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Poor aqueous solubility of a large number of newly discovered chemical entities is posing
a significant challenge for the formulation industry and is delaying their drug development.
The number of formulation techniques available to solubilize these poorly soluble
molecules is very limited. In addition to that, traditional formulation methods involve the
use of surfactants such as Cremophor EL and polysorbate 80 that trigger unwanted
toxicities and the lack of proper targeting moieties is further hampering their in vivo
efficacy. The search for alternate drug delivery systems that overcome these limitations
and toxicity issues has therefore led to the use of polyester based diblock copolymers.
Polyester based diblock copolymers have garnered tremendous interest in the past two
decades for their applications in drug delivery. These block copolymers comprise of a
hydrophilic and hydrophobic segments and they readily self-assemble into micellar and
nanoparticle structures in aqueous solvents. The ability to modify their surface properties
by mixing different copolymers along with their capability to load multiple poorly soluble
drug entities into their hydrophobic cores have made them highly sought after in the
formulation industry. The polyesters are biodegradable and are approved by the FDA for
use in drug delivery purposes. This work encompasses the development of a micellar and
a nanoparticle formulation using polyester based diblock copolymers for the delivery of

multiple chemotherapeutic agents and imaging applications. The lack of a delivery system



that can achieve substantial lymphatic accumulation has motivated us in developing a poly
(ethylene glycol)-block-poly (e-caprolactone) [PEG-b-PCL] nanoparticle system that can
simultaneously load three drugs at therapeutically relevant concentrations and also achieve
significant lymphatic accumulation, courtesy of its modified surface properties. The
efficacy of the developed nanoparticle system was evaluated in its ability to reduce the
proliferation of melanocytes in metastatic melanoma mice models. We were able to
develop locally acting and centrally acting drug loaded nanoparticles that effectively
reduced melanocyte proliferation. We then wanted to demonstrate the diagnostic
applications of these nanostructures and therefore developed a methoxy poly (ethylene
glycol)-block-poly (lactic acid) mPEG-b-PLA micelle formulation that encapsulates a
nerve specific fluorophore BMB. The micellar formulation of BMB achieved significantly
higher nerve specific accumulation and fluorescence intensity when compared to its
traditional formulation in DMSO and also prevented the unwanted side effects occurring
from the formulation excipients. The micellar BMB formulation was a first of its kind as
no previous nerve visualization techniques were clinically approved. Finally, we also
developed a mPEG-b-PLA micellar formulation that encapsulates two drugs that target the
major pathways involved in ovarian cancer and prevent tumor progression by exhibiting
synergistic effects. The combination therapy proved more beneficial in reducing the tumor
burden in animal models compared to the individual drugs and also reduced the
development of drug resistance by inhibiting multiple pathways.

We have thus effectively demonstrated the therapeutic and diagnostic applications of
micellar and nanoparticle platforms developed from polyester based diblock copolymers
in treating metastatic diseased states.
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CHAPTER 1

INTRODUCTION

Bhuvana S. Doddapaneni



1.1 INTRODUCTION TO POLYESTER DIBLOCK COPOLYMERS

Recent advances in polymer chemistry has enabled us to use polymeric platforms for the
delivery of poorly soluble substances. Polymers comprise of macromolecular chains
obtained from the polymerization of multiple repeating subunits of small molecules called
monomers [1]. Some of the naturally occurring polymers include DNA, cellulose and
proteins while they can also be synthesized using polymerization reactions [1]. Block
copolymers in particular, consisting of two or more blocks of monomers polymerized into
a single polymer chain are further classified into diblock and triblock copolymers based on
the number of blocks used in the polymerization reaction [2-4]. The diblock copolymers
(DBCP) are synthesized using living polymerization reaction wherein a reactive terminal
of the first monomer interacts only with a second monomer forming a new reactive terminal
that has an additional second monomer attached to it thereby preventing the occurrence of
side reactions [5]. The amphiphilic DBCP are composed of hydrophilic (water soluble) and
hydrophobic (water insoluble) subunits that spontaneously aggregate into different
nanostructures when they come in contact with selective solvents [6]. The ratio of
hydrophobic to hydrophilic block length and the molecular weights of the block
copolymers are touted to be the primary factors that determine the size and morphology of
the nanostructures [7]. This property of the DBCP to form nanostructures upon solvent
contact distinguishes them from the other graft or random copolymers. The hydrophobic
segment of the DBCP constitutes the core of the nanostructures and acts as a reservoir for
solubilizing poorly soluble hydrophobic drugs while the hydrophilic segment forms a shell
or corona around the hydrophobic core [7]. The DBCP’s aggregate in an entropically
favored mechanism wherein all the hydrophobic blocks with similar properties merge
together forming the core while the hydrophilic blocks accumulate around the core forming
the corona thereby keeping the free energy at minimum [8]. Polyethylene glycol (PEG) is
highly preferred as the hydrophilic subunit in a majority of the amphiphilic DBCP’s
although a few studies reported the use of Dextran, chitosan, and poly (N-vinyl
pyrrolidone) (PVP) as PEG alternatives [9, 10]. The popularity of PEG can be attributed to
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its properties such as being non-toxic, having a high chain flexibility and being electrically
neutral. PEG has a high aqueous solubility and therefore forms a strong water bound barrier
on the nanocarrier’s surface preventing its interactions with opsonins or blood components
in vivo. This in turn increases the circulation time of the nanocarriers as they go undetected
by the reticulo-endothelial system [7]. PEGylation also increases the particle size thereby
reducing renal excretion as the larger size of the nanocarriers prevents their glomerular
filtration thus further prolonging the circulation time [11]. The nanocarriers also exhibit a
small size (10 - 100 nm), courtesy of which they can extravasate through the leaky
vasculature found in a large number of tumors and inflamed tissues (Enhanced Permeation
and Retention effect) (EPR) thereby limiting drug exposure to healthy tissues and avoiding
unwanted side effects [12]. Thus PEGylated nanocarriers can be passively targeted to
tumors via the EPR effect [13]. Majority of the hydrophobic core forming polymer blocks
belonged to polyesters such as poly(L-lactide) (PLA), poly-g — caprolactone (PCL), and
poly(lactide-co-glycolic acid) (PLGA) although other classes such as polyethers, poly
amino acids and lipids have also been reported to be used [14] The major advantage of
using polyesters is that they undergo hydrolysis in vivo and degrade into non-toxic
monomers. PLA is FDA approved for its use as a biodegradable polymer while PCL also
exhibits good biodegradability and a low toxicity profile [15]. Multiple studies have
reported the use of these polyesters as core forming blocks in DBCP’s [16]. These core
forming blocks are biocompatible and they self-assemble in aqueous solvents to form
nanostructures. Micelles, nanoparticles and polymersomes comprise the majority of
nanostructures obtained from DBCP’s upon their solvent exposure [7]. The type of
nanostructure obtained is primarily decided by the ratio of hydrophilic to hydrophobic
block lengths and molecular weights. Monodisperse micelles are obtained upon aqueous
exposure of the DBCP when the molecular weight of the hydrophilic block is higher than
that of the hydrophobic block. The copolymer readily undergoes self-assembly and
disperses in water to form small uniform micelles spontaneously [17]. Meanwhile if the
molecular weight of the hydrophobic block is higher than the hydrophilic block, the
polymer becomes more and more water insoluble and therefore cannot undergo self-

assembly to form micelles. In this case, an alternate method of preparation such as
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nanoprecipitation needs to be employed to form nanoparticles with solid-core like
properties [18]. DBCP also form polymersomes that can deliver hydrophilic drugs by
encapsulating them in the aqueous core and the external bilayer of these polymersomes
comprise of DBCP’s [7] A vast library of DBCP’s can be synthesized by modifying the
chemical composition, molecular weight, and architecture of the monomers thereby
providing flexibility in the block copolymer design [8]. DBCP’s have been highly sought
after in the past decade for drug delivery applications because of the ability to design
nanocarriers to your preference and also for the wide range of applications that come from

these designed nanocarriers.



1.2 MICELLES

Amphiphilic DBCP molecules upon contact with aqueous solvents spontaneously self-
assemble into a wide range of nanostructures that have different sizes and shapes. The
molecules comprise of a hydrophilic and a hydrophobic head that exhibit different
solubilities in aqueous solvents. The DBCP molecules exist in a freely dispersed state in
aqueous media at low concentrations of the polymer [14]. Increasing the polymer
concentration spontaneously increases the free energy of the system due to the unfavorable
interactions occurring between the hydrophobic segments and the surrounding aqueous
solvent molecules [14]. When the concentration of the polymer reaches a particular value
termed as “critical micellar concentration” (CMC), the amphiphilic molecules self-
assemble into colloidal structures called micelles wherein the hydrophobic segments
aggregate together to form the core and the hydrophilic segments form the corona thereby
minimizing the unfavorable interactions of the core with the aqueous molecules and
decreasing the free energy of the system [7,19] The difference in the solubilities of the
hydrophilic and the hydrophobic segments drives the process of micellization. There are
two components involved in the formation of a micelle, an attractive force that promotes
the association of the micelles and a repulsive force that prevents unlimited growth of the
formed micelles [17]. It is at the CMC that the process of association begins. The micelles
are thermodynamically stable at polymer concentrations above the CMC, while they
disassemble spontaneously at concentrations below the CMC [20]. The aggregated
molecules that form the micelle are in a dynamic equilibrium with the unimers in the bulk
solution promoting a continuous exchange of unimers thereby forming a mobile fluid-like
core. [21] The micelles exhibit a core-shell architecture wherein the core is used for
solubilizing hydrophobic drugs while the shell is comprised of the hydrophilic segments
and protects the core from unwanted interactions with blood components. [21]

Block copolymer micelles usually represent a size range of 10 — 100 nm exhibiting a core-
corona architecture. [8, 22] The size of the micelles is majorly governed by the molecular
weights of the polymer blocks and the ratios of the hydrophilic to the hydrophobic
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segments. The micelles have a spherical shape when the hydrophilic block length is larger
than the hydrophobic block length while they exhibit non-spherical structures that include
rod shaped or lamellae if the hydrophobic block length is larger than the hydrophilic block
length [7]. The stability of these micelles is majorly determined based on the CMC of the
di-block polymers. Micelles with a lower CMC can withstand dilution to a greater extent
and are therefore more stable thermodynamically when compared to micelles with higher
CMC values. Multiple techniques such as dye solubilization, surface tension, light
scattering and fluorescence have been used in various studies to determine the CMC’s of
DBCP’s [8, 14]. The typical CMC values of diblock copolymers usually ranges from 10°°
to 10M. There are multiple factors that affect the CMC, but the composition of the core
forming blocks exhibit the highest impact on CMC. The core of the micelles acts as a
reservoir for solubilizing hydrophobic drugs. Poorly soluble compounds can be
incorporated into these hydrophobic cores thereby significantly increasing their aqueous
solubilities. The rate of drug release from these micelles can be fine-tuned and is dependent
on various factors such as the diffusion and the partition co-efficient of the drugs, their
hydrophobicity and the viscosity of the core [23]. The hydrophobic core is surrounded by
a corona that comprises of the hydrophilic segments. These segments upon interacting with
the agqueous solvents form brush like conformations on the surface that sterically prevent

or suppress opsonization by the blood components.

