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Abstract

Colloidal aggregation presents a significant nuisance in drug discovery programs; the self-
assembly of hydrophobic compounds into colloidal particles leads to numerous artifactual results
in screening assays. In biochemical enzyme inhibition assays colloids non-specifically adsorb
proteins leading to partial unfolding and enzyme inactivation. In cell-based cytotoxicity assays
colloids are unable to cross cell membranes leading to the drug being unable to bind to its
intracellular target, resulting in apparent inactivity. Colloidal aggregation is not only common
among drug screening candidates but also among clinically used drugs. Being composed entirely
of active drug, colloidal drug aggregates have many properties that make them suitable as
nanoparticle drug formulations. In this work, two methods to stabilize colloidal drug aggregates

were developed to enable targeted delivery and in vivo utility.

First, exploiting the ability of drug colloids to adsorb proteins, we formed controlled protein
coronas to stabilize colloids in both buffered solutions and serum-containing media. Coronas
comprising antibodies not only stabilized colloids but also enabled their specific internalization
by target cells. Second, incorporation of amphiphilic surfactants during colloid formation

resulted in a hydrophilic polymer layer that sterically stabilized drug colloids. Incorporation of
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surfactants significantly reduced protein adsorption, stabilizing drug colloids in serum-containing
media. We designed methods to test colloid stability in high serum media in vitro based on co-
aggregation with fluorescent FRET pairs. Finally, we investigated the influence of stable
colloidal drug aggregates on the in vivo pharmacokinetics of chemotherapeutics. Stable colloidal
formulations showed increased plasma circulation half-lives compared to solubilized, monomeric
formulations. Overall, we demonstrate methods to stabilize, study and utilize colloidal drug

aggregates, turning a nuisance into an opportunity for drug formulation.
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1 Introduction

Portions of this chapter are derived from the following manuscript:

Ganesh, A.N., Donders, E.N., Shoichet, B.K., and Shoichet, M.S. (2018) Colloidal aggregation:

From screening nuisance to formulation nuance. Nano Today. 19:188-200.

Reprinted with permission from Elsevier. ANG, END, BKS and MSS wrote and edited the

manuscript. This manuscript is included in section 1.3.

1.1 Rationale

Over the past decade and a half, the colloidal aggregation of hydrophobic, small molecule
compounds has emerged as the leading cause of false-hits in early-stage drug discovery!-. It was
found that many hydrophobic, small molecule compounds self-assemble into colloidal particles
with diameters typically between 50 — 1000 nm**. Their formation is governed by a critical
aggregation concentration (CAC), akin to a critical micelle concentration, where colloidal particles
are formed once this critical concentration has been exceeded®. This phenomenon is not only
observed with compounds being investigated in the high-throughput screening (HTS) stage of drug
discovery, but also with approved drugs that are used in the clinic®8. Colloidal aggregates result
in a number of artifactual results in screening assays. In enzyme inhibition assays, as those used
in HTS, colloidal aggregates result in false positives; enzymes, such as -lactamase and malate
dehydrogenase, are inhibited by aggregates through their non-specific adsorption to the colloid
surface*. In addition to causing false-positive results in early biochemical enzyme inhibition
assays, colloids have also been shown to cause false-negative results in cell-based assays™. As
drug concentration increases above the CAC and colloidal particles are formed, the potency of the
drug is lost; the formation of colloidal drug aggregates prevents these compounds from entering

cells where they would elicit cytotoxic effects.

Although the formation of colloidal aggregates is typically associated with undesirable results,
their unique self-assembly properties give rise to the potential for use as an intentional nanoparticle
drug formulation. Colloidal aggregates are nano-sized particles composed entirely of active,
unmodified drug. Taking advantage of such drug-rich particles would yield formulations with
significantly higher drug loadings than conventional micellar or liposomal formulations. Their

physical properties can be optimized for passive tumor targeting and their unique interactions with



proteins can be harnessed to confer active targeting capabilities. While, colloidal aggregates have
many advantages in this regard, their transient stability has limited their study and use thus far.
Strategies to stabilize colloidal drug aggregates would enable turning this nuisance phenomenon

into a useful formulation strategy.

1.2 Hypothesis and Objectives

The hypothesis governing this thesis is:

Controlled formulation of colloidal drug aggregates with proteins and polymers will improve

their in vitro serum stability and in vivo pharmacokinetics.
To test this hypothesis, this work was divided into three primary objectives:
1. To design stable antibody-modified drug colloids for targeted in vitro delivery

In Chapter 2, I demonstrate that colloidal drug aggregates can be stabilized by taking
advantage of their innate ability to adsorb proteins. Formation of a protein corona stabilizes
colloids in both buffered solutions and serum-containing media. Furthermore, coronas
comprising targeted antibodies, such the anti-HER2 trastuzumab, can elicit uptake by target,
HER2-overexpressing cells leading to internalization and increased efficacy of the colloidal

formulation.
2. To enhance the stability of colloidal drug aggregates with polymeric excipients

In Chapter 3, I demonstrate that a variety of amphiphilic surfactants can be used to stabilize
colloidal drug aggregates. Incorporation of polymers significantly reduces protein adsorption
and increases stability of drug colloids in serum-containing media. Additionally, stable
colloidal formulations do not passively diffuse into cells and are internalized in a different

manner to non-colloid forming soluble drugs.
3. To investigate the in vivo utility of stable colloidal drug formulations

In Chapter 4, I further investigate the stability of polymer-stabilized drug colloids under
plasma-mimicking conditions and in vivo. I measure, for the first time, the critical
aggregation concentration of a colloid-forming compound under high serum conditions.

After demonstrating that colloids can be formulated to be stable in 90% serum in vitro, I



show that colloidal formulations extend the plasma half-life of drugs in vivo compared to

monomeric formulations.

1.3 Colloidal Aggregation

Drug discovery often begins with screening libraries of over one million molecules to find early
compounds that may become leads to drug candidates'-!’. While they remain the most widely
used strategy in pharmaceutical research to discover new disease-related targets, these high-
throughput screening (HTS) campaigns are dominated by false-positive “hits”*!12, Often, far
more time and resources are spent distinguishing between true and false positives, and
prioritizing well-behaved hits for progression, than was spent developing and executing the HTS

in the first place.

Among the most common mechanisms for false-positive hits in HTS is the colloidal aggregation
of small molecules, first discovered 15 years ago® and now widely accepted?. Subsequent
mechanistic work demonstrated that aggregation occurs via phase separation and particle
formation when the small molecules are present above a compound-specific critical aggregation
concentration (CAC)°. The resulting colloidal aggregates non-specifically bind proteins to their
surface causing local unfolding events, which, in the case of enzymes, result in loss of catalytic
activity>!3. Compound aggregation alone explained the flat structure-activity relationships and
high sensitivity to assay conditions that had been a common feature of the HTS false
positives>12. A third widespread feature of these pathological hits, their steep Hill coefficients in
concentration-response curves, was explained by the aggregates having binding affinities for
their target proteins that were substantially higher than the concentration of the targets in the

assays'?.

The formation of colloidal particles in biochemical buffers and their interactions with biological
molecules have had many implications for drug discovery, formulation and activity. While many
of these properties have rendered colloidal aggregates to be considered as nuisance artifacts, they
can also be exploited to turn colloidal aggregation into an advantage. The unique properties of
colloidal aggregates, their implications in biochemical assay and drug development will be

discussed herein.



1.3.1 Properties of Colloids

Many organic small molecules spontaneously self-assemble in aqueous media into nano-sized
colloidal aggregates without chemical manipulation. These molecules cover a range of chemical
properties and structures, and include compounds from screening libraries, dyes (e.g. Congo red
and Trypan blue), and even clinically approved drugs (e.g. chemotherapeutic vemurafenib and
anti-retroviral ritonavir)®>*8. In the following sections, properties that make colloidal aggregates
unique as nanostructures and different from other self-assembled drug nanoparticles are
highlighted.

1.3.1.1 Colloidal particle formation

The formation of stable, amorphous, nano-sized particles is a characteristic property of colloidal
aggregation’. These colloids have diameters typically between 50 and 1000 nm and form through
spontaneous phase separation on addition to aqueous media from, often, an organic stock
solution such as DMSO. Aggregation is concentration dependent; at low concentrations, the
compound is fully solubilized, but as the concentration increases, spontaneous self-assembly

occurs at a critical concentration (Figure 1.1)°.
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Figure 1.1. Onset of colloidal aggregation determined by the critical aggregation

concentration (CAC) of the compound. At low concentrations, the drug is fully soluble and
only baseline scattering is observed. Once the CAC has been exceeded, scattering increases
indicating the formation of colloidal particles. Insert, electron micrograph of colloidal drug

aggregates of fulvestrant (scale bar represents 200 nm).



This critical aggregation concentration (CAC) appears to correspond to the amorphous solubility
of the compound!*. Notably, this concentration is higher than the crystal solubility of the
compound, at least in those cases where the two have been carefully compared. The CAC is
analogous to the critical micelle concentration for surfactants; like micelles, when diluted below
the CAC the aggregates will spontaneously disassemble and return to a monomeric state®!>, At
least transiently, the concentration of free molecules that remain in solution is defined by the
CAC, even once aggregates have formed, as is the case with micelles®. This can be shown by
centrifugation, for instance, where the colloidal aggregates may be spun down and separated
from the soluble molecule, with the concentration in the supernatant remaining constant at the

CAC.

Taylor et al. demonstrated that colloidal aggregates are liquid-liquid phase-separated solutions'4,
unlike nanocrystals where the drug molecules are tightly packed into an organized lattice. The
amorphous nature of colloidal aggregates allows them to interact with hydrophobic dyes akin to
micelles, and unlike nanocrystals. Fluorescent probes, such as pyrene, change their emission
characteristics depending on the polarity of their environment!®!7. Such dyes preferentially
associate with the hydrophobic core of micelles and allow measurement of the CMC!6-18,
Similarly, these dyes associate with hydrophobic colloids at concentrations that correlate with
the CAC!'41%-22_ The ability of fluorophores to incorporate into colloidal aggregates supports

their liquid nature, as dyes are unable to penetrate crystal lattices.

While the actual molecular structure of colloidal aggregates is poorly understood, some studies
have provided a preliminary glimpse into their structure. By small-angle X-ray scattering, the
structure of the colloidal aggregates fit the expected pair distance distribution function for well-
packed, rather than hollow, spheres®®. This result is supported by the ratio of the radius of
gyration to the hydrodynamic radius from light scattering?’. Additional studies are needed to

fully understand the molecular organization (if any) of colloidal aggregates.

1.3.1.2 Aggregation thermodynamics

The self-assembly of molecules into colloidal aggregates is driven by their relative inability to
form energetically favorable interactions with water?*. Practically, these aggregates form when
water is added to a hydrophobic aggregator dispersed in a water-miscible organic solvent (e.g.
DMSO0)*>24, or blended in a water-soluble polymer matrix'42>-2%, In these conditions, the mixture

spontaneously separates to generate a liquid or glassy colloidal phase along with a small



molecule-depleted aqueous phase. The exact mechanism by which colloidal aggregates form has
not been studied for all aggregators, or under all conditions however some mechanisms for
colloid formation, during which the organic and aqueous phases are mixed together, have been

proposed?425:27

. Phase separation will occur whenever local supersaturation is achieved during
mass exchange between organic and aqueous phases. Since phase separation will occur when the
local composition is supersaturated, the aggregator concentration in the organic phase and the
solubility parameters of the aggregator and organic matrix (which influence the shape of the
unstable and metastable regions) likely dictate where phase separation will occur?®. When the
aggregator concentration is low, phase separation occurs only after a relatively large amount of
water has penetrated the organic phase as aggregator-in-polymer formulations dissolve?’.
Conversely, when the aggregator concentration is high, phase separation occurs after only a

small amount of water diffuses into the organic phase?’.

1.3.1.3  Factors that influence the critical aggregation concentration

The CAC of an aggregator is determined by both its intrinsic properties and the conditions of the
continuous phase. Equation 1 estimates the CAC as a function of the crystal solubility (Csat),
enthalpy of fusion (AHy), melting temperature (Tm), temperature (T), gas constant (R), and a
correction factor that accounts for the aggregator-rich phase containing solutes such as water
(exp(-I(a2)))'*?8. This approach generally yields a good approximation of the CAC; more

rigorous methods are more predictive when the degree of undercooling (Tm — T) is high?2.

AH (T — T)

CAC = Cyyt exp( RTZ
m

) exp(—l(az)) 1
For a single-aggregator system, the enthalpy of fusion, melting temperature, and correction
factor are static and intrinsic to each aggregator. However, the CAC is also affected by extrinsic
factors. For example, the CAC can be indirectly altered by factors that affect the crystal
solubility (Csar), as is evident from Equation 1. This property, while heavily dependent on the
nature of the aggregator, is strongly affected by the solvent conditions®!*?*, For example, crystal
solubility is increased with increasing temperature, which increases the CAC. Additionally,
adding salts to the aqueous phase reduces the solubility of relatively non-polar aggregators, and
the CAC will be reduced, similar to self-assembled micelle systems?*-*°. Conversely, adding an
organic solvent that is miscible with water (e.g. ethanol, DMSO or THF) will increase the

aggregator solubility, and the CAC will increase. Addition of solubilizing excipients such as



cyclodextrins or surfactants can greatly increase the effective CAC of an aggregator because the
aggregator partitions with the solubilizer, reducing the concentration of aggregator in the
continuous phase*!?27-3132 Similarly, changing the pH can appear to change the CAC of an
aggregator with ionizable groups®*34. This phenomenon is often due to conversion of the neutral
aggregator to a generally more soluble charged species. In pH conditions that favour the charged
species, a higher overall aggregator concentration is needed for the neutral aggregator to reach its
CAC; however, the true value of the CAC is unaffected by pH?!. Taken together, this means that

the observed CAC of an aggregator depends on the composition of the media.

1.3.1.4 Macromolecule adsorption onto colloidal aggregates

At least partly due to their high surface area, and perhaps to the apolar nature of that surface,
colloidal aggregates sequester macromolecules such as proteins, as illustrated in the following
examples. The interaction of colloids with proteins was first observed through their non-specific
and time-dependent enzyme inhibition* (further discussed in Section 1.3.2.1). Enzymes adsorb
onto the surface of colloids and are partially unfolded, resulting in a loss of enzymatic activity'?.
The binding of proteins to the colloid is driven by surface interactions between the colloid and
proteins, and often has dissociation constants in the picomolar range!?3°, Intriguingly, adsorption
to colloids is specific to proteins, and has not been observed with other common biomolecules.
Comparing fluorescently labeled proteins and DNA, only proteins were observed to be
substantially adsorbed to colloidal aggregates; all DNA (single- or double-stranded) remained
fully solubilized?. Full proteins also adsorbed more strongly than peptide fragments. For
example, in a competitive assay in which the full B-lactamase protein and its peptide fragments
were incubated with colloids, the presence of peptides had little impact on the inactivation of the
enzyme by the colloids, demonstrating the preferential binding of full proteins to the colloidal
surface. While protein adsorption to nanoparticles is not unique to colloidal aggregates, their

reversible formation provides a unique method for enzyme re-activation®.

1.3.1.5 Detergent reversibility

A defining property of colloidal aggregates is their detergent reversibility. When detergents are
added to the colloids, at concentrations greater than the aggregator concentration, the colloids
can be disrupted’. Typically Triton X-100 (0.01% (v/v)) and polysorbate 80 (0.025% (v/v)) are
used to disrupt aggregation in enzyme- and cell-based assays, respectively’>8. Lower

concentrations can prevent enzyme inhibition while still maintaining intact colloids*. The true



biological effects of colloid-forming compounds in enzyme and cell-based assays can be probed

using detergents to disrupt colloid formation*’.

1.3.2 Biological Implications of Colloidal Aggregates

In addition to their interesting physical properties, colloidal aggregates have unique interactions
with biological environments. As mentioned in Section 1.3.1.4, their interactions with proteins
can result in false hits in HTS. Furthermore, their stability in the presence of high-protein milieus
impacts both in vitro and in vivo analyses. Proteins are abundant in biological systems, where
their interactions with other macromolecules drive important biochemical pathways and physical
transport phenomena. Understanding the interactions of colloids with proteins and cells is key to

understanding in vitro and in vivo data.

1.3.2.1 Interactions of colloidal aggregates with proteins

A characteristic of colloidal aggregates is their strong surface adsorption of proteins. Direct
association of colloids with proteins has been shown by centrifugation of solutions with both
colloids and proteins, where the protein is concentrated in the colloid pellet**S. TEM imaging of
the colloid-protein complex has also confirmed their direct association*. Colloids are stable in

high-protein milieus and even form in the presence of proteins’->°.

In the case of enzymes, adsorption to the colloid surface typically leads to a loss of catalytic
activity. This phenomenon is non-specific and colloid-forming compounds inhibit many
unrelated enzymes at micromolar concentrations®?*3#, Enzyme inhibition is typically time-
dependent and partly reversible, as demonstrated by adsorption kinetics studies. Liu et al.
showed that initial rates of the reaction were inhibited by aggregates, and were suggestive of
non-competitive inhibition wherein the aggregate binds to both free enzyme and the enzyme-
substrate complex*. Upon disruption of the colloids (either by dilution or solubilization with
detergents), the majority of enzyme activity returns*. Intriguingly, colloidal aggregates can

actually stably sequester enzymes, preserving their activity until the colloid is disrupted®.

The origins of protein inhibition by colloidal aggregates appears to be sequestration followed by
partial unfolding, though the importance of the second, unfolding step, remains to be fully
determined. The occurrence of partial enzyme unfolding has been demonstrated in several
ways!3?%, First, incubation of a B-lactamase-colloid complex with the irreversible inhibitor

moxalactam led to no observable effect on the reactivated enzyme after colloid disruption,



indicating that there is no significant exchange between bound and free enzyme. Second, binding
of B-lactamase to colloids followed by deuterium-hydrogen exchange, led to increased
incorporation of deuterium into the enzyme, as measured by mass spectroscopy after protease
digestion. Such increased incorporation into the peptide backbone suggests increased
accessibility to the solvent due to at least local unfolding. Third, B-lactamase bound to colloids
was much more susceptible to trypsin degradation than was the free enzyme, further supporting
denaturation of the enzyme on colloid binding. Because the enzyme regains much of its activity
rapidly on colloid disruption, within the dead-time of a spectrophotometric assay, it seems likely

that the unfolding that the enzyme suffers on the colloids surface is local and transient.

Based on particle counting methods combined with enzyme activity assays, Coan et al.
concluded that colloidal particles had sufficient surface area to adsorb all the protein used in their
study, but this observation does not rule out protein absorption into the colloid core’. While the
molar ratio of protein to colloid-forming compounds in these systems may be on the order of
1:1000, the ratio of enzyme to colloidal particle is much higher since each particle contains
millions of drug molecules. This higher ratio of enzyme to colloid also makes it possible for the
particle surface to become saturated. For example, pre-incubation of colloids with albumin
significantly reduces enzyme inhibition because albumin adsorbs to the colloid surface, leaving
less surface area for enzymes®2¢. Notably, the addition of protein to the already formed colloid-
enzyme complex neither frees adsorbed protein nor restores catalytic activity®®, likely due to the

slow dissociation of already bound enzyme (picomolar dissociation constants).

1.3.2.2  Membrane transport of colloidal drug aggregates

Drug transport across cell membranes is key to efficacy. Studying membrane transport of drugs
using a standard diffusion cell, with the donor and receiver chambers separated by a
semipermeable membrane, Taylor et al. found that when colloidal drug aggregates form, there is
an upper limit for flux across the synthetic membrane*!. When the donor chamber concentration
was below the CAC, they found that the flux of felodipine increased linearly with increasing
concentrations. However, when the donor cell concentration exceeded the CAC, the flux of drug
remained constant over all concentrations tested. This observation supports the formation of
colloidal drug aggregates, as any drug above the CAC self-assembles into particles, which
cannot cross the membrane. Thus, the effective drug concentration that drives diffusion is limited

at the CAC; only the non-colloidal drug amount is able to diffuse into the receiver chamber,
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which leads to a constant flux when the total drug concentration is greater than the CAC. As
diffusion occurs, the drug in the continuous phase is replenished by drug within the colloidal

aggregates and thus flux is maintained over time.

Due to the reversible nature of colloidal aggregation, the presence of solubilizing excipients also
influences the diffusive flux across membranes. When only low concentrations of micellar
detergents are present, the thermodynamic activity of the drug and therefore the diffusive flux
remain constant. When an excess of detergents is used to disrupt colloids, drug molecules
partition with these detergents and there is a reduction in flux due to a decrease in the
concentration of free, non-micelle-bound drug to below the CAC3!. A similar observation is
made when the aqueous environment itself affects the aggregation properties of the compounds.
For example, Raina et al. observed a difference in diffusive flux of felodipine in phosphate
buffer versus simulated intestinal fluid (SIF)3!. Constant flux above a certain concentration was
observed in both buffers; however, the concentration at which this plateau was observed was
significantly higher in SIF, which is indicative of a higher CAC in this medium. While these
studies have important implications in the context of oral drug delivery, the role of active
transport processes and presence of biomacromolecules, such as proteins and lipids, remain

sparsely studied.

