. 'H-NMR (DMSO): & 5.50 (m, 2H, CH), 5.11 (m, 2H, CH), 3.41 (m, ~0.45 kH,
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CH,0), 3.24 (s, 3H, OCH3), 2.89 (m, 13 H, CHa»), 2.80 (bs, 2H, CH,), 2.76 (bs, 7TH, CH>),
2.64 (bs, 6H, CH3), 1.49 (m, 8H, CH,), 1.24 (m, 64H, CH>), 0.84 (t, 12H, CH3). Tm =159
°C. GPC: My;: 6.4 kDa; PDI: 1.1.

3.5.3.3. Product 2 (2NHS-M12)

Product 1 (5.10 g, 5.43 mmol) and NHS (5.38 g, 46.8 mmol) were dissolved in
anhydrous CH,Cl, (100 mL) and anhydrous DMF (18 mL) under argon. Once a clear
solution was obtained, N,N’-dicyclohexylcarbodiimide (17 mL, 17 mmol) was added and
the reaction stirred at room temp under argon for 24 hours. The resulting solution with
white suspension was stored at -4 °C overnight. The dicyclohexyl urea (DCU) byproduct
was then removed by vacuum filtration and the filtrate washed with 0.1 N HCI and 50:50
brine/H,0, dried over MgSO,, and concentrated. The resulting white solid was then
dissolved in a small amount of CH,Cl, (5-10 mL) and stored at -4 °C for 2-3 hours. The
resulting white suspension was filtered to remove residual DCU. The filtrate was then
concentrated to dryness and the white solid dried under high vacuum overnight. Yield =
4.5 g, 73 %. '"H-NMR (CDCl3): & = 5.96 (s, 2H, CH), 5.57 (s, 1H, CH), 2.81 (s, 8H, CH,),
2.49 (m, 6H, CH»), 2.37 (m, 2H, CH,), 1.64 (m, 8H, CH,), 1.27 (m, 64H, CH>), 0.89 (t,
12H, CH3).

3.5.3.4. 9nM

Pentaethylenehexamine (0.05 mL, 0.2 mmol) was dissolved in CH,Cl, (3 mL) and
triethylamine (0.15 mL, 1.1 mmol). In a separate vessel, 2 (0.10 g, 0.090 mmol) was
dissolved in HPLC-grade CH,Cl, (3 mL) and subsequently added to the solution of
ethylenediamine dropwise via syringe pump at a rate of 1.0 mL/hr. The reaction was

stirred at room temperature a total of 8§ hrs. mPEG-SCM (0.45 g, 0.090 mmol) dissolved
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in CH,Cl, (7 mL) was then added to the yellow reaction solution dropwise via syringe
pump at a rate of 1.0 mL/hr. The reaction was stirred at room temperature overnight (~ 17
hrs). The solvent was then removed from the reaction solution by rotary evaporation. The
oil/solid was then redispersed in CH,Cl, and filtered to remove the solid NHS-byproduct.
The filtrate was concentrated to an oil and product precipitated from the oil dissolved in
CHCl, (5 mL) by addition of 10-fold diethyl ether. The solid was then collected by
centrifugation at 3000 rpm for 5 min and the supernatant removed by decanting. The
resulting white solid was washed with diethyl ether (1x) and dried under ambient
atmosphere (12 hrs) and under high vacuum (12 hrs). Yield: 0.45 g, 87 %. 'H-NMR
(CDCl3): 6 7.26 (s, 4H, CH), 3.69 (m, ~0.44 kH, CH,0), 3.38 (s, 3H, OCH3), 3.05 (bm,
15H, CH,), 2.55 (bm, 16H, CH,), 2.07 (bm, 40H, CH>), 1.65 (bs, 7H, CH,), 1.48 (t, 5H,
CH,), 1.26 (m, 37H, CH3), 0.88 (t, 12H, CH3). Ty, =59 °C. GPC: M,;: 5.5 kDa; PDI =
1.1.

3.5.4. In Vitro Cytotoxicity
The in vitro cytotoxicity studies were performed by Alexander M. Harmon, a Ph.D.
candidate in Chemistry and Chemical Biology (Rutgers University, Piscataway, NJ)
supervised by Professor Kathryn E. Uhrich.

3.5.4.1. Cell Culture

All cell culture products were obtained from Invitrogen (Carlsbad, CA). U87 MG
cells (ATCC HTB-14) were maintained in DMEM medium supplemented with 10% fetal

bovine serum (FBS), L-glutamine, and penicillin-streptomycin.
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3.5.4.2. Cell Viability Assay

US87 glioma cells were seeded into 96 well plates (Corning, Corning, NY) at
10,000 cells per well in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10 % FBS and 1 % penicillin-streptomycin and incubated overnight at 37 °C, with 5
% CO,. The media was removed by aspiration and replaced with 200 pL of the desired
cationic AM or PEI dissolved in media at desired concentrations (n=4 per condition).
Untreated control wells received media only. After 72 hours, cells were harvested by
trypsinization (75 pL trypsin-EDTA followed with 75 pL complete media to neutralize
trypsin) and 50 pL of staining solution (48:1:1 media:DMSO:Guava ViaCount Flex
reagent (Guava Technologies, Hayward, CA) was added to each well. Cells were counted
using a Guava EasyCyte Plus (Guava Technologies, Haywood CA) instrument with an
original volume of 0.2 mL and a dilution factor of one.

3.5.5. Characterization of AM/siRNA Complexes

3.5.5.1. Gel Electrophoresis
Gel electrophoresis studies were performed by Carolyn Waite, a Ph.D. candidate in
Chemical and Biochemical Engineering (Rutgers University, Piscataway, NJ) supervised
by Professor Charles M. Roth.

Polymer/siRNA (Dharmacon, Lafayette, CO) complexes were first prepared at the
desired nitrogen to phosphorous (N/P) ratios by mixing solutions of polymers (stocks
maintained in DI water) and siRNA in PBS (final siRNA concentration of 12.5 pg/mL).
Soutions were briefly vortexed, and incubated for 60 min at room temperature to allow
for complex formation. Polymer/siRNA complexes were loaded into 1% agarose gels run

in an electrophoresis chamber at 70 V for 40 minutes. Following electrophoresis, gels
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were stained with SYBR Green II RNA gel stain (Invitrogen, Carlsbad, CA) for 30
minutes prior to imaging on a Bio-Rad Molecular Imager FX (Bio-Rad Laboratories,
Hercules, CA) to visualize unbound siRNA. The fluorescence intensities (excitation: 254
nm, emission 520 nm) of bands were quantified using Quantity One Quantitation
software (Bio-Rad Laboratories, Hercules, CA).

3.5.5.2. Hydrodynamic Diameter and Zeta Potentials

Dynamic light scattering (DLS) and zeta potential analyses were performed using
a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). DLS
measurements were performed at a 90° scattering angle at 25°C. Size distributions by
volume of measurements were collected in triplicate, averaged and reported. Zeta
potential measurements were collected in triplicate, averaged and the Z-average charges
reported. For all measurements, error bars represent peak widths of the average value.
Complexes were prepared in picopure water at various nitrogen/phosphate (N/P) ratios.
For size and zeta potential measurements, 2 mL of solutions containing AM/siRNA
complexes were prepared at polymer concentrations sufficient for detection by the
zetasizer instrument (1 mg/mL for 1 and 1nM, and 2 mg/mL for 5SnM and 9nM).
Solutions were briefly vortexed and incubated for at least 60 min at room temperature to
allow for complex formation prior to size and zeta potential analysis.

3.5.6. In Vitro Silencing and Uptake
In vitro silencing and uptake in US87 glioma cells were performed by Carolyn Waite, a
Ph.D. candidate in Chemical and Biochemical Engineering (Rutgers University,

Piscataway, NJ) supervised by Professor Charles M. Roth.
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3.5.6.1. Cell Culture

All cell culture products were obtained from Invitrogen (Carlsbad, CA). A U87
cell line containing a stably integrated destabilized enhanced GFP (d1EGFP) transgene
(U87-GFP) was generated as described previously, *”) and was maintained under
constant selective pressure by G418 (500 pg/mL), and the growth medium was
supplemented with sodium pyruvate and nonessential amino acids. U87-Luc, a human
glioblastoma cell line with constitutive expression of firefly luciferase, was generously
provided by Dr. Xu-Li Wang (Department of Pharmaceutics and Pharmaceutical
Chemistry, University of Utah). U87-Luc cells were maintained in minimal essential
medium supplemented with 10% FBS, penicillin-streptomycin, and maintained under
selective pressure by G418.

3.5.6.2. siRNA Silencing Assay

US87-Luc cells were plated at a density of 5000 cells/well in 96-well plates
approximately 20 hours prior to transfection. Immediately prior to transfection,
polymer/siRNA complexes were prepared in 20 pL. of PBS (N/P=50 for the AMs, and
N/P=15 for linear PEI). Linear polyethyleneimine (Polysciences, Inc., Warrington, PA), a
commonly used polymeric transfection reagent, was used as a positive control. A
scrambled siRNA sequence not targeted against firefly luciferase was delivered as a
negative control. The polyplexes were brought to a total volume of 100 pL in OptiMEM
medium to obtain a final siRNA concentration of 100 nM. The serum-containing culture
medium was aspirated from the cells, and each well treated with 100 pL of the polyplexes
in OptiMEM medium. Each treatment was performed in triplicate. After a 4 hr incubation

period, the transfection mixture was replaced with serum-containing growth medium and
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maintained under normal growth conditions until the cells were assayed for firefly
luciferase expression 24 hours after the initial treatment.

Cells were prepared for firefly luciferase detection using the Luciferase Assay
System (Promega, Madison, WI) according to the manufacturer’s protocol. Firefly
luciferase was quantified using The Reporter microplate luminometer (Turner
Biosystems, Sunnyvale, CA). Following luciferase quantification, cell lysates were
assayed for total protein content using the BCA Protein Assay kit (Pierce, Rockford, IL)
according to the manufacturer’s protocol.

3.5.6.3. Uptake of Fluorescently-labeled siRNA

Uptake of Cy5-labeled siRNA (Dharmacon, Lafayette, CO) sequence into U87-
GFP cells was evaluated using fluorescence microscopy. A similar transfection protocol
as performed on U87-Luc cells above, was performed with U87-GFP cells seeded onto an
8-well LabTek coverglass chamber (Nalge Nunc, Naperville, IL) at a density of 5000
cells/well. U87-GFP cells were treated with a Cy5-labeled siRNA to facilitate imaging of
cellular localization of siRNA. Imaging was performed 24 hours after siRNA transfection
using an Olympus IX81 model fluorescent microscope (Olympus, Center Valley, PA).
Imaging was performed at 20X magnification. The following excitation and emission
wavelengths were used: GFP (excitation=482 nm, emission=536 nm) and Cy5 siRNA
(excitation=628 nm, emission= 692 nm).

3.5.7. Statistical Analysis
Statistics were performed by Carolyn Waite, a Ph.D. candidate in Chemical and
Biochemical Engineering (Rutgers University, Piscataway, NJ) supervised by Professor

Charles M. Roth.
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Statistical comparisons for zeta potential measurements, luciferase silencing and

polymer cytotoxicity were performed using a one-way ANOVA test with a Fisher’s all-

pairs post hoc comparison test.
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4. FUNCTIONALIZED AMs FOR WATER-SOLUBILIZING WHITE LIGHT-

EMITTING NANOCRYSTALS

4.1. Introduction

Fluorescence is a common, versatile technique used to quantitatively detect the
presence of fluorescent species. Fluorescence is particularly useful in the biomedical
imaging applications described in detail in Chapter 1 due to the non-destructive nature
of the technique.''’ However, many biological substances of interest for imaging (e.g.,
DNA, RNA, and cells) and drug delivery vehicles of interest for imaging and tracking
(e.g., polymers and liposomes) are non-fluorescent. Thus, these substances need to be
fluorescently modified or “tagged” to image and/or track.

Organic fluorophores or dyes, such as fluorescein and Texas red, are commonly
employed to tag biologically relevant systems. However, organic fluorophores generally
have narrow and weak spectra, poor photostability, short fluorescence lifetime and pH
sensitivity, such that they are only useful for short experiments under controlled

conditions.!"* ?!

In addition, organic fluorophores are not suited for multiplexed
experimentation, in which multiple fluorophors are excited and emit fluorescence
simultaneously, because often their excitation wavelengths are not the same or their
emission bands overlap too much to obtain useful information.!"*

Within the last decade, the use of fluorescent nanoparticles, such as
semiconductor nanocrystals, for biomedical imaging applications has led to significant
advances in fluorescence-based systems for imaging and tracking, as well as newer

fluorescence-based techniques including biosensing, diagnostics and theragnostics.*™
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4.2. Background

4.2.1. Semiconductor Nanocrystals

Semiconductor nanocrystals, better known as fluorescent nanocrystals or quantum
dots (QDs), are extremely small (1-20 nm) nanoparticles composed of semiconductor
materials such as CdSe, CdS, or PbSe.’™ The extreme utility of QDs is realized due to
the electronic structure of the materials, which lies between that of single molecules and
bulk semiconductors, due to quantum confinement. This property yields unique optical
properties — specifically, broadband absorption and narrow (often single wavelength)
emission based upon crystal size, shape, and composition. Thus, multiple particles of the
same composition with only modifications to the crystal size can be excited at the same
wavelength, while emitting at different, very specific wavelengths (as shown in Figure
4.1).%3¢

In addition to having optical properties useful for multiplexed imaging
experiments, QDs have numerous other advantages over organic fluorophores including
superior photostability and fluorescence lifetimes, high quantum yields, and a high
resistance to chemical degradation.> ¥ In combination, these properties make QDs
extremely versatile with respect to their applications. Thus, they have been employed in
lighting applications, photovoltaic devices and a host of biomedical applications as
discussed in Chapter 1, including tracking, imaging, diagnostics, theragnostics and

[1-3,5-18

biosensing. I They are particularly valuable in these biomedical applications as their

size is comparable to that of many biomolecules, which is useful in biomoleculel imaging

and detection.”’
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Figure 4.1. (A) Emission wavelengths with respect to diameter of varying compositions
of QDs and (B) four CdSe/ZnS QDs of different sizes that exhibit broadband absorption
(top curve) but narrow, single wavelength emission which results in different colored

solutions (bottom curve)."!

4.2.2. Water-solubilization of QDs

As mentioned in Section 1.2.2, as synthesized, the metal surface of QDs are
coated with hydrophobic alkanes such as tri-octyl phosphine oxide (TOPO),
hexadecylamine, or octadecylamine which solubilize the metal precursors during
synthesis. The alkanes also protect the resulting nanocrystals from surface modifications,
such as oxidation and/or acid etching, that decrease or deactivate fluorescence properties
of QDs.* ”! The deactivation of the optical properties results from the high atom surface-
to-volume ratio that renders their surfaces extremely reactive; surface modification
provides pathways for excited electrons to become “captured” and thus the emission of

their energy through radiative processes is quenched.”! Overall, the presence of these
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ligands on the surface renders the QDs hydrophobic, which is problematic for biological
applications.