Polymeric micelles can be categorized into three types based on the intermolecular forces
governing the separation of the hydrophobic core from the aqueous atmosphere. The first
category named “Conventional micelles” involves the formation of micelles by simple
hydrophobic interactions between the core and the corona blocks in an aqueous
environment [22]. “Polyion complex micelles” comprise the second category wherein
electrostatic interactions between two oppositely charged moieties allows for the formation
of polymeric micelles [24]. The structure and the size of the micelle coronas formed depend
on the strength of the electrostatic and vanderwaals forces. The third category named
“Noncovalently connected polymeric micelles” are formed from homopolymer chains that
have their core and corona connected non-covalently by interactions such as hydrogen

bonding or metal-ligand interactions [25]. The disassembly of these micelles
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spontaneously upon injecting in vivo (dilution) has triggered the interest for developing
alternate strategies that are more stable upon dilution. The core and shell crosslinked
micelles provide the solution wherein cross linkable groups are synthesized and used in the
formation of micelles. These cross linked micelles are resistant to disassembly unless they
are triggered by an external or internal stimuli [26]. Micelles can be further classified into
passively targeted and actively targeted micelles. Passive targeting involves accumulation
of the micelles in the tumor site via the Enhanced Permeation and retention effect (EPR)
wherein the micelles courtesy of their size escape through the leaky vasculature and
accumulate in the tumor tissue [12]. Actively targeted micelles release the drug cargo only
at the target site by means of an internal stimuli such as pH, enzyme release, or targeting
moiety or by an external stimuli such as temperature, ultrasound or magnetic field [27, 28].
The use of polyester diblock copolymers for drug delivery has tremendously increased in
the past decade because of their biodegradable properties and also being approved by the
FDA. PEGylated Poly (lactic) acid (PLA) and PEG-PCL comprise the two majorly used
polyester based diblock copolymers for formulating active and passively targeted micelles.
A micellar formulation of Paclitaxel (Genexol PM) is showing promising results in clinical
trials in the U.S and has already been approved for use in Europe and Korea. Wang et al
conjugated a peptide to Maleimide-PEG-PLA that actively targets the avf3 integrin
overexpressed in angiogenesis [29]. In another study, Z. Wang et al loaded curcumin in
PEG-PLA copolymers by using a pH labile hydrazone bond [30]. This micelle releases the
drug through the cleavage of the hydrazine bond specifically at the target tumor site in the
presence of acidic pH. Thermosensitive micelles have also been developed wherein the
micelles undergo structural changes upon exposure to increased temperature and thereby
deposit the cargo at the tumor site. The temperature can be increased by using ultrasound

techniques to disrupt the micellar structures [25].

Micelles can be prepared using different techniques but proper care needs to be taken in
selecting a procedure for loading hydrophobic drugs as supersaturation can lead to stability
issues and precipitation of solubilized drugs. The selection of a drug loading procedure
mainly depends on the physicochemical properties of the block copolymer [19]. There are

five different techniques majorly used in formulating micelles. The simplest technique of
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them all is the direct dissolution method in which the polymer and the drugs are dissolved
in an aqueous solvent to spontaneously form micelles. This technique is commonly
employed in forming Polyion complex micelles and is also useful in the case of moderate
hydrophobic copolymers wherein the block copolymer and the drug is fairly soluble in
water [24]. Amphiphilic copolymers that are not readily soluble in water need different
techniques that employ organic solvents for solubilizing the copolymer or the drug or both.
The solvent removal procedure plays a pivotal role in determining the mechanism of
micelle formation. Dialysis is the second method in which the polymer and the drug are
dissolved in a water-miscible organic solvent and the mixture is placed in a dialysis bag
and is dialyzed against water. The slow removal of the organic phase triggers micellization.
The solvent casting method involves evaporating the organic solvent to yield a thin
polymer-drug film that can be rehydrated with a heated aqueous solvent to form polymeric
micelles. This method can be used instead of the dialysis method to yield faster and
reproducible micelles [8]. The fourth method involves the use of a water immiscible
organic solvent wherein an oil in water (O/W) emulsion technique is employed to form
polymeric micelles. Micelles prepared using all of the above methods are required to be
sterilized and freeze dried before they can be injected. Therefore, a latest method was
developed in which a water/tert-butanol (TBA) mixture is used for solubilizing the polymer
and the drug. This mixture can be lyophilized to spontaneously remove the solvents thereby

forming a polymer-drug cake that can be readily reconstituted in an injectable vehicle [8].



1.3 NANOPARTICLES

Polymeric nanoparticles prepared from amphiphilic diblock copolymers exhibit a core-
shell structure similar to the polymeric micelles but the core of the nanoparticles is “frozen”
and is composed of dense polymer matrix when compared with a fluid like core in the
micelles [7]. The polymeric nanoparticles are usually represented as matrix type solid
colloidal particles. The equilibrium conditions for nanoparticles is different from that of
the micelles. The nanoparticles with the frozen cores can be formed when the core forming
block either has a very high glass transition temperature or it is highly solvent hating with
the solvent medium in which the particle is dispersed [31]. The copolymer is usually
dissolved in an organic solvent and then mixed into aqueous phase to form nanoparticles
that rearrange such that the core comprises of the hydrophobic segments in organic solvent
surrounded by the corona or the shell in aqueous solvent [18]. So far, the self-assembly
involves free exchange of unimers representing an equilibrium process similar to that of
the micelles. When the organic solvent is evaporated from the system by substituting with
an aqueous solvent, the volume fraction of the organic solvent reduces and reaches a critical
volume fraction wherein the hydrophobic segment becomes glass. This state of the core is
considered “frozen” and the free exchange of block copolymer molecules is not allowed
after this stage [32]. The formation of nanoparticles can be kinetically controlled using
several factors such as the solvent contents, pH and temperature. The molecular weight of
the hydrophobic block needs to be longer than the hydrophilic block in order to maintain a
“frozen” state [7]. The natural polymers that can form polymeric nanoparticles include
Chitosan, Gelatin, and Sodium alginate while a large number of synthetic polymers have
also been synthesized for making nanoparticles [10]. The corona of these synthetic
nanoparticles is usually made of hydrophilic segments such as PEG, PVP, or
polysaccharides while the core is usually made up of hydrophobic segments that include
polyesters like PLA, PLGA, PCL and poly(alkyl cyanoacrylate) PACA, polyglycolides
(PGA), poly malic acid, and poly(cyano acrylate) PCA [32,33]

The typical size range of polymeric nanoparticles varies from 50 — 200 nm and it varies

based on the properties of the block copolymers and the kinetic control variables involved
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in their preparation [33]. The size ratio of the core to the shell dictates the morphology of
the nanoparticles into either “crew-cut” or the “core-corona” type [7]. Poorly soluble drug
moieties can be incorporated into the core of the nanoparticles at therapeutically relevant
concentrations. The drug moieties can be entrapped, dissolved, encapsulated, chemically
bound or adsorbed inside the polymer matrix. The surface of the nanoparticles has been
modified to prepare different types of nanoparticles. In one study, fibronectin targeting
CLT-1 peptide was conjugated to the PEG-PLA nanoparticle to actively target tumors
expressing fibronectin [34]. In another study, Nguyen-Van Cuong conjugated folic acid to
the PEG chain of a PEG-PCL copolymer to target breast and ovarian cancers [35]. Stimuli
responsive nanoparticles have also been extensively used to deliver cargo to specific tumor
sites [36].

Polymeric nanoparticles are usually prepared by the dispersion of drug in preformed
polymers. There are six different techniques that can be used to form polymeric
nanoparticles. The first technique “Solvent evaporation” involves two steps wherein an
emulsion of the polymer solution is formed in the first step and the polymer solvent is
evaporated to form the nanoparticles in the second step [37]. This method is particularly
suitable for lipophilic drugs. The second method ‘“nanoprecipitation or the solvent
displacement” method involves the solubilization of the polymer and the drug in a water
miscible organic solvent, which is then added to an aqueous phase [18]. The organic
solvent diffuses into the aqueous phase forming nanoparticles that are stabilized by
surfactant molecules. The third method “Emulsification/solvent diffusion” involves
saturation of the polymer dissolved in partially water soluble solvent with water to ensure
thermodynamic equilibrium [37]. The resulting polymer-water saturated solvent phase is
emulsified in an aqueous solution to form the nanoparticles. This technique yields high
encapsulation efficiencies and produces reproducible batches. The fourth technique named
“salting out” depends on the separation of water miscible solvents by using the salting out
effect from aqueous solutions. The polymer drug mixture dissolved in a solvent is
emulsified into an aqueous gel that is further diluted with water to separate the organic
phase and form nanostructures. The fifth method “dialysis™ is a simple method in which

the polymer dissolved in an organic solvent is placed in a dialysis tube with a MWCO and
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is dialyzed against a non-solvent [37]. All of the above techniques involve the use of an
organic solvent in different stages of the formulation and therefore to avoid organic
solvents, a sixth technique ‘“supercritical fluid technology” was developed wherein the
solute is dissolved in a super critical fluid and the solution is rapidly expanded across a

nozzle into air resulting in homogenous nucleation and well-dispersed particles [37].



12

1.4 APPLICATIONS OF MICELLES AND NANOPARTICLES

Amphiphilic diblock copolymers spontaneously self-assemble into various nanostructures
upon contact with aqueous solvents. Micelles and nanoparticles have a lot of similar
applications and therefore will be referred to as nanostructures hereafter for the rest of this

discussion.

Polyester based diblock copolymers usually have PEG as the hydrophilic segment and
polyester as the hydrophobic segment. PEGylation is the process of covalently linking PEG
chain to other molecules thereby encapsulating the molecules and providing a vast range
of advantages. The PEG chains form brush like conformations around the core of the
micelles and nanoparticles and protect the encapsulated cargo from interactions with blood
components, preventing their recognition by the reticulo endothelial system (RES) thereby
prolonging their circulation times [9]. The PEG coating also prevents the opsonization of
these micelles and nanoparticles. The increased circulation times of these nanoplatforms
help achieve increased accumulations in the target tissue. The size of the micelles range
from 10 — 100 nm while the nanoparticles belong to the 50 — 200 nm size range [7]. These
nanostructures have a molecular weight > 50 kDa thereby avoiding renal excretion and also
are small enough (< 200 nm) to bypass the filtration by interendothelial cells in the spleen.
These micelles and nanoparticles can be passively targeted to the tumor site courtesy of
their nano size that they can easily extravasate through the leaky vasculature associated
with the diseased states. This phenomenon termed the “Enhanced Permeation and
Retention” effect (EPR) has been thoroughly exploited in targeting polymeric micelles and
nanoparticles to various tumor states [13].