1.3.2.3 Colloidal drug aggregates in cell culture

Colloidal aggregates are stable in high-protein milieus, and it is perhaps unsurprising that their
presence would have an impact on drug activity in cell culture assays’’. For instance, when
aggregating chemotherapeutic compounds reach their CAC values and adopt a colloidal form in
cell culture, a substantial decrease (in some cases a total loss) of cytotoxic activity is observed.
Conversely, when a free drug monomer population is maintained, through the addition of
detergents, the activity of the drug returns. The concentration at which loss of drug activity
occurs coincides with the CAC of the compounds’. In contrast to the expected monotonic
sigmoidal dose-response curve observed for many chemical inhibitors, a “bell-shaped” dose
response curve was observed for many colloidal aggregators (Figure 1.2A). “Bell-shaped” curves
are common in the literature, and are typically explained by the engagement of multiple cellular
pathways. Undoubtedly this explanation holds for many molecules, but for at least some

molecules these unusual curves will reflect the formation of colloidal aggregates®.
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The interactions between colloid-forming dyes and cells were investigated to further understand
the mechanism of drug activity loss’. When colloidal dye particles were incubated with cells,
little to no fluorescence was observed within the cell, indicating that colloids were not
internalized by cells (Figure 1.2B). However, upon disruption of the dye colloids with
detergents, solubilized dye molecules could freely cross the cell membrane (Figure 1.2C).
Permeabilized membranes allowed both colloidal and monomeric dye solutions to enter cells.
This observation suggests that the loss of drug activity in colloidal formulations is due to the
inability of drug colloids to cross cell membranes. Consistent with previous work investigating
nanoparticle-cell interactions, these results suggest that, in high-protein milieus, the strong
affinity of the colloid surface for proteins leads to immediate protein adsorption. This formation
of a protein corona prevents interactions between the colloid and cell surface, thus limiting entry

of the drug into cells***

. Furthermore, while drug dissolution from the colloid immediately
replaces depleted free drug in the absence of proteins (as discussed above), the presence of serum
and the formation of a protein corona appears to impede the ability of the colloid to replenish the
free drug species in cell culture conditions. Thus, it seems that the colloid reduces the
thermodynamic activity of the drug.
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Figure 1.2. (A) “Bell-shaped” dose-response curve of the colloid-forming anti-neoplastic
drug, sorafenib. Upon colloid formation, loss of anti-proliferative activity is observed.
Intracellular fluorescence after incubation with (B) colloidal and (C) monomeric
formulations of Evans blue shows inability of colloids to permeate cell membrane.

Reprinted with permission from Ref. °. Copyright 2014 American Chemical Society.

1.3.2.4 Persistence of colloidal drug aggregates in vivo

Based on expected gastric drug concentrations and the diversity of conditions under which

colloidal aggregation occurs, it is not surprising that colloidal drug aggregates are in fact present
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in vivo. Doak et al. observed that many compounds formed colloids at concentration relevant to
in vivo dosing regimens in simulated gastric environments in vitro*>. Work by Frenkel et al.
suggests that not only do colloids form and persist in the gastrointestinal tract, but their presence

also impacts the bioavailability of these compounds in vivo?34,

Frenkel et al. investigated the colloid-forming properties of a number of non-nucleoside reverse
transcriptase inhibitors (NNRTIs) which have known pharmacokinetic parameters in rodent
models and humans??. They identified a number of NNRTIs that form colloidal particles in
simulated gastric environments at concentrations similar to those expected in the gastrointestinal
tract after oral dosing. They classified these compounds into two groups based on aggregate size:
small particles (60-220 nm diameters) and large particles (>500 nm diameters). They found good
correlations between this classification of compounds and their known pharmacokinetic
parameters. For example, compounds that formed aggregates with small diameters had good
adsorption/bioavailability parameters (AUC > 5 pg-h/mL) while those that formed large
aggregates had poor bioavailability (AUC < 1 pg-h/mL). The authors hypothesized that the
smaller aggregates were absorbed by M cells of the Peyer’s patch and then entered systemic
circulation via lymphatic circulation. This result is consistent with other studies investigating
nanoparticle formulations for oral delivery*’#%. In contrast, larger aggregates appeared to have

precipitated, thus limiting the bioavailability of the drug.

Since changes in pH play an important role in gastrointestinal drug absorption, Frenkel et al. also
investigated the effect of pH on aggregation and subsequent bioavailability. For most of the
compounds studied, an increase in pH led to an increase in aggregate size; however, the degree
to which the aggregate size changed depended on the compound itself*?. This pH-dependence on
size change was correlated to bioavailability of the compound; the most bioavailable compounds
were found to be the least affected by increasing pH while the least bioavailable compounds

increased in size the most with increasing pH values.

1.3.3 Colloid-Forming Drugs

Although colloidal aggregates are currently viewed as a hindrance in the drug discovery process,
a number of clinically used compounds also form colloidal drug aggregates. Colloid-forming
drugs range in disease applications from anti-fungals (e.g. clotrimazole), to cardiovascular
therapies (e.g. felodipine and nifedipine) and to chemotherapeutics (e.g. sorafenib and lapatinib).

A number of chemotherapeutics have been shown to form colloidal aggregates with CACs in the
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low micromolar range. Since colloidal drug aggregates are composed entirely of active,
unmodified drug, this presents an opportunity to turn these screening artifacts into a formulation
strategy for these compounds. Such strategies could also give “new-life” to colloid-forming lead

candidates that have been rejected in the drug development process.

1.4 Cancer Chemotherapy

Chemotherapeutic regimens in cancer utilize cytotoxic agents to stop proliferation or kill
cancerous cells. Numerous chemical compounds have been extracted from natural sources or
chemically designed for this purpose*’. Many compounds target DNA within the cell nucleus
either causing its modification (e.g. alkylating agents such as nitrogen mustards and DNA cross-
linkers such as cyclophosphamide) or preventing interactions with other proteins (e.g. antitumour
antibiotics such as doxorubicin which inhibits topoisomerase 11)*°. The microtubules are an
important target of many chemotherapeutics. The vinca alkaloids (vinblastine and vincristine)
depolymerize microtubules, while the taxanes (paclitaxel and docetaxel) promote microtubule
polymerization®!. In both cases, cells are unable to escape the mitotic state and the cell cycle is
stalled leading to apoptosis. Combined these chemotherapeutics are widely used to treat many

cancers, both as single agents and in drug cocktails.

The aforementioned compounds typically target cancer cells due to their rapid rate of
proliferation. However, they can also elicit cytotoxic effects on proliferating healthy cells,
leading to dose-limiting side effects. In recent decades, with the elucidation of the genetic drivers
of cancer, targeted therapies have been developed. These therapies are specific to cancer-driving
proteins that are overexpressed in cancer cells, providing an opportunity to minimize off-target
effects. Anti-hormone compounds are often used in the treatment of breast cancer, as two-thirds
of breast cancers are estrogen-receptor positive and respond to such anti-estrogen therapies®.

Estrogen acts primarily through binding to estrogen receptor-a. (ERcor)>>*

where the ligand-
receptor complex dimerizes and translocates to the cell nucleus (Figure 1.3A). Here, it binds to
estrogen response elements in regulatory regions of genes responsible for cell proliferation and
survival. Anti-estrogen therapies aim to block the interaction of estrogen with ERa.; these
include compounds such as the selective estrogen receptor modulator, tamoxifen, and the pure
estrogen receptor antagonist, fulvestrant®>>°-37, Fulvestrant is an analogue of estradiol (the most

common form of estrogen in circulation) and competitively binds with ERa>*. Once bound to the
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receptor, fulvestrant blocks dimerization and nuclear translocation, in addition to promoting

degradation of the receptor (Figure 1.3B).
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Figure 1.3. Mechanism of actions of estrogen and fulvestrant. (A) Estrogen induces
estrogen receptor-o. dimerization and subsequent activation of genes inducing cell
proliferation and survival. (B) Fulvestrant binds to ERa, preventing dimerization and gene

transcription.

Another class of targeted therapies that have been successful in a broad range of cancers (and
other diseases) are the kinase inhibitors®®>°. Many cancer cells depend on the downstream signal
transduction of tyrosine kinases for their enhanced survival and proliferation. In breast cancer,
the human epidermal growth factor receptor 2 (HER2) is over expressed in 20-30% of breast
tumours®’. Through heterodimerization with other members of the epidermal growth factor
receptor family, kinase activity leads to autophosphorylation and signaling via Ras and PI3K
pathways to stimulate cell division and cell growth, respectively®!-®2, HER2 kinase inhibitors,
such as lapatinib, prevent autophosphorylation and have been clinically approved for the

treatment of HER2-positive breast cancers®®63:64,
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Prodrug strategies can also be used to improve the solubility of chemotherapeutics as well as
take advantage of tissue-specific enzymes for drug activation®. One such example is the
investigational anthracycline-derived prodrug, pentyloxycarbonyl-(p-
aminobenzyl)doxazolidinylcarbamate (PPD), developed by the Koch lab at the University of
Colorado-Boulder®. PPD is activated by carboxylesterase 2 (CES2) which is overexpressed in a
number of cancers including liver and ovarian cancer®’. Upon activation by CES2, the drug
undergoes self-immolative degradation releasing doxazolidine as an active metabolite (Figure
1.4). Such drugs are developed to limit drug activity at non-target tissues; dose-limiting
cardiotoxicity associated with doxorubicin is overcome by modification with a pentyl-PABC
linker that is only activated in the tumor®®,
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Figure 1.4. Activation of PPD by CES2 leads to active metabolites doxazolidine, which

crosslinks DNA, and doxorubicin, which inhibits topoisomerase I1.

With advances in protein engineering methods, monoclonal antibodies have become an
important therapeutic in cancer treatment®®. Antibodies target cancer-specific surface proteins
and can be used to prevent signaling through receptor tyrosine kinases. The anti-HER2
antibodies, trastuzumab and pertuzumab, have been used with clinical success in HER2-postive
breast cancers. These, and other antibodies, can have a number of different effects leading to
selective cytotoxicity; they can block receptor dimerization, prevent receptor internalization and
facilitate antibody-dependent cellular cytotoxicity through interactions between cancer cells and

immune cells’’. Antibodies have been a crucial aspect of recent immunotherapy efforts’!-72,
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1.5 Chemotherapeutic Delivery Strategies

While a variety of formulation strategies are clinically used for small molecule
chemotherapeutics, delivery remains a challenge due to excipient toxicity, poor bioavailability
and off-target effects. Many of these agents are hydrophobic and often require toxic excipients
for their formulation. For example, paclitaxel must be solubilized in CremophorEL, a surfactant
that greatly affects the formulation pharmacokinetics and is associated with hypersensitivity
reactions in many patients’>’4. The poor bioavailability of chemotherapeutics often necessitates
high and frequent dosing”. Finally, even with targeted therapies, some of these compounds can
still have off target effects; many anti-HER?2 therapies have associated cardiotoxicity concerns’.
Thus, there still exists a need for innovative delivery strategies to minimize off-target effects and

increase tumor-specificity.

1.5.1 Antibody-Drug Conjugates

In the past decade, the potential of antibody-drug conjugates (ADC) has generated excitement for
the opportunity to deliver highly potent chemotherapeutics only to cancer cells’®””. Building off
the success of monoclonal antibody therapy, conjugation of a highly potent small molecule
chemotherapeutic to a target cell-specific monoclonal antibody has been shown to be an effective
therapeutic strategy. There are currently a handful of ADCs approved for the cancer therapy and
many more in preclinical and clinical trial stages’®. For example, Kadcyla is a conjugate of the
anti-HER trastuzumab and the anti-microtubule maytansinoid DM178, Cell-specific delivery has
allowed for the use of highly potent cytotoxic agents (IC50 values on range of 10-1°-10"12 M)
such as auristatins and maytansinoids. However, ADCs are often limited to a low drug-to-
antibody ratio, in order to minimize hydrophobicity of conjugates which can lead to accelerated
plasma clearance’. This has limited the clinical translation of conjugates with less potent drugs,

such as doxorubicin®"8!,

1.5.2 Nanoparticle Drug Delivery

Nanoparticles offer alternative formulations for a variety of chemotherapeutic agents improving
drug solubility, reducing dose-limiting side-effects, and facilitating tumor targeting®?. These
characteristics of nanoparticles have made them highly attractive as drug carriers and current
literature is filled with nanoparticle formulations in preclinical and clinical development®*-84,
Some types of nanoparticle formulations currently being studied include liposomes, polymeric

micelles, drug nanocrystals, and self-assembled drug nanoparticles.
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Liposomes consist of self-assembled, nano-sized lipid bilayers; this allows for the solubilization
of both hydrophilic compounds (within the aqueous core) and hydrophobic compounds (within
the bilayer itself)®>#. A liposomal formulation of doxorubicin, Doxil, was the first nanoparticle
to receive FDA approval®’. Polymeric micelles present a class of drug carriers well suited for
delivery of hydrophobic or sparingly soluble drugs®®*°. They are formed from amphiphilic
polymers that self-assemble in aqueous solutions when present at concentrations above a critical
micelle concentration (CMC). Genexol-PM, a micellar formulation of paclitaxel, is composed of
a di-block copolymer of poly(D,L-lactide) and PEG; it is clinically approved in South Korea®:.
Drug nanocrystals are dispersions of crystalline drug particles on the order of 200-500 nm
produced through high-pressure homogenization, wet milling or laser fragmentation®®!. One of
the most successful example of a nano-formulation is Abraxane®”*?. This nano-sized formulation
of paclitaxel utilizes serum albumin as a solubilizing agent and is well tolerated by patients,
allowing for a greater maximum tolerated dose that results in modest improvements in efficacy.

Other self-assembled drug-based nanoparticles have also been recently reported®>-.

1.5.2.1 Nanoparticle Pharmacokinetics

Upon entering systemic circulation, a drug is distributed to various tissues of the body in
proportion to the blood flow to that specific tissue®®. The main goal of drug delivery vehicles is
to beneficially alter the pharmacokinetic profiles of their cargo. Upon intravenous
administration, a number of biological processes dictate the fate of drug-carrying nanoparticles.
Immediately upon injection, a protein corona forms on the surface of the nanocarrier””-?. The
synthetic surface properties of the nanoparticle will dictate the composition of the protein

corona!00:101

. This protein corona will dictate how the nanoparticle interacts with immune cells,
organ parenchymal cells and target tumor cells. If a nanocarrier is designed to minimize
interactions with off-target cells, increased circulation can be achieved. Two decades of work
have demonstrated that reducing protein adsorption to nanoparticles through the use of
poly(ethylene glycol) (PEG) can increase the circulation of PEGylated nanoparticles!92-104,
Recently other strategies such as zwitterionic polymers and biomimetic strategies utilizing cell
membranes as an outer nanoparticle layer has shown significant improvements to circulation
times!'%%195, While there is a need to increase the circulation times of many nanoparticles, it is
important to consider that an upper limit exists to avoid hematological and other toxicities!?. For
example, the long plasma half-life of Doxil is attributed to the slow distribution of doxorubicin

into skin resulting in palmar-plantar erythrodysthesia'®’.
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1.5.2.2 Tumor Targeting

Of particular importance in the design of drug delivery systems is the ability to reach the desired
target. While the size of many nanoparticles can preclude them from clearance by the renal
filtration (< 5.5 nm!®®), distribution to the other clearance organs, the liver and spleen, are the
main route of elimination from circulation®. In the case of cancer nanomedicines, if
nanoparticles are able to avoid clearance and remain in circulation for extended durations,

targeting of the drug carrier to the tumor site is possible!%-!1°,

In cancer, the rapid growth of tumors results in blood vessels with defective architecture
allowing for enhanced permeability of nanoparticles!'!!:!!2, Additionally, the poor lymphatic
drainage in tumors can limit clearance of nanoparticles from the tumor. Combined, the enhanced
permeability and retention (EPR) effect has been exploited to increase the drug concentration in
tumors using nanoparticles''3. Many studies have shown that particle sizes less than 200 nm are
required to observe increased accumulation in tumour tissue!!'*!!°, The EPR effect and tumour
penetration are improved for even smaller particles (~50 nm)!'®!!7_ In recent years, the
heterogeneity of the EPR effect in both human disease and pre-clinical mouse models has
become accepted!!¥12!, However there remains high interest in the application of nanomedicines

for select patient groups that demonstrate leaky vasculature!?%!23,

Active targeting methods functionally modify the surface of the drug delivery system with
targeting moieties to allow preferential accumulation within specific cells or intracellular
organelles'?*. Nanoparticles can be modified with a number of ligands for active targeting:
monoclonal antibodies (e.g. anti-HER2 trastuzumab!%), polysaccharides (e.g. hyaluronic
targeting CD44-overexpressing breast and ovarian cancer stem cells!2%), small molecules (e.g.
folic acid!?7-12%), peptides (e.g. cyclic-RGD targeting tumour vasculature!*%132), Through these
mechanisms, targeted particles aim to deliver chemotherapeutic payloads directly into cancer
cells where they can elicit effects on their intracellular target. This is particularly important for

delivery of membrane-impermeable therapeutics such as oligonucleotides.

1.5.3 Limitations of Current Formulations

While many nanoparticle formulations are in development, a number of limitations exist and
have contributed to the poor translation of these formulations to the clinic. Firstly, while many
long circulating nanoparticles have been developed, a meta-analysis of nanoparticle tumor

accumulation over the past ten years found that on average only 0.7% of the initial dose
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accumulated at the tumor site!*3; this low accumulation was regardless of nanoparticle type,
surface chemistry and active tumor targeting. However, it should be noted that while there
remains opportunity to improve tumor accumulation, this 0.7% is still much higher that many
solubilized drug formulations!**. Secondly, while antibody targeting has been shown to be
effective in antibody and ADC therapies, the utility of active targeting in nanoparticle drug
delivery has been mixed at best. Studies that have directly compared targeted and non-targeted
particles have not observed significant improvements to efficacy with targeted formulations!*>,
Furthermore, recently it was shown that even with targeted particles, the majority of
nanoparticles that reached the tumor were sequestered in the extracellular matrix or by tumor-
associated macrophages!*¢. Finally, while many nanoparticles have had success in improving the
toxicity profile of chemotherapeutics such as doxorubicin or docetaxel through the use
biocompatible nanoparticle systems, even among those formulations that have reached clinical
use, many have not led to an improvement in efficacy compared to conventional
formulations®”-2. The recent approval of Vyxeos, a liposomal formulation of cytarabine and
daunorubicin, marked the first liposomal formulation that showed improved overall survival in a
Phase III trial'3”. The limited translation of nanomedicines underscores the need for further
investigation of in vivo bio-nano interactions that can guide engineering of these drug delivery

systems!3%:139,

Additionally, although both micelles and liposomes are well studied in the literature, a major
limitation is their low drug loadings. Typically only 5-10% of the total formulation consists of

140-142 Even antibody-drug conjugates are limited by low drug-to-antibody ratios'#*.

active drug
Strategies that chemically modify drugs to promote self-assembly (e.g. squalenoylation of
chemotherapeutics), can overcome some of these limitations but require chemical modification
of established compounds which can lead to changes in pharmacodynamics and ultimately
efficacy. A method for self-assembly that does not require drug modification would remove

concerns over changes to it mechanism of action.

Notwithstanding these limitations, the development of stable, drug-rich and targeted
nanoparticles still offers significant opportunities to improve chemotherapeutic delivery. This
thesis focuses on the colloid-forming properties of two chemotherapeutics, fulvestrant and PPD
(Figure 1.5), as proof-of-concept compounds where these findings may be extended to other

colloid-forming drugs.
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Figure 1.5. (A) Fulvestrant, an anti-estrogen used to treat ER-positive breast cancer. (B)

PPD, an investigation anthracycline prodrug activated by carboxylesterase 2.
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2 A new spin on antibody-drug conjugates: trastuzumab-
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experiments; ANG, CKM, BKS, and MSS wrote and edited the manuscript.