In addition to QDs being hydrophobic, due to their heavy metal composition, QDs
are not biocompatible. Thus, for use in biological applications, QDs must be modified to
render them both hydrophilic and biocompatible.!

Multiple methods to induce hydrophilicity and biocompatibility to QDs can be
envisioned. Two commonly employed methods are encapsulation and ligand exchange

(shown in Figure 4.2).1" >4

Figure 4.2. Schematic image of a) ligand exchange coating of semiconductor

nanocrystals and b) ligand capping, or encapsulation, of semiconductor nanocrystals."

Ideally, for biomedical applications, the method to induce water solubility, should
yield systems that are: 1) protection of the nanocrystal from surface reactions, 2)
maintainence small diameters, and 3) ameniable to further functionalization depending on

the application, such as the ability to add targeting groups to enhance specificity.”> ¥
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4.2.2.1. Encapsulation of QDs
Encapsulation is a common method used to biostabilize QDs in which the QDs as
synthesized, complete with their organic ligands, are directly entrapped within

124 The driving force for

amphiphlic systems such as polymer micelles or liposomes.
the encapsulation is purely based upon hydrophobic interactions between the
hydrophobic QDs and the hydrophobic componont of the amphiphilic system (the lipid or
the polymer). The advantage of encapsulation over other methods of solubilization is the
ability to preserve the photophysical properties of the QDs because the surface of the
crystals has not been altered. In contrast, encapsulation generally results in a significant
increase in the size of the water-soluble QD systems.!" > *

4.2.2.2. Ligand Exchange to Water-solubilize QDs

A second common method to biostabilize QDs is surface modification of the QDs
with a water-soluble component via ligand exchange. This method of water-solubilization
can be achieved using proteins or antibodies specific to the desired application or using
organic acids, polymers or lipids that can directly interact with the metal surface of the
QDs via coordination. The process of place-exchanging the hydrophobic ligands with
water-soluble components on the surface of the quantum dots is called ligand exchange.
This method of passivation results in a stronger interaction between the nonmetal of the
coating and the nanocrystals (coordination of the nonmetal to the metal). This method of
solubilization generally leads to sizes close to that of the original nanocrystal. A
drawback to this method is the surface modification of the QDs that can decrease the
quantum yield and significantly impact the physiochemical and photophysical stability of

the QDs resulting in modified fluorescence properties.!-**
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4.2.3. White Light-emitting Nanocrystals (WLNC)

In addition to the biological imaging applications discussed in section 4.1.4, QDs
have also been studied as energy efficient alternatives to solid-state light lighting in the
form of light-emitting diodes (LEDs).****! To replace conventional white lighting

systems, QDs have been studied for the development of pure white LEDs.*> ! T

0
achieve white light with conventional QDs multiple colors, sizes, and/or compositions
must be utilized. However, such alterations result in decreased fluorescence due to self-

(3] Thus, for lighting applications,

absorption and often result in impure white light.
alternatives are necessary.

“Magic sized” QDs are 1.5 — 1.7 nm nanocrystals that have broadband absorption
and broadband fluorescence emission properties, producing white light upon excitation
with UV light.*”! As previously discussed, conventional QDs are broad-absorbing and
narrow-emitting. This narrow emission is largely determined based upon band-edge
emission, or the direct recombination of an electron and hole within the nanocrystal.**2!
However, another type of emission, termed deep-trap emission, occurs in CdSe QDs
when photogenerated holes created on the nanocrystal surface due to non-coordinated

. . . .. 26
selenium atoms encounter an excited electron before it can relax non-radiatively.*®! I

n
small nanocrystals (< 3.0 nm), deep-trap emission is quite common since the surface-to-
volume ratio is higher than larger QDs, meaning that uncoordinated selenium sites are
available to trap electron holes. However, the presence of a large band-edge emission
feature allows the QDs to maintain their narrow emission features.** **! In WLNCs, a so-

called “magic-size” was achieved such that the band-edge emission features are largely

diminished. The result is that the optical emission spectra of the WLNCs is dominated by
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deep-trap emission, producing balanced white-light. Further, due to the short growth
times necessary for the fabrication of WLNCs, their surfaces are likely to have more
defects than conventional QDs and a larger ratio of uncoordinated surface selenium

atoms. [20]

These WLNCs have been investigated for their utility as white-LEDs,** 2!
because they do not suffer from self-absorption like other QD systems used to produce
white-light**). Beyond solid-state lighting, the unique efficiency of their white-light
emission has the potential for biomedical applications, particularly for biosensing
applications where white light-emission could be used to simultaneously sense multiple
analytes."*

As discussed in Section 4.1.3, to utilize QDs in biological applications, the
systems must first be water-solubilized. In this respect, WLNCs are no different than
traditional QDs. However, due mostly to their small size, their surface-to-volume ratio is
even larger than typical QDs. While they may have surface reactivity equivalent to that of
other CdSe QDs, surface modifications have a greater effect on the overall photochemical
properties, making WLNCs particularly sensitive to their environment. However,
harnessed correctly, this environmental sensitivity could be the key to utilizing WLNCs
as biosensors.

4.2.4. AMs to Water-solubilize WLNCs

AMs make an attractive candidate to biostabilize WLNC due to their ability to

encapsulate hydrophobic materials and facile modification for ligand exchange. By

achieving a balance between surface interaction and encapsulation, the WLNC can be
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water-solubilized without affecting their emission properties while maintaining a
nanoscale size.

In this work, AMs water-solubilize the WLNCs whilst maintaining the
fluorescence emission properties and nanoscale sizes of the unmodified WLNCs. For
water-solubilization, methods of encapsulation and ligand exchange were explored
utilizing two AMs; a carboxy-terminated AM and a functionalized AM capable of
coordinating to the nanocrystal surface. The properties of the water-solubilized WLNCs
were evaluated via fluorescence spectroscopy and DLS with the goal of maintaining the
white-light fluorescence emission and small, nanoscale size with the water-solubilized
WLNC:s. Utilizing a functionalized polymer capable of coordinating to the nanocrystal
surface produced the optimal balance of fluorescence intensity and nanoscale size
desired. In general, these preliminary studies highlight the ability to utilize AMs and
functionalized AMs as a coating for insoluble, cytotoxic fluorescent nanocrystals without
altering their emission properties. Additionally, with further study and optimization, AM-
solubilized WLNCs may prove to be highly useful for future biological applications,

specifically in biosensing applications.

4.3. Results and Discussion

4.3.1. Water-solubilization of WLNCs with AMs

Two polymers were employed to water-solubilize WLNC: a carboxylic acid-
terminated AM, 1¢M, and a phosphonic acid-terminated AM, 1pM. The 1cM was
utilized to encapsulate the WLNC while the 1pM was modified from 0¢M to chemically

incorporate a phosphonic acid moiety (as shown in Scheme 4.1). The 1pM was designed
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to ligand exchange with the organic ligands, TOPO and octadodecylphosphonic acid, on

the WLNC surface, shown in Figure 4.3.1>% 2]
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Scheme 4.1. Synthesis of 1pM from 0cM and 3-aminopropylphosphonic acid.
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Phosphonic acid-AMs (1pM)
Figure 4.3. Schematic depicting the replacement of TOPO and octadecylphosphonic acid

with the phosphonic acid-modified AM, 1pM.

Synthesis of 1pM was verified by proton nuclear magnetic resonance ('H NMR)
spectroscopy and molecular weight determined by gel permeation chromatography
(GPC) relative to PEG standards. Due to the abundance of PEG in the polymer (~83 % of
protons), the presence of new protons in the 'H NMR spectra were difficult to detect,

particularly from 0.8 to 2.4 ppm where the methylene protons of the hydrophobic chains
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comprise the majority of that region. Thus, spectra were monitored for the disappearance
of the protons of the activating group (N-hydroxysuccinimide) on 0¢M, which resonate at
2.8 ppm.

Following the successful synthesis of 1pM, both 1¢M and 1pM were employed to
water-solubilize the WLNCs using a solvent evaporation method, as depicted in Figure
4.4. Variations on solvent evaporation methods are commonly used to water-solubilize
fluorescent nanocrystals.””’>") The method used in this work is carried out by dissolving
the polymers and the WLNCs in a volatile, organic cosolvent (i.e., chloroform) and the
solutions agitated in foil-covered vials for three hours. The chloroform was then removed
by rotary evaporation and the resulting yellow films dried overnight (can be left as films
longer) before re-dissolving in water by sonication.

: : Redisperse in H,O by sonication
Agitate/Shake Evaporate Solvent for 10-15 min

— =

Polymers in Volatile Organic
Solvent

QDs in Volhtile
Organic Sojvent

W’Lk 3 3 hrs 24 hrs ?/A
B *zl"’;v - - “’mﬁ%&

<

O

Figure 4.4. Schematic of the solvent evaporation method to water-solubilize the WLNC

with AMs.

4.3.2. Characterization of Water-soluble WLNCs
Water-solubilization of the WLNCs was determined by visual inspection of the

resulting solutions, as shown in Figure 4.5. Solubilized nanocrystals were uniformly
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dispersed throughout the yellow solution, while unsolubilized nanocrystals deposited on
the vial walls, as in the QD in water control. Both 1¢cM and 1pM were successful at
solubilizing the WLNCs. The WLNCs in 1e¢M solutions appeared cloudy and turbid,

while WLNCs in 1pM were more transparent.

Figure 4.5. Digital photographs of WLNCs (1) dispersed in chloroform, (2) with 1¢M in
H,O, (3) with 1pM in H,O, (4) with 1¢M in H,O, (5) with 1pM in H,O, and (6)

dispersed in H,O.

The solutions were then filtered with a 0.45 um syringe filter to remove the larger
particles. It was often necessary to use multiple filters when one became clogged, i.e. to
filter 5 mL of sample 4-5 individual filters were necessary to filter the 1pM-solubilized
WLNCs where as 15-17 individual filters were necessary to filter the 1¢M-solubilized
WLNCs. The use of more filters for the same sample volume indicates there are more
assemblies larger than the filter size (i.e., 450 nm) in the leM-solubilized WLNC
solutions. Qualitatively, as shown in Figure 4.6, the filtered solutions of WLNC with
1e¢M in H,O contained far less nanocrystals judging by the decrease in yellow color and
solution opacity. In contrast, the WLNC solutions with 1pM in H,O are visually similar

to the unfiltered samples (Figure 4.5).



Figure 4.6. Digital photographs of WLNCs (1) dispersed in chloroform, (2) with 1¢M in
H,O, (3) with 1pM in H,O, (4) with 1¢M in H,O, (5) with 1pM in H,O, and (6)

dispersed in H,O after filtration with a 0.45 pm syringe filter.

4.3.2.1. Turbidity

Turbidity was quantitatively determined using UV/Vis absorbance spectroscopy,
shown in Figure 4.7. WLNCs dispersed in chloroform were tested as a standard for the
amount of light that could be transmitted in solutions without turbidity, as the light
transmitted is only that light which was not absorbed by the nanocrystals. Confirming the
qualitative visual inspection, the WLNC samples with 1¢M dispersed in H,O resulted in
0 — 6 % transmittance from 190-600 nm, while the WLNC solutions with 1pM dispersed
have a much higher % transmittance from 340 — 640 nm, with a curve similar to the
WLNC:s in chloroform. Following filtration, samples of WLNCs dispersed in water with
both 1¢cM and 1pM have significantly higher light transmittance across the spectra
complared to the samples without filtration. However, while both samples of
1pM/WLNC:s, filtered and unfiltered, have transmittance curves with features similar to
the WLNCs in chloroform (i.e. peaks ~ 360, 390, and an approx. leveling off at ~ 490
nm), only the filtered sample of 1¢M/WLNC:s has a curve that modestly resembles that of

the WLNCs in chloroform.
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Figure 4.7. Percent transmittance for various WLNC samples from 200 — 650 nm.

Overall, the percent transmittance data correlates with the qualitative imaging
results in that the samples of 1pM-solubilized WLNCs are less turbid than the 1¢M-
solubilized WLNCs. However, when the 1¢M-solubilized WLNC solution is filtered, the
turbidity decreases significantly. Additionally, this data shows that the 1pM-solubilized
WLNCs maintain transmittance spectra more similar to the WLNCs in chloroform than
do those nanocrystals water-solubilized using 1¢M.

4.3.2.2. Assembly Sizes

Hydrodynamic diameters of the aqueous WLNC solutions were determined using
dynamic light scattering, the results are shown in Figure 4.8. For the unfiltered samples,
the assemblies and/or aggregates of WLNC with each polymer existed as two distinct
size distributions, with the smaller sized particles as the major solution component. In
comparing the assemblies and/or aggregates of the 1cM-solubilized WLNC

(1cM/WLNCs) to the 1pM-solubilized WLNC (1pM/WLNCs), ~60 % of the 1pM-
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solubilized WLNC assemblies are ~ 49 nm while the other ~40% are ~ 435 nm in
diameter. In contrast, the larger sized particles of the 1¢M-solubilized WLNCs (~420 nm)
account for 70 % of the volume, while the remaining 30 % is attributed to 5 um size

assemblies/aggregates.

30 %
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Figure 4.8. Hydrodynamic diameters of polymer/WLNC aggregates. In solutions where
two distinct size distributions were present, the smaller size distribution is represented
with a black bar while the larger distribution is represented in grey. The percentage of the
observed size distributions are displayed directly above particle size (expressed in nm).

Error bars represent peak widths.

Upon filtering the samples with a 0.45 um syringe filter, the larger aggregates are
greatly reduced as observed by DLS in Figure 4.8 and in accordance with the visual
results, Figure 4.6 (bottom). For the 1cM-solubilized WLNCs, the 5 pm
assemblies/aggregates are completely removed and the remaining assemblies form sizes

of ~ 280 nm, indicating that mechanical forces of the filter break up the larger aggregates.
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Conversely, the 1pM-solubilized WLNC still exist as two size distributions of 57 nm and
430 nm. However, the percentage of the smaller sized particles increased by about 20 %.
This result again suggests that the mechanical force of filtration reduces the aggregate
size. As a whole, these results are consistent with the turbidity data; the assemblies from
1cM-solubilized WLNC are larger and transmit significantly less light than 1pM-
solubilized WLNC. Further, the qualitative results visualized before and after sample
filtering (Figure 4.5 and Figure 4.6) demonstrated that turbidity of the 1¢M-solubilized
WLNC samples significantly decreased following filtration (ie, larger aggregates and
assemblies were removed and/or disassociated) while minor changes were observed with
1pM-solubilized WLNC.

4.3.2.3. Qualitative Fluorescence Emission

Fluorescence emission was qualitatively determined by excitation with a long
wavelength UV lamp at 365 nm. As shown in Figure 4.9 (top), All solutions except the
WLNC dispersed in water only emit bright white light that is evenly dispersed throughout
the solution, indicating successful solubilization. For WLNC samples in water, the
WLNC adheres to the vial walls, indicating a lack of aqueous solubilization of the
hydrophobic nanocrystals.