The core of the nanostructures usually comprises of a hydrophobic block that acts as a
reservoir for the solubilization of poorly soluble drugs. This phenomenon of incorporating
poorly soluble drugs into hydrophobic environments with greater solubility in a solution is
termed solubilization [38]. The therapeutic potential of many drug candidates could not be
elucidated because of solubility issues and therefore improving their aqueous solubilities

by incorporating them in polymeric nanostructures can help unwind their tremendous
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potential. The formulation process of these nanostructures involves complete evaporation
of the organic solvents and therefore they exhibit a better safety profile when compared
with existing formulations. The ability of these nanostructures to deposit the cargo in the
tumor site further reduces the systemic toxicity as the healthy tissues are not being exposed
to the chemotherapeutic drugs [19]. The nanostructures retain the drug for a longer period
of time, courtesy of crosslinked structures and increased lengths of the hydrophobic
segments and therefore help maintain a sustained or delayed release profile of the
encapsulated drugs rather than dose dumping into systemic circulation. This in turn
improves the bioavailability of these drugs and therefore the drugs exhibit a better
pharmacokinetic profile [39]. The maximum tolerated doses of the encapsulated drugs have
been reported to increase by at least 3 fold upon incorporation in these nanostructures when
compared to the free drug indicating the ability to deliver much higher doses of the drugs
with much less toxicity [15].

The nanostructures provide us with a platform that can be modified according to our
preference for drug delivery purposes. This flexibility in designing various delivery
platforms makes the block copolymers a popular research topic [6]. The surface charge on
the nanostructures can be controlled by modifying the mixing ratios of various block
copolymers involved in the nanostructure formation. The charged nanostructures along
with their nano size range can be used to effectively target lymphatic system [33]. Surface
modifications also include attaching a ligand that is overexpressed in a particular diseased
state such that these nanostructures are specifically targeted to that particular tumor thereby
achieving active targeting. Multiple studies have reported the use of polyester based
nanostructures in targeting specific diseased states by attaching the corresponding ligands
or chemo attractants [34]. A wide range of stimuli sensitive polymeric nanostructures have
been developed in the past decade that employ either external or internal stimuli for
releasing the cargo from the nanostructures. The internal stimuli-sensitive structures
release the cargo based on changes in the pH, or redox potential of the environment while
the external stimuli include the use of light-sensitive and ultrasound sensitive polymeric
structures [25]. These features further increase the potential of these delivery platforms in

actively targeting the drug cargo to the tumor site.



14

The major drawback of the current chemotherapeutic strategies is the development of drug
resistance upon treatment with available formulations. Tumors upregulate multiple
alternate pathways when one particular pathway is targeted by using a chemotherapeutic
agent [20]. The lack of a delivery system that can deliver multiple drugs at therapeutic
concentrations has been a long standing problem in cancer chemotherapy. Newer treatment
strategies were developed that involved the use of multiple drugs that act synergistically
on different mechanisms involved in a particular tumor and prevent their progression [40].
The nanostructures formed from the polyester diblock copolymers have a tremendous
potential in solubilizing these multiple drugs and also in delivering them to tumor specific
regions via active and passive targeting. The development of these nanostructures have
opened up the avenues for combination therapy as the hydrophobic cores of these structures
provide an excellent environment for solubilizing multiple drugs at therapeutically relevant
concentrations [33,41]. The ability to co-deliver multiple drugs simultaneously has led to
development of formulations that could effectively suppress the drug resistance in multiple
tumor subtypes. These structures can also be modified for site specific release of their cargo

and therefore provide an excellent drug delivery platform for combination therapy [25].

Finally, the nanostructures can also be used for diagnostic applications wherein a
fluorophore or a contrast agent can be incorporated into the core of these structures and
thereby can be effectively delivered to the target sites [42]. There is currently no imaging
technique that is clinically approved to improve nerve visualization in surgical treatments.
The ability of these nanostructures to load significant amounts of the dye/fluorophore into
their hydrophobic core regions along with their long circulation properties help localize the
dye in these nerves and provides excellent nerve visualization that in turn makes surgical

operations easier and with fewer instances of nerves getting damaged [43,44].
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2.1 ABSTRACT

Metastatic Melanoma has a high mortality rate due to lymphatic progression of the disease.
Current treatment is surgery followed by radiation and intravenous chemotherapy.
However, drawbacks for current chemotherapeutics lie in the fact that they develop
resistance and do not achieve therapeutic concentrations in the lymphatic system. We
hypothesize that a three-drug nanoscale drug delivery system, tailored for lymphatic
uptake, administered subcutaneously, will have decreased drug resistance and therefore
offer better therapeutic outcomes. We prepared and characterized nanoparticles (NP) with
docetaxel, everolimus, and LY294002 in polyethyleneglycol-block-poly(e-caprolactone)
(PEG-PCL) polymer with different charge distributions by modifying the ratio of anionic
and neutral end groups on the PEG block. These NP are similarly sized (~ 48nm), with
neutral, partially charged, or fully charged surface. The NP are able to load ~ 2mg/mL of
each drug and are stable for 24 h. The NP are assessed for safety and efficacy in two
transgenic metastatic melanoma mouse models. All the NP were safe in both models based
on general appearance, weight changes, death, and blood biochemical analyses. The
partially charged NP are most effective in decreasing the number of melanocytes at both
the proximal (sentinel) lymph node (LN) and the distal LN from the injection site. The
neutral NP are efficacious at the proximal LN, while the fully charged NP have no effect
on either LN. Thus, our data indicates that the NP surface charge and lymphatic efficacy
are closely tied to each other and the partially charged NP have the highest potential in

treating metastatic melanoma.
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2.2 INTRODUCTION

Melanoma is the deadliest form of skin cancer with a very high mortality rate.[1] The
standard treatment for early stage diagnosis is surgical removal of the tumor and for late
stage surgery followed by radiation and chemotherapy. Tumor metastasis is the major
reason for high mortality rates in melanoma. The process begins with the detachment of
tumor cells from the adjacent endothelial cells and the basement membrane and is
accompanied by the secretion of various cytokines and growth factors. Migration through
the lymphatic vasculature is preferred over blood vessels because of reduced flow rates and
pressure, easier access to the vessel, and wider vessel lumens.[2] Up to 80% of melanomas
metastasize through the lymphatic system.[3] Additionally, tumor cells secrete lymph
angiogenic growth factors like Vascular Endothelial Growth Factors that can stimulate
lymph angiogenesis and further promote lymphatic migration.[3] These enlarged
lymphatic vessels act as a freeway for the metastatic cells to gain access and spread to distal
lymph nodes (LN) and organs.

Extensive research over the past two decades has helped us elucidate the driver mutations
occurring in different oncogenes involved in the development of metastatic melanoma. The
majority studied mutations occur primarily in the BRAF (a serine/threonine protein kinase)
genes and have approved targeted therapies for patients in stage IV or unresectable
melanoma.[4, 5] However, newer emerging genetic targets include Neuroblastoma —Rat
Sarcoma (NRAS) [4-6] and nuclear receptors like Retinoid X Receptor-a (RXRea) genes.
[7, 8] In pathological conditions, point mutations at the codon 61 of NRAS (NRASQ®K)
gene locks the activated form of NRAS-GTP thereby promoting continuous up regulation
of downstream effector proteins and signaling pathways in the malignant melanoma
phenotype.[9, 10] Activated NRAS¥ mutations play a significant role in the
development of metastatic melanoma and are the primary driver mutations that are

responsible for the spread of the disease in humans.[11, 12] These oncogenic drivers in
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the NRAS K promote invasiveness of the malignant cells and have larger nodal
involvement when compared to the BRAF mutations.[13] RXR« plays a major role in gene
expression and signal transduction and in human melanomas the expression of RXR« is
lost as the disease progresses.[14] Animal studies have indicated that the loss of RXR« in
skin keratinocytes can lead to the increased melanocyte proliferation and the formation of
malignant melanomas.[8, 14] Thus, while therapies targeting the BRAF mutations exist,
no such therapeutic approaches are currently available for the NRAS or RXR « mutations.
In the current study, we have utilized two melanoma models (1) NRAS? mice with
functional RXR« and activated NRAS in the melanocytes [11], and (2) bigenic NRAS?6K
| RXRaf™- mice selectively lacking RXR« in epidermal keratinocytes in combination with
the activated NRAS. Ablation of RXRa alongside with NRAS®X mutations resulted in
increased number/size of spontaneous melanomas with reduced latency and increased
invasion to draining lymph nodes in the NRAS?6K | RXRo®*" mice.[15]

Currently the FDA has 10 approved drugs for the treatment of metastatic melanoma based
on inhibiting BRAF, mitogen-activated protein Kkinase, tyrosine Kkinase, or
angiogenesis.[16, 17] The major drawback of the current therapy is the inability to deliver
therapeutic concentrations to the lymphatic system while avoiding systemic toxicity. The
majority of these inhibitors are administered intravenously (IV), resulting in high doses in
the systemic circulation with an insufficient dose reaching the lymphatic vasculature.
Secondarily, chemo resistance has been noted for the approved drugs when used
individually.[18] Tumor cells are also known to induce resistance by up regulating alternate
pathways when one of the pathways is blocked by specific inhibitors.[18] Thus, there is a
need for a combination therapy that can overcome drug resistance by acting on multiple
pathways involved in melanoma as well as a drug delivery system that can be delivered

into the lymphatic system.

Molecules and/or drug delivery systems accumulate in the lymphatics based on molecular
weight, size, surface charge, and site of administration.[19, 20] A direct correlation
between lymphatic absorption and molecular weight indicates that molecules with
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MW > 16,000 Da preferentially accumulate into the lymphatics,[21] while, the optimum
particle size for lymphatic uptake is between 10-80 nm.[22] Anionic charged particles have
higher uptake compared to cationic or neutral particles, possibly due to the slight negative
charge of the interstitium at the site of injection.[23] The site of administration also plays
a major role in delivering therapeutic payloads to the lymphatics where a higher
accumulation of injected formulation in lymphatics is noted when injected subcutaneously
(SC) as compared to the IV.[24] Any macromolecules or nanoscale drug delivery systems
injected IV are limited to the vascular space and do not partition into the interstitium. Thus,
their uptake into the lymphatics is limited.[22, 25] As most chemotherapeutics for the
treatment of melanoma are small molecules without the necessary properties for lymphatic

uptake, a drug delivery system is needed to achieve the necessary lymphatic accumulation.