2.1 Abstract

While the formation of colloidal aggregates leads to artifacts in early drug discovery, their
composition makes them attractive as nanoparticle formulations for targeted drug delivery as the
entire nanoparticle is composed of drug. The typical transient stability of colloidal aggregates has
inhibited exploiting this property. To overcome this limitation, we investigated a series of
proteins to stabilize colloidal aggregates of the chemotherapeutic, fulvestrant, including: bovine
serum albumin, a generic human immunoglobulin G, and trastuzumab, a therapeutic anti-human
epidermal growth factor receptor 2 antibody. Protein coronas reduced colloid size to <300 nm
and improved their stability to over 48 hours in both buffered saline and media containing serum
protein. Unlike colloids stabilized with other proteins, trastuzumab-fulvestrant colloids were
taken up by HER2 overexpressing cells and were cytotoxic. This new targeted formulation

reimagines antibody-drug conjugates, delivering mM concentrations of drug to a cell.
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2.2 Introduction

Since their discovery, colloidal drug aggregates have been associated with artifacts in screening
assays!*. In enzyme* and cell-surface receptor assays!#’, they lead to false-positive hits due to
protein adsorption and inactivation on the colloid surface. Furthermore, colloidal aggregates lead
to false-negative results in cell-viability assays due to an inability to cross the cell membrane,
which inherently limits their efficacy®. The formation of colloidal particles has been reported for
multiple compound classes of organic compounds and even for therapeutic drugs, including
several anti-cancer chemotherapeutics’. Governed by a critical aggregation concentration, above
which these compounds spontaneously self-assemble into amorphous particles, colloidal drug
aggregates have several unique properties including their propensity for protein adsorption and
detergent-reversible formation®. Intriguingly, while colloids are undesirable in screening assays,
they are attractive as nanoparticle formulations. Composed entirely of drug molecules, they

overcome the low loadings typically encountered with nanoparticle systems!4%-146,

A number of nanoparticle drug formulations are being investigated for chemotherapeutic
delivery. To address the issue of poor drug loading, drugs are being chemically modified to
enhance their self-assembly®>74147-14% 'While these methods have been used successfully in
preclinical studies, the need to chemically modify compounds complicates their translation to the
clinic, as they become new chemical entities. Exploiting drugs that self-assemble without

modification would be an advantage in this respect.

Many drugs form colloidal drug aggregates in biologically relevant environments, including cell
culture media and simulated gastrointestinal fluids’-33-%43, Several of these drugs aggregate at
micromolar or sub-micromolar concentrations, including chemotherapeutics such as the estrogen
receptor (ER) antagonist, fulvestrant’. However, the colloids formed are often polydisperse and
precipitate over several hours. Excipients, including polymers and even other colloid-forming
compounds, such as azo-dyes, can control the size and stability of these colloidal drug
aggregates'#19-36, We hypothesized that proteins themselves might be useful as stabilizing
excipients due to their strong interactions with colloidal surfaces'?. Protein excipients have been
successfully used to stabilize other nanoparticle drug dispersions, such as Abraxane™, a
formulation of the chemotherapeutic paclitaxel that is stabilized by human serum albumin®’. In

addition to stabilizing colloidal drug aggregates, proteins can also confer functionality. For
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example, the adsorption of antibodies onto the surface of drug nanocrystals has been shown to

promote selective uptake by target cells!>-132,

Here we investigate the use of proteins to both stabilize colloidal drug aggregates and to target
them to specific cell populations. We demonstrate that the formation of a protein corona on the
colloid controls the size of drug colloids in a concentration-dependent manner and improves their
stability in many conditions, including serum-containing media. Antibody-based coronas lead to
cellular targeting of colloids, thereby enhancing uptake by target cells and the efficacy of these

formulations.

2.3 Materials and Methods

2.3.1 Materials

Fulvestrant (Cat No S1191) was purchased from Selleck Chemicals. Sorafenib (Cat No HY -
10201) and vemurafenib (Cat No HY-12057) were purchased from MedChem Express. Cell
culture grade DMSO (Cat No D2650), chlorotrianisene (Cat No C7128), bovine serum albumin
(Cat No A7030), IgG from human serum (Cat No 14506), insulin from bovine pancreas (Cat No
10516) and RPMI 1640 cell culture media (R8758) were purchased from Sigma Aldrich.
Trastuzumab (Herceptin) was obtained from Roche (Mississauga, Ontario, Canada). McCoy’s
5A (Cat No 1660082) and DMEM F12 (Cat No 11330032) cell culture media, CholEsteryl
BODIPY FL C12 (Cat No C3927MP), CholEsteryl BODIPY 542/563 C11 (Cat No C12680),
Hoechst 33342 (Cat No H1399), wheat germ agglutinin Alexa Fluor 647 conjugate (Cat No
W32466), dextran Alexa Fluor 647 conjugates (Cat No D22914) and PrestoBlue cell viability
reagent (A12361) were purchased from Thermo Fisher Scientific. Cell lines SKOV-3 (Cat No
HTB-77), MDA-MB-231 (Cat No HTB-26), BT-474 (Cat No HTB-20) and MCF-7 (Cat No
HTB-22) were purchased from ATCC. Charcoal stripped fetal bovine serum (Cat No 080750)
and Hank’s balanced salt solution (Cat No 311515) were purchased from Wisent Bioproducts.
Polysorbate 80 (HX2) was purchased from NOF America Corporation.

2.3.2 Colloid Formation

Stock solutions of each colloid-forming compound were prepared at 5 mM in DMSO. Colloid
formation occurred after the rapid addition of double-distilled water (865 pL) to drug stock
solution (10 pL). After colloid formation, proteins of interest (25 puL) and 10X PBS (100 pL)

were added simultaneously to the colloid solution. Final drug concentration was 50 uM, DMSO
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was kept to 1% (v/v) and protein concentrations ranged from 5 nM to 5 uM. For experiments
including serum, charcoal stripped fetal bovine serum was added after colloid formation to a
concentration of 5% (v/v). Formulations of colloids that include CholEsteryl BODIPY FL C12,
CholEsteryl BODIPY 542/563 C11 or both were prepared by inclusion of the fluorophores into
the compound stock solutions in DMSO. Final total concentration of fluorophore was 500 nM.
For the stability study in buffers of different pH, citric acid was added to formulations to adjust
pH to the desired value.

2.3.3 Dynamic Light Scattering

Colloid diameters, polydispersity and normalized scattering intensity were measured using a
DynaPro Plate Reader II with a laser width optimized by the manufacturer for colloidal particle
detection (Wyatt Technologies). Operating conditions were 60 mW laser at 830 nm and detector
angle of 158°. Samples were measured in a 96-well format with 100 pL and 20 acquisitions per

sample.

2.3.4 Colloid Centrifugation and Gel Electrophoresis

Colloids were formulated as described above and pelleted by centrifugation at 16000x g for 1 h
at 4°C. Proteins in pellet and supernatant were reduced by addition of loading dye containing 2-
mercaptoethanol and boiled for 5 min. Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Proteins were identified by staining with Coomassie Blue G-
250.

2.3.5 Transmission Electron Microscopy

Colloid formulations (5 puL) were deposited onto a freshly glow-discharged 400 mesh carbon
coated copper TEM grid (Ted Pella, Inc.) and allowed to adhere for 5 min. Excess liquid was
removed with filter paper, followed by a quick wash with double-distilled water (5 puL). Particles
were then stained with 1% ammonium molybdate (w/v, pH 7, 5 uL) for 30 sec. Stain was
removed and samples imaged using a Hitachi H-7000 microscope operating at 75 kV. Images
were captured using an Advanced Microscopy Techniques (AMT) XR-60 CCD camera with
typical magnifications between 30000 — 100000x. Images were analyzed using ImageJ 64

software and processed with Photoshop.
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2.3.6 XPS and TOF-SIMS

Colloids formulated with or without BSA were deposited on a silicon wafer and excess liquid
was evaporated under vacuum. Surface analysis by XPS was carried out using an Escalab 250Xi
XPS Spectrometer (ThermoFisher Scientific, East Grinstead, UK) and a monochromatized Al
Ka X-ray source. Samples were cleaned using a 4000 eV high cluster size Ar cluster source and
a nominal spot size of 400 x 400 um? was analyzed. Charge compensation was applied using the
combined low energy e/Ar" flood gun with the binding energy scale shifted to place the main C
Is peak (C-C) to 285.0. Both survey (pass energy 100 eV) and high resolution (pass energy 30
eV) spectra were obtained. All data collection and analysis was performed using Avantage

v.5.957 software.

Negative polarity TOF-SIMS spectra were obtained using an lon-ToF V spectrometer (ION-TOF
GmbH, Muenster, Germany). Spectra were obtained using a 60 keV Biz"* cluster primary ion
source. A depth profile was obtained in an interlaced, dual source mode run under high spatial
resolution conditions!>®. An Ar cluster sources was used to generate the sputter crater (5000 eV,
4 nA, 100 x 100 pm?) and spectra were obtained from an area of 20 x 20 um? centred in the

sputter crater. The mass scale was calibrated to standard peaks found in all spectra.

2.3.7 In vitro Serum Stability

Fulvestrant colloid stability in serum-containing media was assessed using fast protein liquid
chromatography (FPLC), as previously described'>*!>°, Fluorescent colloids were formulated of
50 uM fulvestrant, 875 nM BODIPY FL C12 and 125 nM BODIPY 542/563 C11. Protein
concentrations were 100 nM BSA and 3.5 uM trastuzumab. Colloids were incubated in 20%
charcoal-stripped FBS, 10 UI/mL penicillin and 10 pg/mL streptomycin. At selected time
points, 500 puL of sample was separated on a Superdex 200 gel filtration column at a flow rate of
1.5 mL/min with PBS as the mobile phase. FRET signal was measured at excitation wavelength
of 490 nm and emission wavelength of 575 nm. Integration of colloid peak area was performed

using GraphPad software version 6.0.

2.3.8 Cell Culture

All cells were maintained at 37°C in 5% CO; in appropriate cell culture media supplemented
with 10% FBS, 10 UI/mL penicillin and 10 pg/mL streptomycin. RPMI 1640 media was used for
culture of MDA-MB-231 and BT-474 cells. McCoy’s 5A media was used form SKOV-3 cells
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and DMEM-F12 was used for MCF-7. Media for MCF-7 cells was additionally supplemental
with 10 pg/mL of insulin.

2.3.9 Confocal Microscopy

Fluorescent fulvestrant colloids were prepared as described above with 500 nM BODPY 542/563
C11. Trastuzumab or IgG (3.5 uM) were added to formulation and incubated for 10 minutes
prior to addition of charcoal-stripped FBS (5% final concentration). SKOV-3 and MDA-MB-231
were seeded at 10,000 cells/well and 7,500 cells/well, respectively, in 16-well glass chamber
slides. Cells were incubated with appropriate formulations for 3 h at 37°C at 5% COx.
Formulations were then removed and either replaced with fresh media for an additional 24 h or
with 4% PFA solution for cell fixation. Following fixation cells membranes were stained with
wheat germ agglutinin Alexa Fluor 647 conjugate (5 pg/mL) as per the manufacturer protocol
and counter-stained with Hoechst. Cell lysosomes was visualized by incubating cells with Alexa
Fluor 647 conjugated dextran (10,000 g/mol) overnight at 0.05 mg/mL prior to incubation with
colloidal formulations and imaged under live-cell imaging conditions. Cells were imaged on an
Olympus FV1000 confocal microscope at 60x magnification. Excitation and emission
wavelengths are as follows: for Hoechst, excitation at 405 nm, emission at 460 nm; for colloids,
excitation at 543 nm, emission at 572 nm; for WGA-647 and dextran-647, excitation at 633 nm,
emission at 668 nm. Z-stacks of each field of view were obtained at 1 pm step-size and

compressed into a single image.

2.3.10Flow Cytometry

BT-474 cells were seeded at 50,000 cells/well in 24-well plates. Fluorescent colloids were
formulated as above and incubated with cells for 3 h at 37°C at 5% CO,. After incubation period,
cells were washed with media and cells detached using accutase. Cells were counterstained with
propidium iodide for exclusion of dead cells. Cell fluorescence was analysed using a BD Accuri
C6 flow cytometer with excitation wavelength of 488 nm and emmisions filters of 533/30 nm
(BODIPY) and 585/40 nm (propidium iodide). Data was analysed using FlowJo software and

mean fluorescence intensity of the live cell fraction was measured for three biological replicates.

2.3.11Cell Viability Study

BT-474 and MCF-7 cells were seeded at 10,000 cells/well in 96-well plates and allowed to

adhere overnight in 10% charcoal-stripped FBS. Formulations were prepared as described above.
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Monomeric formulations were prepared by the addition of ultrapure polysorbate 80 to a final
concentration of 0.015% (v/v). Cells were incubated with formulations for 24 h followed by

replacement with fresh media for an additional 48 h. Cell viability was assessed using Presto
Blue viability assay according to manufacturer’s protocols. Cell viability is reported as a

percentage of the vehicle controls.

2.4 Results

Fulvestrant is a potent chemotherapeutic that forms transiently stable colloidal aggregates in
buffer. Three different proteins were evaluated for their ability to stabilize fulvestrant colloids:
bovine serum albumin (BSA), human immunoglobulin G (IgG), and trastuzumab, a clinical anti-

human epidermal growth factor receptor 2 (HER2) antibody.

As with many other self-assembled particles, colloidal drug aggregate size and stability is
influenced by ionic strength!#*, In water, fulvestrant colloids typically have nanometer-scale
diameters (<200 nm) and narrow size distributions (<0.15 as measured by dynamic light
scattering, DLS); however, when formulated in buffer, their diameters are greater than 1 um
(Figure 2.1).
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Figure 2.1. Formulation of 50 pM fulvestrant colloids in water, saline and 100 mM
phosphate buffer (KPi). (n=3, mean + SD)

We hypothesized that proteins would form coronas on the colloid surface, thereby yielding stable
colloids of uniform size in buffered solutions. Colloids were first formulated in water to obtain
initial diameters <200 nm, followed by the simultaneous addition of protein and buffer salts. All
three proteins controlled colloid size in a concentration-dependent manner, with a sigmoidal
relationship consistent with saturation binding (Figure 2.2A). At low protein concentrations,

colloid diameters were greater than 1 um. As each protein concentration increased, colloid
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diameters decreased. Each of the three proteins stabilized fulvestrant colloids over different
concentration ranges; BSA controlled colloidal size at the lowest concentration, where as little as
25 nM was sufficient to achieve colloidal diameters <300 nm. IgG and trastuzumab required at
least 1 uM and 5 puM, respectively, to reduce colloid size to similar diameters. To confirm the
presence of a protein corona, colloids were centrifuged and proteins found in the resulting
pelleted material were separated using gel electrophoresis, using this previously described
method*. Proteins were associated with the pelleted colloids only, indicating that they had
formed a tightly bound corona at the particle surface (Figure 2.3). Additionally, surface-sensitive
techniques, such as X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS), were used to investigate whether proteins were bound to the
colloid surface. A nitrogen signal associated with proteins was only observed for BSA-stabilized
colloids by XPS (Figure 2.4A). Depth profiling by TOF-SIMS shows a decrease in the protein-
specific secondary CN- ion signal, suggesting that proteins are localized to the surface of
colloids (Figure 2.4B). The control and stability conferred by protein coronas was not limited to
colloidal drug aggregates of fulvestrant alone and was also observed for colloid-forming drugs

such as sorafenib, vemurafenib and chlorotrianisene (Figure 2.5).
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Figure 2.2. (A) Proteins control fulvestrant colloid size in a concentration-dependent
manner. Size measured after a 4-h incubation by DLS. Proteins improve the stability of
colloids during incubation in buffer salts at 37 °C as indicated by stability in (B) size and
(C) scattering intensity by DLS. Colloids of fulvestrant alone precipitate over the 48-h
incubation resulting in reduced scattering intensity. All formulations are 50 pM fulvestrant
and 1% DMSO in PBS. For (B and C) [BSA] =100 nM; =1 pM; [trastuzumab] = 3.5 pM.
(n=3, mean + SD)
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Figure 2.3. SDS-PAGE of protein corona based colloidal formulations (50 nM protein).
Pellet (P) and supernatant (S) fractions of formulations were isolated by centrifugation at
16000x g for 1 h at 4 °C. Proteins were only found associated with the pellet fraction
indicating that they were bound to the colloid surface forming a protein corona. Protein-
only controls indicate where protein was loaded directly onto gel (lanes 9-11): BSA is
bovine serum albumin; IgG is immunoglobulin G; Tras is trastuzumab. Representative

image of 3 repeats.
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Figure 2.4. (A) Only fulvestrant colloids formulated with BSA, but not fulvestrant colloids
alone, have a nitrogen peak by XPS, confirming the presence of surface-bound protein. (B)
Depth profile of fulvestrant-BSA colloids by TOF-SIMS shows protein-specific secondary

CN- ion signal decreasing in intensity through depth of sample, confirming surface-bound

protein.
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Figure 2.5. Formulations of 50 pnM each of vemurafenib, sorafenib and chlorotrianisene
form colloids in water that are stabilized with protein coronas of bovine serum albumin
(BSA). The protein corona controls the size of all three colloid-forming compounds in a

concentration-dependent manner. (n=3, mean + SD)

We next studied the stability of the protein-fulvestrant formulations in solution using dynamic
light scattering, in order to identify which protein formulation was sufficiently stable. Minimal
changes in hydrodynamic diameters were observed for all three protein-stabilized formulations
over a 48-h incubation at 37 °C, with all diameters within 100 nm of the initial value (Figure
2.2B). Conversely, non-stabilized “bare” fulvestrant colloids maintained a large diameter, but a
reduction in scattering intensity by two orders of magnitude was observed over 48 h due to
precipitation of larger aggregates, reflecting their instability in the absence of proteins, as is
typical of non-stabilized colloidal aggregates (Figure 2.2C). Conversely, protein-stabilized
formulations maintained high scattering intensities, indicating that colloids were present and

stable in buffered solutions over at least 48 h at 37 °C (Figure 2.2C).

We then evaluated the ability of protein coronas to stabilize fulvestrant colloids in serum-
containing media. Since the high concentration and variety of proteins in serum results in a high
background signal in DLS, we used transmission electron microscopy (TEM) and fast protein
liquid chromatography (FPLC) to study colloidal stability. Significant morphological differences
were observed by transmission electron microscopy (TEM) after incubation in 5% serum. Non-
stabilized fulvestrant formulations appeared as large non-uniform aggregates, whereas protein-
stabilized colloids maintained a spherical morphology of distinct particles (Figures 2.6A, 2.6B
and 2.7).
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Figure 2.6. Protein corona formulation improves the stability of fulvestrant colloids in
serum-containing media. (A) Non-stabilized and (B) trastuzumab-stabilized colloids show
distinct morphologies after a 4-h incubation in 5% serum-containing media as shown by
TEM. (C) Size exclusion chromatography traces show separation of BSA-stabilized colloids
(blue, FRET fluorescence) from serum proteins (pink, absorbance at 280 nm). (D) After
incubation in 20% serum, both BSA and trastuzumab-stabilized colloids maintain FRET
fluorescence over 48 h, demonstrating their stability over this timeframe. Colloids were
formulated at 50 pM fulvestrant and 1% DMSO in all cases. (n=3 mean + SD, scale bar

represents 100 nm)
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Figure 2.7. Additional TEM fields of view of (A) non-stabilized and (B) trastuzumab-
stabilized fulvestrant colloids. S0 pM fulvestrant were formulated with 1% DMSO and 3.5
pM trastuzumab and incubated in 5% serum for 4 h prior to imaging. Scale bar represents
100 nm.

To study the stability of these formulations in higher serum concentrations (20%), size exclusion
chromatography was used to separate intact colloids from serum proteins (Figure 2.6C). Co-
formulations of fulvestrant colloids with a FRET pair consisting of cholesterol derivatives of
BODIPY FL (FRET donor) and BODIPY 542/563 (FRET acceptor) provided a measure of intact
colloids (Figure 2.8). These dyes have previously been used to study self-assembled particles!>®
and were chosen for this study due to their physical and even structural similarity to fulvestrant.
A high FRET signal, due to incorporation of these dyes within the colloids, corroborated their
amorphous nature and correlated with the presence of intact particles, where exclusion of the
dyes from the crystal lattice, due to precipitation, resulted in a low FRET signal (Figure
2.8)!41617 In serum-containing media, both BSA and trastuzumab-stabilized colloids had little
dissociation over 48 h as indicated by the relatively constant fluorescence intensity of the colloid
fraction (Figure 2.6D).. With this improved colloid stability, additional functionality can now be
provided by adsorbed antibodies.