When the solutions were filtered with a 0.45 pm syringe filter, the white light
fluorescence intensity for the aqueous WLNC solution with 1¢M significantly decreased
compared with the unfiltered solutions, whereas the aqueous WLNC solution with 1pM
fluoresces as intensely as the unfiltered samples (shown in Figure 2.9 (bottom)). This
observation indicates that the majority of the nanocrystals with 1¢M exist as assemblies

or aggregates larger than 450 nm. However, the fluorescence intensity of the nanocrystals
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with 1pM have a qualitatively similar fluorescence intensity, suggesting the majority of

the assemblies and/or aggregates are smaller than 450 nm.

WLNC solutions filtered with a 0.45 pm syringe filter
Figure 4.9. Digital photographs of WLNC solutions following excitation with a long
wavelength UV lamp at 365 nm. (top) WLNC (1) dispersed in chloroform, (2) with 1¢M
in H,O, (3) with 1pM in H,O, (4) with 1¢M in H,O, (5) with 1pM in H,O, and (6)
dispersed in H,O, (bottom) WLNC (1) dispersed in chloroform, (2) with 1¢M in H,O, (3)
with 1pM in H,0O, (4) with 1¢M in H,O, (5) with 1pM in H,O, and (6) dispersed in H,O

after filtration with a 0.45 pm syringe filter.

4.3.2.4. Quantitative Fluorescence Emission
Quantitative fluorescence emission data for all samples was collected using
fluorescence spectroscopy from 380 — 800 nm following excitation at 365 nm (shown in

Figure 4.10).
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Figure 4.10. Fluorescence emission spectra of WLNC dispersed in the indicated solvent

and, where applicable, solubilized by the indicated polymers.

All solutions of WLNC, with the exception of the nanocrystals in water only,
shared a similar fluorescence profile (i.e., broadband white light-emission and similar
Amax peaks) as the nanocrystals dissolved in chloroform at the same concentration. The
1cM-solubilized WLNCs (1¢cM/WLNCs in water) had fluorescence intensity
significantly greater than the nanocrystals in chloroform (approximately 1.5 times
greater) while the 1pM-solubilized WLNCs (1pM/WLNCs in water) had a fluorescence
emission approximately 70 % that of the nanocrystals in chloroform. When filtered, the
1pM-solubilized WLNC (1pM/WLNC in water filtered) had approximately the same
fluorescence intensity as the unfiltered sample across the spectrum. In contrast, the
filtered sample of 1c¢M-solubilized WLNCs (1eM/WLNC in water filtered) lost

approximately 75 % of the fluorescence of the unfiltered sample, dropping to ~ 30 % of
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the nanocrystal fluorescence in chloroform at the original concentration. This
quantitiative fluorescence data is consistent with visual inspection (Figure 4.9).

Taken together with the sizing data, the 1cM-solubilized WLNC data suggests
that the majority of the solution fluorescence results from the assemblies/aggregates of 5
um in size. This phenomonen is interesting, as these large particles only account for ~ 30
% of the overall size distribution for the sample. As the fluorescence intensity of this
aqueous solution is greater than nanocrystals dissolved in chloroform at the same
concentration, the data suggests that nanocrystal aggregations improve their fluorescence
intensity compared to smaller sized assemblies. As the goal was to create systems that
are small assemblies with fluorescence unaffected by water-solubilization, the 1pM-
solubilized WLNCs have the optimal balance of small size distrbutions and largely
unaffected fluorescence emission profiles.

It should also be noted that a large emission peak was also observed for all AM-
solubilized WLNC solutions at ~ 728 nm. This NIR emission peak can be attributed to
the second diffraction peak from the excitation source passing through slits and a grating,
which occurs when the sample is slightly scattering the excitation light.

4.3.2.5. Preliminary Cellular Uptake
The cellular uptake studies were performed by Nicole M. Plourde, a Ph.D. candidate in
Chemical and Biochemical Engineering (Rutgers University, Piscataway, NJ) supervised
by Professor Prabhas V. Moghe.

The ability of water-soluble WLNCs to be internalized was preliminarily
evaluated in THP-1 macrophage cells. As shown in Figure 4.11, both 1¢M-solubilized

WLNCs and 1pM-solubilized WLNCs are internalized by cells and continue to emit
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white light. In comparing the two polymer for solubilizing the WLNC:s, it is clear in
Figure 4.11 that 1pM-solubilized WLNCs (Figure 4.11B) are more effectively
internalized due to the larger number of fluorescent cells and their higher intensity. In
addition, as shown in Figure 4.12, cells incubated with 1pM-solubilized WLNCs under
the UV filter with increased magnification show the 1pM-solubilized WLNCs appear to
be localized within the nuclei of the cells. The cells appeared healthy, indicating the
assemblies exhibited low cytotoxicity, as biocompatibility is often a barrier to using
fluorescent QDs for biological applications.”! This preliminary data shows that for
cellular applications, 1pM-solubilized WLNCs are more efficient, which is likely due to

the smaller assembly size of these systems as compared to the 1cM-solubilized WLNCs.
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Figure 4.11. Uptake of A) 1¢M-solubilized WLNCs and B) 1pM-solubilized WLNCs in
THP-1 macrophage cells after 24 hours incubation. The cells were imaged at 20x

magnification using multiple microscope filters to show retention of white-light emission.



Figure 4.12. Uptake of 1pM-solubilized WLNCs in THP-1 macrophage cells after 24
hours incubation under the UV filter (excitation: 340-380 nm, emission: 435-485 nm) at

40x magnification.

4.3.2.6. Evidence for Ligand Exchange Using 1pM

Hitherto, the 1pM is referenced as a polymer capable of coordinating to the
nanocrystal surface. While the previously discussed data shows a significant difference
between 1pM and 1¢M, direct evidence for solubilization by ligand exchange is scant. To
investigate ligand exchange mechanisms, increasing polymer concentrations with respect
to the nanocrystals was investigated; as more polymer becomes available to exchange the
surface organic ligands, the WLNC fluorescence properties would be modified. As
qualitatively shown in Figure 4.13, increasing the polymer:WLNC ratio from 10 to 80
gradually shifted the fluorescence emission from white to blue light. This data indicates
increased interactions of the ligands with the QD surface resulting in altered
fluorescence. Some potential causes are: 1) the ligands create additional surface defects
causing excited electrons to be “captured” before emitting their energy radiatively, as

discussed previously in Section 4.1.3, or 2) ligand interaction with the uncoordinated
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surface selenium atoms decreasing the ability of the selenium to participate in deep-trap
emission, as discussed in Section 4.1.5. Thus, in the case of the 1pM-solubilized
WLNCs, the shift from white-light emission to the emission of blue light suggests that
those electrons relaxing through higher energy pathways continue to emit light while low
energy electrons become trapped by ligands and/or relax through different, non-radiative

pathways.

1pM

_ 10:1 40:1 80:1
—~ Ay — -

Figure 4.13. Qualitative images of increasing polymer concentration on the WLNC
fluorescence emission, (top) increasing ratio of 1pM:WLNC, (bottom) increasing ratio of

1cM:WLNC.

This change is shown quantitatively in Figure 4.14 for the 1]pM:WLNC ratio of
80:1 in which the peak at 524 nm substantially decreases relative to the unmodified
nanocrystals in chloroform. When the ratio of 1eM:WLNC is increased from 10 to 80,
this shift from white to blue light emission by visual inspection in Figure 4.13 is not
observed. This result supports the hypothesis that increasing the concentration of 1pM

results in increased interactions between the polymer and nanocrystal surface. The
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increased polymer-WLNC interactions result in significant changes in fluorescence

emission, from white-light to blue light.
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Figure 4.14. Fluorescence emission spectra of 1pM-solubilized WLNC:s at a ratio of 80:1
1IpM:WLNC compared with the WLNCs in chloroform shows a decrease in the
fluorescence emission intensity for 1pM:WLNC 80:1 after 500 nm, yielding

predominantly blue emission.

4.3.2.7. Storage Stability of 1pM-solubilized WLNC Assemblies

As discussed earlier, the goal of this work was to determine the best AM to water-
solubilize the WLNCs. The optimal polymer was defined having the capability to water-
solubilize the WLNCs into assemblies that maintain the nanocrystal size and fluorescence
properties. Based upon the previously discussed results, the 1pM-solubilized WLNCs
were determined to be the best polymer — with small size distrbutions and largely
unaffected fluorescence emission profiles. Therefore, the 1pM-solubilized WLNCs were

the only samples further evaluated for their storage stability.
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To assess the appropriate storage conditions and stability of the 1pM-solubilized
WLNCs, samples at a polymer:nanocrystal ratio of 20:1 were tested for fluorescence
emission over two weeks. The storage conditions included: a lyophilized condition
(samples frozen and lyophilized on Day 0, then resolubilized and stored at -4 °C for the
remainder of the two weeks); and solutions stored at -4 °C (freezer), 2-8 °C (refrigerator),
and 25 °C (room temperature). Fluorescence emission data was collected from 380 — 800
nm following excitation at 365 nm. The data was then analyzed and the sample

fluorescence intensity at 525 nm with respect to the original fluorescence (i.e., day 0)

graphed in Figure 4.15.
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Figure 4.15. Storage stability of 1pM-solubilized WLNCs at varying storage conditions

quantified by precent fluorescence intensity at 525 nm (compared with day 0) over two

weeks.

After 24 hours, the fluorescence intensity for all samples significantly decreased,

but less so for solutions stored at 2-8 °C and 25 °C. After the first freeze-thaw cycle,
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samples stored at -4°C retained 10 % of their original intensity, while solutions stored at
2-8 °C or 25 °C continually decreased over fourteen days to ~40 % of their original
fluoresecence intensity. While the data shown is only for the emission peak at 525 nm,
the fluorescence intensity for all samples at the emission peak at ~450 nm similarly
decreased, indicating an overall quenching of fluorescence properties. This data suggest
that the first freeze-thaw cycle for nanocrystals water-solubilized using 1pM has
detrimental effects on the nanocrystal fluorescence, since after the first freeze-thaw cycle
the fluorescence intensity remains constant regardless of subsequent freezer storage.
Thus, solutions are best stored at refrigeration or room temperatures; however, intensity

does significantly decrease with storage time.

4.4. Summary

Water-solubilization of WLNCs was achieved. Encapsulation using the carboxy-
terminated AM (1c¢M) resulted in WLNCs with the most intense fluorescence, even
greater than the original WLNCs dispersed in chloroform at the same concentration.
However, smaller sizes were achieved by solubilzing the WLNCs with the functionalized
AMs (1pM). Additionally, the sizes and fluorescence intensities were maintained for
1pM-solubilized WLNCs following filtration through a 0.45 um syringe filter, while the
intensity of fluorescence emission for the 1¢M-solubilized WLNCs decreased to 75 % of
its original intensity. In addition, evidence of ligand exchange was determined
qualitatively; increased polymer concentrations resulted in a shift from white- to blue-
light emission, indicating the surface of the WLNCs had been altered. Based on the

disappearance of emission above 500 nm, the surface modification caused excited
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electrons with low energy-emission to relax non-radiatively. Finally, the storage stability
of the ligand exchange-solubilized systems was evaluated over fourteen days at a range
of temperatures and it was determined that freshly solubilized samples displayed optimal
fluorescence properties. However, if sample storage was necessary, refrigeration is best.
Future work to probe the polymer/WLNC interface would generate design criteria
to optimize the water-solubilzes systems. Additionally, based upon our data, water-

solubilized WLNC:s should be explored for biosensing applications.

4.5. Experimental

4.5.1. Synthetic Materials

Unless otherwise stated, solvents and reagents were purchased from Fisher
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO) and used as received.
PEG 5 kDa was purchased from Polysciences, Inc. (Warrington, PA) and dried by
azeotropic distillation from toluene before use. The 1¢M and 0¢M (starting material for
1pM) were synthesized as previously described®" **! and the CdSe WLNCs were
synthesized and provided as solutions in chloroform by Professor Sandra Rosenthal’s
group at Vanderbilt University, Department of Chemistry'*”.

4.5.2. Characterization Methods

4.5.2.1. Proton Nuclear Magnetic Resonance (‘"H NMR) Spectroscopy

Proton nuclear magnetic resonance (‘H-NMR) spectra of the products were
obtained using a Varian 400 MHz or 500 MHz spectrophotometer. Samples were

dissolved in chloroform-d, with a few drops of dimethyl sulfoxide-de if necessary, with

tetramethylsilane as an internal reference.
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4.5.2.2. Gel Permeation Chromatography (GPC)

Molecular weights (My,) and polydispersity indices (PDI) were determined using
gel permeation chromatography (GPC) with respect to PEG standards (Sigma-Aldrich)
on a Waters Stryagel® HR 3 THF column (7.8 x 300 mm). The Waters LC system
(Milford, MA) was equipped with a 2414 refractive index detector, a 1515 isocratic
HPLC pump, and 717plus autosampler. An IBM ThinkCentre computer with Waters
Breeze Version 3.30 software installed was used for collection and processing of data.
Samples were prepared at a concentration of 10 mg/mL in tetrahydrofuran, filtered using
0.45 um pore size nylon or poly(tetrafluoroethylene) syringe filters (Fisher Scientific)
and placed in sample vials to be injected into the system.

4.5.3. Polymer Synthesis

4.5.3.1. 1pM

In a 100 mL round bottom flask, 3-aminopropyl phosphonic acid (110 mg, 0.79
mmol) was dissolved in HPLC-grade H,O (6 mL), HPLC-grade THF (12 mL), and
triethylamine (0.38 mL, 2.7 mmol) and the solution stirred at room temperature. In a
separate flask, 0cM (1.10 g, 0.183 mmol) was dissolved in HPLC-grade THF (25 mL)
and the solution added to the reaction flask. The yellow solution was stirred for 18-20 hrs
at room temperature before the THF was removed by rotary evaporation. The resulting
yellow oil was dissolved in CH,Cl; and 0.1 N HCl and stirred for 20-30 min. The mixture
was then transferred to a separatory funnel containing addition 0.1 N HCI and the organic
layer separated and washed with brine (2x). The combined aqueous portions were
extracted with CH,Cl, and the combined organics dried over MgSO,4 and concentrated to

a yellow oil. White product was precipitated from the yellow oil in CH,Cl, by addition
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of 10-fold diethyl ether in a 50 mL centrifuge tube. The suspension was place on a shaker
for 10-15 min before the solid was collected by centrifugation and the supernatant
removed by decanting. The solid was dissolved in CH,Cl, (< 5 mL) and reprecipitated by
adding 10-fold diethyl ether. The solid was collected by centrifugation, the supernatant
removed, and the solid washed with ether (1x). The white solid was dried under ambient
conditions (48 hrs) and under high vacuum (12 hrs). Yield: 0.896 g, 80 %. 'H- NMR
(CDCl3): 6 5.70 (m, 2H, CH), 5.00 (m, 2H, CH), 4.20 (m, 4H, CH), 3.60 (m, ~0.45 kH,
CH,0), 3.38 (s, 3H, CH3), 2.43 (m, 8H, CH»), 1.61 (m, 10H, CH>), 1.22 (m, 64H, CH>),
0.87 (t, 12H, CH3). GPC: Mw: 7.0 kDa; PDI: 1.06.