Chemotherapeutics like docetaxel (DTX; PubChem CID: 148124), everolimus (EVR;
PubChem CID: 6442177), and the experimental compound LY?294002 (LY; PubChem
CID: 3973) are small molecules with MW ranging from 300 to a 1000 Da with low
intrinsic aqueous solubilities (Figure 2a). Each of these molecules acts on different
pathways to inhibit tumor proliferation. DTX acts by stabilizing the microtubules, EVR
and LY act on mammalian target of rapamycin, mTORC1 and mTORC2, respectively.
[26-28] Together, EVR and LY, can completely inhibit the mTOR pathway while LY is
also capable of inhibiting the Phosphoinositide 3-Kinase (PI3K) pathway.[27, 28]
However, IV or SC administration of these molecules individually or together will lead to
systemic absorption with little accumulation in the lymphatic system.

Nanoparticles (NP), prepared with amphiphilic block copolymers, are drug delivery
systems that can be modified to target the lymphatic system.[29] These block copolymers
are comprised of hydrophilic and hydrophobic domains with varying chain lengths and
different end groups that can be used to modulate NP size and charge density.[30]
Additionally, polyester-based polymers like polyethylene glycol-block-poly (e-
caprolactone) (PEG-PCL) are biodegradable and biocompatible.[30] The NP formulated
using these polymers have demonstrated excellent stability, increase the drug circulation
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time, and are capable of solubilizing poorly water soluble drugs while simultaneously
delivering multiple drugs.[30-32] Incorporation of DTX, EVR, and LY into a NP drug
delivery system might overcome the chemo resistance issues while simultaneously
targeting the lymphatics. Therefore, we hypothesize that DTX, EVR, and LY loaded PEG-
PCL NP with specific size and surface charge density, administered SC, will have
preferential uptake and accumulation in the lymphatic system and will exert synergistic
anti-proliferative effects in clinically relevant melanoma models. Our objectives are to
formulate and characterize three-drug loaded NP for the co-delivery of DTX, EVR and LY,
and establish to their safety and efficacy in relevant melanoma mouse models.
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2.3 MATERIALS AND METHODS

2.3.1 Materials

The polymers, methoxy poly(ethylene glycol)-block-poly(e-caprolactone) (mPEGsooo-b-
PCL1o000) [Mn=15000; PDI = 1.17] and carboxy poly(ethylene glycol)-block-poly(e-
caprolactone) COOH-PEGs000-b-PCL10300 [MNn=15300; PDI=1.39] were purchased from
Advanced Polymer Materials Inc. (Montreal, CAN). DTX, EVR and LY were purchased
from LC laboratories (Woburn, MA). Slide-A-Lyzer™ Dialysis Cassettes, 20K MWCO
were obtained from Thermo Scientific Inc (Fairlawn, NJ). A375 human melanoma
epithelial cells were obtained from American Type Culture Collection (Manassas, VA).
Two metastatic melanoma mice models, Tyr NRAS®K RXRa+?2 and Tyr NRASQ6K
RXR P, were generated according to previous work.[8, 11, 15, 33] CellTiter-Blue® Cell
viability Assay was obtained from Promega Inc. (Madison, W1). Fontana-Masson stain Kit
was purchased from American Mastertech Scientific, Inc. (Lodi, CA). All reagents and
supplies were purchased from VWR International, LLC (Radnor, PA) or Fischer Scientific
Inc. (Fairlawn, NJ).

2.3.2 Methods

2.3.2.1 Preparation and characterization of three-drug loaded nanoparticles

DTX, EVR and LY three-drug loaded NP were prepared using a solvent evaporation
method.[34] Briefly, 40 mg of the PEG-PCL polymers at various concentrations were
dissolved in 2 mL of acetone. For neutral NP only mPEG-PCL (neutral NP) was used,
while for partially charged NP, a mixture of mMPEG: COOHPEG (60:40) (partially charged
NP) with PCL was used. For the fully charged NP, 100% COOHPEG-PCL (fully charged
NP) was used. Stock solutions of DTX, EVR and LY in acetone were prepared and required
concentrations were added to the polymer solution to achieve a final concentration of 2
mg/mL of each drug. The drug polymer solution was transferred into a 10 mL round bottom
flask and normal saline, 2 mL, was added followed by removal of the organic solvent using

a rotary evaporator. The evaporation cycle was divided into three segments, with the first
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segment lasting 7 min at 420 mbar, the second for 7 min at 320 mbar and the final segment
of 6 min at 200 mbar. The temperature of the water bath was maintained at 45 °C with a
rotation of 100 rpm for the round bottom flask. To ensure complete removal of acetone the
nanoparticle suspension placed in a hood for an additional hour to allow for evaporation of
any residual acetone. Under these conditions minimal evaporation of normal saline occurs.
The final volume was adjusted to 2 mL with saline. The NP were collected in a centrifuge
tube and spun at 5,000 rpm for 3 minutes and filtered/sterilized using a 0.2 um nylon filter

prior to use.

NP were characterized for size, surface charge distribution, and drug loading. Particle size
was characterized by Dynamic Light Scattering (DLS) using a Malvern Nano ZS (Malvern
Instruments Inc, U.K.). All measurements were performed in triplicate and data is
presented as the mean z-average diameter + SD (nm) and polydispersity index (PDI + SD).
Statistical analysis (one way ANOVA) was performed using Graph Pad Prism software to
determine statistical significance between the sizes of the empty, partially charged, and
fully charged NP. The surface charge was measured using the same instrument and the data
of three replicates is presented as mean zeta potential ({) = SD (mV). The drug loading was
determined by reverse phase high performance liquid chromatography (RP-HPLC) using
a Shimadzu HPLC system consisting of LC-20 AT pump and SPD M20 a diode array
detector. The analysis was performed using Zorbax C8 Column (4.6x75 mm, 3.5 um) in
isocratic mode with acetonitrile/water (62/38) containing 0.1% phosphoric acid and 1%
methanol at a flow rate of 1 mL/min and an injection volume of 10 pL. Column temperature
was maintained at 40 °C. The DTX, LY , and EVR peaks were monitored at 227 nm, 303nm
and 279 nm respectively at retention times of 1.7, 2.3 and 5.7 min respectively. The peak
purity for each of the compounds was determined at its respective wavelength using the
Shimadzu LC Solutions software and based on the peak purity indices for all three
compounds of 1.000 no impurities for the three peaks were detected (please refer to the
supplemental information section for a more detailed discussion of the peak purity). The
log P values for DTX, LY, and EVR are 3.54, 3.33, and 5.9 respectively (Advanced
Chemistry Development ACD/Universal LogD Module, Percepta 14.0.0 (Build 1996)).
The log D at pH 7.4 for DTX, LY, EVR are 3.54, 3.33. and 4.25 (Advanced Chemistry
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Development ACD/Universal LogD Module, Percepta 14.0.0 (Build 1996)). Given the
similarity in the log P and log D at pH 7.4 for DTX and LY the retention times for both
molecules on the RP-HPLC are within 0.6 min of each other. All measurements were
performed in triplicate and loading data are presented as mean drug loading (mg/mL) +
SD. As part of the RP-HPLC quantification residual acetone content was also assessed as
a quality control measure and residual acetone content in the nanoparticles was determined
to be 11.2 + 3.6 mg per day, which is well below the United States Pharmacopeia 30 chapter

<497> stated limit for a class 3 organic solvent of 50 mg per day.

2.3.2.2 In vitro drug release from the nanoparticles

The three-drug NP were prepared as described above. The release profile of DTX, EVR,
and LY from neutral, partially charged, and fully charged NP was evaluated in 10 mM
acetate buffer at pH 5.0 and 10 mM phosphate buffer pH 7.4 at 37 °C over 168 h (1 week)
under sink conditions by dialysis.[35] Briefly, in three separate dialysis cassettes, for each
type of NP, 2.0 mL of the sample was loaded. A MWCO of 20,000 Da was chosen to
enable the unhindered diffusion of free drugs along with the unassociated polymer
molecules out of the cassette. The cassettes were placed in 2.5 L of acetate or phosphate
buffer and the temperature was maintained at 37 °C for the duration of the experiment. Sink
conditions were ensured by changing the buffer every 3 h. Samples of 20 puL were
withdrawn at 0, 0.5, 1, 2, 3, 6, 12, 24, 48, 72, 96, 120, 144, and 168 h and were replaced
with an equal volume of fresh buffer. Samples were diluted 50 fold in the mobile phase
and analyzed by RP-HPLC for drug content. The data is presented as mean % drug release
+ SD. Data were curve fitted using a two phase exponential association equation in Graph
Pad Prism 5 software. The time required to release 50% of the drug (t12) in two phases,
fast and slow, and the goodness of fit (r?) values of three replicates are presented. Statistical
Analysis using one-way ANOVA with Tukey’s post-test was performed on the release
profiles for each drug across the different NP to assess for differences in rates of drug

release. Statistical analysis was performed using GraphPad Prism 5 software.
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2.3.2.3 In vitro cell viability assay and combination index (CI) analysis

A375 human malignant epithelial melanoma cells were seeded at a density of 5,000
cells/well in 96 well plates and allowed to attach for 12 h at 37 °C. Post-attachment, cells
were treated with individual drugs (DTX, EVR, or LY) or two drugs (DTX: EVR,
DTX:LY, or EVR:LY) or three drugs (DTX:EVR:LY) dissolved in DMSO at equivalent
molar ratios. The concentration range for all three drugs was between 0.01-10,000 nM.
The final concentration of DMSO in the wells was 1%. Empty NP and three drug loaded
NP cell viability studies were also conducted under similar conditions. Cell viability was
determined after 72 h by treatment with 20 uL of CellTiter-Blue® reagent followed by one
hour of incubation at 37 °C and fluorescence intensity (560ex/590em) was measured. All
measurements were performed in quadruplicate. The mean drug concentration at 50%
growth inhibition (ICso) was determined using nonlinear fitting using a log(inhibitor) vs
response — variable slope equation in GraphPad Prism (version 5.00 for Windows,
GraphPad Software, San Diego California USA). For combinations in DMSO, the
concentrations are reported for the most potent drug, usually DTX, except for the EVR:
LY group, where they are reported in terms of EVR concentration for direct comparison.
The combination effect of DTX: EVR, DTX: LY, EVR: LY, and DTX: EVR: LY in DMSO
in A375 cells was evaluated using Compusyn software (Version 1.0, ComboSyn Inc.,U.S.)
based on Chou and Talalay median-effect principle.[36] Combination Index (ClI) values of
<1, 1, or >1 are indicative of synergy, additivity, or antagonism respectively. The software
also generates CI values at various fractions of cells affected (Fa). The Fa value is
proportional to the dose and therefore Fa vs ClI plots can provide the interactive effects of
the combinations over the various doses tested. The data, in quadruplicate, is presented as
Fa vs CI plots to correlate the effect of the combinations at different treatment
concentrations. Cl analysis for NP was not conducted as the individual drugs in NP could
not be stably produced to directly compare the individual NP and the combination NP

groups for interactive effects.
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2.3.2.4 In vivo assessment of safety and efficacy in Tyr NRASQIK RXRal-?2and Tyr
NRASQIK RXR ¢ metastatic melanoma mouse models