With colloidal formulations that were stable in serum, we investigated whether the antibody
corona would lead to selective uptake by target cells. Previous studies showed that colloidal drug
aggregates cannot diffuse across intact cell membranes’. We hypothesized that colloids loaded

with a targeting antibody would be selectively internalized through receptor-mediated
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endocytosis. We investigated the potential for colloids formulated with trastuzumab, an antibody
against HER2, which is overexpressed in 25% of breast cancers®®!%, to selectively deliver

fulvestrant, an estrogen receptor antagonist™.
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Figure 2.8. FRET donor (A) cholesteryl BODIPY FL C12 (1.75 mol%) and (B) acceptor
cholesteryl BODIPY 542/563 C11 (0.25 mol%) dyes were co-formulated with fulvestrant
colloids to measure of stability. (C) Fulvestrant colloids with or without stabilizing protein
coronas were incubated in PBS over 48 hours at 37 °C. The decrease in fluorescence for
fulvestrant-only colloids corresponds to the decrease in colloidal species observed in
solution. (D) In media containing 5% serum, all formulations remain relatively stable.

(n=3, mean * SD)

We first evaluated the cellular uptake of trastuzumab-stabilized fulvestrant colloids by confocal
laser scanning microscopy. Co-formulation with a BODIPY dye aided in direct visualization of
colloids after exposure to cells for 3 h in 5% serum. The trastuzumab-stabilized colloids (green,
Figure 2.9A) were clearly internalized by SKOV-3 cells that overexpress HER2, whereas the
control IgG-stabilized colloids showed no uptake in the same cell line (Figure 2.9B), indicating
trastuzumab-mediated cell uptake of fulvestrant colloids. Quantification of colloid uptake by

flow cytometry showed that trastuzumab-stabilized colloids had a 10-fold increase in uptake by
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HER2-overexpressing cells compared to IgG stabilized colloids (Figure 2.10). Furthermore, pre-
incubation with free trastuzumab, significantly reduced this uptake. Consistent with a HER2-
mediated uptake mechanism, neither the trastuzumab nor the IgG stabilized formulations were

taken up by HER2 low-expressing MDA-MB-231 cells (Figure 2.9C and 2.9D, respectively).

Figure 2.9. (A) Trastuzumab-modified colloids (BODIPY, green), but not (B) IgG-modified
colloids, are taken up by HER2 overexpressing SKOV-3 cells (blue, Hoechst for cell nuclei
and red, wheat germ agglutinin for cell membranes) after a 3 h incubation. Neither (C)
trastuzumab-modified nor (D) IgG modified colloids are taken up by MDA-MB-231 cells
that are HER2 low-expressing. Formulations used are 50 pM fulvestrant, 1% DMSO and
3.5 uM antibody in 5% serum. Representative confocal microscope images of at least 3

biological repeats. Scale bar represents 50 pm.
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Figure 2.10. Quantification of colloid uptake by HER2 overexpressing BT-474 cells using
flow cytometry. Trastuzumab-stabilized fulvestrant colloids (green) have significantly
increased uptake by BT-474 cells compared to IgG-stabilized colloids (red) after 3-h
incubation. Pre-incubation of cells with free trastuzumab (yellow) significantly reduced
uptake of trastuzumab-stabilized colloids by cells. (n=3 biological replicates, mean + SD,
*p<0.05, ***p<0.001)

Subsequent cell uptake studies revealed that trastuzumab-stabilized colloids are localized to
endo-lysosomal compartments even 24 h after exposure (Figure 2.11). Trafficking to the
lysosomal compartment was indicated by the co-localization of colloid fluorescence (green) with
that of a lysosomal dextran marker (red). Lysosomal accumulation is only observed for
trastuzumab-modified colloids (Figure 2.11A) and not for [gG-modified colloids (Figure 2.11B),
consistent with the selective internalization of the former (Figure 2.9). Unexpectedly, the
protein-formulated colloids appear to be mostly stable even in low pH environments of the endo-

lysosomal pathway (Figure 2.12)!38,
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Colloids Lysosomes Merge

A

Figure 2.11. Internalized colloids are trafficked to lysosomal compartments of SKOV-3
cells. (A) Trastuzumab-modified colloids (BODIPY, green) co-localize with lysosomes
(Dextran-647, red) after 24 h. (B) IgG-modified colloids have minimal cell uptake. Hoechst
(blue) is used to stain cell nuclei. Formulations used are 50 pM fulvestrant, 1% DMSO and
3.5 uM antibody in 5% serum. Cells were pulsed with colloidal formulations for 3 h
followed by chase with full media for 21 h. Representative confocal microscope images of at

least 3 biological repeats. Scale bar represents 20 pm.
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Figure 2.12. Proteins improve the stability of colloids in acidic environments such as those
of the endo-lysosomal pathway. (A) Trastuzumab-stabilized fulvestrant colloids maintain
scattering intensity over a 24-hour incubation in buffers of different pH while (B) non-
stabilized colloids decrease in scattering indicating a decrease in colloidal species. (C) At
pH 5, protein coronas stabilize colloids in a citric acid-phosphate buffer system. 50 pM
fulvestrant, 1% DMSO, 100 nM BSA or 3.5 uM trastuzumab. (n=3, mean + SD)



39

We next investigated whether these targeted colloidal formulations would improve drug efficacy
relative to non-targeted colloids. Since trastuzumab-stabilized fulvestrant colloids showed
selective uptake by HER2 overexpressing cells, we wondered whether they would increase
efficacy against fulvestrant-sensitive BT-474 cells, which overexpress both HER2 and ER'>°.
Fulvestrant colloids co-formulated with trastuzumab significantly reduced viability compared to
controls, while colloids stabilized with a non-targeted antibody did not show the same effect
(Figure 2.13). Non-stabilized colloidal fulvestrant formulations had a minimal effect on cell
viability. High amounts of trastuzumab were required to stabilize colloids of fulvestrant
compared to the other proteins investigated and, as a result, even the trastuzumab-only controls
showed a significant reduction in cell viability relative to a 1% DMSO vehicle control (Figure
2.13). When these formulations were incubated with fulvestrant-sensitive cells that have low
expression of HER2 (MCF-7), no differences between targeted and non-targeted colloidal
formulations were observed (Figure 2.14). We note that whereas the targeted colloids
significantly reduced cell viability versus the untargeted colloids, the difference did not reflect
the substantially higher amount of colloids internalized by the cells. This perhaps reflects the
integrity of the colloids long after internalization. This contrasts with the expected cytotoxicity

observed for monomeric formulations of fulvestrant (Figures 2.14 and 2.15).
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Figure 2.13. Fulvestrant colloids targeted with a trastuzumab corona reduce cell viability.
BT-474 cells were exposed to 50 pM fulvestrant formulations with trastuzumab or IgG (3.5
pM) for 24 h followed by fresh media for an additional 48 h. 50 pM fulvestrant with 1%
DMSO in 5% serum was used for all formulations. Cell viability is represented as a
percentage of 1% DMSO vehicle control. * p<0.05, ** p<0.01. (n=4 biological replicates,
mean + SD)
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Figure 2.14. (A) Fulvestrant colloids formulated with trastuzumab do not selectively target
low HER2-expressing MCF-7 cells as shown with similar cell viability as non-targeted
fulvestrant colloids formulated with IgG. (B) All monomeric fulvestrant formulations
reduce cell viability to the same extent irrespective of the presence of either trastuzumab or
IgG. Cells were incubated with 50 pM fulvestrant, 3.5 pM antibody, 1% DMSO and
0.015% UP80 to maintain monomeric formulation for 24 hours. Cell viability was assessed
by the PrestoBlue assay after a 72-hour total incubation. * p<0.05, ** p<0.01. (n=4

biological replicates, mean + SD)
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Figure 2.15. All monomeric formulations reduce cell viability of BT-474 cells. Cells were
incubated with 50 pM fulvestrant, 3.5 pM antibody, 1% DMSO and 0.015% UPS80 to
maintain monomeric formulation for 24 hours. Cell viability was assessed by the
PrestoBlue assay after a 72-hour total incubation and represented as percentage of vehicle

control. * p<0.05, ** p<0.01, *** p<0.001. (n=4 biological replicates, mean + SD)
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2.5 Discussion

Two key results emerge from this study. First, colloidal drug aggregates may be stabilized by
protein adsorption, converting them from polydisperse particles prone to precipitation into more
monodisperse species with multi-day stability. Second, colloids can be co-formulated with
proteins that are themselves active, like the anti-HER2 antibody trastuzumab, and can be used to
target colloids to specific cell types. This antibody colloidal drug formulation is specifically
internalized by target cells, increasing the toxicity of the colloids versus colloids without the
targeting antibody and relative to non-target cells. These antibody-colloidal drug formulations
are analogous to antibody drug conjugates, but deliver orders of magnitude more drug per active

antibody while maintaining the drug in an inactive form prior to cell internalization.

Proteins form coronas on nanoparticle formulations upon exposure to biological media!%!6!,

Both the nature of the protein and colloidal surface determine the strength of this interaction and,
as a result, several factors may contribute to the differences in interaction between fulvestrant
colloids and the three proteins studied here®?%-162, Many studies have shown that proteins readily
bind to hydrophobic colloidal surfaces. Albumin, for example, can bind to a number of colloidal
particles and in most cases improves their stability>%-163-195, The diversity in chemical groups and
specifically the hydrophobic pockets of BSA could account for the superior ability of albumin to
stabilize the hydrophobic fulvestrant colloids compared to the antibodies investigated here!6%16¢
169, Differences in post-translational modifications, such as glycosylation, can change the
properties of proteins and could explain the differences observed between IgG and
trastuzumab!’%!71, The properties of the colloids also influence interactions with proteins. For
example, the zeta potential of the colloidal surface dictates the strength of electrostatic
interactions®®. Although we have focused on fulvestrant colloids in this study, we observed the
same ability of proteins to stabilize colloidal aggregates of other drugs , namely sorafenib,

vemurafenib and chlorotrianisene.

The concentration of the protein is an important factor in colloid stabilization; at low protein
concentrations, colloidal particles agglomerate with one another, perhaps due to changes in
electrostatic interactions and bridging effects!®*. The colloidal diameters observed in this study at
low protein concentrations are in fact larger than those of fulvestrant colloids alone. At higher
protein concentrations, however, the protein corona increases colloidal stability by saturating the

surface, resulting in repulsive steric and entropic forces that arise from the displacement of
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surface-bound water molecules upon protein adsorption!'®*!72173_ Both forces favor inter-colloid

repulsion and lead to colloidal stability.

Importantly, protein coronas stabilize colloids upon serum incubation. Indeed, some stabilization
was even observed for the bare fulvestrant colloids in serum-containing media, reflecting some
corona formation by serum proteins themselves. This is consistent with previous studies, which
have found that colloidal drug aggregates can persist in these conditions over 24 h’. However,
the differences between the morphologies of bare and protein-stabilized colloids reflect the
superior stability conferred by controlled corona formation. The observation that trastuzumab-
modified colloids preferentially targeted HER2 overexpressing cells indicates that the antibody is
stably bound to the colloid surface, even after exposure to serum, and that a substantial amount
of antibody is oriented such that the Fab region can interact with the target receptor. These
results suggest that it should be possible to find other protein-colloid pairs that can optimally

stabilize monodisperse colloidal drug aggregates for targeted delivery and improved efficacy.

While we have shown that protein adsorption can stabilize colloidal drug aggregates, it is likely
that differences in protein and colloid surface characteristics will demand optimization for
different protein-colloid combinations. The formulation of fulvestrant and trastuzumab
investigated here is clinically relevant for breast cancer patients with HER2 and ER positive
tumors!>’. Combinations of other colloid-forming chemotherapeutics and targeting ligands may
prove useful for other cancers. Additionally, although we have shown that trastuzumab-stabilized
colloids are specifically internalized by HER2-expressing cells and decrease cell viability, the
current protein-stabilized fulvestrant colloids seem to persist in the endo-lysosomal pathway,

limiting their efficacy!’.

2.6 Conclusions

Colloidal drug aggregates, typically thought of as a nuisance artifact of early drug discovery, can
be stabilized by complexation with proteins and targeted for selective cell uptake with functional
antibodies. Since the colloidal aggregates act as both the active agent and the vehicle, antibody-
stabilized colloidal drug formulations may address key limitations of nanoparticle formulations,
namely their poor drug loading and necessity for massive amounts of nanoparticle material in the

formulation. Many chemotherapeutics form colloidal aggregates’-3643

and protein corona
formation may reveal opportunities to convert what has been considered a weakness into an

opportunity for targeted delivery. In the last decade, both antibody-drug conjugates and
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nanoparticle formulations have emerged as promising avenues for targeted drug delivery. We
demonstrated specific uptake by target cancer cells in vitro, yet, like many other nanoparticle
formulations, the stabilized fulvestrant colloids will likely be non-specifically internalized to
some extent by phagocytic cells in vivo'%%!75, Notwithstanding, what may be thought of as
“antibody colloidal drug conjugates” may deliver many more orders of magnitude of drug

molecules per antibody, improving efficacy.
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3.1 Abstract

While limited drug loading continues to be problematic for chemotherapeutics formulated in
nanoparticles, we found that we could take advantage of colloidal drug aggregation to achieve
high loading when combined with polymeric excipients. We demonstrate this approach with two
drugs - fulvestrant and pentyl-PABC Doxazolidine (PPD) — a prodrug of doxazolidine, a DNA
crosslinking anthracycline; and two polymers, respectively - polysorbate 80 (UP80) and
poly(D,L-lactide-co-2-methyl-2-carboxytrimethylene carbonate)-graft-poly(ethylene glycol)
(PLAC-PEG) — a custom-synthesized, self-assembling, amphiphilic polymer. In both systems,
drug-loaded nanoparticles had diameters <200 nm, were stable for up to 2 days in buffered saline
solution and for up to 24 h in serum-containing media at 37°C. While colloidal drug aggregates
alone are typically unstable in saline and serum-containing media, we attribute colloid stability
herein to the polymeric excipients and consequent decreased protein adsorption. We expect that
this strategy of polymer-stabilized colloidal drug aggregates to be broadly applicable in delivery

formulations.

44



45

3.2 Introduction

The inefficient formulation of hydrophobic small molecule drugs continues to be a barrier
between drug development and clinical use. Although excipients can solubilize drugs for in vivo
delivery, the high excipient concentrations necessary are associated with dose-limiting adverse
effects, such as hypersensitivity and hemolysis’*!7%177, While nanoparticle delivery systems have
been developed to overcome this toxicity and to improve drug bioavailability and

biodistribution!7®180 these strategies are themselves limited by low drug loading?#?!133:140.142.181

To produce more drug-rich systems and to overcome the limitations of excipient toxicity, an
alternative approach has emerged to exploit the intrinsic physicochemical properties of a drug
directly in formulation. These formulations generally take advantage of the immiscibility of
hydrophobic drugs in aqueous media, which results in self-aggregation to produce a particle
core”148 More recently, co-formulation strategies have been developed that use
macromolecules, either during or after particle formation, to suppress Ostwald ripening through

182

stabilization of the drug-particle surface'®*. However, less attention has been given to the

potential self-assembly parameters of the drugs themselves.

In the past decade, many drugs have been shown to self-assemble into colloidal drug aggregates.
In early drug discovery?® this leads to artifacts including both false positives in biochemical
assays*!% and false negatives in cellular assays’. Though hard to predict!®?, the mechanism of
self-assembly for these colloidal aggregators is governed by a critical aggregation concentration
(CAC). At concentrations above their CAC, self-assembly of these compounds by solvent-
exchange methods leads to the generation of amorphous liquid-liquid phase-separated particles
rather than crystalline precipitate>!4. While the assembling properties have been well studied, the
utility of these aggregates is hindered by their instability®!'#*. We and others have attempted to
stabilize colloidal drug aggregates in order to further study their biological implications®-!182,
Previously, we demonstrated that co-aggregation with azo-dyes can stabilize colloids, resulting
in a maintenance of structural integrity in high ionic strength solutions and serum-containing
media’®. The incorporation of polymeric excipients, such as pluronics and polysorbates, remains
an attractive method to stabilize colloidal aggregates due to the chemical diversity of polymers
available and their ubiquity in pharmaceutical formulations. Work by Taylor et al. has shown
that polymeric excipients can modulate the colloidal properties of drug aggregates; however,

only modest improvements in stability have been achieved thus far!®!84,
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Here, we investigate how small molecule colloidal drug aggregation properties can be combined
with polymeric excipients to substantially improve particle stability. Using pharmaceutical
excipients and biocompatible amphiphilic polymers, we demonstrate that colloidal drug
aggregates can be formulated for multi-day stability in both buffered saline and serum-containing
media. With this strategy, we not only stabilize colloidal drug aggregates, but overcome the low
drug loading typically found in traditional polymeric nanoparticle systems. Monodisperse and
stable colloidal formulations are achieved using polymeric excipients of two chemotherapeutics:
the estrogen receptor antagonist fulvestrant®>® and the novel anthracycline-derived prodrug of
doxazolidine, pentyloxycarbonyl-(p-aminobenzyl) doxazolidinylcarbamate (PPD)®. After
screening a series of polymers, we found that the optimal polymer-colloid combination is
specific to each drug; however, this approach should be broadly applicable to other colloidal
drug aggregators. As a proof of concept for use in drug delivery, we investigate the stability in
serum-containing media, variations in protein adsorption properties, and interactions with cancer

cells of these colloidal formulations.

3.3 Materials and Methods

3.3.1 Materials

PPD was synthesized from expired clinical samples of doxorubicin (FeRx Inc, Aurora, CO) as
previously described®®. Fulvestrant was purchased from Selleckchem. Poly(D,L-lactide-co-2-
methyl-2-carboxy-trimethylene carbonate)-graft-poly(ethylene glycol) (PLAC-PEG) was
synthesized by a ring-opening polymerization using a pyrenebutanol initiator to a molecular
weight of 12,000 g/mol and conjugated with an average of 3 PEG chains/backbone (10,000
g/mol PEG) as previously described!®. Polysorbate 80 (H2X, UP80) was purchased from NOF
America Corporation. Vitamin E-PEG 1000 (VitEPEG), Pluronic F68, Pluronic F127, Brij L23
and Brij 58 were purchased from Sigma Aldrich. McCoy’s 5A cell culture media, CholEsteryl
BODIPY 542/563 C11, Hoechst 33342 were purchased from Thermo Fisher Scientific. The
SKOV-3 cell line was purchased from ATCC. Charcoal stripped fetal bovine serum and Hank’s

balanced salt solution were purchased from Wisent Bioproducts.

3.3.2 Colloid Formation

Colloids of both fulvestrant and PPD were formulated upon dilution of organic stock solutions
into an aqueous phase. Fulvestrant colloids were prepared by adding double-distilled water (880
uL) to DMSO stock solution (10 pL at 5 mM) followed by the addition of 10X PBS (100 puL).
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Final fulvestrant drug and organic concentrations were 50 uM and 1% (v/v), respectively. PPD
colloids were prepared in a similar manner with drug stock solution at 12.5 mM in DMF leading
to formulations with a final drug concentration of 500 uM and an organic concentration of 4%
(v/v). Excipients were incorporated into formulations prior to colloid formation. Since the
concentration of organic solvents are in the same range as those typically found in
pharmaceutical formulations (up to 10%), we do not anticipate any toxicity. PLAC-PEG was
added to the organic phase while all other excipients studied were dissolved in the aqueous
phase. Amounts of polymers were chosen based on the initial concentration of drug being
formulated. For fulvestrant colloids formulated at 50 uM, excipients were used at the following
concentrations: 0.001% (w/v) UP80, 0.01% F127, 0.01% F68, 0.01% Brij L23, 0.01% Brij 58,
0.01% VitE-PEG and 0.004% PLAC-PEG. For PPD colloids formulated at 500 uM, excipients
were used at the following concentrations: 0.01% UP80, 0.05% F127, 0.05% F68, 0.01% Brij
L23, 0.01% Brij 58, 0.01% VitE-PEG and 0.04% PLAC-PEG. Precipitate formation was

inspected visually during screening of excipients.

3.3.3 Colloid Characterization

Colloid diameter, polydispersity and normalized scattering intensity were measured by dynamic
light scattering (DLS) using a DynaPro Plate Reader II (Wyatt Technologies) with a laser width
optimized for colloidal aggregate detection (i.e., particles in the 100 to 1000 nm radius range) by
the manufacturer. Operating conditions were 60 mW laser at 830 nm wavelength and detector
angle of 158°. Samples were measured in a 96-well format with 100 uL and 20 acquisitions per

sample.

Colloids (5 pL) were deposited from 50 uM and 500 uM solutions of fulvestrant and PPD,
respectively, onto glow discharged transmission electron microscope (TEM) grids and allowed to
adsorb for 5 min. The solution was then wicked away and the grid was washed briefly with water
(5 pL). Grids were then allowed to dry and negatively stained with either uranyl acetate (5 pL,

10 sec, 2 % solution, pH ~4) for PPD colloids or ammonium molybdate (5 pL, 30 sec, 1%
solution, pH 7) for fulvestrant colloids prior to imaging on a Hitachi H-7000 microscope

operating at 75 kV.