4.5.4. Water-solubilization of WLNCs by Solvent Evaporation

Two samples each of WLNCs solubilized by each polymer, exact amounts of all
reagents and concentrations specified in Table 4.1 below, were prepared by solvent
evaporation. For a polymer:WLNC ratio of 20:1, 150 pL of a 1.0 mM solution of
WLNCs in chloroform (concentration determined as previously described”*!) were added
to a 1.25 mM solution of each polymer in chloroform (final volume — 2.900 mL
chloroform). The solutions were agitated on a shaker for 3 hours are room temperature
before the chloroform was removed by rotary evaporation. The resulting yellow films
were dried under flowing argon gas for one minute and under ambient conditions for at
least 12 hours. Water-solubilization was achieved by adding water (5.000 mL) to achieve
a concentration of ~ 30.0 uM WLNCs and ~ 600 uM polymer. Filtered samples were
prepared by passing the solutions through 0.45 pum Fisherbrand nylon syringe filters

(Fisher Scientific).
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Stirring Water-Soluble WLNCs
e | o Tty | 0 | | v
1pM 1 20.9 3.43 0.150 1180 51.7 685.2 30.0 22.8
1pM 2 20.8 3.41 0.150 1180 51.7 682.0 30.0 22.7
1cM 1 19.4 3.29 0.150 1130 51.7 657.6 30.0 21.9
1cM 2 213 3.61 0.150 1240 51.7 722.0 30.0 24.1

Table 4.1. Specific amounts and concentrations of polymers and WLNCs used to

formulate the water-solubilized nanocrystals.

Polymer-solubilized nanocrystal solutions evaluated in Section 4.1.3.5. were
prepared using the general procedure described above. The specific amounts for each
ratio are shown in Table 4.2, below. Generally, the appropriate amount of polymer
necessary to obtain the desired polymer:WLNC ratio was dissolved in chloroform and
348 pL of a 0.935 mM solution of WLNCs in chloroform (concentration determined as
previously described”™) were added (final volume — 3.044 mL chloroform). The
solutions were agitated on a shaker for 3 hours are room temperature before the
chloroform was removed by rotary evaporation. The resulting yellow films were dried
under flowing argon gas for one minute. Water-solubilization was achieved by adding

water (15.000 mL) to achieve a concentration of 21.7 uM WLNC:s.
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Stirring Water-Soluble WLNCs
e o0 |ty [y | | Pt | e
1pM 10 | 21.0 3.44 0.325 1130 107 230 21.7 10.6
1pM 20 | 40.1 6.57 0.325 2160 107 438 21.7 20.2
1pM 40 | 81.9 13.4 0.325 4140 107 895 21.7 41.3
1pM 60 | 120.1 19.7 0.325 6470 107 1313 21.7 60.5
1pM 80 | 158.2 259 0.325 8520 107 1730 21.7 79.7
1eM 10 | 21.4 3.57 0.325 1170 107 238 21.7 11.0
1ecM 40 | 82.4 13.7 0.325 4510 107 916 21.7 422
1cM 60 | 164.6 27.4 0.325 9010 107 1830 21.7 84.3

Table 4.2. Specific amounts and concentrations of polymers and WLNCs used to

formulate the water-solubilized nanocrystals of varying polymer: WLNC ratios evaluated

in Section 4.1.3.5.

4.5.5. Characterization of Water-soluble WLNCs

4.5.5.1. Qualitative Evaluation of Turbidity and Fluorescence

Turbidity of filtered and unfiltered solutions of water-solubilized WLNCs as
compared with WLNCs in chloroform at the same concentration was qualitatively
evaluated by visual inspection and images captured using a Canon PowerShot SD400
digital camera. Fluorescence of the solutions was qualitatively evaluated following

excitation with a Spectroline ® Longlife™ Filter long wavelength UV lamp (365 nm)

and images captured using a Canon PowerShot SD400 digital camera.
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4.5.5.2. Quantitative Turbidity: Percent Transmittance

Turbidity of filtered and unfiltered solutions of water-solubilized WLNCs as
compared with WLNCs in chloroform at the same concentration was evaluated
quantitatively by UV/Visible absorbance on a Lambda Bio XLS instrument (Perkin
Elmer, Waltham, MA) scanning from 190 — 650 nm.

4.5.5.3. Quantitative Fluorescence Emission

Fluorescence of water-solubilized WLNCs and WLNCs in chloroform at the same
concentration from 380 — 800 nm was quantified using a Shimadzu RF-5301 PC
spectrofluorophotometer, with an excitation wavelength of 365 nm. For simplicity,
during data analysis duplicate samples were average and graphed.

4.5.5.4. Hydrodynamic Diameter

Hydrodynamic diameters were evaluated by dynamic light scattering (DLS) using
a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). DLS
measurements were performed at a 90° scattering angle at 25°C. Size distributions by
volume of measurements were collected in triplicate, averaged and reported.

4.5.5.5. Cellular Uptake in THP-1 Macrophages
[Cell studies were performed by Nicole Plourde, Department of Biomedical Engineering,
Rutgers University, Piscataway, NJ, under the supervision of Professor Prabhas V.
Moghe]

Internalization of AM-solubilized WLNCs by THP-1 macrophage cells was

assayed by incubating the AM-solubilized WLNCs (prepared as described in Section
2.4.4. at a polymer concentration of 15 pM and a WLNC concentration of 3.75 uM)

diluted to 1 uM with respect to the polymer, with cells for 24 hours at 37 °C and 5 %
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CO,, The cells were then washed once with PBS and imaged for cell-associated
fluorescence using a Nikon Eclipse TE2000-S.

4.5.5.6. Storage Stability of 1pM-solubilzed WLNCs

Four 15 mL samples of 1pM-solubilzed WLNCs as a polymer:WLNC ratio of 20
were prepared as described in Section 2.5.4. The four samples were distributed into three
5 mL aliquots then stored at four different storage conditions: 1) lyophilized on day 0
then stored at room temperature (~ 25 °C), 2) — 4 °C (freezer), 3) 2 — 8 °C (refrigeration),
and 4) room temperature (~ 25 °C). At day 0, 1, 2, 3, 7 and 14, the fluorescence of each
of the samples was quantified as described in section 2.5.5.3. For analysis, the three
samples at each storage condition were averaged. For comparison, the fluorescence at
525 nm for each sample as a percentage of the orginal fluorescence (i.e., day 0) was

graphed.
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Al. APPENDIX 1: CONTROLLED 1cM RELEASE FROM TITANIUM RODS AS

A MODEL FOR STENT-MEDIATED DELIVERY

In this appendix, the ability to provide localized, stent-mediated release 1¢M to control
cardiovascular disease was evaluated. This work is an extension of the research described

in Chapter 2.

Al.1. Background & Introduction

As discussed in Section 1.1, limiting factors to therapeutic efficacy include 1)
drug accumulation at the active site; and 2) maintainence of a therapeutic level."' ! While
a localized delivery system, such as a drug-eluting stent, can address-site specificity,
delivering therapeutics in a controlled manner remains critical to ensure therapeutic
levels to eliminating frequent dosing.

One method for achieving controlled delivery of a water-soluble therapeutic, such
as the amphiphilic polymers utilized in this work, is to utilize a water-insoluble coating
over the water-soluble therapeutic. Styrenic block copolymers are one such type of water-
insoluble polymer system utilized to control therapeutic delivery. These polymers can be
synthesized to fine-tune the ratio of glassy, crystalline domains to elastomeric domains —
the elastic domains allow the slow dissolution and release of the water-soluble
therapeutic.”*! Poly (styrene-b-isobutylene-b-styrene) (SIBS) is the styrenic block

copolymer utilized in Boston Scientific’s TAXUS™

drug-eluting stent.
In this work, a similar hydrophobic, elastomeric polymer, poly (styrene-b-

ethylene butylene-b-styrene) (SEBS), structure shown in Figure Al.1, was evaluated to

slow 1¢M release from titanium rods to simulate stent-mediated release.
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Figure Al.1. Chemical structure of the water-insoluble elastomer, SEBS.

Al.2. Results and Discussion

Al.2.1. Polymer Coating of the Titanium Rods

Due to the small size of cardiac stents, larger titanium rods were used to simulate
stent-mediated 1¢M release. To coat the titanium rods with the polymers, an airbrush was
used. The polymers were dissolved in a volatile organic solvent (200 mg/mL 1cM in
CH,Cl; and 67 mg/mL SEBS in toluene) and were then spray-coated onto the rods. In a
preliminary effort to evaluate the effects of SEBS, several combinations of 1¢M and
SEBS were tested in singlet; 1¢M alone (control), SEBS alone (control), 1¢M under
SEBS, 1¢M over SEBS, and 1¢M + SEBS, schematics of which are shown in Figure
A1.2. For the 1cM under SEBS sample, 1¢M was dispersed in chloroform, coated onto
the stents using the spray-coater and allowed to dry overnight. The SEBS, dispersed in
toluene, was then coated over top of the 1¢M and the resulting samples dried overnight.
For the 1¢M over SEBS samples, the same process as that used for the 1¢M under SEBS
was utilized except the 1¢M was coated over the SEBS layer. Finally, for the 1¢M +
SEBS samples, the polymers were premixed and a 1:1 ratio, dispersed in toluene, and

spray-coated onto the rods.
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Titanium Rod Titanium Rod

Titanium Rod

Titanium Rod Titanium Rod

leM + SEBS

Figure A1.2. Schematic of titanium rods coated with a) 1¢M alone (control), b) SEBS

(control), ¢) 1¢M under SEBS, d) 1¢M over SEBS, and e¢) 1¢cM + SEBS.

A1.2.2. 1cM Release from the Coated Rods

To evaluate the release properties of the 1¢M, UV/Vis absorption spectroscopy
was employed. A calibration curve for the absorption of the 1¢M with respect to
concentration was prepared at 285 nm (the Ama for 1¢M) in PBS. The rods prepared
above were then incubated in PBS at 37 °C in an incubator shaker. The release of 1¢M
was determined using the calibration curve at the indicated timepoints. The resulting data
is shown in Figure A1.3.

As shown in Figure A1.3A, the addition of SEBS in any form does alter the
release profile of 1cM. However, the goal was to control 1¢M release for days-to-weeks
to avoid the need for subsequent dosing. After five hours, all samples containing 1¢cM
achieved 100 % release of the polymer except for 1¢M under SEBS and 1¢M + SEBS.

As shown in Figure A1.3B, the 1¢M + SEBS is fully released by 30 hours, or just over a
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day. However, coating the SEBS over the 1¢M (1¢M under SEBS) delays the 1¢cM

release for over two weeks in a controlled fashion.
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Figure A1.3. Release of 1¢M from the five samples of coated titanium rods for (A) the

first five hours and (B) over 16 days (368 hours).
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The release of 1¢M from 1¢M under SEBS coatings was repeated in triplicate and
the data shown in Figure A1.4. As shown, the controlled release was reproducible but
extended to ~ 6 days (vs. 16 days). The difference in release time is likely due to the
difficulty in the coating procedure; the SEBS needs exist as a thick, even layer over the
1e¢M. Any irregularities in this SEBS coating (i.e., cracks) results in the 1¢M quickly
leaching out the defect. Thus, perhaps a more efficient system for coating the rods should

be developed.
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Figure A1.4. Release of 1¢M titanium rods over 144 hours.

Al.3. Summary & Future Work

To summarize the first part of this appendix, utilizing an elastomeric polymer
such as SEBS has the capability to slow the release of 1¢M from titanium rods to achieve
a controlled release drug delivery system. However, further work needs to be performed

to find a more effective coating procedure to increase the reproducibility of the acquired
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data. In addition, the efficacy of the polymer following release from this system in vitro

must be evaluated.

Al.4. Experimental

Al.4.1. Synthetic Materials

Unless otherwise stated, solvents and reagents were purchased from Fisher
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO) and used as received.
PEG 5 kDa was purchased from Polysciences, Inc. (Warrington, PA) and dried by
azeotropic distillation from toluene before use. The 1e¢M used in this work was
synthesized as previously described.”! The Kraton® G SEBS was a gift from Kratin
Polymers (Houston, TX).

Al.4.2. Methods

Al1.4.2.1. Coating of Titanium Rods

Titanium rods, 49.2 mm x 4.2 mm, were spray-coated using a Badger model 350
single action, medium-tipped air brush. Solutions of 1¢M in CH,Cl, at 200 mg/mL and
poly (styrene-ethylene/butylene-styrene) SEBS in toluene at 67 mg/mL were prepared.
The polymers were spray-coated onto the rods to achieve a smooth layer (10-20 mg per
rod) and each coat allowed to dry overnight prior to additional coatings.

Al.4.2.1. 1cM Release

Polymer release from the titanium rods was performed in PBS at 37 °C. Aliquots
were collected at the desired time points and analyzed via UV absorption on a Beckman
DU 500 Series Spectrophotometer at 285 nm. Concentrations were determined using a

calibration curve of 1¢M concentration vs. absorbance at 285 nm. For Figure A1.5, error



bars represent the standard deviation of the average of the indicated sample type, which

was evaluated in triplicate.
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A2. APPENDIX 2: EVALUATION OF VARYING POLYMER

FUNCTIONALITIES TO WATER-SOLUBILIZE WLNCs

In this appendix, a series of polymers with varying functional groups were evaluated to
biostabilize WLNCs with the same goals as Chapter 4; maintenance of WLNC size and

white-light fluorescence emission.

A2.1. Background & Introduction

To optimize the AM-solubilized WLNCs, a variety of functional groups were
chemically incorporated within the hydrophobic portion of the polymer backbone.
Functional groups included acidic groups, such as sulphate and phosphate, basic moieties,
such as amines and hydroxyls, and soft ligands, such as organophosphine and thiol. The
soft ligands were chosen as they are known to coordinate well to soft metals (i.e.,
cadmium) based on hard-soft acid base chemistry!" *. They are shown in Figure A2.1,
and for clarity will be described as the hydrophobic functionality that is intended to
interact with the nanocrystal surface. For two functionalities, phosphonic acid and
hydroxyl, multiple lengths of the alkane spacer were utilized to elucidate steric effects
imparted by the AM’s alkylated arms which may limit the ability of the functional group
to coordinate to the nanocrystal surface. For the four polymers, the number of carbons in
the alkane spacer is indicated in parenthesis following the functionality to differentiate
the two. As an example, phosphonic acid (propyl) indicates a three-carbon spacer
between the phosphonic acid and the amide bond to the polymer where as phosphonic
acid (butyl) indicates a four-carbon space between the phosphonic acid and the amide

bond to the polymer. The N-hydroxysuccinimide (NHS)-terminal AM, the carboxylic
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acid-terminal AM, the phosphonic acid (propyl)-terminal AM, and the sulfate-terminal
AM are all polymers previously described in this thesis as 0¢cM, 1¢M, 1pM, and 1sM,
respectively. The 0cM and 1¢M AMs were used as controls for polymers not anticipated
to coordinate to the nanocrystals, while 1pM was the standard, as it was shown in
Chapter 4 to be more efficient at solubilizing the WLNCs based upon polymer
interaction with the nanocrystal surface.
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Figure A2.1. AMs with varying functional groups used to determine the optimal

functionality to water-solubilize WLNC:s.