Tyr NRAS® RXRo-M2 (RXR+) and Tyr NRASPPK RXRaf” (RXR-) metastatic
melanoma mouse models with the two major mutations (NRAS?¥ and RXRa) found in
human melanoma were used for the in vivo studies. The generation of Tyr NRAS®K mice
has been described in detail elsewhere.[8, 11, 12, 33] The mice were housed in ventilated
cages with free access to food and water and were maintained at controlled temperature
and humidity conditions for the duration of the experiment. Animals that were 8-12 weeks
old were sorted into 2 major categories (RXR+ or RXR-). In each category, mice were
subdivided into 7 groups with 4 animals per group. The groups included control untreated
mice, control empty NP of each charge distribution, and treatment drug loaded NP of each
charge distribution for a total of 28 animals per model (n = 56 for both models). Each
group, except the untreated group, was treated with empty or three-drug loaded neutral,
partially charged, or fully charged NP. Animals were injected SC (every week x 3 cycles)
proximal to the inguinal (Figure 11) LN with 150 uL/side (total volume 300 pL) of the
empty or three-drug loaded NP. Based on the drug loading in the nanoparticles, the amount
of polymer used, and a dose volume of 300 pL per mouse we determined the doses for the
three drugs in the treatment group. Thus, each animal received a dose of 20 mg/kg of each
drug with a total dose of 60 mg/kg for all three drugs in the treatment groups and the dose
of the polymer was approximately 240 mg/kg for all injected NP.

During the study (21 days), mice were monitored for signs of acute toxicity such as
noticeable changes in general appearance, loss in median body weight >15%, or death. On
day 21, 7 days post last injection, mice were euthanized and blood samples were collected,
centrifuged at 3,000 x g for 7 min and the plasma samples were submitted for complete
blood panel chemistry analysis. The analysis was performed at Oregon State University
Veterinary Diagnostic Laboratory. The concentrations of blood urea nitrogen (BUN),
creatinine, and alanine transaminase (ALT) values were assessed. BUN and creatinine are
surrogate markers for kidney toxicity while ALT is a surrogate marker for liver toxicity.
[37-39] The quantified values between the treatment and the control groups for both models

were compared by one-way ANOVA with Tukey’s multiple comparison post-test at a p-
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value of 0.05 using Graph Pad prism version 5.00 for Windows to assess organ toxicity.

Data are presented as mean parameter value = S.D of four replicates.

Immediately post-euthanasia and blood collection the inguinal and axillary LN (Figure 2.1)
were collected and processed immediately to evaluate the efficacy in terms of reduction in
melanocytes in response to the treatment. Briefly, LN were fixed in 4% paraformaldehyde
and were embedded in paraffin blocks. For histological studies, 5 pm-thick paraffin
sections from mouse LN were rehydrated and Fontana-Masson (FM) staining was
performed according to manufacturer’s instructions. FM staining of skin-draining LNs is
used as a general label for melanin pigment, which represent pigment-producing
(melanocytic) cells, the nuclei are stained pink using a secondary Nuclear Red dye for
contrast.[40] All microscopic studies were conducted using Leica DME light microscope
and analyzed using Leica Application Suite software, version 3.3.1. Images were taken
using 20X objective throughout the study. Post staining, quantifications of melanin-
pigmented area were performed using Adobe Photoshop CS5 software. The pictures of LN
were analyzed independently in a double-blind manner by two investigators, and
significance was determined using a student’s two-tailed unpaired t-test as calculated by
Graph Pad Prism software. Data are presented as mean # of melanocytes/ pigmented area

+ SD in inguinal or axillary LN for four replicates.

All animal work was conducted in compliance with NIH guideline and Institutional Animal
Care and Use Committee policy at Oregon State University for End-Stage IlIness and Pre-

emptive Euthanasia based on Humane Endpoints Guidelines.
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2.4 RESULTS AND DISCUSSION

2.4.1 Preparation and characterization of three-drug loaded nanoparticles

Structures for the DTX, EVR, and LY along with a representation of the three-drug loaded
NP are depicted in Figure 2.2. DTX, EVR, and LY neutral, partially charged, and fully
charged NP are formulated by varying ratios of mMPEG-PCL and COOH-PEG-PCL. Based
on the RP-HPLC data the three-drug neutral, partially charged, and fully charged NP are
able to solubilize approximately 2 mg of each drug and retain each of the drugs at the initial
concentrations (within 6%) for 24 h (Figure 2.3). The intrinsic aqueous solubilities of DTX,
EVR, and LY are 4 pg/Ml [26], 9.6 pg/mL[27], and 243 ug/mL[28] respectively. Thus,
incorporation of these drugs into the NP increased the solubility of DTX, EVR, and LY by
455 fold, 201 fold and 8 fold respectively, thereby achieving therapeutically relevant
dosing concentrations for in vivo assessment. Our results are consistent with published
results, where the incorporation of hydrophobic drugs into amphiphilic diblock copolymers
like PEG-PCL increases their aqueous solubility and stability.[41, 42]

The particle sizes and polydispersity index (PDI) for the three-drug neutral, partially
charged, and fully charged NP are presented in Table 2.1. The neutral, partially charged,
and fully charged NP show unimodal distribution as indicated with PDI values of less than
0.35. After 24 h under refrigeration and at room temperature, the size was re-assessed and
no changes are seen in size or distribution (data not shown). No changes in the size over
time are indicative of stability as no aggregation of the NP is occurring. Statistical analysis
of the size distribution indicates that there is no significant difference between the particle
sizes for neutral, partially charged, and fully charged NP. The mean zeta potential for
neutral, partially charged, and fully charged NP are also presented in Table 2.1. As
anticipated, the magnitude of the charge distribution correlates well with the increasing
percentage of the negatively charged COOH-PEG-PCL content in the NP.

Size and surface charge are critical parameters in the selective uptake of NP into the
lymphatic system.[20] PEG-PCL diblock copolymers can produce NP of uniform size

(around 50 nm) that can selectively pass through the gaps in lymphatic endothelium (30-
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100 nm).[43] Additionally, studies have shown that particles with a size above 20 nm
accumulate into the lymphatics, however, when the particle size exceeds 100 nm the rate
of particle drainage from the interstitum slows significantly.[20] Thus, optimal particle
sizes for interstitial drainage and lymphatic accumulation are between 10 — 80 nm.[2]
Accordingly, the drug loaded PEG-PCL NP in our study with an average size of 48 nm are
expected to preferentially accumulate into the lymphatics. Surface charge is the other key
parameter for lymphatic accumulation.[44] It has been widely reported in the literature that
anionic NP have a higher uptake into lymphatic vessels when compared to their neutral
and cationic counterparts.[2] Other studies have indicated that highly negative charged
particles can trigger macrophage uptake.[45] Therefore, we anticipate that based on the
surface charge distribution a differential accumulation of the NP in the lymph nodes in vivo
will occur. Additionally, as all of the NP have similar sizes any differences in lymphatic
uptake can be attributed to the difference in surface charge alone.

2.4.2 In vitro drug release from the nanoparticles

The release profiles of DTX, EVR and LY from the three-drug neutral, partially charged,
and fully charged NP at pH 5.0 and 7.4 are shown in Figure 2.4 and the final % drug
released values are presented in Table 2.2. The highest % release occurred with LY,
followed by DTX, and then EVR. Overall, there is no significant difference in the rates of
drug release for each drug from NP of different compositions at the same pH (Table 2.2
and Figure 2.4). The release profile of DTX, EVR and LY from the neutral, partially
charged, and fully charged NP was almost identical at both pHs and exhibited no
statistically significant difference (Table 2.2). The two phase exponential association ti,
and r? values for DTX, EVR, and LY release from the neutral, partially, and fully charged
NP are presented in Table 2.3. However, the fast an slow half-lives were longer at pH 7.4
as compared to pH 5 as expected due to the higher rate of ester hydrolysis of the PEG-PCL
at the lower pH. As seen in Figure 2.4, there is an initial phase involving burst/rapid release
of the drugs from the NP followed by a more sustained release pattern at later stages. This
biphasic release pattern exhibited by PEG-PCL NP has been well documented in the
literature.[46, 47] The initial burst release is primarily driven by the desorption and the
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diffusion of surface adsorbed drug particles, while the secondary phase of drug release is
driven by the erosion of the NP matrix and drug diffusion processes. The inner segment,
PCL, is a biodegradable polyester that has a high crystallinity while the outer PEG shell
increases the porosity in the PCL matrix and thereby allows the diffusion of drugs from the
matrix into the buffer.[48] Thus drug release is governed by diffusion of the drug and
erosion/degradation of the NP matrix.[49] Previous studies have demonstrated that solid
state interactions between the drug and the hydrophobic block, and the mobility of the
hydrophobic block all govern the drug release rate.[46] LY has the fastest drug release
from the three-drug NP followed by DTX and then EVR. This may be due to the relative
hydrophobicities of these molecules and their potential interaction with the PCL domain.
The log D values at pH 7.4 for LY, DTX and EVR are 3.33, 3.54, and 4.25 respectively
(Advanced Chemistry Development ACD/Universal LogD Module, Percepta 14.0.0 (Build
1996)).

2.4.3 In vitro cell viability assay and combination index (CI) analysis

The anti-proliferative effects (ICso values) of DTX, EVR, and LY in DMSO individually
and in two- and three-drug combinations evaluated in A375 human melanoma cells are
presented in Figure 2.5(a). The two-drug combinations and the three-drug combinations in
DMSO exhibited strong inhibition of A375 cell proliferation over a wide range of tested
doses. Based on the data (Figure 2.5(a)) the two- and three- drug combinations are more
potent as compared to the individual drug treatments, with the three-drug combination
demonstrating the highest potency at 0.57 nM concentration. The two- and three- drug
combinations were also evaluated for interactive effects (synergistic, additive, or
antagonistic) using Compusyn software and the data are presented in Figure 2.5(b). The
two-drug combination EVR:LY is synergistic at lower concentrations but becomes additive
at higher concentrations. The DTX:EVR and DTX:LY combinations are synergistic at all
concentrations (Figure 2.5(b)). The three-drug combination is also synergistic at all the
fractions affected indicating that the multiple mechanisms of action enhance the potency
of the combination beyond what is expected with individual drug treatments alone. The

combination neutral, partially charged, and fully charged NP were also evaluated for their
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respective 1Cso values and data is presented in Figure 2.5(c). Not surprisingly the NP have
a higher 1Cso values as compared to the drugs/combinations in DMSO. This is due to the
fact that the drug must not undergo diffusion from the NP and release is also dependent on
the degradation of the NP. Additionally, the cell culture conditions do not mimic the sink
conditions one can expect in vivo further slowing down the rate of drug release from the
NP. Our findings are consistent with other published studies documenting the same
phenomena.[50, 51] The empty NP did not affect cell viability (data not shown). CI
analysis for NP was not feasible as the individual drugs in NP could not be stably produced
to directly compare the individual NP and the combination NP groups for interactive

effects.