3.3.4 In Vitro Serum Stability

The stability of fulvestrant and PPD colloids under serum conditions was determined using fast

protein liquid chromatography (FPLC) using a previously established method!#%!34, Colloids
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were incubated with 20% fetal bovine serum (FBS, Charcoal stripped) and 1% penicillin -
streptomycin at 37°C. At 0, 6, 12, 24 and 48 h, 500 uL aliquots were removed and injected onto
a Superdex 200 gel filtration column. Samples were run with a flow rate of 1.5 mL/min and 1x
PBS as the mobile phase. For fulvestrant, colloids were co-formulated with the FRET pair of
CholEsteryl BODIPY FL and BODIPY 542/563 (500 nM) and fluorescent emission at 575 nm
was determined using a Tecan plate reader followed by integration of colloid peak area using
GraphPad software version 6.0. For PPD, elution peak areas at 480 nm were calculated using
UNICORN software version 5.31. Peak area is used as a measurement of intact colloid
population. Protein components of FBS, drugs and polymer excipients will all contribute to the
absorbance at 280 nm. Neither the polymer nor the FBS contribute to the absorbance at 480 nm
or the fluorescence at 575 nm. Without polymer, PPD and fulvestrant colloids precipitate rapidly

in PBS and thus their stability could not be assessed by FPLC.

3.3.5 In Vitro Protein Adsorption

Fulvestrant and PPD colloids were prepared at 50 uM (1 mL) as before in the presence or
absence of UP80 and PLAC-PEG, respectively. Colloids were then incubated with 50 nM bovine
serum albumin, human immunoglobulin G or fibrinogen for 10 min. Colloids were then pelleted
by centrifugation for 1 h at 16000x g at 4 °C. After centrifugation, 950 pL of supernatant was
removed and the pellet was resuspended in the remaining 50 pL. To prepare samples for SDS-
PAGE, 10 pL of supernatant or 10 pL of resuspended pellet was mixed with 10% glycerol, 2%
sodium dodecyl sulfate (SDS) and 100mM B-mercaptoethanol. This process effectively breaks
up colloids and releases any colloid-bound protein. Each sample was boiled at 100 °C for 5 min.
Proteins (15 pL sample volume) were then separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis and identified using Coomassie Blue G-250 staining. Protein band intensities
were quantified using ImagelJ software. Data are expressed as the relative protein band intensities

of the pellet to that of the supernatant.

3.3.6 In Vitro Cell Uptake

SKOV-3 cells were maintained at 37 °C in 5% CO2 in McCoy’s 5A media supplemented with
10% FBS, 10 UI/mL penicillin, and 10 pg/mL streptomycin. Cells were seeded at 12,000
cells/well in 8-well borosilicate glass chamber slides and allowed to adhere overnight. Cells were
incubated with 50 uM of appropriate formulations for 45 min in serum-free or 10% serum
conditions. Fulvestrant colloids were co-formulated with CholEsteryl BODIPY 542/563 C11
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(500 nM) for visualization. Following incubation, cells were rinsed and counterstained with
Hoechst 33342. Cells were imaged on an Olympus FV1000 confocal laser-scanning microscope
at 60X magnification under live-cell imaging conditions. Excitation and emission wavelengths
were as follows: for Hoechst, excitation at 405 nm, emission at 460 nm; for fulvestrant colloids
co-formulated with BODIPY, excitation at 559 nm, emission at 572; for PPD colloids and

doxorubicin (DOX) formulations, excitation at 488 nm, emission at 520 nm.

3.4 Results

Hydrophobic chemotherapeutics, such as fulvestrant and PPD, form colloidal aggregates with

CACs of 0.5 pM’ and 14 uM (Figure 3.1), respectively.
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Figure 3.1. The critical aggregation concentration of PPD is 14 pM in PBS as determined
by dynamic light scattering. Formulations contain 2% DMF. (n=3, mean + SD).

Consistent with other colloidal drug aggregates'#*, the addition of salt causes massive
aggregation and precipitation of both drugs (Figure 3.2C and 3.2D, pink bars). In an effort to
prevent colloid precipitation and improve stability in the presence of salts, each drug was co-
formulated with one of seven different polymers ranging from clinically used excipients
(polysorbate 80, Pluronics F68 and F127, Brij 58 and L23) to amphiphilic polymers used in
micelle systems (PLAC-PEG, VitE-PEQG) as a screening tool to identify formulations warranting
further investigation. Polymers were used at 0.001-0.05% (w/v), a low weight percent relative to
that used in traditional drug formulations, which are orders of magnitude higher!83. All
formulations in water had an initial diameter of <200 nm regardless of the presence of excipient
or type of excipient used (Figure 3.2C and 3.2D). When formulated in PBS buffer, the addition

of polymers prevented or reduced the aggregation of colloids. In contrast, the absence of



50

polymers led to the formation of drug aggregates larger than 1 pm, which precipitated from

solution within minutes.

In the presence of polymeric excipients, colloids were stable over 48 h at 37 °C (Figure 3.2E and
3.2F). For fulvestrant, formulation with polysorbate 80 (UP80) resulted in homogeneous colloids
stable over 48 h. Fulvestrant-UP80 colloids had initial diameters of 109+7 nm, which increased
to 168+18 nm over 48 h. Other polymers, such as PLAC-PEG, partially inhibited the growth rate
of fulvestrant colloids in high salt buffer compared to the drug alone; however, the initial
fulvestrant colloid diameter doubled over a 48 h period, demonstrating that UP80 was a more
effective stabilizing agent. In contrast, PLAC-PEG was the optimal polymer to stabilize PPD
colloids over 48 h. PPD-PLAC-PEG colloids had initial diameters of 93+8 nm, which grew to
122+6 nm. While other polymers stabilized PPD colloids, they were not as effective as PLAC-
PEG. For example, Pluronic F68 showed a doubling in size within minutes of exposure to a high
salt buffer (Figure 3.2D). Both fulvestrant-UP80 and PPD-PLAC-PEG maintained a narrow size
distribution over the incubation period (PDI<0.2). Fulvestrant-UP80 and PPD-PLAC-PEG
formulations have drug loadings of 75 and 50 wt%, respectively, calculated as the absolute

amount of drug per total mass (drug and excipient mass).
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Figure 3.2. (A) Fulvestrant and (B) PPD were selected for their intrinsic chemotherapeutic

efficacy and aggregation properties. Formulation of (C) fulvestrant and (D) PPD colloids in

water or PBS in the presence of the following polymeric excipients: UP80, PLAC-PEG, Brij
58, Pluronic F127, VitE-PEG, Pluronic F68 and Brij L23. Initial diameters of the

formulations are shown. Incubation of (E) fulvestrant and (F) PPD formulations at 37 °C,

showing size changes over 48 h. UP80 was the optimal polymer to maintain the size of

fulvestrant overtime in buffered salt solution (PBS) compared to other polymers. Stability

of PPD with F68 could not be assessed due to precipitation. PLAC-PEG was the optimal

polymer to maintain the size of PPD, with the smallest nanoparticle size over the

incubation period. (n=3, mean + SD, *** p<0.001)
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We characterized the morphology of our most stable and monodisperse formulations, fulvestrant-
UPS80 and PPD-PLAC-PEG, using TEM. Imaging confirmed the spherical morphology of the
resulting particles, with multiple fields of view used to determine particle size distributions for
each formulation (Figure 3.3); fulvestrant-UP80 colloids had diameters of 53+15 nm and PPD-
PLAC-PEG had diameters of 60+16 nm. Thus, we observed smaller diameters by TEM than
those determined by DLS, which is consistent with the drying effects that occur in the vacuum
environment used for TEM compared to the hydrated state in DLS. Even small amounts of
polymer excipients (0.001% UP80 and 0.04% PLAC-PEG) for these two formulations
significantly improved stability in buffered aqueous solutions. This prompted us to investigate

stability in more biologically relevant conditions, such as serum-containing media.

Figure 3.3. Representative fields of view of (A) fulvestrant-UP80 and (B) PPD-PLAC-PEG

colloids in PBS. Scale bar represents 200 nm.

Encouraged by the enhanced stability of fulvestrant-UP80 and PPD-PLAC-PEG colloids in
buffered solutions, we sought to better assess the structural integrity and stability of these
formulations over time in serum-containing media using both TEM imaging and FPLC
separation. Representative fields of view from TEM imaging (Figure 3.4A, 3.4B and additional
fields of view in Figure 3.5) show that both formulations are present in 10% serum over a 48-h
time period; fulvestrant-UP80 colloids (Figure 3.4A and 3.4C) increased in size and dispersity
during the incubation from an initial diameter of 67+£17 nm to a final diameter of 222+77 nm
(Figure 3.4C). PPD-PLAC-PEG colloids maintained their size and distribution over time (Figure
3.4B and 3.4D), with initial and final diameters of 3610 nm and 36+11 nm, respectively.
Importantly, the spherical morphology of the colloids was retained for both formulations over the

incubation period.
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Figure 3.4. Fulvestrant-UP80 and PPD-PLAC-PEG characterization in 10% serum. (A,B)
Representative TEM images of particles in serum at 0, 24 and 48 h. (A) Fulvestrant-UP80
colloids were stained with ammonium molybdate while (B) PPD-PLAC-PEG colloids were
stained with uranyl acetate, scale bars are 200 nm. (C,D) TEM frequency distribution
shows mean diameter increase and peak broadening of (C) fulvestrant-UP80 colloidal

aggregates over time, while (D) PPD-PLAC-PEG maintains size and distribution over time.



Figure 3.5. Additional TEM fields of view for (A) fulvestrant-UP80 and (B) PPD-PLAC-

PEG during incubation in 10% serum as a function of time. Scale bar represents 200 nm.
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The protein corona that forms on particle surfaces can cause premature drug release due to
partitioning of the drug into the hydrophobic pockets of proteins, and thus we investigated drug
release in the stabilized colloidal formulations in serum. To quantify the drug release, our two
formulations were incubated in 20% serum, which is representative of in vivo serum conditions
and allows colloids to be separated and quantified by FPLC directly!>. At select time points, up
to 48 h, the colloidal population was separated from serum proteins and free drug using size
exclusion chromatography (SEC) and the colloid peak area was used as a proxy for drug
concentration (Figure 3.6A, 3.6B and 3.7). Notably, bare colloids could not be separated by this
method due to their rapid precipitation in salt conditions. Fulvestrant-UP80 was co-formulated
with a BODIPY FRET pair (Figure 3.8), enabling fluorescence emission detection, while PPD-
PLAC-PEG colloids were quantified by absorbance at 480 nm. Both formulations showed little
dissociation over 24 h (Figure 3.6C). Fulvestrant-UP80 colloidal aggregates began to dissociate
after this time, with almost 50% of the drug released at 48 h. PPD-PLAC-PEG aggregates
showed no dissociation over the 48-h time period. Encouragingly, the stability data obtained for

the colloids by FPLC separation reflect the trends observed by TEM (Figure 3.4).
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Figure 3.6. Serum stability of colloidal formulations by FPLC. Traces show separation
between serum proteins (absorbance at 280 nm) and (A) fulvestrant-UP80 colloids (tracked
by fluorescence using a BODIPY FRET pair) and (B) PPD-PLAC-PEG colloids (unique
absorbance at 480 nm) at t=0. (C) The peak area under the colloid curve over time is
compared to the area at t=0 h to determine colloid stability as a function of time. Both
colloids are stable up to 24 h, with fulvestrant-UP80 colloids dissociating between 24 and 48
h, and PPD-PLAC-PEG colloids showing no evidence of dissociation over 48 h.
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Figure 3.7. Representative chromatograms of (A) fulvestrant-UP80, (B) PPD-PLAC-PEG
and (C) 20% serum following size exclusion chromatography. Fulvestrant-UP80 and PPD-

PLAC-PEG were separated in serum-free conditions.
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an amorphous state throughout. Dye incorporation is unlikely within nanocrystalline

particles. Formulations comprise 50 pM fulvestrant, 1.75 mol% donor, 0.25 mol%

acceptor, 0.001% UP80 in PBS (n=3, meantSD).
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We hypothesized that the polymeric excipients used to stabilize the colloidal formulations
reduced protein adsorption and thereby provided stability in serum. To test this hypothesis, we
used a previously reported method of centrifugation and gel electrophoresis of colloidal

144 'We studied the interaction of colloidal

formulations to identify surface-bound proteins
aggregates of fulvestrant vs. fulvestrant-UP80 and PPD vs. PPD-PLAC-PEG with the main
serum proteins: bovine serum albumin (BSA), immunoglobulin G (IgG) and fibrinogen. Colloids
were incubated with each protein and then pelleted by centrifugation. Proteins in the supernatant
and those in the pelleted colloid fractions were identified by gel electrophoresis (Figure 3.9). All
three proteins studied were concentrated (at a 5-15 fold increase) in the pelleted fraction when
incubated with bare colloids, indicating significant adsorption to the colloid surface (Figure
3.10). In contrast, none of the three proteins studied were concentrated in the pelleted fraction
when incubated with polymer-stabilized colloidal formulations of both fulvestrant-UP80 and
PPD-PLAC-PEG, indicating minimal protein adsorption (Figure 3.10). These data are consistent
with several other particle systems that use high-density PEG surfaces to reduce protein

adsorption and particle opsonization!%%-186-187,
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Figure 3.9. Representative SDS-PAGE images of (A) fulvestrant and (B) PPD colloids after
incubation with 50 nM bovine serum albumin (BSA), immunoglobulin G (IgG) and
fibrinogen (Fibr.). Pellet (P) and supernatant (S) fraction were separated by centrifugation

of formulation at 16000x g for 1 h at 4 °C. Representative image of 3 repeats.
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Figure 3.10. Formulation of colloids with excipient polymers reduces protein adsorption.
BSA, IgG and fibrinogen (50 nM) adsorption are significantly increased on the surface of
bare colloids of (A) fulvestrant and (B) PPD (filled bars) compared to colloids stabilized
with the appropriate polymer (checkered bars): fulvestrant-UP80 and PPD-PLAC-PEG
(n=3, mean + SD, **p<0.01, ***p<0.001).
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In order to investigate the cell uptake of colloidal aggregates vs. drug monomers, which typically
diffuse across cell membranes, fulvestrant-UP80 and PPD-PLAC-PEG were incubated with the
human epithelial ovarian cancer SKOV-3 cell line (Figure 3.11) both in the absence and presence
of serum. Doxorubicin, an anthracycline chemotherapeutic from which PPD is derived, does not
form colloidal aggregates and was used as a positive control that can freely permeate cell
membranes. Doxorubicin and PPD were directly tracked by excitation at 488 nm while
fulvestrant-UP80 colloids were co-formulated with a BODIPY dye that was visualized by
excitation at 559 nm. Fluorescence of the non-colloid forming doxorubicin was diffuse, co-
localizing with cell nuclei under both serum-free and serum conditions. Conversely, intracellular
fluorescence of fulvestrant-UP80 and PPD-PLAC-PEG colloids was only observed under serum-
free conditions. Even then, the fluorescence was observed as punctate features within the cell

body. In serum-containing media, little to no fluorescence was observed for the colloidal
formulations.
PPD-PLAC-PEG Fulvestrant-UP80

DOX

Figure 3.11. Representative images of the cell uptake of doxorubicin (monomer) and the
colloidal formulations of PPD-PLAC-PEG and fulvestrant-UP80 (tracked by BODIPY).

SKOV-3 cells were used for all experiments. Doxorubicin monomer freely permeates the

Serum-Free

10% Serum

cell membrane, showing localized fluorescence within the cells’ nuclei. PPD and fulvestrant
colloids show uptake only in serum-free conditions, with punctate fluorescence within the
cell body. There is no evidence of cell uptake of colloids in serum-containing media. (scale

bar represents 30 pm)



61

3.5 Discussion

While the intrinsic colloidal aggregation properties of hydrophobic small molecule drugs are
often unpredictable, this phenomenon can be exploited and controlled with the addition of
excipients. Using a nanoprecipitation method to formulate colloidal aggregates with polymeric
excipients, we can produce stable high drug loaded particles resistant to changes in salt and
serum conditions. Absolute drug loadings of our two formulations, fulvestrant-UP80 (75 wt%)
and PPD-PLAC-PEG (50 wt%), are an order of magnitude higher than conventional micelle
formulations, which are typically <10 wt%'4°. By incorporating polymeric excipients, the
particles are stabilized and aggregation is prevented through steric repulsion between hydrophilic
polymer chains'>>!%", In the absence of polymer, salts in the solution lead to charge shielding at
the surface of colloidal species causing particle fusion and rapid aggregation, leading to eventual
crystallization and precipitation'®. The use of amphiphilic polymers allows hydrophobic
segments of the polymer to interact with the hydrophobic colloidal core and hydrophilic
segments of the polymer to extend into the aqueous phase to provide steric stability. Due to
mixing of the drug and polymer during colloid formation, the hydrophobic segments of the

polymer may be entangled within the colloid.

At present, the limited number of colloid-polymer combinations studied here prevent general
predictions on optimal drug-polymer pairs. We hypothesize that the solubility parameters play an
important role in determining which polymer would be best suited to stabilize a drug colloid, as
has been shown by computational approaches used in other studies!®*!°°. The concentration of
polymer used in these formulations plays an important role in stabilizing colloidal species!®!:192,
If the polymer concentration is too low, there is insufficient coverage of the colloidal surface to
prevent aggregation and coalescence of the drug colloids. If the polymer concentration is too
high and above the critical micelle concentration (CMC), the polymers themselves form micelles
and solubilize the drug rather than stabilize the colloid. Accordingly, polymer concentrations

near their CMCs were chosen for this study, providing adequate surface coverage without colloid

disruption.

While the stability in salts is essential, we sought to characterize these colloidal aggregates in
biologically relevant serum-containing media. Blood proteins destabilize particles, and

premature drug release often results from drugs partitioning into the hydrophobic pockets of

193

proteins adsorbed to the particle surface'”. In fact, the non-stabilized colloids could not be
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assayed in 20% serum due to their inherent instability and rapid precipitation. In contrast, we
show that polymers stabilize these colloidal particles for at least 24 h in 20% fetal bovine serum
by monitoring the drugs using their spectral properties. We hypothesized that this stability is due
to a reduction in protein adsorption to the colloidal surface, consistent with the use of hydrophilic
polymers, such as PEG, in other particle platforms!'%!%4, To evaluate the interaction between the
main components of serum — albumin, globulins and fibrinogens — and the particle surface, we
used a centrifugation method to identify surface-bound proteins, as has been previously used to
study the inhibition of enzymes by colloid surface sequestration®!3, This method is limited by the
concentration of proteins that can be evaluated; however, non-stabilized colloids showed
significant adsorption of proteins to their surface, whereas polymer stabilized colloids showed
reduced protein adsorption. While colloidal drug aggregates have been previously defined by
their ability to adsorb proteins, the use of polymers alters this property and yields formulations

with increased stability.

To further probe the stability of the colloidal aggregates, we investigated their interactions with
cells in vitro. Under serum-free conditions, distinct punctate fluorescence was observed
intracellularly for both fulvestrant and PPD colloidal formulations, which is typical of
internalized particles that are trafficked through the endo-lysosomal pathway!27-156,
Corroborating previous literature, doxorubicin, a compound that does not form colloidal
aggregates, freely permeated lipid membranes and localized in the nucleus'®. In serum-
containing media, while the cellular uptake of doxorubicin was not significantly influenced,
fulvestrant-UP80 and PPD-PLAC-PEG colloids were not internalized by cells. This is consistent
with our previous observations that compounds in colloid form are not internalized by cells and
thus lose their efficacy in cell culture’. The presence of proteins precludes the non-specific
uptake of particles due to decreased adhesion of particles to the cell surface and supports the

need for cellular targeting agents on the particles*>#,

It is clear from this study that the combination of hydrophobic drug and polymer strongly
influences particle size and stability over time. This is consistent with other polymer-based
nanoparticle formulations where similar drug and vehicle compatibility leads to optimized drug
loading, stability and in vivo circulation'?5-2°, Of the formulations tested here, the combinations
of fulvestrant-UP80 and PPD-PLAC-PEG are optimal for colloidal stability in both high ionic
strength aqueous and serum containing solutions. Chemical modifications of both the drug and

the polymeric excipient have been used previously to enhance molecular interactions that
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provide improved particle stability?*-°414%, However, this strategy often requires re-validation of
materials, especially with respect to the drug. Directly screening for and exploiting the colloidal
aggregation properties of drugs, as demonstrated here, can provide a mechanism to significantly
increase drug loading and stability, without the need for chemical modification. With a continued
increase in chemical diversity of both colloid-forming drugs and polymeric excipients, the
methods outlined here will find further application in formulating drug-rich nanoparticle delivery

systems.