The goal of this work was the same as that described in Chapter 4; namely, to
efficiently solubilize the WLNCs into small, nanoscale assemblies that still emit white-
light. The phosphonic acid moieties were anticipated to be effective, as shown in
Chapter 4. Other moieties that were expected to be efficient towards coordination, and,
therefore, water-solubilization were the soft ligands (i.e., thiol and diisopropylphosphine)

due to the nature of their interaction with cadmium, a soft metal "%

A2.2. Results and Discussion

A2.2.1. Polymer Synthesis & Water-solubilizaton

Synthesis of AMs with the varying hydrophobic functionalities shown in Figure
A2.1 were carried out using one of the two methods shown in Scheme A2.1, dependent
upon the physical state of the amino starting material. For liquid staring materials (i.e.,
primary amine, diisopropylphosphine, and both hydroxyl-terminal AMs), the compounds
were added to the NHS-terminal AM (0cM) using Scheme A2.1B, the same scheme used
to synthesize the cationic polymers described in Chapter 3. For solid starting materials
(i.e., phosphate, sulfate, thiol, and both phosphonic acid-terminal AMs), the compounds
were added to the NHS-terminal AM (0cM) using Scheme A2.1A, as they were
insoluble in methylene chloride and all polar organic solvents that are miscible with
methylene chloride but were water-soluble. Tetrahydrofuran (86 % v/v) was added to the
solutions to ensure no significant micelle formation resulting from the water-
solubilization; our lab has previously shown that addition of 80 % v/v organic solvent to

the polymers in water was sufficient to disrupt micelle formation (data not shown).
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Scheme A2.1. Synthetic schemes used to prepare polymers of vary functionalities to
water-solubilize the WLNCs. A) Synthetic scheme used to prepare functionalized AMs
with solid amino starting materials, and B) synthetic scheme used to prepare

functionalized AMs from amino starting materials in liquid form.

Successful synthesis of the polymers was verified by proton nuclear magnetic
resonance (‘'H NMR) spectroscopy and molecular weight determined by gel permeation
chromatography (GPC) relative to PEG standards. Due to the abundance of PEG in the
polymer (~83 % of protons), the presence of new protons in the 'H NMR spectra were
difficult to detect, particularly from 0.8 to 2.4 ppm where the methylene protons of the
hydrophobic chains comprise the majority of that region. Thus, spectra were monitored
for the disappearance of the protons of the activating group (N-hydroxysuccinimide) on

0cM, which resonate at 2.8 ppm.
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Following synthesis, the polymers were utilized to water-solubilize the WLNCs,
employing the same solvent evaporation methods described in Section 4.3.1.

A2.2.2. Characterization of Water-soluble WLNCs

Water-solubilization of the WLNCs was determined by visual inspection of the
resulting solutions, as shown in Figure A2.2. Solubilized nanocrystals were uniformly
dispersed throughout the yellow solution, while unsolubilized nanocrystals deposited on
the vial walls, as in the QD in water control. All functionalized AMs were capable of
dispersing the WLNCs in the aqueous solutions. Solutions of the WLNCs dispersed in
water using the phosphonic acid-terminal AMs (both propyl and butyl) and the
phosphate-terminal AM, Figure A2.2. samples 3-5, appeared the most transparent of all
dispersions. Solutions of the WLNCs in water using the sulfate and thiol-terminal AMs,
Figure A2.2. samples 6 and 11, had some transparency while all others appeared cloudy

and turbid, similar to the carboxylic acid-terminal AM.
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Figure A2.2. Digital photograph of WLNCs (1) dispersed in chloroform, (2) with the
carboxylic acid-terminal AM in H,O, (3) with the phosphonic acid (propyl)-terminal
AM in H,O, (4) with the phosphonic acid (butyl)-terminal AM in H;O, (5) with the
phosphate-terminal AM in H,O, (6) with the sulfate-terminal AM in H,O, (7) dispersed
in HyO, (8) with the primary amine-terminal AM in H,O, (9) with the hydroxyl (ethyl)-
terminal AM in H>O, (10) with the hydroxyl (propyl)-terminal AM in H,O, (11) with the
thiol-terminal AM in H,0, (12) with the NHS-terminal AM in H,O, and (12) with the

diisopropylphosphine-terminal AM in H,O.

A2.2.2.1. Turbidity

Turbidity was quantitatively determined using UV/Vis absorbance spectroscopy,
shown in Figure A2.3. WLNCs dispersed in water alone transmitted the most light across
the tested wavelengths because all nanocrystals were adhered to the flask wall and, thus,
the solution tested was only water. As a control, the turbidity of WLNCs dispersed in

chloroform was tested. For these solutions, the only light transmitted was light not
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absorbed by the nanocrystals themselves. Consistent with the qualitative images in
Figure A2.2, solutions of the WLNCs dispersed in water using the phosphonic acid-
terminal AMs (both propyl and butyl) and the phosphate-terminal AM transmitted the
most light, with the solutions of phosphonic acid (butyl)-terminal AM-solubilized
WLNCs transmitting the most light and, thus, being the least turbid. Solutions of the
WLNC:s dispersed in water using the sulfate and thiol-terminal AMs transmitted some
light, as well, while all other functionalized AMs used to solubilize the WLNCs
transmitted less than ~ 20% light even at their peak transmittance. All polymer
synthesized using Scheme A2.1A are the polymers that subsequently solubilized the
WLNCs yielding solutions with the least amount of turbidity. While the correlation
between turbidity and synthetic methodology may be a coincidence, all functionalized
polymers should be synthesized using the same methodology for future studies. Based
upon these results, the synthetic method appears to influence turbidity of the

functionalized-AMs and WLNC solutions.
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Figure A2.3. Percent transmittance data for solutions of WLNCs dispersed in water

utilizing the indicated functionalized AMs.

The percent transmittance of all samples at 363 and 485 nm are shown in Figure

A2.4. These wavelengths were chosen based upon the nanocrystals in dispersed
chloroform; 363 nm is a peak for the percent transmittance and 485 nm is the wavelength
at which maximum percent transmittance is obtained. The trends in Figure A2.4 are the
same as those discussed above, with nanocrystals dispersed in water using phosphonic
acid (butyl)-terminal AM transmitting the most light, and the solutions of WLNCs with
the phosphonic acid (propyl) and phosphate-terminal AMs transmitting 40-50 % light

at 485 nm. Other polymers yielding solutions of water-soluble WLNCs that transmitted

light were the suflate, thiol, and diisopropylphosphine-terminal AMs.
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Figure A2.4. Percent transmittance data at 363 nm and 485 nm for solutions of WLNCs

dispersed in water utilizing the indicated functionalized AMs.

A2.2.2.2. Assembly Sizes
Hydrodynamic diameters of the aqueous WLNC solutions were determined using

dynamic light scattering. Graphical results are shown in Figure A2.5 while the values are

given in Table A2.1.
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Figure A2.5. Graphical representation of the hydrodynamic diameters observed for

water-soluble assemblies of WLNCs with the indicated functionalized AMs.

Size Distribution 1

Percentage of

Size Distribution 2

Percentage of

(nm) Volume (%) (nm) Volume (%)
NHS 159.3 2.4 976.6 97.6
Carboxylic Acid 550.4 31.3 4943 68.7
Phosphonic Acid 432 713 4163 28.7
(Propyl)
Phosphonic Acid
(Butyl) 49.3 25.4 318.6 74.6
Phosphate 363.2 100
Sulfate 390.9 100
Primary Amine 575.7 75.6 4159 24.4
Hydroxyl (Ethyl) 591.2 100
Ethyl (Propyl) 602.2 100
Thiol 338.3 100
Diisopropyl- 528.2 100
phosphine

Table A2.1. Hydrodynamic diameters observed for water-soluble assemblies of WLNCs

with the indicated functionalized AMs.



The smallest assembly sizes were obtained using both phosphonic acid-terminal
AMs, with one size distribution of 40-50 nm. However, the phosphonic acid (propyl)-
terminal AM produced water-soluble WLNC solutions with the greatest percent by
volume of the small size distribution (71 % compared with only 25 % for the phosphonic
acid (butyl)-terminal AM-WLNC solutions). The other size distribution for each solution
is consistent with the smallest size distributions (300-400 nm) observed for other AM-
solubilized WLNC solutions using AMs synthesized by Scheme A2.1A (i.e. phosphate,
sulfate, and thiol). For all other polymers, no assembly sizes smaller than 500 nm were
observed.

As expected, this data is consistent with the turbidity data — the least turbid
solutions contained assemblies of smaller sizes. Together, these data suggest a difference
between the two synthetic methodologies and, thus, further experiments need to be
performed utilizing the same synthetic methodology.

A2.2.2.3. Qualitative Fluorescence Emission

Fluorescence emission was qualitatively determined by excitation with a long
wavelength UV lamp at 365 nm. As shown in Figure A2.6, all solutions except the
WLNC dispersed in water only (sample 7) emit bright white light that is evenly dispersed

throughout the solution, indicating successful solubilization.
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Figure A2.6. Digital photographs following excitation with a long wavelength UV lamp
(excitation = 365 nm) of WLNCs (1) dispersed in chloroform, (2) with the carboxylic
acid-terminal AM in H,0O, (3) with the phosphonic acid (propyl)-terminal AM in H,O,
(4) with the phosphonic acid (butyl)-terminal AM in H,O, (5) with the phosphate-
terminal AM in H,O, (6) with the sulfate-terminal AM in H,O, (7) dispersed in H,O, (8)
with the primary amine-terminal AM in H,O, (9) with the hydroxyl (ethyl)-terminal
AM in H,0, (10) with the hydroxyl (propyl)-terminal AM in H,0, (11) with the thiol-
terminal AM in H,O, (12) with the NHS-terminal AM in H,O, and (12) with the

diisopropylphosphine-terminal AM in H,O.

For WLNC samples in water only, the WLNCs adhere to the vial walls, indicating
a lack of aqueous solubilization of the hydrophobic nanocrystals. The nanocrystal
adherence to the walls is observed by tipping the solutions on their sides, as shown in
Figure A2.7. In comparison to the WLNCs dispersed in water using the sulfate-terminal

AM (left flask) in which the solution, even when tipped, emits evenly dispersed white-
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light, the WLNC:s dispersed in water only (right flask) have few nanocrystals dispersed in

solution. Rather, the nanocrystals adhere to the flask.

Figure A2.7. Digital photographs following excitation with a long wavelength UV lamp
(excitation = 365 nm) of WLNC solutions highlighting the even dispersion of WLNCs in
water when utilizing AMs. The tipped flasks are (left) the sulfate-terminal AM-
solubilized WLNCs in water and (right) WLNCs in water only, showing that the WLNCs
are evenly dispersed in the left flask where as in the right flask, they are adhered to the

flask.

A2.2.2.4. Quantitative Fluorescence Emission
Quantitative fluorescence emission data for all samples imaged qualitatively was
collected using fluorescence spectroscopy from 380 — 800 nm following excitation at 365

nm (shown in Figure A2.8).
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Figure A2.8. Fluorescence emission spectra of WLNCs dispersed in the indicated solvent

and, where applicable, solubilized by the indicated functionalized AMs.

All solutions of WLNC, with the exception of the nanocrystals in water only,
shared a similar fluorescence profile (i.e., broadband white light-emission and similar
Amax peaks) as the nanocrystals dissolved in chloroform at the same concentration.
Overall, the WLNC water-solubilized utilizing the carboxylic acid-terminal AM had
fluorescence intensity significantly greater than the nanocrystals in chloroform, consistent
with the observations made in Section 4.3.1.4. To more easily compare the fluorescence
intensities of the other samples, the fluorescence intensity at two wavelengths, 464 and

525 nm (the two Amax peaks observed for the WLNCs in chloroform) are graphed for each

sample in Figure A2.9.
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Figure A2.9. Fluorescence emission spectra of WLNCs dispersed in the indicated solvent
and, where applicable, solubilized by the indicated functionalized AMs at 464 and 525

nm.

As shown in Figure A2.9, only the data for the WLNCs water-solubilized by the
primary amine-terminal AM follows the same trend for the WLNCs in chloroform in
that the peak at 464 nm is slightly more intense than the emission peak at 525 nm. With
respect to overall intensity, three of four of the functionalized AMs synthesized using
Scheme A2.1B (the primary amine and both hydroxyl-terminal polymers), all water-
solubilized the WLNCs in a manner that enhances their fluorescence intensity as
compared with the WLNCs in chloroform at the same nanocrystal concentration. As
discussed in Section 4.3.1.4, taken together with the size distributions, this data implies
that solubilization of the nanocrystals into larger aggregates results in an overall

enhancement of their fluorescence intensity. However, it should be considered that when
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1c¢M was filtered with a 0.45 pm syringe in Section 4.3.1.4, the fluorescence intensity of
the solutions significantly decreased. Given the similarities in this data, when the samples
are similarly filtered, it is likely the same effect on fluorescence intensity would be
observed.

The water-solubilization of the WLNCs using the diisopropylphosphine and
sulfate-terminal AMs resulted in fluorescence similar to that of the nanocrystals in
chloroform while the all other AMs resulted in fluorescence approximately 70 % that of
the nanocrystals in chloroform.

Again, due to the apparent difference in properties that appear to correlate with
the synthetic methodology used, it is difficult to make any conclusions based upon ligand
type without further work — namely, evaluation of the polymers to water-solubilize the

nanocrystals using the same synthetic methods.

A2.3. Summary & Future Work

In summary, eleven polymers of varying functionalities were evaluated for their
ability to water-solubilize WLNCs, retain nanoscale size and emit white light. Due to the
differing physical states and solubilities of the amino-terminated starting materials, two
synthetic methodologies were employed to synthesize polymers with the desired
functionalities. In general, both turbidity and fluorescence data shows significant
differences in polymer samples that, at first glance, correlate to the synthetic methods
used. While clear differences were observed, further work is required (i.e., polymers
generated with the same same synthetic methodology) to clarify and correlate these

effects. Based upon current data, it appears that both phosphonic acid-terminal AMs
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results in water-soluble WLNCs with the smallest sizes whilst maintaining white-light
emission. In addition, based upon the results obtained in Chapter 4, the fluorescence
emission of solutions of WLNCs in water with these polymers would be largely
unaffected by filtration with 0.45 um syringe filters due to the small-size assemblies.

For future work, the polymers should be synthesized using the same methodology
to better isolate differences between all polymer functionalities. In addition,
measurements following filtration of the water-soluble WLNCs needs to be performed to
decrease assembly size for increased biological utility. Finally, in vitro cellular uptake of
the optimal water-solubilized WLNCs needs to be performed to determine its

biocompatibility en route to further evaluation for biological imaging.