The two-drug combinations, DTX:EVR and DTX:LY, illustrate the need to target multiple
pathways, such as microtubule stabilization and mTOR inhibition. Interestingly, with
EVR:LY, which specifically targets mMTOR1 and mTOR?2, at higher concentrations A357
cells seem to be able to overcome the synergy of this one pathway and maybe up/down
regulating others and becoming less susceptible to drug(s) effects. Not surprisingly, the
three-drug combination achieves sustained synergistic effects at the highest potency by
blocking multiple pathways involved in cancer progression. Cancer cells up regulate
alternative mechanisms to induce drug resistance when one particular pathway is
blocked.[52] The mTOR pathway is involved in cell growth, proliferation, and survival,
and in addition it affects downstream effector proteins which are essential for the protein
translation processes.[52] It has been reported previously that the mTOR pathway is highly
up regulated in malignant melanoma due to the NRAS mutation [53] and inhibiting the
mMTOR pathway can have beneficial effects in the treatment regimen.[54] EVR acts on the
MTOR1 pathway and it is known that the cancer cells immediately up regulate the mTOR2
pathway to induce drug resistance when the mTOR1 pathway is blocked.[55] LY targets
the mTOR2 pathway and also blocks the PI3K/AKT pathway. Thus, when LY is used in
combination with EVR, the mTOR cascade is completely blocked.[54] Ablation of RXRa
alongside with NRAS®K mutations results in an increased number/size of spontaneous

melanomas with reduced latency and increased invasion to draining lymph nodes in the
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NRASQ®K | RXRa® mice).[15] Thus, far there are no drugs targeting this mutation
specifically. Therefore, the three drug combination was evaluated in both the RXR+ and
RXR- mice to determine the efficacy of the regimen in both. DTX acts by a completely
different mechanism where it stabilizes the microtubules and thereby induces apoptosis as
a general chemotherapeutic strategy.[56] Thus, the combination of these three drugs can
synergistically inhibit proliferation through multiple mechanisms of action as evidenced
by the potency and CI for the three-drug combination as compared to individual drugs or

the two-drug combinations.

2.4.4 In vivo assessment of safety and efficacy in Tyr NRASQ¥K RXRa?“2and Tyr
NRASQK RXRa ¢/ metastatic melanoma mouse models

The safety profile of the neutral, partially charged, and fully charged NP has been evaluated
in two metastatic melanoma mouse models containing activating NRAS®® driver mutation
and with or without RXRa protein (RXR+ or RXR-), which develop melanoma with
different latency and with LN metastasis as described elsewhere.[15] None of the mice in
either model died or exhibited abnormal behavioral changes during the duration of the
study. Changes in the weight, during the course of the study, for the neutral, partially
charged, and fully charged NP, with or without the three drugs are presented in Figure 2.6.
Based on the data, none of the groups in either model demonstrated weight loss > 15%
indicating that neither the empty NP nor the three-drug NPs produce acute toxicity at 20
mg/kg dose of each drug (total 60 mg/kg dose) and 240 mg/kg of the NP polymer.

The blood biochemical values for BUN, Creatinine, and ALT, for all the groups in each
model are presented in Figures 2.7 — 2.9. BUN, Creatinine, and ALT values in RXR+ and
RXR- treated with empty neutral or three-drug neutral NP indicates that there are no
statistically significant differences between the treatment groups and the untreated and
vehicle controls (Figure 2.7). Similar results were seen with the partially charged (Figure
2.8) and fully charged (Figure 2.9) NP groups. BUN, and creatinine levels are indicators
of kidney function.[38] In cases of renal toxicity, levels of BUN and/or creatinine are

elevated.[38] ALT is present in all tissues throughout the entire body, but is particularly
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concentrated in liver, bile duct, kidney, and bone.[39] Elevated ALT levels are usually
indicative of liver toxicity.[39] Based on the behavioral observations, weight data (Figure
2.5), and the biochemical estimations (Figure 2.7 — 2.9) no acute toxicity is observed with

either the empty or three-drug loaded NP.

The effectiveness of the treatment in the two different models of metastatic melanoma
mouse models is established using Fontana Masson (FM) staining of the LN followed by
quantification of pigment areas covered with invading melanocytes in the draining LN
using Adobe Photoshop CS5 software. The melanocyte covered pigmented area (black
stain) between the empty NP and the three-drug NP for the same charge distribution were
compared to quantify the efficacy, in terms of decrease in the number of invasive,
malignant melanocytes in the LNs.

A representative microscopic data set from the inguinal and axillary LN is presented in
Figure 2.9 for RXR+ and RXR- mice treated with neutral, partially charged, and fully
charged empty or three-drug NP. The reduction in the transformed melanocytes covered
pigmented area is dependent on the uptake and trafficking of the differently charged NP in
the lymphatic system. As seen in figure 2.10(a), with three-drug neutral NP as compared
to empty neutral NP a reduction in melanocytes area in the inguinal LN (proximal to the
injection sites) is seen in both models (RXR+ and RXR-), however, no change in
pigmented melanocytes area was noted in the axillary LN (distal from the injection sites).
Thus, indicating that the efficacy of the drug loaded neutral particles is limited to the
inguinal LN in both models. Analysis of melanocyte covered pigmented area indicates a
statistically significant difference (p = 0.0003) at the inguinal LN of both the RXR+ and
RXR- groups (Figure 2.11 (a & b)), but no difference is observed at the axillary LN. One
possible explanation is that the NP remained at the site of injection after dosing and showed
efficacy only at the proximal inguinal LN. One of the ways by which particles traffic into
the lymphatic system is through charge repulsion between the NP and the interstitium at
the site of injection.[44] For the neutral NP the magnitude of the surface charge may not
be large enough to induce electrostatic repulsions to allow for distal trafficking through the

lymphatics. Additionally, studies by others have shown that neutral NP tend to aggregate
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at the site of injection which may also confirm our findings that the particles do not track

distally into the lymphatics but show efficacy regionally.[57]

In comparing the three-drug partially charged NP to empty partially charged NP (Figure
2.10(b)), a decrease in melanocytes at both the inguinal and the axillary LN in both models
is noted. These results indicate that the three-drug partially charged NP are efficacious at
both the proximal (inguinal) and distal (axillary) LN as referenced from the site of injection
for both the models. Analysis of melanocyte covered pigmented area indicates a
statistically significant difference at both the inguinal (p < 0.0001) and the axillary (p <
0.0001) LN in both the mouse models upon treatment with the three-drug partially charged
NP (Figure 2.11(c & d)). The lymphatic vessels and the interstitium have a slight negative
charge because of the presence of glycosaminoglycans and the electrostatic repulsions
between these and the partially charged NP (surface charge of -19 mV) may be responsible
for the deeper movement of the particles into the lymphatic system.[44] The ability of these
NP to track into the distal LN may provide an excellent opportunity to target advanced

stages of metastatic melanoma and improve patient outcomes.

Comparing the staining in empty fully charged and three-drug fully charged NP (Figure
2.10(c)), no difference at either the inguinal or the axillary LN is observed in both models.
Thus, establishing that the fully charged NP did not have appreciable accumulation in
either of the two LN studied. Analysis of melanocyte covered pigmented area indicates no
difference between empty and three-drug fully charged NP at both the inguinal and axillary
LN in both models (Figure 2.11(e & f)). The data indicates that highly negatively charged
particles did not tract into either the regional or distal LN (Figure 2.10c, 2.11e & f).
Previously published literature has suggested that highly negatively charged particles are
rapidly taken up and sequestered by macrophages.[45] The high anionic charge on these
NP also tends to attract serum proteins resulting in the formation of a protein corona that
promotes the release of signals for macrophage uptake.[45] For example, anionic
polystyrene nanoparticles have 4 times higher uptake by macrophages in serum as
compared to uptake from buffer solutions indicting the role of serum proteins in the uptake
mechanism and kinetics.[45] Research has also indicated that highly anionic nanoparticles

resemble bacteria in their surface charge and therefore interact preferentially with
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phagocytic cells.[58] Additional studies in the future to characterize the immune responses
triggered by the different NPs may shed light about the involvement of immune cells,

including the macrophages, in the lymphatic tracking of these NP.

We have used two different animal models in this study containing mutations in NRAS
and/or RXRa to elucidate the effectiveness of our developed drug delivery system and to
characterize the efficacy and toxicity of our formulated NP.[4-8, 11] The Tyr
NRASFIKRXR o212 (RXR+) mice represent a model with increased latency to develop
invasive melanoma while Tyr NRASP®IKRXR o?P”- (RXR-) bigenic mice, selectively lacking
RXRa in the epidermis alongside with the activating NRAS mutation in the melanocytes,
represent a metastatic melanoma model where melanoma cells readily migrate and invade
the lymphatics.[9, 33]Analysis of melanocyte covered pigmented area comparing RXR+
and RXR- for the three-drug NP with same charge distribution indicates that no statistically
significant difference is demonstrated (Figures 2.10 & 2.11). Thereby indicating that the
NP retained efficacy across the two different melanoma models. Future studies using
fluorescent dye loaded NP will be performed to obtain further insight about the
biodistribution of these NP while simultaneously tracking their lymphatic movement and

accumulation.
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2.5 CONCLUSION

In summary, we have developed and characterized a three-drug (DTX, EVR and LY) NP
that acts synergistically in vivo in two different melanoma mouse models. Our results
indicate that the effect of the three-drug neutral NP is proximal to the site of injection,
while the three-drug partially charged NP track further into the lymphatic system reaching
more distal LNs. In contrast, the three-drug fully charged NP have minimal effects on the
proximal or distal LN. The three-drug combination neutral and partially charged NP are
highly effective in treating melanoma in both models and provide the basis for a novel
therapeutic option treating metastatic melanoma that is targeted to the site of action, i.e. the

lymphatic system.
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SC Injection sites

Figure 2.1: Phenotypic appearance of the mouse.

Phenotypic appearance of Tyr NRASIK RXRa?? (RXR+) or Tyr NRASK RXRa-
(RXR-) with injection site and lymph nodes of interest (Inguinal and Axillary)
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Figure 2.2: Structures of drugs and schematic representation of the nanoparticle.

(a) Structures of DTX, EVR, and LY (b) Schematic representation of the three-drug (DTX,
EVR and LY) loaded NP
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Figure 2.3: Stability data of nanoparticles.