3.6 Conclusions

By incorporating polymeric excipients into colloidal formulations of two relevant
chemotherapeutics, fulvestrant and PPD, we demonstrated stability in both salt and serum
containing-media. This enhanced stability can be attributed to reduced adsorption of serum
proteins to the surface of the particles. We anticipate that this strategy of using polymers to
stabilize colloidal drug aggregates is broadly applicable, thereby opening up new opportunities to
achieve high drug loadings for drug delivery applications.
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4.1 Abstract

Colloidal drug aggregates have been a nuisance in drug screening, yet, because they inherently
comprise drug-rich particles, they may be useful in vivo if issues of stability can be addressed.
As the first step toward answering this question, we demonstrate colloidal drug aggregate
stability in high (90%) serum conditions with two chemotherapeutics, fulvestrant and an
investigational pro-drug, pentyloxycarbonyl-(p-aminobenzyl) doxazolidinylcarbamate (PPD).
We show, for the first time, that the critical aggregation concentration of fulvestrant depends on
media composition and increases with serum concentration. Excipients, such as polysorbate 80,
stabilize fulvestrant colloids in 90% serum in vitro for over 48 h. Consequently, the in vivo half-
life of stabilized fulvestrant and PPD colloids were greater than their respective monomeric
forms, demonstrating the potential of turning this nuisance into an opportunity for drug-rich

formulations
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4.2 Introduction

Colloidal aggregation of small, hydrophobic compounds is the leading cause of false hits in early
screening and drug discovery!?. The formation of these self-assembled colloids is characterized
by a critical aggregation concentration (CAC), above which small molecules self-assemble into
liquid-liquid phase-separated particles®!*. Colloidal aggregates cause both false-positives in
enzyme- and receptor-based assays, and false-negatives in cell-based assays*”!43. The formation
of colloidal particles has been reported for thousands of compounds

http://advisor.bkslab.org)!®3, including those from screening libraries and from clinically used
g

drugs, such as anti-cancer, cardiovascular, and anti-retroviral therapeutics®-8-22.201.202,

Few studies have investigated the implications of colloidal aggregates in biological milieus and
for drug delivery. Doak et al. found that many biopharmaceutics classification system (BCS)
class II and IV drugs form colloidal aggregates in simulated intestinal fluid, suggesting colloid
formation could play a role in drug formulation and bioavailability*’. The presence of proteins
can further impact colloidal drug transport. For example, Owen et al. demonstrated that in
standard cell culture conditions (10% serum), colloidal chemotherapeutics did not cross into
cells, resulting in an apparent loss in cytotoxicity of the drug’. Recently, Wilson et al.
demonstrated that colloid formation from amorphous solid dispersions can act as reservoirs and

enhance plasma drug exposure after oral delivery?®

. Frenkel et al. found colloid-forming non-
nucleoside reverse transcriptase inhibitors were more potent than expected after oral
administration, speculating that this reflected their absorption in the Peyer’s patch, directing the

antiviral drugs to lymphatic circulation’?.

Efforts to exploit and study colloidal aggregates in high protein milieus have been hindered by
their transient stability. Even in biochemical buffers, most small molecule aggregates are only
transiently stable, often flocculating and precipitating over several hours. Recently, strategies to
stabilize colloidal particles under physiologically relevant conditions have been developed. Co-
aggregation with polymeric surfactants, azo-dyes, or protein coronas all stabilized drug colloids
over many days in buffered and serum-containing media®%2°+2%%, Colloids of the estrogen
receptor antagonist, fulvestrant, and the investigational anthracycline prodrug,
pentyloxycarbonyl-(p-aminobenzyl) doxazolidinylcarbamate (PPD), can be stabilized by co-
aggregation with polysorbate 80 (UP80) and poly(D,L-lactide-co-2-methyl-2-
carboxytrimethylene carbonate)-g-poly(ethylene glycol) (PLAC-PEG), respectively?®.
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While these efforts have yielded drug aggregates that are stable under in vitro conditions, the in
vivo fate of stable colloidal drug aggregates has not been investigated. Here, for the first time,
we measure the critical aggregation concentration in high-serum content media, demonstrating
that fundamental drug colloid properties, such as those that dictate the onset of aggregation, are
significantly changed under in vivo-mimetic conditions. We further demonstrate that serum-
stable colloidal drug aggregates influence in vivo drug circulation properties and increase the

plasma half-life compared to monomeric formulations.

4.3 Materials and Methods

4.3.1 Materials

Fulvestrant was purchased from Selleckchem and PPD was synthesized as previously
described®®. Polysorbate 80 (H2X, UP80) was purchased from NOF America Corporation. Poly
(D,L-lactide-co-2-methyl-2-carboxy-trimethylene carbonate)-grafi-poly(ethylene glycol)
(PLAC-PEG) was synthesized as previously described!'*>. CholEsteryl BODIPY FL C12 and
543/563 C11 were purchased from Thermo Fisher Scientific. Charcoal-stripped fetal bovine
serum was purchased from Wisent Bio Products. RPMI and DMEM-F12 media was purchased

from Sigma Aldrich. Growth factor-reduced Matrigel was purchased from Corning.

4.3.2 Colloid Formation and Stability Studies

Colloids of fulvestrant and PPD were formed as previously described®®. Briefly, a typical
formulation comprised 880 pL of double-distilled water (ddH»O), 20 puL drug stock solution (in
DMSO) followed by the addition of 10X PBS (100 pL). Drug stock solutions were prepared to
obtain the desired final concentration. Excipients were incorporated into ddH»>O prior to colloid
formulation. Fluorescent colloids were prepared by including the FRET pair of CholEsteryl
BODIPY dyes (FL C12 and 542/563 C11) in the drug stock solution. Final total dye content was
limited to 2 mol%. For CAC measurement and stability experiments, colloids were formulated in
PBS, as above, and then diluted 10-fold into various media. Colloids were incubated at 37 °C for

the duration of the stability studies.

4.3.3 Colloid Characterization

Diameter, polydispersity and normalized scattering intensity were measured using dynamic light
scattering (DLS). A DynaPro Plate Reader II (Wyatt Technologies), with a laser width optimized

for colloidal aggregate detection by the manufacturer, was used with a 60 mW laser at 830 nm
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wavelength and a detector angle of 158°. Fluorescence intensity of colloids co-formulated with
the BOPDIY dye FRET pair was measured using the Tecan Infinite 200 Pro plate reader. The

FRET pair was excited at 490 nm and the acceptor emission was measured at 575 nm.

For transmission electron microscopy, 5 pL of colloid solution were deposited on glow-
discharged 400 mesh carbon-coated copper grids (Ted Pella Inc.) and allowed to adhere for 3
min. Excess liquid was removed and grids washed with 5 uLL of double-distilled water. Grids
were stained with 1% ammonium molybdate (pH 7, 5 uL) for 30 s. After excess stain removal,
samples were imaged using Talos L120C transmission electron microscope operating at 80 kV.

Images were captured using CETA CMOS camera and images analyzed using ImagelJ software.

4.3.4 Cell Maintenance and Preparation for Xenografts

Cells were maintained at 37 °C in 5% CO> in media supplemented with 10% FBS, 10 units/mL
penicillin and 10 pg/mL streptomycin. MCF-7 cells were purchased from ATCC and cultured in
DMEM-F12 media. To prepare cells for injection, cells were detached using trypsin-
ethylenediamine tetraacetic acid (trypsin-EDTA) followed by pelleting and washing with PBS (3
times). MCF-7 cells were resuspended at 10® cells/mL in 50% Matrigel.

4.3.5 Orthotopic Breast Tumor Model

Animal study protocols were approved by the University Health Network Animal Care
Committee and performed in accordance with current institutional and national regulations. Mice
were housed in a 12 h light/dark cycle with free access to food and water. NOD-scid-112rg™"
(NSG) female mice were bred in-house and received tumor xeno-transplantation at 9-weeks old.
Slow release 17B-estradiol pellets (0.72 mg/pellet, 60-day release) were subcutaneously
implanted in mice 4 days prior to tumor cell transplantation. For orthotopic mammary fat pad
surgeries, mice were anaesthetized with isoflurane-oxygen and the surgical area was depilated
and cleaned with betadine. An incision in the skin of the lower abdomen to the right of the
midline was made to reveal the mammary fat pad. Cells were injected into the right inguinal
region (50 pL injection, 5 x 10% cells/mouse). The incision was then sutured and lactate Ringer’s
solution and buprenorphine were post-operatively administered for pain management and

recovery.
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4.3.6 Intravenous Injection

Tumors were allowed to grow for 3 weeks until palpable (100 mm?). Formulations were injected
intravenously using a BD324702 insulin syringe. The volume of injection was based on the
weight of the mouse in order to administer the intended dose and no more than 10% of the blood

volume.

4.3.7 Pharmacokinetics and Biodistribution Study

In each study, mice received either a colloidal formulation as described or a monomeric
formulation comprising the same dose of drug solubilized with 5% polysorbate 80. Formulations
were administered at the intended dose via tail vein injection. At time points after the injection,
blood was drawn via the saphenous vein (< 30 puL) into EDTA-coated microcuvette tubes
(Sarstead 16.444.100) such that each mouse was not sampled more than three times. At terminal
time points, blood was collected by cardiac puncture after CO> asphyxiation. After collection of
blood, tubes were immediately centrifuged, and isolated plasma was flash-frozen. For
biodistribution, organ tissue (tumor, heart, lung, liver, kidney, spleen, brain) at terminal time

points of PK studies were collected in pre-weighed vials after rinsing with PBS and flash frozen.

4.3.8 Drug extraction and Protein Precipitation

Drug concentrations were determined by HPLC-MS/MS following drug extraction and protein
precipitation. Plasma samples (10 pL) were diluted with 10 pL of 1% formic acid solution and
10 pL of internal standard at 10x the final concentration in acetonitrile (ACN) followed by
vortexing (10 s, 2 times). Samples were further diluted with 70 uL. ACN followed by a second
round of vortexing and then centrifuged at 16,000 x g for 15 min at 4 °C. The resulting
supernatant was collected for analysis by HPLC-MS/MS. Standard curves were prepared in a
similar manner with 10 pL of a 10x-concentrated standard solution spiked into blank plasma

prior to the first round of vortexing.

To prepare organ tissue, samples were thawed and weighed followed by the addition of 20
zirconia beads (1.0 mm diameter) to facilitate homogenization. To each vial were added, 100 pL
of 1% formic acid solution and 100 pL of 10x-concentration internal standard solution. Samples
were then homogenized for 1 min (2 times) using a bead beater with 1 min on ice between each
run. Cold ACN was then added (800 pL) followed by an additional round of homogenization.

Samples were centrifuged at 16,000 x g for 15 min at 4 °C and supernatant collected for analysis.
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Standard curves were prepared by spiking blank liver tissue with 100 uL of 10x-concentration

drug solution.

4.3.9 Drug Quantification by HPLC-MS/MS

Fulvestrant and PPD concentrations were determined by HPLC-MS/MS. Chromatographic
separation was performed using a Waters XTerra C8 column (5 pm) on an Agilent 1100 HPLC
equipped with an AB Sciex API 4000 triple quadrupole mass spectrometer with electrospray
ionization source detector. Mobile phases of 0.1% formic acid in water (solvent A) and methanol
(solvent B) were used. Fulvestrant and PPD standard curves were prepared in blank plasma or
liver as described above (0.5 ng/mL — 500 ng/mL) using norethindrone or docetaxel (50 ng/mL)
as an internal standard, respectively. If necessary, samples were diluted to be within the standard

curve with blank plasma or liver that had been spiked with IS solution.

4.3.10PK and Statistical Analysis

PK parameters were determined using Phoenix WinNonlin software. Statistical analysis was

performed using GraphPad Prism 5.0 software.

4.4 Results and Discussion

Few techniques are available to probe the integrity of amorphous nanostructures in complex
media. In biochemical buffers, drug colloids can readily be defined by dynamic light scattering
(DLS); however these techniques become limited in the presence of serum due to scattering from
serum proteins themselves, which is only further complicated as serum-content is increased?%.
Alternatively, FRET pairs can be absorbed into the self-assembled colloids, where they can
report on their gross structural integrity®%!%629, Accordingly, we designed such a strategy to
study colloidal drug aggregate stability in serum-containing media in vitro. Cholesterol-modified
BODIPY dyes can be readily incorporated during colloid formation due to the hydrophobic and
amorphous nature of drug aggregates'*?%. These dyes have substantial fluorescence intensity
within drug colloids but have very low intensity when not associated with a drug aggregate or
when colloids are disrupted with detergents (Figure 4.1). Thus, we investigated the presence and

stability of colloidal aggregates of fulvestrant, in high-serum conditions exploiting the

fluorescence intensity changes of a BODIPY FRET pair.
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Figure 4.1. Fluorescence intensity of BODIPY FRET pair is significantly increased when
incorporated in colloids. Colloidal fulvestrant formulated with 0.05% UP80 had a
significantly higher FRET fluorescence intensity compared to monomeric fulvestrant or
UP80-only controls. BODIPY FRET (10 pM) was incorporated into each formulation with
2% DMSO in PBS. ** p <0.01, **** p <0.0001 by one-way ANOVA with Tuckey’s post-
hoc (n = 3, mean + SD)

We first investigated the effects of dilution and media composition on the critical aggregation
concentration of fulvestrant. In protein-free media, many colloid-forming compounds, including
fulvestrant, aggregate at low micromolar concentrations, typically measured by light scattering
(Figure 4.2)*°!. To measure the CAC of fulvestrant in serum-containing media, colloids were
formulated with 10 pM BODIPY FRET pair in PBS with 0.01% UP80 and subsequently diluted
10-fold into media of varying serum content. Using fluorescence intensity as a measure of the
amount of colloids present following dilution, allowed the CAC to be determined (Figure 4.3A
and 4.4). The CAC of fulvestrant increased with serum content (Figure 4.3B), perhaps owing to
serum proteins themselves sequestering drug monomers, bile acids, and other detergent-like
molecules in serum?’’. This equilibrium shift requires a higher amount of free drug for colloid
formation to occur. Naturally, for colloids to influence drug fate in vivo they must be present,

and this can only be predicted by CAC measurements in relevant, serum-containing media.
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Figure 4.2. (A) CAC of fulvestrant increases with increasing UP80. Critical aggregation
concentration of fulvestrant was measured in (B) PBS or PBS with (C) 0.001% UP80 and
(D) 0.01% UP80. ** p < 0.01 between all groups by one-way ANOVA with Tuckey’s post-
hoc (n =3, mean = SD).
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Figure 4.3. Critical aggregation concentration of fulvestrant depends on serum-content of
media. (A) Fulvestrant colloids with 10 pM BODIPY FRET pair and 0.01% UP80 as a
stabilizing excipient were diluted (10-fold) into PBS or 90% FBS. Fluorescence intensity
was used to measure the remaining colloids. (B) CAC of fulvestrant in serum-containing
media. **** p <0.0001 between all groups by one-way ANOVA with Tuckey’s post-hoc (n
=3, mean + SD).
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Figure 4.4. Critical aggregation concentration of fulvestrant measured following 10-fold
dilution into (A) 20% FBS and (B) 50% FBS. Fulvestrant colloids were formulated in PBS
with 0.01% UP80 and 10 pM BODIPY FRET pair. (n = 3, mean £ SD)

Drug colloids, which will ordinarily flocculate and precipitate over several hours, require a
stabilizing excipient to remain in buffer and serum-containing media for longer times®’!. We

investigated the role of excipients in stabilizing fulvestrant colloids in high-serum conditions,
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which mimic the in vivo environment. Here, using the same hydrophobic dyes, which lose
fluorescence intensity as they become released when the colloids disassemble or precipitate!®2%,
we measured the stability of colloids in complex protein media. Fulvestrant colloids were
formulated at 500 pM with 10 uM of the BODIPY FRET pair and a range of UP80
concentrations, and subsequently diluted 10-fold into serum-containing media (Figure 4.5); this
paradigm results in a final concentration of 50 uM which is above the CAC in each of the tested
media. Without UP80, colloids quickly disappeared from the liquid phase and were not
detectable after 10 h. A low amount of UP80 (0.001% or 0.01%) provided some stability to
colloids, but only the formulation with an initial 0.1% UP80 was fully stable over the entire 48-h
period in the highest amount of serum, with no sign of diminishing signal. At low concentrations
of UPS8O0 there is likely insufficient surface coverage of the colloid, which results in flocculation,
protein adsorption, colloid destabilization, and eventual precipitation'*2%8, These observations
are consistent with other studies where nanoparticle PEGylation and PEG surface density

influence serum stability!0!-15%,
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Figure 4.5. Fulvestrant colloids require excipients to remain stable in buffered solutions
and serum-containing media. Fulvestrant (500 pM) colloids with the BODIPY FRET pair
(10 pM) and UP80 were diluted (10-fold) into (A) PBS, (B) 20% FBS, (C) 50% FBS, or (D)
90% FBS. Stability was measured over time by monitoring FRET fluorescence. Dashed line

indicates baseline fluorescence of dye-only controls. (n = 3, mean + SD)

We hypothesized that serum-stable fulvestrant-UP80 colloids would increase the circulation of
fulvestrant compared to a solubilized monomeric form of the drug, similar to other drug
nanoparticles. As colloid formation can be disrupted by detergents, we used 5% UP80 to yield a
fully solubilized, monomeric form of fulvestrant (Figure 4.6A). Tumor-bearing mice were
intravenously administered 6 mg/kg fulvestrant (formulated at 1250 uM) as either a stable
colloids(with 0.03% UP80, Figure 4.6B) or a monomeric solubilized-drug solution (with 5%
UPS80). Plasma drug concentrations were quantified at various time points by high performance

liquid chromatography with tandem mass spectrometry (HPLC-MS/MS) to obtain a
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pharmacokinetic profile of fulvestrant (Figure 4.7A and 4.7B). Based on a noncompartmental
pharmacokinetic analysis, fulvestrant colloids had a plasma half-life (t12) that was almost four
times longer than monomeric fulvestrant (Figure 4.7C). As only a modest increase in exposure
(as seen from the area under the curve, AUC) and a decrease in drug clearance (Cl) was
observed, the extended half-life of the colloidal fulvestrant is mainly due to its three-fold
increased volume of distribution (V). We hypothesize that the UP80-stabilized colloidal
fulvestrant likely reduced drug binding to plasma proteins, resulting in increased distribution to
other organ tissues. In contrast, in the monomeric form, plasma proteins can sequester free
fulvestrant in circulation®”, resulting in a reduced volume of distribution. This is corroborated by

the biodistribution data, which show higher tissue accumulation of colloidal fulvestrant (Figure
4.8).
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Figure 4.6. (A) Diameter of fulvestrant colloidal and monomeric formulations used for in
vivo PK study. 1250 pM fulvestrant (6 mg/kg) was formulated with 0.03% UP80 (colloidal)
or 5% UP80 (monomeric) and 2% DMSO in PBS. Diameter of monomeric formulation
corresponds to that of UP80 micelles. **** p <0.0001 (n = 3, mean + SD). (B)
Representative transmission electron micrographs of UP80-stabilized fulvestrant colloids
(1250 pM fulvestrant, 0.03% UP80). Negative staining of grids with 1% ammonium

molybdate. Scale bar represents 500 nm.
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Figure 4.7. Stable colloidal aggregates improves half-life of fulvestrant after intravenous
administration. Plasma concentration of fulvestrant (initial dose, ID = 6 mg/kg, formulated
at 1250 nM) administered as (A) stable colloids (0.03% UP80) or (B) monomer (5% UP80).
Trend line denotes exponential decay fitting of lambda elimination phase. (C)
Pharmacokinetic parameters of fulvestrant show almost 4-fold increase in drug half-life

with colloids compared to monomer. (n = 3-6, mean + SD)
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Figure 4.8. Biodistribution of fulvestrant (1250 pM, 6 mg/kg) administered as colloid
(0.03% UP80) or monomeric (5% UP80) formulations. (n=3, mean + SD)
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We next investigated whether the in vivo PK trends observed for stable fulvestrant colloids could
be extended to another colloid-forming compound. We previously developed stabilized colloids
of the investigational prodrug, PPD, using an amphiphilic polymer, PLAC-PEG?%. Colloidal or
monomeric PPD (Figure 4.9) were intravenously delivered to naive NSG mice and plasma drug
concentrations were measured by HPLC-MS/MS (Figure 4.10A and 4.10B). The colloidal PPD
had a 2-fold greater plasma half-life than monomeric PPD (Figure 4.10C). This corresponded to
a 2-fold decrease in drug clearance and a 2-fold increase in drug exposure (AUC). PPD is a
prodrug that is activated by carboxylesterases overexpressed in some human tumors®”-68:219;
however, rodent plasma also has high levels of these enzymes?!!?!2, Thus, we postulate that
PPD-PLAC-PEG colloids limit access of the prodrug to plasma carboxylesterase activity,

preventing degradation and accounting for the lower clearance and greater circulation observed.
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Figure 4.9. Diameter of PPD colloidal and monomeric formulations used for in vivo
pharmacokinetics study. 500 pM PPD (2 mg/kg) was formulated with 0.04% PLAC-PEG
(colloidal) or 5% UP80 (monomeric) and 2% DMSO in PBS. Diameter of monomeric

formulation corresponds to that of UP80 micelles. **** p < 0.0001 (n = 3, mean + SD)
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Figure 4.10 Pharmacokinetic profileof the investigational prodrug, PPD, is improved by
colloidal aggregates. Plasma concentration of PPD (ID =2 mg/kg, formulated at 500 nM)
administered as (A) colloids(0.04% PLAC-PEG) or (B) solubilized monomer(5% UP80).
Trend line denotes exponential decay fitting of the lambda elimination phase. (C)
Pharmacokinetic parameters of noncompartmental analysis show improvement in colloidal

