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ABSTRACT

Most potent therapeutics fail to reach clinical trials and FDA-approval due to their inability to reach
their target in a safe and controlled manner. To overcome these barriers, nanotechnology can be employed
to create vehicles that aid in the delivery of drugs. One promising class of drug delivery vehicles are
nanoemulsions, which are nanometer-sized particles that contain a hydrophobic droplet that houses and
protects the therapeutics. Nanoemulsions have seen success in the delivery of drugs as several
nanoemulsion formulations have received FDA-approved. However, despite their success, one of their
limiting factors is their lack of diverse hydrophobic components. Typically, the hydrophobic droplet is a
lipid, and as a result, only drugs that are lipophilic can be dissolved. This means that hydrophilic small
molecule and biological therapeutics cannot be formulated, significantly reducing the potential of this drug
delivery vehicle

In this thesis, two unique strategies are employed to overcome the limitations of nanoemulsions.
The majority of the chapters describe the synthesis, characterization, and application of hydrophobic ionic
liquids (HILs), which are investigated as replacements for the traditional lipid droplet of nanoemulsions.
HILs are a promising material as they can solubilize hydrophilic, hydrophobic, and even biological drugs
due to their unique nanostructure. Chapter 2 describes the design and synthesis of several classes of novel
HILs, whereas Chapter 3 discusses the physicochemical properties and toxicities of select HILs. In Chapter

4, certain HILs are explored as components for drug delivery formulations, especially as nanoemulsions.
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The collective results highlight that diverse HILs can be rapidly produced, where they possess advantageous
characteristics and low toxicity. Moreover, they can be successful employed as a component for
nanoemulsions with the capability of transporting various drugs classes.

Chapter 5 represents a different approach to nanoemulsions, where instead of utilizing a new
material to dissolve non-hydrophobic therapeutics, the hydrophilic drug of choice was tuned to become
lipophilic. Here siRNA, a potent nucleic acid therapeutic, was chosen as the model drug and was
noncovalently modified to become hydrophobic by complexing the nucleic acid with a cationic lipid. This
allowed the drug to be formulated in a nanoemulsion composed of the FDA-approved oil, medium chain
triglycerides, as the hydrophobic phase. The nanoemulsion is characterized and evaluated in a tumor murine

model, where it facilitates significant gene knockdown with a good safety profile.
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CHAPTER 1

Introduction

This chapter has been, in part, prepared as a review article with the tentative title: “Molecular
Dynamic and Biophysical Methods to Probe the Interactions of lonic Liquids and Lipid Bilayers” by

Marshall S. Padilla and Sandro Mecozzi



1.1 Ionic Liquids: Nomenclature, Structure, and Applications
1.1.1 Ionic liquid, molten salt,, or something else?

In the past two decades, an enormous effort has been put into discovering new materials that can
be easily produced and widely-applied. In this time period, few other classes of compounds have been
investigated as deeply as ionic liquids (ILs), despite their discovery over one-hundred years ago.! Although
subject to some debate, ILs are loosely classified as materials composed entirely of anions and cations that
have melting points below 100 °C.? This temperature cutoff is arbitrary as the properties of liquid salts are
not significantly changed below this temperature. Still, 100 °C is used as a threshold to differentiate between
molten salts and ILs.

It is important to note that the term “ionic liquids” has not been used exclusively to define
compounds of this category, as terms such as fused salts®, ionic glasses®, ionic fluids’, and others have been
described in the literature. In some cases, the phrase “deep eutectic solvent (DES)”, which are mixtures of
any compounds that have lower melting points than the parent molecules, is used in conjunction with ILs.®
While all ILs are DESs, the latter does not need to be liquid below 100 °C nor composed of cations or ions.
Due to the arbitrary designation of 100 °C as the cutoff, many compounds are erroneously classified as
ILs, such as the commonly cited choline dihydrogen phosphate ([chol][DHP]), which has a melting point
of 190 °C. Additionally, compounds like [chol][DHP] often are dissolved in water and called “ILs” as the
solution contains IL-like ions and is a liquid.” Although these mixtures behave similarly to ILs, they are
better described as “hydrated ILs”.}

The confusion in nomenclature stems from the fact that ILs are named based on a single attribute
— melting temperature. More recently, ILs have been further defined based on their sub-class, which can be
based on their properties, structure, and function. This includes room temperature ILs (RTIL; salts that are
liquid below room temperature)’, hydrophobic ILs (HILs; ILs that are not appreciably solubilized by
water)'’, polymeric ILs (polymers composed of IL-like monomers)'', and magnetic ILs (MILs; ILs

incorporating paramagnetic elements).'