A2.4. Experimental

A2.4.1. Synthetic Materials

Unless otherwise stated, solvents and reagents were purchased from Fisher
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO) and used as received.
PEG 5 kDa was purchased from Polysciences, Inc. (Warrington, PA) and dried by
azeotropic distillation from toluene before use. The carboxylic acid-terminal AM (1¢M)
and OcM (starting material for all functionalized AMs) were synthesized as previously
described.”> ¥ The synthesis of the sulfate-terminal AM was previously described in
Chapter 2, the primary amine-terminal AM was previously described in Chapter 3,
and the phosphonic acid (propyl)-terminal AM was previously described in Chapter 4.
The CdSe WLNCs were synthesized and provided as solutions in chloroform by

Professor Sandra Rosenthal’s group at Vanderbilt University."
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A2.4.2. Characterization Methods

A2.4.2.1. Proton Nuclear Magnetic Resonance (‘"H NMR) Spectroscopy

Proton nuclear magnetic resonance (‘H-NMR) spectra of the products were
obtained using a Varian 400 MHz or 500 MHz spectrophotometer. Samples were
dissolved in chloroform-d, with a few drops of dimethyl sulfoxide-de if necessary, with
tetramethylsilane as an internal reference.

A2.4.2.2. Gel Permeation Chromatography (GPC)

Molecular weights (My,) and polydispersity indices (PDI) were determined using
gel permeation chromatography (GPC) with respect to PEG standards (Sigma-Aldrich)
on a Waters Stryagel® HR 3 THF column (7.8 x 300 mm). The Waters LC system
(Milford, MA) was equipped with a 2414 refractive index detector, a 1515 isocratic
HPLC pump, and 717plus autosampler. An IBM ThinkCentre computer with Waters
Breeze Version 3.30 software installed was used for collection and processing of data.
Samples were prepared at a concentration of 10 mg/mL in tetrahydrofuran, filtered using
0.45 um pore size nylon or poly(tetrafluoroethylene) syringe filters (Fisher Scientific)
and placed in sample vials to be injected into the system.

A2.4.3. Polymer Synthesis

A2.4.3.1. Phosphonic Acid (Butyl)-terminal AM

In a 50 mL round bottom flask, 4-aminobutyl phosphonic acid (58.7 mg, 0.383
mmol) was dissolved in HPLC-grade H,O (4 mL), HPLC-grade THF (6.5 mL), and
triethylamine (0.20 mL, 1.4 mmol) and the solution stirred. In a separate flask, 0cM (531
mg, 0.0885 mmol) was dissolved in HPLC-grade THF (6 mL) and the solution added to

the reaction flask. The yellow solution was stirred for 18-20 hrs at room temperature
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before the THF was removed by rotary evaporation. The resulting yellow oil was
dissolved in CH,Cl, and 0.1 N HCI and stirred for 20-30 min. The mixture was then
transferred to a separatory funnel containing addition 0.1 N HCI and the organic layer
separated and washed with brine (2x). The combined aqueous portions were extracted
with CH,Cl, and the combined organics dried over MgSO4 and concentrated to a yellow
oil. White product was precipitated from the yellow oil in CH,Cl, by addition of 10-fold
diethyl ether in a 50 mL centrifuge tube. The suspension was place on a shaker for 10-15
min before the solid was collected by centrifugation and the supernatant removed by
decanting. The solid was dissolved in CH,Cl, (< 5 mL) and reprecipitated by adding 10-
fold diethyl ether. The solid was collected by centrifugation, the supernatant removed,
and the solid washed with ether (1x) and cold hexanes (1x). The white solid was dried
under ambient conditions (24 hrs) and under high vacuum (24 hrs). Yield: 0.38 mg, 71 %.
'H- NMR (CDCl): & 5.67 (m, 2H, CH), 5.20 (m, 2H, CH), 4.20 (m, 2H, CH,), 3.66 (m,
~0.45 kH, CH»0), 3.39 (s, 3H, CH3), 2.39 (m, 8H, CH»), 1.58 (m, 10H, CH>), 1.27 (m,
64H, CH»), 0.89 (t, 12H, CH3). GPC: Mw: 7.2 kDa; PDI: 1.1.

A2.4.3.2. Phosphate-terminal AM

In a 50 mL round bottom flask, 4-aminopropyl dihydrogen phosphate (47 mg,
0.33 mmol) was dissolved in HPLC-grade H,O (2.5 mL), HPLC-grade THF (5 mL), and
triethylamine (0.16 mL, 1.2 mmol) and the solution stirred. In a separate flask, 0cM (451
mg, 0.0752 mmol) was dissolved in HPLC-grade THF (6.2 mL) and the solution added to
the reaction flask. The yellow solution was stirred for 18-20 hrs at room temperature
before the THF was removed by rotary evaporation. The resulting yellow oil was

dissolved in CH,Cl, and 0.1 N HCI and stirred for 20-30 min. The mixture was then
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transferred to a separatory funnel containing addition 0.1 N HCI and the organic layer
separated and washed with brine (2x). The combined aqueous portions were extracted
with CH,Cl, and the combined organic portions dried over MgSO, and concentrated to a
yellow oil. White product was precipitated from the yellow oil in CH,Cl, by addition of
10-fold diethyl ether in a 50 mL centrifuge tube. The suspension was place on a shaker
for 10-15 min before the solid was collected by centrifugation and the supernatant
removed by decanting. The solid was dissolved in CH,Cl, (< 5 mL) and reprecipitated by
adding 10-fold diethyl ether. The solid was collected by centrifugation, the supernatant
removed, and the solid washed with ether (1x) and cold hexanes (1x). The white solid
was dried under ambient conditions (24 hrs) and under high vacuum (24 hrs). Yield: 0. 30
g, 66 %. 'H- NMR (CDCls): & 5.70 (m, 2H, CH), 5.19 (m, 2H, CH), 4.23 (m, 3H, CH,),
3.67 (m, ~0.45 kH, CH,0), 3.39 (s, 3H, CH3), 2.37 (m, 8H, CH»), 1.65 (m, 13H, CH>),
1.27 (m, 68H, CH3), 0.89 (t, 12H, CH3). GPC: Mw: 7.3 kDa; PDI: 1.1.

A2.4.3.3. Hydroxyl (Ethyl)-terminal AM

In a 50 mL round bottom flask, ethanolamine (36.8 pL, 0.612 mmol) was
dissolved in HPLC-grade CH,Cl, (2.5 mL) and triethylamine (0.17 mL, 1.2 mmol) and
the solution stirred. In a separate flask, 0cM (459 mg, 0.0765 mmol) was dissolved in
HPLC-grade CH,Cl, (7.7 mL) and the solution added to the reaction flask dropwise via
syringe pump at a rate of 1.0 mL/hr. The reaction was stirred for 18-20 hrs at room
temperature before the bright yellow solution was filtered to remove the white solid
(NHS by-product) and the filtrate washed with 0.1 N HCl/brine (1x) and brine (2x). The
combined aqueous portions were extracted with CH,Cl, and the combined organic

portions dried over MgSO4 and concentrated to a yellow oil. White product was

140



precipitated from the yellow oil in CH,Cl, by addition of 10-fold diethyl ether in a 50 mL
centrifuge tube. The suspension was place on a shaker for 10-15 min before the solid was
collected by centrifugation and the supernatant removed by decanting. The solid was
dissolved in CH,Cl, (< 5 mL) and reprecipitated by adding 10-fold diethyl ether. The
solid was collected by centrifugation, the supernatant removed, and the solid washed with
ether (1x) and cold hexanes (1x). The white solid was dried under ambient conditions (24
hrs) and under high vacuum (24 hrs). Yield: 0.31 g, 68 %. 'H- NMR (CDCls): & 5.68 (m,
2H, CH), 5.15 (m, 2H, CH), 4.19 (m, 4H, CH,), 3.60 (m, ~0.45 kH, CH»0), 3.39 (s, 3H,
CH3), 2.38 (m, 8H, CH,), 1.62 (m, 14H, CH,), 1.27 (m, 64H, CH,), 0.89 (t, 12H, CH3).
GPC: Mw: 7.4 kDa; PDI: 1.1.

A2.4.3.4. Hydroxyl (Propyl)-terminal AM

In a 50 mL round bottom flask, 3-amino-1-propanol (46.8 pL, 0.612 mmol) was
dissolved in HPLC-grade CH,Cl, (2.5 mL) and triethylamine (0.17 mL, 1.2 mmol) and
the solution stirred. In a separate flask, 0¢M (0.46 g, 0.077 mmol) was dissolved in
HPLC-grade CH,Cl, (7.8 mL) and the solution added to the reaction flask dropwise via
syringe pump at a rate of 1.0 mL/hr. The reaction was stirred for 18-20 hrs at room
temperature before the bright yellow solution was filtered to remove the white solid
(NHS by-product) and the filtrate washed with 0.1 N HCI (1x) and brine (2x). The
combined aqueous portions were extracted with CH,Cl, and the combined organic
portions dried over MgSO4 and concentrated to a yellow oil. White product was
precipitated from the yellow oil in CH,Cl, by addition of 10-fold diethyl ether in a 50 mL
centrifuge tube. The suspension was place on a shaker for 10-15 min before the solid was

collected by centrifugation and the supernatant removed by decanting. The solid was
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dissolved in CH,Cl, (< 5 mL) and reprecipitated by adding 10-fold diethyl ether. The
solid was collected by centrifugation, the supernatant removed, and the solid washed with
diethyl ether (1x) and cold hexanes (1x). The white solid was dried under ambient
conditions (24 hrs) and under high vacuum (24 hrs). Yield: 0.34 g, 74 %. 'H- NMR
(CDCl3): 6 5.68 (m, 2H, CH), 5.21 (m, 2H, CH), 4.26 (m, 4H, CH»), 3.67 (m, ~0.45 kH,
CH,0), 3.39 (s, 3H, CH3), 2.35 (m, 8H, CH,), 1.65 (m, 25H, CH>), 1.27 (m, 57H, CH>),
0.89 (t, 12H, CH3). GPC: Mw: 7.4 kDa; PDI: 1.1.

A2.4.3.5. Thiol-terminal AM

In a 50 mL round bottom flask, cysteamine (30.5 mg, 0.395 mmol) was dissolved
in HPLC-grade H,O (1 mL), HPLC-grade THF (6.9 mL), and triethylamine (0.17 mL,
1.2 mmol) and the solution stirred. In a separate flask, 0cM (0.475 g, 0.0791 mmol) was
dissolved in HPLC-grade THF (7.5 mL) by warming to 37 °C. The clear, yellow solution
was then added to the reaction flask. The clear, yellow solution was stirred for 19 hrs
before the THF was removed by rotary evaporation. The resulting yellow solid was
dissolved in CH,Cl, and 0.1 N HCI and stirred for 20-30 min. The mixture was then
transferred to a separatory funnel containing addition 0.1 N HCI and the organic layer
separated and washed with brine (2x). The combined aqueous portions were extracted
with CH,Cl, and the combined organic portions dried over MgSO, and concentrated to a
yellow oil. White product was precipitated from the yellow oil in CH,Cl, by addition of
10-fold diethyl ether in a 50 mL centrifuge tube. The suspension was place on a shaker
for 10-15 min before the solid was collected by centrifugation and the supernatant
removed by decanting. The solid was dissolved in CH,Cl, (< 5 mL) and reprecipitated by

adding 10-fold diethyl ether. The solid was collected by centrifugation, the supernatant
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removed, and the solid washed with ether (1x) and cold hexanes (1x). The white solid
was dried under ambient conditions (24 hrs) and under high vacuum (48 hrs). Yield: 0.39
g, 82 %. 'H- NMR (CDCl;): & 5.63 (m, 2H, CH), 5.15 (m, 2H, CH), 4.27 (m, 2H, CH,),
3.65 (m, ~0.45 kH, CH,0), 3.39 (s, 3H, CH3), 2.38 (m, 8H, CH), 1.75 (m, 4H, CH>),
1.58 (m, 8H, CH,), 1.27 (m, 64H, CH>), 0.89 (t, 12H, CH3). GPC: Mw: 7.2 kDa; PDI: 1.1.

A2.4.3.6. Diisopropylphosphine-terminal AM

In a 50 mL round bottom flask, 2-(diisopropylphosphino)ethyl amine (0.114 g,
0.709 mmol) was dissolved in anhydrous CH,Cl, (2.8 mL) and triethylamine (0.19 mL,
1.4 mmol) and the solution stirred. In a separate flask, 0cM (0.431 g, 0.0861 mmol) was
dissolved in anhydrous CH,Cl, (8.7 mL) and the solution added to the reaction flask
dropwise via syringe pump at a rate of 1.0 mL/hr. The reaction was stirred for 24 hrs at
room temperature before the yellow solution was washed with 0.1 N HCI (1x) and brine
(2x). The combined aqueous portions were extracted with CH,Cl, and the combined
organic portions dried over MgSO4 and concentrated to a yellow oil. A beige product was
precipitated from the yellow oil in CH,Cl, by addition of 10-fold diethyl ether in a 50 mL
centrifuge tube. The suspension was place on a shaker for 10-15 min before the solid was
collected by centrifugation and the supernatant removed by decanting. The solid was
dissolved in CH,Cl, (< 5 mL) and reprecipitated by adding 10-fold diethyl ether. The
solid was collected by centrifugation, the supernatant removed, and the solid washed with
ether (1x) and cold hexanes (1x). The white solid was dried under ambient conditions (24
hrs) and under high vacuum (24 hrs). Yield: 0.36 g, 69 %. 'H- NMR (CDCls): & 5.66 (m,
2H, CH), 5.15 (m, 2H, CH), 4.22 (m, 2H, CH), 3.60 (m, ~0.45 kH, CH,0), 3.38 (s, 3H,

CH3), 2.38 (m, 8H, CH,), 1.99 (m, 3H, CHj), 1.80 (m, 3H, CHj), 1.50 (m, 8H, CH,), 1.23



(m, 64H, CH>), 0.89 (t, 12H, CH3). GPC: Mw: 7.4 kDa; PDI: 1.1.
A2.4.4. Water-solubilization of WLNCs by Solvent Evaporation
Water-solubilization was performed using the solvent evaporation method
detailed in Section 4.5.4, using a WLNC stock solution in chlorofom with a

concentration of 0.660 uM (determined as previously described ), a final volume during

stirring of 3.2 mL, and the specific amounts described in Table A2.2 below.