PPD half-life due to decreased clearance, resulting in increased AUC. (n = 3-6, mean + SD)

Three key observations emerge from this study. First, the critical aggregation concentration of a
colloid-forming compound is serum content-dependent. Furthermore, colloidal drug aggregates
may be co-formulated with excipients, improving their stability in high-serum media from a few
hours to several days, likely due to reduced protein adsorption®®. This, in turn, allows them to be
injected in vivo where stable colloidal aggregate can extend the circulation half-life over their
monomeric counterparts. Second, these studies were enabled by our use of hydrophobic dyes
embedded within the colloids to measure colloidal stability. Whereas dynamic light scattering
has found wide use in identifying, quantifying, and characterizing colloidal aggregates in
buffered solutions®!+2%_ it cannot be used in high-serum media. The incorporation of
fluorophores may find broad use for characterizing colloidal aggregates in many biological
milieus. Finally, it is useful to note that colloidal aggregation overcomes the major limitation of
poor drug loading for many current nanoparticle formulations. While many traditional
nanoparticles are limited to loadings of 5-15%2!3!4, colloidal drug aggregates offer the
opportunity to increase loadings to 50-90%. The stabilized fulvestrant and PPD aggregates used
in this study have drug loadings of 70% and 50%, respectively. Importantly, these high drug
loadings are achieved without chemical modification of the drug. The PLAC-PEG polymer used
in this study for stabilizing PPD has also been investigated as a micellar carrier of docetaxel, a
drug that does not form colloidal aggregates'3>2!3, Interestingly, while similar pharmacokinetic
trends were observed for both PPD and docetaxel, a significantly higher drug loading was

achieved for colloid-forming PPD. Thus, colloidal aggregation can be combined with
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conventional micellar and liposomal formulations, taking advantage of decades of research that

has identified many nanocarrier design principles®?2!°,

Certain caveats bear airing. While the pharmacokinetic data demonstrate that colloids can extend
the circulation of fulvestrant and PPD, these differences were only observed at the later time
points. This leaves opportunity to improve the stability of colloidal drug aggregates such that
significant changes to drug pharmacokinetics are observed at earlier time points. Our results also
suggest that the extent and mechanisms by which stable drug colloids influence
pharmacokinetics are dependent on the formulation itself. Drug-dependent processes such as
plasma protein adsorption, metabolism and tissue distribution may contribute to these
differences. The two excipients used to stabilize fulvestrant and PPD likely also contribute to the
differences observed as they may elicit the formation of different protein coronas, which has

been shown to influence in vivo circulation!?!-217

. Further studies will be required to determine
how the changes to pharmacokinetics observed herein influence drug efficacy and how stable

colloidal aggregates of other drug-excipient combinations might behave in vivo.

These caveats should not obscure the principal observations from this work. While the in vitro
implications of colloidal aggregates have been intensely studied*®!44! investigations on the in
vivo consequences of small molecule aggregation have been rare. This study suggests that
serum-stable colloidal drug aggregates do indeed influence drug fate and furthermore that they
may be intentionally designed to do so. It is conceivable that such a colloidal formulation

strategy may be adapted to benefit the many drugs that aggregate at relevant concentrations.
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5 Thesis Discussion

Colloidal aggregation has been well accepted as the single major contributor towards false hits in
drug screening and the number of clinical used drugs that are being identified as aggregators is
also increasing. A number of in vitro properties of drug colloids have been identified: their
formation and presence in a number of biologically relevant media®>*, their ability of adsorb
proteins thereby inactivating bound enzymes?, their ability to limit drug diffusion across
membranes*!, and their inability to enter cells thereby rendering drugs ineffective in cytotoxicity
assays’. Notwithstanding these consequences of aggregation, drug colloids offer opportunities
to formulate drug-rich nanoparticles comprising unmodified active drugs, with loadings an order
of magnitude higher than most conventional micellar or liposomal nanoparticles formulations.
Despite this potential, drug colloids are inherently unstable resulting in crystallization and

precipitation, limiting their utility.

This thesis developed strategies whereby colloidal drug aggregates can be stabilized. Utilizing
colloid-forming chemotherapeutics in proof-of-concept formulations, we developed two methods
to stabilize colloids in buffered and serum-containing media. First, in Chapter 2 we exploited the
inherent ability of drug colloids to strongly adsorb proteins to their surface; by forming a protein
corona on the surface of the colloids, we were able to provide a steric shell that stabilized drug
colloids. Furthermore, we demonstrated that the corona could comprise a bioactive antibody,
which led to selective internalization by target cells. Next, in Chapter 3 we investigated the use
of amphiphilic polymers to stabilize drug colloids wherein the hydrophobic polymer segments
would interact with the hydrophobic colloids and the hydrophilic polymer segments would
extend into the aqueous phase. In addition to sterically stabilizing colloids, the hydrophilic
polymer segments prevented the adsorption of proteins to the colloid surface and were required
for stability in serum-containing media. Finally, in Chapter 4, we measured, for the first time, the
critical aggregation concentration (CAC) of a colloid-forming compound in in vivo mimicking,
high-serum media and demonstrated the need for stabilizing excipients under these conditions.
We further demonstrated that serum-stable colloids could improve the circulation time of
chemotherapeutics compared to solubilized monomeric formulations. We further determined that
the CAC is dependent on the serum-content of the medium and this must be taken into
consideration as intravenously injected formulations undergo a significant dilution and change of

media composition. Herein, we discuss the impact of these findings to our understanding of
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colloidal aggregation and the implications of stable colloidal drug aggregates as they relate to

nanoparticle-mediated drug delivery.

5.1 Exploiting a nuisance phenomenon for drug formulations

Colloidal aggregation is a significant challenge in high-throughput drug screening!-2. At this
early stage of drug discovery, small molecule fragment libraries comprising millions of
compounds are screened to identify chemical modulators of an enzyme of interest®!®. The
presence of colloidal aggregates leads to the adsorption of the enzyme and local unfolding,
which results in the apparent inactivation of the enzyme*. While it may appear that the
compound is a “hit”, this is not a true chemical inhibition, but rather a physical, non-specific
inhibition. Colloidal aggregation emerged as the single largest contributor to false hits at this
stage of drug discovery; many compounds in these screening libraries, as many as 3% of them,
will aggregate and up to 95% of “hits” can be a result of aggregation!-2. While aggregation is
prevalent among screening library compounds, there are also a number of clinically used drugs
that aggregate”-2!-29!, Herein we have demonstrated methods by which these colloidal drug
aggregates might be stabilized to yield drug-rich nanoparticle formulations, thereby turning a

nuisance drug screening phenomenon into a potentially useful formulation strategy.

Stable colloidal drug aggregates are able to overcome a major limitation of conventional
nanoparticle formulations (i.e. micelles or liposomes); being self-assembled aggregates of drug,
the final formulations have drug loadings increased by an order of magnitude (50-90% loadings
vs. 5-10% loadings). Many other attempts to create high drug-loaded nanoparticle formulations
have required the chemical modification of the active drug”®. Couvreur et al. have functionalized
many small molecules (e.g. doxorubicin, paclitaxel, adenosine, etc.) with the natural triterpene
squalene to facilitate drug self-assembly into drug rich nano-particles!47-148:219 Self-assembly
will also occur with amphiphilic drugs; anthracyclines, such as doxorubicin and daunorubicin
comprising hydrophobic anthraquinone and hydrophilic amino-sugar groups, are known to exist
as oligomeric structures under certain conditions??’. Others have also specifically conjugated
hydrophobic and hydrophilic drugs together to form amphiphilic conjugates; Yan et al. have
developed conjugates of the hydrophilic drugs chlorambucil and floxuridine with the

hydrophobic drugs irinotecan and bendamustine, respectively®*22!,

While these conjugation strategies are able to yield high drug-loaded particles, they require

modification of drugs with a second molecule of equal or greater size (500 — 1000 Da). These
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modifications can have significant repercussions, such as reducing target binding affinity and
potency%>222, Cleavable strategies to mitigate these effects but must be thoroughly tested,
typically after the drug development process. An elegant extension of this work would be to
search for colloidal aggregators during the drug discovery and lead optimization process. Once
true hits of high throughput screening have been identified, medicinal chemistry approaches are
used to generate and optimize lead candidates with better drug-like properties??3224, False hits
during this process are even more costly than those at the HTS stage; as a result, the criteria used
to generate and evaluate lead candidates must be very stringent!?. The physicochemical
properties of the compound are a significant part of these criteria as dose-limiting solubility, poor
absorption and poor metabolic profiles must be avoided. A number of chemical permutations
may have superior potency, but are eliminated from consideration, due to poor physicochemical
properties that would typically limit formulation and delivery options®>-*2422, Should some of
these poorly soluble lead candidates be colloid-forming compounds, we have now presented
viable formulation strategies such that these compounds can be further investigated rather than
discarded.

5.2 Drug colloid stabilization strategies — one size does not fit all

The development of two methods to stabilize drug colloids was a central outcome of this thesis.
In Chapter 2, we developed methods for controlled protein corona formation that stabilized drug
colloids. In Chapter 3 we demonstrated that amphiphilic surfactants could also stabilize drug
colloids by reducing protein adsorption to the colloid surface. In both cases, the stabilizer
(protein or surfactant) increased steric repulsive forces between colloidal particles, preventing

their flocculation and eventual precipitation!>-2?7,

Both of these strategies were amenable to stabilizing multiple colloid-forming compounds,
however the extent of the conferred stability was dependent on both the colloid-forming
compound and stabilizer investigated. We demonstrated that fulvestrant colloids could be
stabilized by three proteins: bovine serum albumin (BSA), human immunoglobulin G, and the
clinically used antibody, trastuzumab. While all three proteins were able to control and maintain
the size of fulvestrant colloids, each did so over different protein concentration ranges; BSA was
required in the least amount while the antibodies were required in higher concentrations. We also
demonstrated that, in addition to stabilizing fulvestrant colloids, BSA could also stabilize

colloids of sorafenib, vemurafenib and chlorotrianisene. Again, we observed that different
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amounts of BSA resulted in different sized colloids for each compound. These differences likely
result from differences in how the proteins interact with the colloidal surface; this is driven by
the properties of both the colloidal surface and the protein itself*®. In terms of the proteins, the
tertiary and quaternary structure give proteins vastly different surface domains and dictate how a
protein interacts with nanoparticle surfaces??8. BSA for example has many hydrophobic pockets,
responsible for endogenous lipid transport, but also plays a crucial role in lipophilic drug
transport!6%-20%22% These hydrophobic pockets could also facilitate interactions with the
hydrophobic colloidal surface??®23°, The antibodies are post-translationally glycosylated and
more hydrophilic, necessary for improved protein stability and in vivo function!’%!”!, Their more
hydrophilic nature could contribute to less efficient binding to the colloid surface and require
more unfolding of the protein in order to interact with the colloid. Recent studies have
demonstrated how the surface characteristics of nanoparticle, namely the chemical composition
and zeta potential, influence antibody adsorption and how adsorption can be modulating by

controlling the pH?*!.

In Chapter 3, we investigated the ability of a number of surfactants to stabilize colloids of
fulvestrant and PPD: UP80, PLAC-PEG, Brij 58 and L23, Pluronics F127 and 68, and vitamin E-
PEG. Again, while all of these surfactants were able to stabilize fulvestrant and PPD colloids,
each formulation resulted in different degrees of stability. With PPD, most surfactants stabilized
colloids to similar extents, however with fulvestrant colloids, each surfactant tested resulted in
varying amounts of stability, with UP80 performing the best. Again, here the properties of the

colloid itself and how the surfactants interact with the drug dictate the success of stabilization.

These results suggest that there is not a one-size-fits-all strategy for stabilizing colloidal
aggregates. This is consistent with other attempts to stabilize colloidal aggregates and even more
generally with other nanoparticle-drug formulations. Taylor et al. have investigated the ability of
polymeric excipients to stabilize colloids formed upon dissolution of amorphous solid

dispersions?3?

. In studying colloids of ritonavir, they were able to classify a diverse set of
polymers (e.g. poly(vinylpyrrolidone), poly(acrylic acid), sodium dodecyl sulfate, polysorbate
80, hydroxypropyl methyl cellulose, cellulose acetate, etc.) into those that stabilized colloidal
sizes and/or inhibited crystallization of the colloidal core, and those that did neither!®. When
comparing polysaccharide-based polymers, they observed that some polymers promoted
crystallization and while others prevented it. They hypothesized that the differential localization

of the polymers within the colloid core or at the surface could contribute to these differences.
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McLaughlin et al. developed a method by which drug colloids could be stabilized by co-
aggregation with the azo dyes Congo red and Evans blue®*S. We demonstrated that this strategy
was very successful at stabilizing aggregates of sorafenib and vemurafenib. This strategy
however was not successful at stabilizing drug colloids of fulvestrant, lapatinib or nilotinib,
perhaps due to suboptimal packing of the azo dyes and these drugs within the colloid?*.
Furthermore, even with sorafenib colloids, Congo red and Evans blue were required at different
concentrations to achieve similar levels of stability. The importance of drug-stabilizer
compatibility is not a concept limited to colloidal drug aggregates. The importance of these
interactions has also been observed with conventional micellar and liposomal formulations!*%!%7,
Many studies have investigated the modification of both the carrier and the drug to improve
loading and stability. A number of studies have modified polymeric micelles with functional side
groups that promote drug packing and stability!#>234-23¢, Conversely, Mulder et al. and Sengupta
et al. modified drugs to improve miscibility with the carrier for improved stability of polymeric

micelles and lipid nanoparticles?*%-2%7,

As more colloid-forming compounds are investigated and stabilizers of increasing chemical
diversity are explored, generalizable rules that dictate stabilization mechanisms may be
generated. This is an extremely challenging endeavor, as even after more than a decade of
research, efforts to generate algorithms that are predictive of colloid formation itself have only
been somewhat successful. Aggregate Advisor (http://advisor.bkslab.org) is one such tool that
can aide in identifying compounds that potentially form colloids'®?; while the database is based
on 10,000 known observations of colloidal aggregation, even this tool has false hits, both
positive and negative. Recently, Shamay et al. developed a predictive algorithm to determine
which drugs might stably assemble with their indocyanine dye-based nanoparticles using
molecular descriptors of drugs**. The development, and more importantly the optimization, of
such models will aid in generalizing formulation strategies to fully exploit colloidal drug

aggregation.

5.3 In vitro stability of colloidal drug aggregates

An important aspect of any drug formulation is its stability under relevant conditions. A drug
formulation transitions through a series of conditions during storage, administration, and
circulation in vivo. Important to note, is that when evaluating colloidal stability in vitro, the

criteria for stability must become more stringent with decreasing media complexity. In vivo,
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most nanoparticle formulations have half-lives on hour-timescales®®. Thus, when assaying
nanoparticle formulations in vitro we must require multi-day stability in serum-containing media
and stability over even longer timescales in buffered solutions if we can hope to have any

stability in vivo.

In this thesis we focused on the stability of colloidal drug aggregate formulations under
physiological conditions. Previous studies have demonstrated that colloids are present in serum-
containing media commonly used for in vitro cell culture (10% serum)’°. However, the serum
concentrations in vivo are much higher; the acellular plasma component comprises 55% of the

blood volume®7->38

. Thus, if the colloids are to remain stably circulating in blood, they must not
interact with the cellular blood components but be stable in the plasma fraction (recapitulated by
100% serum in vitro). Very few studies have investigated the properties and stability of
nanoparticle formulations under such high serum-content, mainly due to the interference of
serum components with common techniques for nanoparticle analysis; background scattering of

serum proteins preclude many common light scattering methodologies®®.

One key finding of this thesis is the effect of dilution and physiologically relevant concentrations
of serum on the CAC of a colloid-forming compound. We demonstrated that with increasing
serum-content, the CAC of fulvestrant increased. This is consistent with the notion that
fulvestrant, like many hydrophobic drugs, strongly binds to serum proteins, specifically

albumin?®

. With increasing serum, there is an increasing fraction of the drug that is bound to
albumin and cannot participate in colloid formation. Thus, a higher amount of drug is required to
reach the onset of colloid formation. These studies were only possible by the inclusion of a
fluorescent probe into stably formulated fulvestrant colloid. Analytical techniques are still

limited to readily the measure the onset of colloid formation directly in serum containing media.

In addition to measuring the onset of aggregation, stability measurements of particle
formulations are extremely important as it is the presence of intact particles that modulates the
pharmacokinetics and in vivo fate of a drug. Hammond et al. developed a size exclusion
chromatography method whereby polymeric micelles could be separated from serum proteins
and the remaining intact micelle population could be quantified using a spectrophotometric
measurements'>*. In Chapter 3, we were able to use this method to probe the stability of
fulvestrant-UP80 and PPD-PLAC-PEG colloids in 20% serum where due to their size, intact

colloids eluted prior to serum proteins. The inherent absorbance of PPD permitted a probe-free
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method of measuring intact colloids. However, the incorporation of a fluorescent FRET pair was
required for assaying of fulvestrant colloids. In Chapter 4, we investigated the stability of
fulvestrant colloids higher serum-content media more closely mimicking the in vivo environment
(50% and 90% serum). Such high concentrations of serum proteins would overload many
standard separation columns, preventing the use of size exclusion chromatography methods.
However, the use of a FRET pair can still allow for measurement of intact colloidal particles
without separation from serum proteins. Such strategies have already been employed for the
study of micelles®, and can be extended to investigate properties of many other colloid-forming

compounds in complex media.

Another important aspect controlling colloidal drug aggregate stability is dilution of the
formulation. Typically, when formulations are administered as a bolus intravenous injection, up
to 10% of the blood volume can be injected®*’; this leads to at least a 10-fold dilution. As the
presence of colloids is dictated by the CAC, the final concentration must be above the CAC of
the compound in that specific medium if the presence of colloids is desired. In Chapter 4, we
measured the CAC of fulvestrant colloids after dilution into various media showing that the
concentration required for aggregation positively correlated with the serum concentration. We
further investigated the stability of UP80-stabilized fulvestrant colloids upon dilution into serum-
containing media validating that UP80 was required to generate colloids that were stable for
multiple days in vitro. Such dilution experiments are critical for concentration-dependent self-
assembled nanoparticles such as drug colloids and micelles, in contrast to solid nanoparticles
(e.g. gold and silica nanoparticles). This is especially important when considering clinical
translation of these types of formulations due to the high blood volume of humans and the dose
required to maintain concentrations above the CAC. This is further complicated by the fact that
infusions are typically used to deliver drugs intravenously. Nano-formulations in the clinic, such
as Doxil, Vyxeos and Abraxane, are all administered by intravenous infusion; in fact, Abraxane
has been shown to rapidly dissociated into soluble albumin-paclitaxel complexes such that there
are no nanoparticles remaining in solution during administration®*’. Further studies are required

to assess the feasibility of translating the colloidal drug aggregate formulations developed herein.