1.1.2 Cation, anion, and IL synthesis

ILs are typically composed of organic and inorganic ions; however, one of their key properties is
their structural diversity. The cations often contain a quaternary amine, sulfonium, or phosphonium core,
as these atoms can stabilize the lack of electron density as compared to carbocations and oxonium ions,
which are not stable enough to form ILs. The most frequently used cations contain quaternary ammonium
or N-heterocycle groups, the latter including imidazolium, morpholinium, pyridinium, and other
heterocyclic compounds. The anions have greater structural range including simple halides ([Br], [CI],
[1]) as well as complex non-coordinating species such as bis(trifluoromethanesulfonyl)amide ([NTf:]),
hexafluorophosphate ([PFs]"), and tetrafluoroborate ([BF4]"). The greater structural diversity is due to the

easier stabilization of negative charge. A list of commonly-used anions and cations can be found in Figure
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Figure 1.1 Structures and conventional abbreviations of commonly-used IL cations and anions.



Large libraries of ILs can be readily synthesized using simple organic chemistry techniques as the
starting materials are widely available through commercial vendors. Moreover, their popularity has resulted
in companies producing and selling their own ILs. Although new ILs are synthesized every year, it is
estimated that the total number of possible ILs exceeds 10'* possible combinations of anions and cations."
The cations containing amine or phosphonium groups are usually synthesized by quaternization reactions,
in which a tertiary amine or alkyl phosphine is reacted with an alkyl halogen. Since the reaction typically
occurs in an organic solvent, the resulting salt will precipitate out, making purification easy and free from
laborious chromatography steps. The anions are often purchased either in their ionic form or protonated
form, the latter necessitating a deprotonation step.

The synthesis of the ILs themselves can require more optimization. For HILs, often, the
components are mixed in water and the IL precipitates out through a metastasis reaction, requiring only
washes with water to purify. Hydrophilic ILs can be prepared in this manner using solvents other than
water, although the success of the reaction is strongly dependent on the solubility of the anion precursor
salt, cation precursor salt, and resulting IL. A second strategy involves exchanging the anion component of
the cation precursor salt with a hydroxide ion using Dowex® or other resins. Then, the cation-hydroxide
salt undergoes a neutralization reaction with the protonated form of the anion. The resulting water can be

removed during the reaction through a Dean-Stark trap, or afterwards via a vacuum oven or lyophilizer.

1.1.3 Nanostructure of ILs

ILs have depressed melting temperatures compared to traditional salts due to the unique structure
and bonding within the liquid materials. Salts, such as sodium chloride, have strong ionic bonds as a result
of the wide disparity in electronegativity between the ions, and as a result, form crystal lattices. For ILs, the
lattice energy is significantly decreased as the electron clouds of the cations and anions are more
delocalized. This explains why the IL cations are large organic molecules and not smaller ions such as
sodium and lithium cations. Functional groups such as imidazolium can delocalize electron density via -

conjugation, while tetraalkylammonium structures delocalize electron density through hyperconjugation.



HILs result from enhanced lipophilicity as well as the extreme electron delocalization of the ions, especially
the anions, which is why HILs typically include [NTf,]", [PF¢]", and [BF4]", as these molecules are unable
to effectively engage in hydrogen bonding with water.

Depending on the IL molecular architecture, the ions can engage in a variety of intermolecular
interactions other than ionic bonding, such as hydrogen bonding, Van der Waals forces, n-stacking, and
ion-dipole forces. Although the Coulombic forces are typically the strongest intermolecular interactions in
ILs, hydrogen bonding is essential in forming nanoscopic structures.'* Protic ILs (PILs; ILs prepared via
the neutralization of a Brensted acid and Brensted base)'® have a complex hydrogen bonding network due
to their electron deficient hydrogen atoms; however, aprotic ILs (AlILs; ILs without an appreciably acidic
protons)'® also can form discrete hydrogen bonding systems. '’

As a result of the numerous intermolecular interactions, homogenous and heterogenous structures
form in the IL milieu. The simplest unit that is found in ILs is the ion pair between the cation and anion,
which is not necessarily restricted to Coulombic interactions, as ions in ILs can also form pairs via hydrogen
bond interactions.'® This pair can act as a monomer that forms repeats, akin to a polymer, and as a result,
large clusters and aggregates form that create unique three-dimensional structures due to the presence of
non-Coulombic interactions, especially hydrogen bonding. Since these compounds are liquid, the structures
are dynamic, meaning molecular arrangements can be transformed into new architectures through Brownian
motion. Certain ILs can self-assemble into distinct structures, such as those with long alkyl chains that from
lipophilic domains that separate fr