Stirring Water-Soluble WLNCs
Functionalized | AM AM | WLNCs | [AM] | [WLNC] | [AM] | [WLNC] | 0o oo
AM (mg) | (umol) (nmol) (=M) (M) (M) (uM) )
NHS 199 | 332 0.165 1040 51.6 663 33.0 20.1
Carboxylic Acid | 19.9 | 3.32 0.165 1040 51.6 663 33.0 20.1
Phosphonic Acid | 4 3.34 0.165 1050 51.6 669 33.0 203
(Propyl)
Phosphonic Acid | ¢ 3.26 0.165 1020 51.6 653 33.0 19.8
(Butyl)
Phosphate 199 | 3.26 0.165 1020 51.6 653 33.0 19.8
Sulfate 208 | 3.41 0.165 1070 51.6 682 33.0 20.7
Primary Amine 208 | 347 0.165 1080 51.6 693 33.0 21.0
Hydroxyl (Ethyl) | 20.5 3.42 0.165 1070 51.6 683 33.0 20.7
Hydroxyl (Propyl) | 202 | 3.37 0.165 1050 51.6 673 33.0 20.4
Thiol 196 | 3.27 0.165 1020 51.6 653 33.0 19.8
Diisopropyl- 19.9 3.32 0.165 1040 51.6 663 33.0 20.1
phosphine

Table A2.2. Specific amounts and concentrations of functionalized AMs and WLNCs

used to formulate the water-solubilized nanocrystals.
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A2.4.5. Characterization of Water-soluble WLNCs

A2.4.5.1. Qualitative Evaluation of Turbidity and Fluorescence

Turbidity of water-solubilized WLNCs as compared with WLNCs in chloroform
at the same concentration was qualitatively evaluated by visual inspection and images
captured using a Canon PowerShot SD400 digital camera. Fluorescence of the solutions
was qualitatively evaluated following excitation with a Spectroline ® Longlife™ Filter
long wavelength UV lamp (365 nm) and images captured using a Canon PowerShot
SD400 digital camera.

A2.4.5.2. Quantitative Turbidity: Percent Transmittance

Turbidity of water-solubilized WLNCs as compared with WLNCs in chloroform
at the same concentration was evaluated quantitatively by UV/Visible absorbance on a
Lambda Bio XLS instrument (Perkin Elmer, Waltham, MA) scanning from 190 — 650
nm.

A2.4.5.3. Quantitative Fluorescence Emission

Fluorescence of water-solubilized WLNCs and WLNCs in chloroform at the same
concentration from 380 — 800 nm was quantified using a Shimadzu RF-5301 PC
spectrofluorophotometer, with an excitation wavelength of 365 nm.

A2.4.5.4. Hydrodynamic Diameter

Hydrodynamic diameters were evaluated by dynamic light scattering (DLS) using
a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). DLS
measurements were performed at a 90° scattering angle at 25°C. Size distributions by

volume of measurements were collected in triplicate, averaged and reported.
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A3. APPENDIX 3: ADDITIONAL POLYMERS

In this appendix, additional polymers were synthesized as an extension of the research

described previously. The materials and methods are compiled in Section A3.3.

A3.1. An Additional Cationic Polymer for Nucleic Acid Delivery: 7nM

A3.1.1. Background

In Chapter 2, three cationic AMs were synthesized and evaluated for their ability
to complex with and deliver siRNA. However, only one polymer, namely 9nM, was
efficient at complexing with a delivering siRNA. To create a second polymer for
evaluation as a cationic AM for siRNA delivery, 7nM was synthesized. The polymer was
initially evaluated as a potential nucleic acid delivery vehicle by measuring its
hydrodynamic diameter and, more importantly, the polymer zeta potential.

A3.1.2. Synthesis 1

In this first synthesis, 7nM was synthesized via the same methodology used to
synthesize 9nM in Chapter 2, as shown in Scheme A3.1. In this synthetic method, the
formation of oligomers is controlled by stoichiometry and the slow addition of the

starting materials via the syringe pump.
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Scheme A3.1. Synthesis of 7nM.

A3.1.2.1. Characterization of 7nM

Successful synthesis of the polymer was verified by proton nuclear magnetic
resonance (‘'H NMR) spectroscopy and molecular weight determined by gel permeation
chromatography (GPC) relative to PEG standards. Due to the abundance of PEG in the
polymer (~83 % of protons), the presence of new protons in the 'H NMR spectra were
difficult to detect, particularly from 0.8 to 2.4 ppm where the methylene protons of the
hydrophobic chains comprise the majority of that region. Thus, spectra were monitored
for the disappearance of the protons of the activating group (N-hydroxysuccinimide) on
2, which resonate at 2.8 ppm. In addition, a new, broad peak resonating at ~ 2.30 ppm for
the ethylene spacer indicates successful conjugation of the tetraethylene pentamine to the
polymer. However, integrations indicate there is a mixture of di-PEGylated polymer and

mono-PEGylated polymer (i.e. 2 PEGs to 4 alkylated arms).
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The polymer was further characterized by dynamic light scattering for its ability
to form micelles and by zeta potential to confirm a cationic polymer was indeed obtained.
This data is summarized with respect to the previously evaluated AMs for nucleic acid
delivery, 1nM, 5nM, and 9nM, in Figure A3.1 below. The hydrodynamic diameter was
determined to be 92.2 + 39.4 nm while the zeta potential was 30.7 £ 2.9 mV.

Thus, a second cationic AM with a zeta potential similar to that of 9nM was
synthesized. Due to the large, positive magnitude of the zeta potential, this polymer is a
good candidate for further evaluation towards its ability to deliver siRNA.

A3.1.3. Additional Synthetic Routes to 7nM

In the previously describe synthetic procedure for 7nM and 9nM, the only control
over the formation of oligomers is the stoichiometry and the slow addition of the starting
materials using the syringe pump. To better control the synthesis of these polymers and
isolate a more pure product, two protection schemes were designed and evaluated below.

A3.1.3.1. One Protection Step (7nM_2)

To control the final structure of 7nM and 9nM, a protection step was added to the
synthetic procedure. As a model synthesis, only 7nM was evaluated. The protections
step, the addition of benzyl chloroformate (CBZ-Cl) was added following the addition of
tetracthylene pentamine to 2, as shown in Scheme A3.2. It should be noted that an effort
was made to isolate and purify 3, but once it was isolated as a white solid it was insoluble
in further solvents for chemical characterization. Thus, in the final synthesis, it was not
isolated. The CBZ protecting group was removed by hydrogenation in the final step of

the synthesis.

149



H
2 o HN/\(’N\/)‘NH H 6 o o .,
qOWo\N 7o HzN/\LN\/);NWN\/(\N/\%NHZ
0 0o o CH,Cl, H o o o Ho %

o
ox=0 O 0°C5hrs 0)=0
0°C-->rt, 15 hrs
s\ 3 2\ 32
3

o} H H
NEt, J N MN NH,
w Oy o !
0°C5hrs gzogzo
0°C-->rt, 15 hrs
3\ 3

o] o Szé:s
?ﬁ\OJ\/O(\/\OZOS jj)\ H o 9 % ?‘l H
CH,Cl, ©ﬂo u/\’(/N\/);HWYN\/\(\H/\%N\[hO(/\/O%m

0
0°C5hrs o)=0
0°C-->rt, 15 hrs

H O O O H H
B e e S N
o 3 0

~109
t, 24 hrs o 9
i=o£:o
S\ 3

7nM_2

Scheme A3.2. Synthesis of 7nM_2 utilizing one CBZ-Cl protection step.

A3.1.3.1.1. Characterization of 7nM_2

In comparison to the 7nM synthesized in Section A3.1.2, the 'H NMR of 7nM_2
had several differences. Specifically, in the spectra for 7nM, the broad peak at 2.30 ppm
was assigned to the ethylenes of the tetracthylene pentamine groups. However, in the

spectra for 7nM_2, two new, distinct peaks were observed and assigned to the ethylenes
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of the tetraethylene pentamine groups and the hydrogens of the alkylated arms on the
mucic acid derivative, which are shifted downfield due to the amino groups. The first was
a quartet at 3.12 ppm integrating for ~ 22 protons and the second a quartet at ~ 1.42 ppm
integrating for ~32 protons. The number of protons is due to overlap of the ethylenes of
the tetracthylene pentamine groups with some methylenes of the alkylated arms, which
shift downfield due to interactions with the electronegative amino groups (the peak that
normally exists at ~ 2.4 ppm integrating for 8 protons is no longer there). In addition, a
broad peak at 12.2 ppm integrating for 7 protons was assigned the amino hydrogens.

The polymer was further characterized by dynamic light scattering for its ability
to form micelles and by zeta potential to confirm a cationic polymer was indeed obtained.
This data is summarized with respect to the previously evaluated AMs for nucleic acid
delivery, 1nM, 5nM, and 9nM, in Figure A3.1 below. The hydrodynamic diameter was
determined to be 174.4 = 42.5 nm while the zeta potential was 24.9 + 3.1 mV.

Thus, this synthetic procedure appears to be a viable candidate for further
evaluation as a method to better control the resulting cationic polymer synthesized.

A3.1.3.2. Two Protection Steps (7nM_3)

To control the final structure of 7nM and 9nM, two protection steps were added
to the synthetic procedure. Again, as a model synthesis, only 7nM was evaluated. In this
synthetic procedure, shown in Scheme A3.3, prior to addition to 2, the tetraethylene
pentamine was first mono-protected with CBZ-Cl, which was controlled
stoichiometrically. The mono-protected tetracthylene pentamine was then added to 2 in
situ. The CBZ protecting group was then removed via hydrogenation overnight and then

CBZ-Cl was again utilized to mono-protect 3. Again, it should be noted that an effort was
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made to isolate and purify 3, but once it was isolated as a white solid it was insoluble in
further solvents for chemical characterization. Thus, in the final synthesis, it was not
isolated. Following the addition of the NHS-activated PEG, the CBZ protecting group

was removed by hydrogenation in the final step of the synthesis.
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Scheme A3.3. Synthesis of 7nM_3 utilizing two CBZ-Cl protection steps.
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A3.1.3.2.1. Characterization of 7nM_3

In comparison to the other 7nM polymers synthesized, this synthetic procedure
was largely ineffective due to in efficient coupling of the PEG. Similar to the 7nM_2 the
same two new, distinct peaks at 1.42 ppm and 3.12 ppm were observed and assigned to
the ethylenes of the tetraethylene pentamine groups and the hydrogens of the alkylated
arms on the mucic acid derivative, which were shifted downfield due to the addition of
the amino groups. In addition, a broad peak at 12.2 ppm was assigned the amino protons.
However, these peaks integrated for far too many protons as compared with the PEG,
indicating that the PEG coupling step was ineffective. The lack of PEG coupling is likely
due to incomplete deprotection of the CBZ protection group from product 3 which
resulted in most primary amines being protecting during the PEG coupling step.

Even though the synthesis was ineffective, the resulting polymer was still
characterized by dynamic light scattering for its ability to form micelles and by zeta
potential to confirm a cationic polymer was indeed obtained. This data is summarized
with respect to the previously evaluated AMs for nucleic acid delivery, InM, SnM, and
9nM, in Figure A3.1 below. The hydrodynamic diameter was determined to be 88.22 +
15.1 nm while the zeta potential was -3.85 £ 3.6 mV.

Thus, while this synthetic procedure may be a viable candidate to better control
the resulting cationic polymers, further development is necessary to ensure the first
deprotection step is carried of sufficiently prior to adding the PEG.

A3.1.4. Summary & Future Work

In summary, a second, highly cationic polymer, 7nM, has been synthesized for

further evaluation as to its potential to complex with a deliver nucleic acids. Both the
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hydrodynamic size and zeta potential are comparable to 9nM (shown in Figure A3.1),
which was shown to have some efficacy to deliver siRNA in Chapter 2.

In addition, a synthetic method that appears to yield more well-defined cationic
polymers, 7nM_2 as a model, has been described and carried out in Section A3.1.3.1.
Again, the hydrodynamic size and zeta potential are comparable to 9nM and 7nM, as
shown in Figure A3.1. However, further validation as to its efficacy and reproducibility
is necessary.

Finally, a longer methodology that has the protential to control the polymer
structure has been outlined in Section A3.1.3.3. However, this synthethic scheme needs

further exploration to determine its utility.
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A3.2. A Fluorescent Polymer: 1cM-FITC
As discussed in Section 1.2.3.1, one way to follow the short-term fate of
nanomaterials is through the use of a fluorescent tag. To follow the short-term fate of

1¢M, a fluorescein (FITC) tag was added to the PEG end as outlined in Scheme A3.4.
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Scheme A3.4. Synthesis of 1¢M-FITC via thionyl chloride activation of 1.

Successful synthesis of the polymer was verified by proton nuclear magnetic
resonance (‘'H NMR) spectroscopy and molecular weight determined by gel permeation
chromatography (GPC) relative to PEG standards. This polymer was subsequently used
in numerous applications to follow both 1¢M and 1c¢M-stabilized liposomes as outlined

by Harmon, et al..!"-*!

A3.3. Experimental

A3.3.1. Synthetic Materials

Unless otherwise stated, solvents and reagents were purchased from Fisher
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO) and used as received.

PEG 5 kDa was purchased from Polysciences, Inc. (Warrington, PA) and dried by
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azeotropic distillation from toluene before use. Functionalized PEGs, namely methoxy-
PEG-succinimidyl carboxymethyl (MW 5 kDa) (mPEG-SCM) and amino-PEG-
fluorescein (H,N-PEG-FITC), was purchased from Laysan Bio, Inc (Arab, AL) and used
as received. Product 1 was synthesized as previously described™ and product 2 was
synthesized as described in Chapter 3.

A3.3.2. Characterization Methods

A3.3.2.1. Proton Nuclear Magnetic Resonance (‘"H NMR) Spectroscopy

Proton nuclear magnetic resonance (‘H-NMR) spectra of the products were
obtained using a Varian 400 MHz or 500 MHz spectrophotometer. Samples were
dissolved in chloroform-d, with a few drops of dimethyl sulfoxide-de if necessary, with
tetramethylsilane as an internal reference.