5.4 In vivo fate of drug colloids

The goal of nanoparticle formulations is to improve the in vivo fate of their drug payload. The

body presents a number of physiological barriers towards foreign compounds; should these
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barriers be overcome, there is opportunity to improve the efficacy of therapeutic agents®. The
absorption, distribution, metabolism and excretion (ADME) of an active small molecule drug
ultimately dictates its efficacy; sufficient concentrations of drug must reach the target tissue to
elicit an effect without excess drug reaching off-target tissues resulting in toxicities?*!.
Nanoparticle formulations can significantly alter these four processes, and with appropriate
engineering, can be used to modulate drug pharmacokinetics and biodistribution as desired*?4.
In general, most nanoparticle formulations aim to extend the circulation half-life of the cargo
drug and thus the exposure (as measured by the area under the curve). The literature is filled with
examples of preclinical nanoparticles formulations that have improved the pharmacokinetics of
drugs of interest!3%148.244; while translation of nanomedicines is limited®”-**>, improvements to
pharmacokinetic profiles of chemotherapeutics have been observed in a clinical setting as

WellZ46-248

In Chapter 4, we investigated the in vivo fate of fulvestrant-UP80 and PPD-PLAC-PEG stable
colloidal drug aggregates. Herein, we used liquid chromatography with tandem mass
spectrometry (LC-MS/MS) to quantify the drug concentration in plasma and tissue samples. LC-
MS/MS provides a probe-free method for quantifying amounts of a specific analyte by
measuring the molecular mass of both the parent drug ion and a daughter fragment ion?*’; these
counts are compared to an internal standard that is spiked into all samples. The high specificity
offered by LC-MS/MS methods, through measurements of unique parent and daughter ion pairs,
requires the development of validated methods for each analyte of interest; this can limit its
applications in monitoring drug metabolites as the exact metabolite must be known and isolated
for preparation of a standard curve. However, this strategy can be useful to quantify amounts of
specific compounds and their metabolites. While radiolabeling methods require external probes,
that can ultimately convolute the fate of the compounds themselves??, these methods can be
used investigate clearance routes and approximate mass balances, as all metabolites will retain
their radioactivity. Ultimately a combination of these two methods can provide a complete

picture of the in vivo ADME of a drug.

For both fulvestrant and PPD, plasma circulation times of the drugs were enhanced by
formulation as stable colloidal aggregates. In both cases, differences between colloidal and
monomeric formulations were observed at late time points. While these observations
demonstrate potential benefits of colloidal formulations, they also suggest that there remains

opportunity to improve these formulations. Formulations that modulate the pharmacokinetics at
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early time points would be of interest and could lead to improved tumor accumulation, which
was not observed in these studies. Interestingly, the mechanisms contributing to the observed
enhanced circulation appear to be different for both formulations. Due to its lipophilicity,
fulvestrant is typically highly protein bound; however, formulation as stable drug colloids
appears to have reduced protein binding leading to increased distribution to organ tissues.
Similarly, PPD formulated as stable drug colloids has reduced interaction with endogenous
plasma carboxylesterases, which would convert the prodrug into an active metabolite?!?; this

leads to decreased clearance and enhanced circulation.

For many formulations, improved circulation corresponds to increased accumulation at the target
site potentially leading to increased efficacy®!. Important to note is that for non-targeted
therapeutics (e.g. taxanes), extended plasma circulation can result in increased toxicity to blood
cells (e.g. neutropenia and thrombocytopenia)?>2-233; thus, the off-target toxicities of a drug must
be considered when tuning formulations for the desired pharmacokinetic profiles. Further
investigation is required to determine if the observed improvements to drug pharmacokinetics
when formulated as stable colloids leads to increased efficacy. Most clinically used nanoparticles
have been approved on the basis of improved tolerability, rather than improved efficacy®3-24;
even in this regard, stable colloidal drug aggregates can be formulated with much less excipient
than solubilized drug solutions (0.03% UPS80 vs. 5% UPS80 for fulvestrant formulations) reducing

excipient-associated toxicities. Thus, colloidal drug aggregates still present an advantage to

conventional solubilized formulations.

The initial excitement of nanoparticle drug delivery surrounded the potential of nanoparticles to
accumulate in the tumor via the enhanced permeability and retention effect due to the leaky
tumor vasculature and poor lymphatic drainage!!®!?!. This concept has been highly debated in
recent years. While the EPR effect has been demonstrated in human tumors, its inter- and intra-
tumor heterogeneity and the inadequate recapitulation of human disease in mouse models have
hindered translation of this concept to the clinic!!¥121:133.134 'We did aim to investigate the
potential tumor accumulation of our stable fulvestrant colloids in an orthotopic xenograft model
of breast cancer. Tumor xenografts of an estrogen-dependent breast cancer cell line (MCF-7),
relevant for fulvestrant, were established in NOD scid gamma (NSG) mice. In our study, we did
not observe increased fulvestrant concentrations in tumors when delivered as colloidal
formulations. A number of factors could have contributed to this; we did not verify that the

tumor model used was sufficiently vascularized to observe enhanced accumulation. Furthermore,
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tumors were established using Matrigel to facilitate cell engraftment, however Matrigel has been
shown to reduce retention of nanoparticles in some xenograft tumor models?**, Notwithstanding
these caveats, the biodistribution profile observed is consistent with the pharmacokinetic profile
and with the circulation of intact particles. Fulvestrant concentrations in the liver and spleen
were higher for colloidal formulation compared to monomeric formulation; these organs of the
mononuclear phagocyte system are known to clear particulate formulations®®2%°, Increased drug
concentrations in these organs suggest that perhaps stable colloidal particles were being cleared
and that optimization of the formulation would be of interest in the future. Tissue-resident
macrophages are typically responsible for clearance of nanoparticles. In the liver, macrophages
in the liver sinusoid (e.g. Kupffer cells) are mainly responsible for this process and it has been
shown that depletion of these cells can improve the pharmacokinetics of nanoparticles and tumor
accumulation %9255, Furthermore, the lung presents the first (and some of the smallest) capillary
bed which intravenously administered nanoparticles encounter, serving as a mechanism of first-
pass clearance®®. While typically particles smaller than 3 pm are not significantly retained in the
lungs, fulvestrant colloids appear to accumulate in the lungs, perhaps due to changes in
interactions with plasma proteins and could provide a mechanism of lung targeting, warranting
further investigation?*%. Taking inspiration from the nanoparticle literature, which has
demonstrated the benefits of increasing amounts of PEG or the use of zwitterionic polymers to
promote long circulation properties, would be an elegant extension of this work to further

modulate the in vivo properties of drug colloids!'®!->>7,



6 Conclusions

Over the course of this thesis, two methods to stabilize colloidal drug aggregates were developed
and the in vivo fate of stable colloidal aggregate formulations was investigated. Firstly, we
exploited the protein adsorption properties of colloidal aggregates to form a controlled corona
which stabilized drug colloids. Furthermore, we demonstrated that coronas comprising targeted
antibodies could elicit specific internalization by target cells. Secondly, we showed that co-
aggregation with polymeric surfactants also stabilized drug colloids; surfactants significantly
reduced adsorption of proteins to the colloids, specifically those most prominent in blood. Both
stabilization methods yielded aggregates with multi-day stability in buffered solution and serum-
containing media. We demonstrated that the CAC of a colloid-forming compound was
significantly influenced by the protein content of its environment. With stable formulations in
hand, we investigated the in vivo fate of drug colloids; colloids stable under in vivo-mimicking
conditions were able to extend the plasma circulation half-life compared to solubilized
monomeric formulations. These findings demonstrate the potential utility of stabilized colloidal
aggregates as drug delivery formulations, warranting further studies on how to turn this drug

screening nuisance into a formulation strategy.

6.1 Achievement of Objectives

The hypothesis driving this work was:

Controlled formulation of colloidal drug aggregates with proteins and polymers will improve

their in vitro serum stability and in vivo pharmacokinetics.
Achievement of the objectives originally outlined in Chapter 1 are summarized below:
1. To design stable antibody-modified drug colloids for targeted in vitro delivery

e Protein adsorption was able to stabilize fulvestrant colloidal aggregates in a

concentration-dependent manner.

e Fulvestrant colloids were stabilized with multiple proteins (albumin, immunoglobulin G

and trastuzumab) and albumin was able to stabilize multiple drug colloids.

e Protein corona formation stabilized fulvestrant colloids in 20% serum over 48 hours.

91
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Protein coronas comprising a targeted antibody, trastuzumab, elicited specific uptake by

HER2-overexpressing cells leading to significant decrease to cell viability.

These data were presented in Chapter 2 and published in ACS Applied Materials and Interfaces

204

2. To enhance the stability of colloidal drug aggregates with polymeric excipients

Fulvestrant and PPD colloidal aggregates were stabilized by multiple polymeric

surfactants achieving multi-day stability in buffered solutions.

Formulations of fulvestrant-UP80 and PPD-PLAC-PEG were stable in up to 20% serum

over 48 hours.

The presence of surfactants significantly reduced adsorption of the main blood proteins,

namely albumin, immunoglobulin G and fibrinogen.

Formulation as colloid drug aggregates significantly changed the internalization pathway

of fulvestrant and PPD by cells in vitro in a serum-dependent manner.

These data were presented in Chapter 3 and published in Molecular Pharmaceutics **.

3. To investigate the in vivo utility of stable colloidal drug formulations

The CAC of fulvestrant after dilution into media was positively-correlated with the

serum-content.

UPS80 was able to stabilize fulvestrant colloids after dilution into media mimicking the in

vivo environment (90% serum).

Stable fulvestrant-UP80 colloids increased plasma circulation half-life of fulvestrant by

increasing distribution to organ tissues compared to monomeric formulation.

Stable PPD-PLAC-PEG colloids resulted in increased in vivo plasma circulation half-life

by decreasing clearance of PPD compared to monomeric formulation.

These data were presented in Chapter 4.
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6.2 Recommendations for Future Work

6.2.1 Drug release from stable colloidal drug aggregates

In Chapters 2 and 3 we developed stable colloidal drug aggregate formulations. However, for
any formulation to be efficacious, the drug payload must be released at the target site. In regard
to colloidal drug aggregates, this means that stable drug colloids must disassemble releasing
monomeric drug, which can then freely diffuse through biological membranes and bind to its
intracellular target receptor. Such release strategies should exploit local environmental stimuli
such that drug release only occurs at the target site. In the context of nanoparticle drug delivery
formulations, a number of stimuli have been investigated to trigger release at the target site,

including pH, redox potential, temperature, and ultrasound, among others?!%-2%8,

Exploiting changes to local pH has been extensively investigated for cancer nanomedicines.
Many of these strategies take advantage of the decreased pH of the tumor microenvironment or
the endo-lysosomal compartment'?”-2>°, One method to exploit this change in pH is to incorporate
ionizable groups into the carrier; Bae et al. designed a poly(histidine)-PEG polymer that self-
assembled into micelles at neutral pH due to the hydrophobicity of the uncharged histidine side
groups?%’. These residues, having a pKa of ~6, will ionize under acidic conditions rendering the
polymer more hydrophilic resulting in micelle disruption and drug release?S!. Ionizable groups
can also be used to disrupt the endosomal membrane itself resulting in the release of endosomal
contents into the cytosol; this has been particularly useful for the delivery of membrane-
impermeable therapeutics, such as oligonucleotides?®>-2¢4, Change to pH can also be used to

trigger degradation of the carrier itself through incorporation of acid-labile bonds?®°.

Redox-sensitive nanocarriers often take advantage of the increased glutathione concentrations of
the intra-tumor environment and within cancer cells. Similar to pH-sensitive carriers, the
increased redox potential can be used to trigger drug release form the carrier, carrier disassembly
or carrier degradation. Temperature-sensitive strategies have mostly been explored with
liposomal formulations, through the use of thermo-sensitive components that result in pore

266

formation in the bilayer, facilitating drug release“°°. While early clinical trials of such

formulations (e.g. ThermoDox®) failed, opportunity and interest in using temperature as a

stimulus is re-emerging as advances in localized hyperthermia technologies are being made?®6-267,
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In the context of colloidal drug aggregation, a number of these strategies might be employed to
trigger drug release at the target site, warranting further investigation. Taylor et al. have
demonstrated that the onset of aggregation is dependent on the pH for weakly basic drugs (e.g.
clotrimazole and nicardipine)?!. They observed an increase in the CAC of these compounds with
decreasing pH. Strategies employing redox and temperature stimuli need to be further

investigated and likely will be drug-dependent.

6.2.2 In vivo tracking of colloidal drug aggregates

In Chapter 4, we investigated the in vivo fate of fulvestrant and PPD when delivered as colloidal
or monomeric formulations. Using LC-MS/MS we were able to quantify the plasma and tissue
concentrations of these drugs. This allowed for determination of pharmacokinetic parameters of
fulvestrant and PPD using a non-compartmental analysis. However, the LC-MS/MS method used
was limited in that it was unable to distinguish between drug remaining as intact colloids versus
released free or protein-bound drug. While formulations of fulvestrant and PPD as colloid drug
aggregates changed their pharmacokinetics, we were unable to determine the pharmacokinetic
parameters for the intact colloid itself. In vivo tracking of intact colloidal aggregates would
provide significant insight into their biological fate, as well as allow for optimization of

formulation parameters to achieve the desired pharmacokinetic profile.

We were able to incorporate hydrophobically-modified dyes as a FRET pair into colloidal
formulations of fulvestrant to investigate their in vitro serum-stability. A similar strategy can be
employed to investigate the in vivo stability, circulation and distribution of intact colloids?®8.
Intravital imaging would allow real-time visualization of fluorescently-labeled nanoparticles in
circulation and allow investigation of the in vivo drug release kinetics?>72%-27!; this allows for
quantification of the distribution phase of the pharmacokinetic profile for intact colloids.
Intravital imaging modalities can also be used to investigate mechanisms of extravasation of
nanoparticles from circulation into tumor and organ tissues?¢%272-273, Such methods would
provide insight into how different formulation parameters modulate the interactions with the
diseased pathophysiology; in cancer, these methods can be used to evaluate tumor-dependent

heterogeneity, vascular permeability, and drug formulation penetration!!7-274275,

6.2.3 Co-aggregates for combination drug delivery

As the biological drivers of cancer and mechanisms of drug resistance are further elucidated, and

the genetic profiling of tumors and patients becoming mainstream, novel combinations of
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orthogonal therapies have emerged?’®2”, Nanoparticles offer a modality for delivery of
synergistic combinations of therapies?®°; nanoparticles also allow for ratiometric drug loading

281

allowing for synergistic doses of these multiple drugs=®". One recent success, Vyxeos (Jazz

Pharmaceuticals), is a synergistic combination of cytarabine and daunorubicin co-encapsulated

in a liposome for the treatment of acute myeloid leukemia'®’.

Colloidal aggregates have the potential to be adapted for combination drug delivery. In Chapter 2
we demonstrated how therapeutic antibodies, like trastuzumab, could be used to stabilize colloids
of fulvestrant. This approach could be extended to other therapeutically relevant antibody-drug
and protein-drug combinations. Additionally, when multiple colloid-forming compounds are
present in solution, they may co-aggregate to form mixed aggregates of both compounds3*36.
Here the amount of each compound could be varied to achieve a desired ratio, one that may be
synergistic for disease treatment. With the formulation strategies developed herein, stable
aggregates of multiple compound could be generated and used for treatment of diseases. Such

combination therapies would be of interest outside of oncology as well.

6.2.4 Application of colloidal aggregates for other diseases

While there have been many limitations in the clinical translation of nanomedicines targeting
solid tumors?%, there continues to be active preclinical and clinical stage development of
formulations to improve therapeutic outcomes®*34. The application of nanoparticle drug
formulations for other diseases and treatment strategies have also emerged as promising avenues

for clinical translation.

Due to the propensity of nanoparticles to accumulate in the liver, there have been successes in
utilizing nanoparticles to deliver therapeutics for hepatic diseases®®?. The recently-approved
siRNA therapeutic, patisiran (Alnylam Pharmaceutics Inc.), utilizes liver-targeted lipid
nanoparticles for the treatment of hereditary transthyretin amyloidosis?®3. There has also been
growing interest in the application of nanomedicine for the treatment of cardiovascular
diseases?®?% inflammatory diseases?8®?%7  ischemia'¥’, viral infections?®®, and recent
immunotherapy efforts?®®. In some diseases where the pathophysiology is mediated by
monocytes and macrophages, the innate uptake of nanoparticles by these cells can facilitate
therapeutic delivery. For example, in HIV infections, infected macrophages can act as carriers of
the virus to other tissues including the central nervous system; nanoparticle-mediated

antiretroviral delivery to macrophages has been investigated as potential therapeutic strategy?*°.
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In this regard, the diversity of compounds that form colloidal aggregates easily lends itself to
exploring the application of stable colloidal aggregates for the treatment of various diseases.
Clinically used non-oncology drugs that form colloidal aggregates include anti-fungals (e.g.
clotrimazole and itraconazole), ion-channel inhibitors (e.g. nicardipine and glyburide), and anti-
retroviral compounds (e.g. ritonavir and etravirine). As the list of known drugs that form
colloidal aggregates continues to grow, applications of stabilized colloidal formulations can be

investigated for the treatment of a variety of diseases.



Appendix A: Abbreviations

ADC antibody-drug conjugate

ADME absorption distribution metabolism excretion
AUC area under the curve

BODIPY boron-dipyrromethene

BSA bovine serum albumin

CAC critical aggregation concentration

CES2 carboxylesterase 2

Cl drug clearance

CMC critical micelle concentration

DLS dynamic light scattering

DMSO dimethylsulfoxide

EPR enhanced permeability and retention

FBS fetal bovine serum

FPLC fast protein liquid chromatography

FRET Forster Resonance energy transfer

HER2 human epidermal growth factor receptor 2

HPLC-MS/MS high performance liquid chromatography with tandem mass

spectrometry
HTS high-throughput screen
IgG immunoglobulin G

97



1A%

NNRTI

NSG

PBS

PEG

PK

PLAC-PEG

PPD

SDS-PAGE

SIF

TEM

THF

TOF-SIMS

UP80

V.

XPS

intravenous
non-nucleoside reverse transcriptase inhibitors

NOD scid gamma (non-obese diabetic, severe combined

immunodeficient, /12rg™")
phosphate buffered saline
poly(ethylene glycol)
pharmacokinetics

poly(D,L-lactide-co-2-methyl-2-carboxytrimethylene carbonate)-g-
poly(ethylene glycol)

pentyloxycarbonyl-(p-aminobenzyl)doxazolidinylcarbamate
sodium dodecyl sulfate polyacrylamide gel electrophoresis
simulated intestinal fluid

transmission electron microscopy

tetrahydrofuran

time-of-flight secondary ion mass spectrometry

ultra pure polysorbate 80

volume of distribution

x-ray photoelectron spectroscopy
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Appendix B: Non-compartmental pharmacokinetic analysis

Pharmacokinetic models aim to describe the temporal and spatial distribution of a drug in the
body. While spatiotemporal models are ideal, they are very complex and thus compartmental
models are used to reduce the order of these models and use temporal changes to model spatial
heterogeneity. Non-compartmental analysis (NCA) does not require the assumption of specific
compartments and is typically used when the extent of drug exposure and pharmacokinetic
parameters are of interest. NCA allows for the determination of these parameters through the
generation of algebraic expressions, as opposed to compartmental models which require

solutions to linear and non-linear differential equations.

The degree of drug exposure is measured by the area under the curve (4UC) of the plasma

concentration vs. time plot:

Tiast
AUC = f C(t)dt
0
This measurement is usually performed computationally using the trapezoid rule.

The lambda phase elimination constant (.Z) is determined through a linear regression of the last n
points of the log(concentration) vs. time plot that satisfy the conditions: > Tya and C < Cuax,

and generates the highest R’.

With the AUC and £, other pharmacokinetic parameters can be calculated algebraically. The

elimination half-life of the compound (#,,) is calculated as follows:

In(2)
ti2 = 1
Z

Clearance (C/) of the drug is calculated using the initial dose administered (D):

Cl= b
~AUC
Volume of distribution (7Z) can be calculated from:

D

Va=quc+1,
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Appendix C: Colloid interactions with blood cells

This thesis investigated the influence of colloidal aggregate formulations on the plasma
circulation of fulvestrant and PPD. In these studies, blood was collected from mice after
intravenous administration of drug colloids and subsequently centrifuged to separate the plasma
and cellular fractions. While many hydrophobic drugs, like fulvestrant, are highly plasma protein
bound, this does not preclude colloidal aggregates from interacting with blood cells. Incubation

of colloids with blood ex vivo was used to assess the extent of drug partitioning within the blood

fractions.

We isolated blood from C47B16/J mice and spiked with a fulvestrant colloids (500 uM, 0.01%
UP80 in PBS). After incubation for 15 min or 1 h, samples were centrifuged to isolate plasma
and cellular fractions; an aliquot of whole blood was isolated prior to centrifugation. Fulvestrant

concentration in these samples were quantified by LC-MS/MS.

A small amount of fulvestrant was present in the cellular fraction, however the amount of
fulvestrant in whole blood or plasma was not significantly different. These results indicate that
sampling of plasma for in vivo studies presented in Chapter 4 should account for the majority of
fulvestrant in circulation. Many nanoparticle formulations use PEGylated polymers, such as
UP80 and PLAC-PEG used in this thesis, to prevent non-specific interactions and uptake by off-

target cells, including those in the blood”*"’.
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Figure B.1 Majority of fulvestrant remains in the plasma fraction of whole blood.
Quantification of fulvestrant by LC-MS/MS after centrifugation of blood for 5 min at
2000x g. ** p<0.01, *** p<0.001 by two-way ANOVA. (n=3 biological replicates, mean +
SD)
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