Initial loading and drug retention at 24 h for DTX, EVR, and LY in three-drug neutral,
partially charged, and fully charged NP (Mean + S.D, n = 3). The numbers indicate average
loading concentrations for each individual drug in the NP.
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Figure 2.4: In vitro drug release profiles at pH 5.0 and 7.4.

In vitro drug release profiles of (a) DTX at pH 7.4, (b) DTX at pH 5.0, (c) EVR at pH
7.4 (d) EVR atpH 5.0, (e) LY at pH 7.4 (f) LY at pH 5.0 from neutral, partially
charged, and fully charged NP under sink conditions over 48 h. (Mean % drug release +
S.D,n=3)
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Figure 2.5: ICso values and combination index analysis.

(a) Mean ICso values of DTX, EVR, LY, two- and three-drug combinations in DMSO in

A375 metastatic melanoma cells (n = 4). (b) Fa vs CI plot of the two- and three- drug
combinations in A375 metastatic melanoma cells (n = 4). (c) Mean ICso values of three-
drug combination neutral, partially charged and fully charged nanoparticles in A375
metastatic melanoma cells (n = 4).
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Figure 2.6: Monitoring changes in body weight for toxicity assessment.

Normalized body weight of mice injected subcutaneously with empty or three drug NP in
Tyr Nras®®K RXRa-22 (RXR+) (a, ¢, and e) and Tyr Nras®®*K RXRa®*”" (RXR-) (b, d,
and f) mice. (a) Neutral NP in RXR+ (b) and RXR-, (c) partially charged NP in RXR+ (d)
and RXR- mice, (e) and fully charged NP in RXR+ (f) and RXR- mice. The mice were
injected at a dose of 20 mg/kg for each drug in the treatment group and 240 mg/kg of the
polymer in all groups. The arrows indicate the days of injection (0, 7, 14). The dashed line
depicts the threshold weight loss of 15% which is indicative of acute toxicity. (Mean
normalized weight % + S.D, n=4).
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Figure 2.7: Blood panel analysis of mice treated with vehicle and neutral
nanoparticles.

Blood panel data from mice injected subcutaneously with vehicle (empty neutral NP) or
treatment (three-drug neutral NP) in Tyr NRASs®®*K RXRa?? (RXR+) and Tyr
NRAS®K RXRa®” (RXR-) mice. (a) BUN, (b) Creatinine, (c) and ALT. Mean
parameter value + S.D, n=4. One way ANOVA with Tukey’s Multiple Comparison test
was used for statistical analysis at p-value of 0.05.
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Figure 2.8: Blood panel analysis of mice treated with vehicle and partially charged
nanoparticles.

Blood panel data from mice injected subcutaneously with vehicle (empty partially charged
NP) or treatment (three-drug partially charged NP) in Tyr NRASK RXRa?? (RXR+)
and Tyr NRASK RXRa®’- (RXR-) mice. (a) BUN, (b) Creatinine, (c) and ALT. Mean
parameter value = S.D, n=4. One way ANOVA with Tukey’s Multiple Comparison test
was used for statistical analysis at p-value of 0.05.
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Figure 2.9: Blood panel analysis of mice treated with vehicle and fully charged nano
particles.

Blood panel data from mice injected subcutaneously with vehicle (empty fully charged NP)
or treatment (three-drug fully charged NP) in Tyr NRASQ*K RXRo-#? (RXR+) and Tyr
NRAS®KRXRo (RXR-) mice. (a) BUN, (b) Creatinine, (c) and ALT. Mean parameter
value = S.D, n=4. One way ANOVA with Tukey’s Multiple Comparison test was used for
statistical analysis at p-value of 0.05