A3.3.2.2. Gel Permeation Chromatography (GPC)

Molecular weights (My,) and polydispersity indices (PDI) were determined using
gel permeation chromatography (GPC) with respect to PEG standards (Sigma-Aldrich)
on a Waters Stryagel® HR 3 THF column (7.8 x 300 mm). The Waters LC system
(Milford, MA) was equipped with a 2414 refractive index detector, a 1515 isocratic
HPLC pump, and 717plus autosampler. An IBM ThinkCentre computer with Waters
Breeze Version 3.30 software installed was used for collection and processing of data.
Samples were prepared at a concentration of 10 mg/mL in tetrahydrofuran, filtered using
0.45 um pore size nylon or poly(tetrafluoroethylene) syringe filters (Fisher Scientific)

and placed in sample vials to be injected into the system.
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A3.3.3. Polymer Synthesis

A3.3.3.1. TnM

In a 50 mL round bottom flask, tetraethylenepentamine (36.5 pL, 0.191 mmol)
was dissolved in CH,Cl, (3.1 mL) and triethylamine (0.14 mL, 1.0 mmol). In a separate
vessel, 2 (0.108 g, 0.0955 mmol) was dissolved in HPLC-grade CH,Cl, (3.2 mL) and
subsequently added to the solution of tetraethylenepentamine dropwise via syringe pump
at a rate of 1.00 mL/hr. The reaction was stirred at room temperature a total of 8 hrs
before mPEG-SCM (0.477 g, 0.0955 mmol) dissolved in HPLC-grade CH,Cl, (7.4 mL)
was added to the yellow reaction solution dropwise via syringe pump at a rate of 1.0
mL/hr. The reaction was stirred at room temperature overnight (18-20 hrs). The solvent
was then removed from the reaction solution by rotary evaporation. The oil/solid was
then re-dispersed in CH,Cl, and filtered to remove the solid NHS-byproduct. The filtrate
was concentrated to an oil and a white product precipitated from the oil dissolved in
CH,ClI, (5 mL) by addition of 10-fold diethyl ether. The tube was then placed on the
shaker for 15-20 min to allow all solid to precipitate out and the solid then collected by
centrifugation at 3000 rpm for 5 min. The supernatant was then removed by decanting
and the solid reprecipitated out of CH,Cl, (< 5 mL) with ether and collected by
centrifugation. The white solid was then washed with ether (1x) and then dried in the
hood overnight. Residual solvent was removed under high vacuum overnight. Yield:
0.51 g, 85 %. 'H-NMR (CDCLs): § 5.62 (s, 2H, CH), 3.99 (m, 4H, CH), 3.74 (m, ~0.44
kH, CH,0), 3.39 (s, 3H, OCHj3), 3.05 (bm, 11H, CH»), 2.31 (bm, 47H, CH,), 1.60, (bm,
3H, CH,), 1.48 (t, 4H, CH3), 1.26 (m, 27H, CH,), 0.89 (t, 6H, CH3). GPC: My,: 6.2 kDa;

PDI=1.1.
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A3.3.3.2. TnM_2

In an oven-dried 50 mL round bottom flask, tetraethylenepentamine (47.7 mg,
0.252 mmol) was dissolved in anhydrous CH,Cl, (12.5 mL) and triethylamine (0.42 mL,
3.0 mmol) under argon gas. The reaction vessel was then submerged in an ice/H,O bath.
In a separate vessel, 2 (0.143 g, 0.126 mmol) was dissolved in anhydrous CH,Cl, (12.5
mL) and subsequently added to the solution of tetraethylenepentamine on ice dropwise
via syringe pump at a rate of 1.00 mL/hr. The reaction solution was kept at 0°C in an ice
bath for 3-4 hrs and was subsequently warmed to room temperature slowly overnight.
The reaction was stirred a total of 20 hrs. The reaction solution was then submerged in an
ice/H,0O bath and 2.0 mL of a 0.064 M solution of benzyl chloroformate (0.13 mmol) in
anhydrous CH,Cl, was subsequently added dropwise via syringe pump at a rate of 1.00
mL/hr. The reaction was stirred at 0 °C for 3-4 hrs and before the solution was warmed to
room temperature slowly overnight. After stirring for 20 hrs, the reaction solution was
again submerged in an ice/H,O bath. A solution of mPEG-SCM (0.630 g, 0.126 mmol) in
anhydrous CH,Cl, (4.0 mL) was then added to the reaction flask dropwise via syringe
pump at a rate of 1.00 mL/hr. The reaction was stirred at 0 °C in an ice bath for ~ 5 hrs
and was then slowly warmed to room temperature overnight. After 20 hrs total stir time,
10 % Pd/C (58.4 mg) was added to the solution. Ambient air was removed from the
system using high vacuum and replaced with H, using a balloon. The reaction was stirred
at room temperature a total of 24 hrs before the H, balloon was removed, the H,
atmosphere removed by high vacuum, and the flask opened to ambient air. The Pd/C was
removed by vacuum filtration through celite. The filtrate was then concentrated and

residual Pd/C removed by filtering the resulting oil through a 0.2 um PTFE syringe filter
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(Fisher). A white solid was precipitated from the yellow oil dissolved in CH,Cl, (5 mL)
by addition of 10-fold diethyl ether in a 50 mL centrifuge tube. The tube was then placed
on the shaker for 15-20 min to allow all solid to precipitate out and the solid then
collected by centrifugation at 3000 rpm for 5 min. The supernatant was then removed by
decanting and the solid reprecipitated out of CH,Cl, (< 5 mL) by adding 10-fold diethyl
ether. The solid was collected by centrifugation, the supernatant removed, and the solid
washed with ether (1x) and cold hexanes (1x). The white solid was dried under ambient
conditions (48 hrs) and under high vacuum (24 hrs). Yield: 0.61 g, 77 %. 'H-NMR
(CDCl3): 6 7.20 (bs, 7H, NH), 5.15 (s, 2H, CH), 4.17 (m, 2H, CH,), 3.65 (m, ~0.44 kH,
CH,0), 3.39 (s, 3H, OCH3), 3.12 (q, 22H, CH>»), 2.72 (s, 2H, CH,), 1.72 (bs, 20H, CH»),
1.41 (q, 33H, CH,), 1.26 (m, 25H, CH»), 0.88 (t, 9H, CHs). GPC: My: 6.8 kDa; PDI =
1.0.

A3.3.3.3. 7nM_3

In an oven-dried 50 mL round bottom flask, tetraethylenepentamine (51.9 mg,
0.274 mmol) was dissolved in anhydrous CH,Cl, (24 mL) and triethylamine (0.46 mL,
3.3 mmol) under flowing argon gas. The reaction vessel was then submerged in an
ice/H,0O bath. In a vial under argon gas, benzyl chloroformate (0.03 mL, 0.2 mmol) was
added to anhydrous CH,Cl; (3 mL) and the solution added to the reaction flask dropwise
via syringe pump at a rate of 1.00 mL/hr. The reaction was stirred under Ar gas at 0 °C in
an ice bath for ~ 5 hrs and was subsequently warmed to room temperature slowly
overnight. The reaction was stirred a total of 20 hrs before the solution was returned to 0
°C in an ice bath. A solution of 2 (0.155 mg, 0.137 mmol) in anhydrous CH,Cl, (5.6 mL)

was then added dropwise via syringe pump at a rate of 1.00 mL/hr. The reaction was
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stirred under Ar gas at 0 °C in an ice bath for 4-5 hrs and was subsequently warmed to
room temperature slowly overnight. The reaction was stirred a total of 20 hrs before 10 %
Pd/C (58.4 mg) was added. Ambient air was removed from the system using high
vacuum and replaced with H, using a balloon. The reaction was stirred at room
temperature a total of 24 hrs before the H, balloon was removed, the H, atmosphere
removed by high vacuum, and the flask opened to ambient air. The Pd/C was removed by
vacuum filtration through celite. The filtrate was the concentrated to a crystalline solid
and dried under high vacuum for 12 hrs. The solid was then redissolved in andhydrous
CH,Cl, (12.5 mL) and triethylamine (0.19 mL, 1.4 mmol) under flowing argon gas. The
reaction vessel was then submerged in an ice/H,O bath before 1.6 mL of a 0.089 M
solution of benzyl chloroformate (0.14 mmol) in anhydrous CH,Cl, was subsequently
added dropwise via syringe pump at a rate of 1.00 mL/hr. The reaction was stirred at 0 °C
for 3-4 hrs before the solution was warmed to room temperature slowly overnight. After
stirring for 20 hrs, the reaction solution was again submerged in an ice/H,O bath. A
solution of mMPEG-SCM (0.628 g, 0.126 mmol) in anhydrous CH,Cl, (4.0 mL) was then
added to the reaction flask dropwise via syringe pump at a rate of 1.00 mL/hr. The
reaction was stirred at 0 °C in an ice bath for ~ 5 hrs and was then slowly warmed to
room temperature overnight. After 20 hrs total stir time, 10 % Pd/C (58.4 mg) was added
to the solution. Ambient air was removed from the system using high vacuum and
replaced with H, using a balloon. The reaction was stirred at room temperature a total of
24 hrs before the H, balloon was removed, the H, atmosphere removed by high vacuum,
and the flask opened to ambient air. The Pd/C was removed by vacuum filtration through

celite. The filtrate was then concentrated and a white solid was precipitated from the
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yellow oil dissolved in CH,Cl, (5 mL) by addition of 10-fold diethyl ether in a 50 mL
centrifuge tube. The tube was then placed on the shaker for 15-20 min to allow all solid
to precipitate out and the solid then collected by centrifugation at 3000 rpm for 5 min.
The supernatant was then removed by decanting and the solid reprecipitated out of
CH,Cl, (< 5 mL) by adding 10-fold diethyl ether. The solid was collected by
centrifugation, the supernatant removed, and the solid washed with ether (1x) and cold
hexanes (1x). The white solid was dried under ambient conditions (48 hrs) and under
high vacuum (24 hrs). Yield: 0.99 g, Mixture of products. 'H-NMR (CDCls): § 7.20 (bs,
27H, NH), 4.17 (s, 2H, CH»), 3.67 (m, ~0.44 kH, CH»0), 3.39 (s, 4H, OCH3), 3.12 (q,
119H, CH,), 2.71 (s, 2H, CH»), 1.69 (bs, 24H, CH>), 1.40 (q, 175H, CH,), 1.28 (m, 28H,
CH,), 0.89 (t, 11H, CH3). GPC: M,,: 6.6 kDa; PDI = 1.0.
A3.3.34. 1cM-FITC

In an oven-dried 50 mL round bottom flask, the carboxylic acids of 1 (0.319 g,
0.339 mmol) were activated with excess thionyl chloride (20-30 mL) at 90 °C overnight.
Residual thionyl chloride was removed by rotary evaporation and the resulting yellow oil
used immediately without further purification. The activated compound was dissolved in
anhydrous CH,Cl, (8 mL) under argon. Anhydrous pyridine (0.14 mL, 1.7 mmol) was
then added resulting in the emission of a small amount of gas. Subsequently, H,N-PEG-
FITC (0.27 g, 0.050 mmol) dissolved in anhydrous CH,Cl, (8 mL) and added to the
reaction flask dropwise via syringe pump at a rate of 1.0 mL/hr. The reaction was stirred
under argon gas and light restrictive conditions for 24 hrs at room temperature. The
solution was then acidified with 0.05 N HCI and the organic phase washed with 50:50

brine:H,O (2x), dried over MgSQO,, and concentrated to a yellow oil. Minimal CH,Cl,
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was then added and product precipitated by the addition of 10-fold diethyl ether. The
solid was then collected by centrifugation and supernatant removed by decanting. Solid
was dried under ambient atmosphere and light restrictive conditions (24 hrs) and under
high vacuum (34 hrs). Yield: 0.23 g, 77 %. '"H-NMR (CDCls):  7.08 (m, 3H, ArH), 6.88
(d, 1H, ArH), 6.75 (m, 3H, ArH), 6.60 (m, 4H, ArH), 3.62 (m, ~0.50 kH, CH»0), 2.66
(m, 4H, CH»), 2.33 (m, 4H, CH,), 1.62 (m, 8H, CH>), 1.26 (m, 58H, CH,), 0.88 (t, 12H,
CHj3). T, =48 °C. GPC: My,: 4.8 kDa; PDI: 1.1.

A3.3.4. Hydrodynamic Diameter and Zeta Potentials

Dynamic light scattering (DLS) and zeta potential analyses were performed using
a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). Solutions
were prepared by dissolving the polymers at a concentration of 1.0 mg/mL in HPLC-
grade H,O and the solutions were subsequently filtered with a 0.45 pm Fisherbrand nylon
syringe filter prior to collecting data. DLS measurements were performed at a 90°
scattering angle at 25°C. Size distributions by volume of measurements were collected in
triplicate, averaged and reported. Zeta potential measurements were collected in
triplicate, averaged and the Z-average charges reported. For all measurements, error bars
represent peak widths of the average value.
A3.4. References
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[3] L. Tian, L. Yam, N. Zhou, H. Tat, K. Uhrich, Macromolecules 2004, 37, 538.
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A4: APPENDIX 4: GLOSSARY

A4.1. Terms

Amphiphilic — term used to describe substances that contain both a polar, or hydrophilic,
part and a nonpolar, or hydrophobic, part'

Atherosclerosis — a type of arteriosclerosis; the term for the process of fatty substances,
cholesterol, cellular waste products, calcium ad fibrin (a clotting material in the blood)
building up in the inner lining of an artery”

Biocompatible — the condition of being non-toxic or non-injurious to living tissue or a
living system’

Biodegradable — capable of being broken down by the action of living things (such as
microorganisms)’

Critical micelle concentration (CMC) — the lowest concentration of a monomeric
amphiphile at which micelles form*’

Cytotoxic — toxic to cells, preventing their reproduction or growth’

Diagnostic — an agent or substance used in diagnosis’

Fluorescence — the optical phenomenon for which a molecule or a material, after being
energetically excited, returns to its minimum energy state (ground state) by emitting
light®

Functionlization — the addition of functional groups’

Gel Electrophoresis — technique by which molecules migrate through a gel from a
negatively charged electrode to a positively charged electrode and separate into bands

. .3
according to size



Gene Therapy — the insertion of usually genes into cells especially to replace defective
genes in the treatment of genetic disorders or to provide a specialized disease-fighting
function’

Glioblastoma — a malignant rapidly growing nerve-tissue tumor composed of astrocytes
of the central nervous system’

Hydrodynamic Diameter — the diameter of a particle in aqueous media®

Hydrophilic — having a strong affinity for water’

Hydrophobic — having a lack of affinity for water; resistant to or avoiding wetting’
Low-density lipoprotein (LDL) — a lipoprotein of blood plasma that is composed of a
moderate proportion of protein with little triglyceride and a high proportion of cholesterol
and that is associated with increased probability of developing atherosclerosis’
Macromolecule — a large molecule (such as a protein, nucleic acid, or rubber) built up
from smaller chemical structures’

Macrophage — a phagocytic tissue of the immune system that may be fixed or freely
motile, is derived from a monocyte, functions in the destruction of foreign antigens (such
as bacteria and viruses), and serves as an antigen-presenting cell’

Micelle — Colloidal dispersions of amphiphiles that self-assemble in aqueous media to
form a hydrophobic core and a hydrophilic shell*’

Nuclease — enzymes that cleave (degrade) nucleic acids’

Nucleic Acid — any of various acids (as an RNA or a DNA) composed of nucleotide
chains’

Polyplex — Complex of a cationic polymer with an anionic nucleic acid’
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Quantum Dots (QDs) — single crystals a few nanometers in diameter with composition-
and size-dependent absorption and emission properties®

Scavenger Receptor — A large family of structurally unrelated distinct gene products,
expressed by myeloid and selected endothelial cells that have roles in normal homeostasis
and are also able to recognize modified low-density lipoproteins'®

Small interfering RNA (siRNA) — an antisense method of gene therapy used to inhibit
the expression of a target gene''

Stent — a short narrow metal or plastic tube often in the form of a mesh that is inserted
into the lumen of an anatomic vessel (such as an artery or bile duct) especially to keep a
previously blocked passageway open’

Vector — an agent (such as a plasmid, virus, or polymer) that contains or carries modified
genetic material (such as recombinant DNA) and can be used to introduce exogenous
genes into the genome of an organism’

Therapeutic — of or relating to the treatment of disease or disorders by remedial agents
or methods’

Turbid — thick or opaque with matter in suspension: cloudy or muddy in appearance’
Zeta Potential — The potential surrounding a particle at the surface of hydrodynamic

shear'?
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