54

(a) Vehicle RXR+  Treatment RXR+ Vehicle RXR- Treatment RXR-

Inguinal LN

Axillary LN

~~~

Inguinal LN T

)

Axillary LN

(

N

Inguinal LN ©

Axillary LN

Figure 2.10: Representative images of Fontana Masson staining of lymph node
sections.

Representative pictures of FM staining of LN sections after treatment with vehicle (empty
NP) or treatment (three-drug NP) in Tyr NRASP®KRXRa %2 (RXR+) and Tyr NRAS®61K
RXRa’ (RXR-) mice. (a) Neutral NP in RXR+ and RXR- mice, (b) partially charged
NP in RXR+ and RXR- mice, (c) and fully charged NP in RXR+ and RXR- mice. The mice
were injected at a dose of 20 mg/kg for each drug in the treatment group and 240 mg/kg of
the polymer in all groups on days 0, 7, and 14. Scale bar: 100 pm (n = 4).
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Figure 2.11: Efficacy of the nanoparticles in the two mouse models.

Mean melanocytic pigmented area per field (um?) treated with empty or three-drug NP in
Tyr NRASPK RXRa-?/2 (RXR+) and Tyr NRASQK RXRof* (RXR-) negative mice.
(a) Neutral NP in RXR+ (b) and RXR- (c) mice, partially charged NP in RXR+ (d) and
RXR- (e) mice, fully charged NP in RXR+ (f) and RXR- mice. The mice were injected at
a dose of 20 mg/kg for each drug in the treatment group and 240 mg/kg of the polymer in
all groups on days 0, 7, and 14. Values are expressed as a mean + SEM (n =4). *indicates
statistical significance as determined by a Student’s two-tailed unpaired t-test with a p-
value of 0.05.
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Mean Zeta Potential (7) = SD

Mean Size = SD (nm) PDI + SD
(mV)
Neutral NP 48.08 £0.31 0.31+0.01 -6.4+£0.24
Partially charged NP 48.30+0.42 0.25+0.01 -19.2 £2.15
Fully charged NP 48.60 + 0.66 0.31+0.02 -37.6+£1.02

Table 2.1: Particle size and zeta potential of nanoparticles.

Particle Size, PDI, and Zeta potential values for three-drug neutral, partially charged and
fully charged NP (Mean + SD, n = 3)
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% Drug Released at 168 h
Drug Neutral NP Partially Charged NP Fully Charged NP
pH 5.0 pH7.4 pH 5.0 pH7.4 pH 5.0 pH7.4
DTX | 72.00+2.16 | 72.42+2.66 | 68.55+0.43 | 75.01+1.78 | 69.80+1.07 | 73.60 + 1.82
EVR | 4458+1.61 | 51.67+5.83 | 46.23+0.85 | 58.23+2.18 | 48.19+2.85 | 61.38 £4.67
LY 81.18+1.22 | 81.60+1.39 | 80.12+1.42 | 81.90+0.67 | 80.33+0.52 | 81.24+2.07

Table 2.2: Percentage drug released at different pH.

The % drug released values for DTX, EVR, and LY in neutral, partially charged, and fully
charged NP at pH 5.0 and 7.4 over 168 h. Data presented is Mean + SD (n = 3)
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pH 5.0 pH7.4
NP Drug
Fast | Slow ty. 2 Fasttiz | Slow ti 2
tu2 (h) (h) (h) (h)

DTX | 0.42 19.49 0.9924 2.05 23.93 0.9817
Neutral NP EVR | 0.23 28.25 0.9822 0.61 63.20 0.9099

LY 0.31 5.93 0.9902 0.83 13.72 0.9957

DTX | 0.42 22.75 0.9865 2.46 26.84 0.9816
Partially EVR | 021 31.17 0.9644 0.51 59.53 0.9843
charged NP

LY 0.33 5.93 0.9803 0.50 12.83 0.9964

DTX | 053 23.73 0.9936 2.10 25.90 0.9600
;‘;)”y charged | eyr | 039 | 2703 | 09717 0.45 5638 | 0.9226

LY 0.38 5.44 0.9945 0.70 11.41 0.9955

Table 2.3: Release Parameters.

Fast and slow half-lives (t12) and gTable 1oodness of fit (r?) values of DTX, EVR, and LY
in neutral, partially charged, and fully charged NP at pH 5.0 and 7.4 using a two phase

association curve fitting.
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3.1 ABSTRACT

Nerve damage during surgery is a common morbidity experienced by patients that leaves
them with chronic pain and/or loss of function. Currently, no clinically approved imaging
technique exists to enhance nerve visualization in the operating room. Fluorescence image-
guided surgery has gained in popularity and clinical acceptance over the last decade with
a handful of imaging systems approved for clinical use. However, contrast agent
development to complement these fluorescence-imaging systems has lagged behind with
all currently approved fluorescent agents providing untargeted blood pool information.
Nerve-specific fluorophores are known, however translations of these agents to the clinic
has been complicated by their lipophilic nature, which necessitates specialized formulation
strategies for successful systemic administration. To date the known nerve-specific
fluorophores have only been demonstrated pre-clinically due to the necessity of a dimethyl
sulfoxide containing formulation for solubilization. In the current study, a polymeric
micellar (PM) formulation strategy was developed for a representative nerve-specific
fluorophore from the distyrylbenzene family, BMB. The PM formulation strategy was able
to solubilize BMB and demonstrated improved nerve-specific accumulation and
fluorescence intensity when the same fluorophore dose was administered to mice utilizing
the previous formulation strategy. The success of the PM formulation strategy will be
important for moving towards clinical translation of these novel nerve-specific probes as it
is nontoxic and biodegradable and has the potential to decrease the necessary dose for

imaging while also improving the safety profile.
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3.1 INTRODUCTION

Nerve damage following surgery is a continued morbidity experienced by up to 600,000
patients annually in the United States alone. [1] Currently, no clinically approved method
exists to enhance nerve visualization in the surgical suite. Fluorescence image-guided
surgery has the potential to improve nerve identification and visualization in the operating
room as interest in fluorescence image-guided surgery has significantly increased in the
past decade. Currently, there are numerous fluorescence image-guided surgery systems in
clinical trial or approved for clinical use including an FDA approved fluorescence channel
in the da Vinci surgical robot manufactured by Intuitive Surgical. [2-9] However, FDA
approved fluorescent contrast agents are limited and the current FDA approved agents are
not targeted, but rather act as blood pool agents and do not provide specific fluorescent

contrast in nerve tissue.[7]

A limited number of fluorescent contrast agents exist that stain nerve tissue in vivo, with
varying degrees of nerve-specificity and nerve signal to background ratio reported. Design
and development of nerve-specific fluorescent probes is challenging, as the blood nerve
barrier (BNB) is a tight junction similar to the blood brain barrier (BBB) where only small
molecules less the 500 Daltons can pass freely. Additionally, fluorophores must also have
a logarithmic distribution coefficient (Log D at pH 7.4) between 0.5 and 3 to optimally
partition from the blood into the nerves. [10] There are currently seven known classes of
fluorophores that have been shown to have either nerve or brain specificity when
administered systemically, which include nerve-specific peptides and six small molecule
fluorophore scaffolds. The nerve-specific peptides are a targeting sequence that largely
binds to the epineurium with minimal binding to the endoneurium due to their large size.
[11] Nerve-specific contrast is generated using this targeting sequence by conjugating a
fluorophore of interest, however fluorescence is only seen on the periphery of nerve tissue
diminishing signal to background ratio. Three of the small molecule fluorophores reported
to have myelin specificity, including stilbene, coumarin, and tricarbocyanine fluorophores,
have only demonstrated specific signal in brain tissue and have not shown nerve-specific

fluorescence following systemic administration. [12-14] The small molecule styryl
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pyridinium fluorophores have been demonstrated to partition into the dorsal nerve root and
trigeminal ganglia following systemic administration, but due to the large size of these

fluorophores do not highlight all nerve tissue following systemic administration. [15]

To date only two small molecule fluorophore scaffolds have been found to penetrate the
BNB and highlight all nerve tissue following systemic administration, which include the
distyrylbenzene (DSB) fluorophores and two select oxazine fluorophores. [10,16,17] A
library of DSB fluorophore has been previously synthesized and utilized to determine the
structure activity relationship of this fluorophore scaffold for nerve specificity (Figure
3.1(a)). [16]

In the current work, 4,4’-[(2-methoxy-1,4-phenylene)-di-(1E)-2,1-ethenediyl]bis-
benzenamine (BMB), a representative DSB fluorophore was selected for further study.
BMB is a small molecule with a molecular weight 342.4 Daltons, Log D of 4.8, and
excitation and emission wavelengths of 393 nm and 503 nm, respectively (Figure
3.1(b)).[10] In addition, BMB has an aqueous solubility of 1 pug/mL [18] necessitating a
drug delivery system for clinically relevant concentration administration in vivo. Initial
studies were performed with a co-solvent formulation of 10% dimethyl sulfoxide (DMSO),
5% Cremophor EL, 65% serum, and 20% HEPES buffer to solubilize BMB for intravenous
(V) administration, where nerve-specific fluorescence was demonstrated. [10] However,
the co-solvent formulation is not ideal for clinical translation as it is stable at room
temperature for less than 30 minutes, and requires the use of DMSO and Cremophor EL,
which will hamper future clinical translation due to vehicle toxicity issues. Thus, moving
forward a clinically relevant formulation strategy is necessary to fully utilize these
derivatives. In the work presented herein a polymeric micellar (PM) formulation strategy
has been developed that enhances nerve to muscle ratio over the previously used co-solvent

formulation for improved visualization during nerve-sparing surgical procedures.

PM are an excellent drug delivery platform for sparingly soluble compounds. PM are
nanoscale colloidal dispersions with particle size between 15-100 nm. [19,20] The building
units for PM are amphiphilic block copolymers (i.e., polymers consisting of a hydrophilic

segment and a hydrophilic segment) that self-assemble in aqueous environments into
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spherical structures (micelles) at concentrations equal or above critical micelle
concentration. [20] The core of these spherical structures is hydrophobic while the shell is
hydrophilic. [21] Sparingly soluble compounds, like BMB, tend to partition into the
hydrophobic core of the micelles driven by the hydrophobic interactions between the
compound and the polymer hydrophobic segments. [22] Such interactions can significantly
increase the water solubility of sparingly soluble small molecules and utilize the core as a
depot for these compounds. [23,24] The hydrophilic shell is a physical barrier that prevents
micelle aggregation and minimizes micelle-protein interaction (opsonization). Therefore,
the shell contributes towards the increased stability, which can then translate into longer
blood circulation times for the formulated compound. One of the most common
amphiphilic block copolymers that is utilized for PM is methoxy poly (ethylene glycol)-
block-poly(D,L-lactic acid) (PEG-b-PLA) due to its safety, biocompatibility, and
biodegradability. Genexol®, a PM formulation of paclitaxel encapsulated in PEG-b-PLA
is currently in phase Il clinical trials for the treatment of advanced non-small cell lung
cancer. [25] In this work PEG-b-PLA PM has been formulated for the delivery of the BMB
fluorophore and compared to the previous co-solvent formulation in ex vivo and in vivo
murine models to evaluate PEG-b-PLA PM formulated BMB for nerve-specific imaging

capability and feasibility for clinical translation for fluorescence image-guided surgery.
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3.3 EXPERIMENTAL SECTION

3.3.1 Materials

Amphiphilic block copolymer PEG(2000)-b-PLA(1800) (Mn=3800 Da, MW=4100 Da
and PI=1.12) was purchased from Advanced Polymer Materials Inc. (Montreal, Canada).
Human Umbilical Vein Endothelial Cells (HUVEC) and endothelial growth medium 2 was
purchased from PromoCell (Heidelberg, Germany). Cells were cultured as per the
manufacturer instructions and experiments were performed between passages 2 and 6.
Abelson murine leukemia virus transformed macrophage cells (RAW 264.7) were
purchased from American Type Culture Collection (Manassas, VA). Cell culture supplies
including Dulbecco’s Modified Eagle medium (DMEM), Fetal Bovine Serum (FBS),
Trypsin EDTA, and Penicillin/Streptomycin were purchased from VWR (Radnor, PA).
CellTiter-Blue® Cell Viability Assay kit was obtained from Promega Inc. (Madison, WI).
All other reagents were of analytical grade and were purchased from VWR International,

LLC. (Radnor, PA) or Fisher Scientific Inc. (Fairlawn, NJ) unless stated otherwise below.

3.3.2 Micelle Encapsulation of Nerve-Specific Fluorophore & Release Kinetics

BMB loaded PM were prepared by the solvent casting method. [23] Briefly 2 mg of BMB
and 15 mg of PEG-b-PLA were dissolved in 0.5 ml of acetonitrile, which was evaporated
under reduced pressure to form a thin dye distributed polymeric film. Micelles were
obtained by rehydration of the film with 0.5 ml deionized water. The BMB loading in the
micelles was quantified using liquid chromatography mass spectroscopy (LCMS) analysis
(Agilent, Santa Clara, CA) as follows. Standard curves for the BMB were obtained using
analog signal data from the diode array detector (DAD) at 400 nm to calculate the area
under the curve of the identified BMB peak, confirmed by mass to charge ratio from the
MS. Briefly, varied concentrations of BMB (10 uL) were injected onto a Poroshell C18
column (Agilent) and separated using a linear gradient from 30% acetonitrile and 70%
water to 100% acetonitrile and 0% water over 8 minutes, where BMB had a retention time
of 7 minutes. All water and acetonitrile contained 0.1% formic acid. The standard curve
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was used to convert area under the curve measurements from the DAD into corresponding
BMB concentrations. All concentration quantification measurements were performed in
triplicate. BMB-PM size was quantified by dynamic light scattering (DLS) using a Malvern
Nano ZS (Malvern Instruments Inc., UK). Triplicate samples were prepared for DLS by
diluting the micelles 20 fold in DI water to a final concentration of the polymer at 0.1
mg/mL. DLS measurements were collected after equilibration of the micelles in DI water

for 2 min.

Freshly prepared BMB-PM samples of 2.5 mL (2 mg/mL) were loaded into a Slide-A-
Lyzer® (Thermo Scientific Inc.) 3 mL dialysis cassette with a MWCO of 7,000 g/mol. This
MWCO was chosen to enable the free fluorophore along with the unassociated polymer
molecules to diffuse freely out of the cassette and thereby ensure sink conditions. Three
cassettes were used in each experiment. The cassettes were placed in 2.5 L of 10 mM
phosphate buffer at pH 7.4, which was changed every 3 h to ensure sink conditions and the
temperature was maintained at 37° C. The sampling time intervals were 0, 0.5, 1, 2, 3, 6,
9, 12, 24, 48 and 72 h. A sample of 100 pL at each time point was withdrawn, and the
cassette was replenished with an equal volume of buffer. Samples were analyzed by LCMS
for BMB content as described above to quantify free BMB concentration at each time point.
The BMB release data from PM was curve-fitted using a two-phase exponential association
equation indicative of diffusion and micells dissociation based fluorophore release. The
time required to release 50% of the drug (t12) in two phases, fast and slow, and the goodness
of fit (r?) values of three replicates are presented The curve fitting analysis was performed
with GraphPad Prism version 5.04 for Windows, (GraphPad Software, San Diego, CA).

3.3.3 Cell viability studies

HUVEC and RAW 264.7 cell viability in the presence of different concentrations of the
BMB-PM solutions was evaluated. HUVEC cells were seeded at the density of 5,000
cells/well in 96-well flat bottom cell culture plates and allowed to attach for 48 h at 37° C.
RAW 264.7 cells were seeded, at 10,000 cells/well in a 96-well flat bottom cell culture

plates and allowed to attach for 24 h at 5% CO. maintained at 37° C. After incubation, cells
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were treated with different concentrations (10 pM-100 uM) of BMB-PM or Phosphate
buffed saline (PBS) as control. Cell viability was determined after 48 h of treatment using
20 pL of CellTiter-Blue® followed by one hour of incubation at 37° C and evaluated for
fluorescence at 560ex/590em. All measurements were performed in quadruplicate. The
compiled data is presented as mean cell viability + standard deviation (SD). Significant
differences between treatment group means was evaluated using one-way analysis of
variance (one-way ANOVA) combined with Dunnette’s post-test analysis, where all
columns were compared to the PBS, with a threshold value (p-value = 0.05). The analysis
was performed using GraphPad Prism.

3.3.4 Animals

Approval for all animals used in this study was obtained from the Institutional Animal Care
and Use Committee (IACUC) at Oregon Health and Science University (OHSU). Male
CD-1 mice weighing 22-24g were purchased from Charles River Laboratories
(Wilmington, MA). Prior to surgery, mice were anesthetized with an intraperitoneal (IP)
injection of a mixture of 9 mg/kg ketamine and 1 mg/kg xylazine (Patterson Veterinary,
Devens, MA). All surgeries were terminal and exposed nerve tissues were resected for

further analysis by fluorescence microscopy.

3.3.5 Intraoperative Fluorescence Imaging System

A custom-built real-time fluorescence imaging system was used to collect the murine in
vivo color and nerve-specific fluorescence images. The fluorescence imaging system
consisted of a QImaging EXi Blue monochrome camera (Surrey, British Columbia, CA)
for fluorescence detection with a removable Bayer filter to collect co-registered color and
fluorescence images. A PhotoFluor 11 (89 North, Burlington, VT) was focused onto the
surgical field using a liquid light guide for white light illumination and was filtered for
BMB excitation with a 405 £ 20 nm bandpass excitation filter. The emitted light was
filtered with a 550 £ 25 nm bandpass emission filter for fluorescence image collection. All

filters and beam splitters were from Chroma Technology (Bellows Falls, VT). All
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fluorescence images were collected using 50 ms exposure time and displayed with equal

normalization for quantitative comparison.

3.3.6 Murine Nerve Imaging

BMB dose and biodistribution were previously optimized for mouse studies and utilized
herein. [10] BMB (BMB-PM or BMB in the co-solvent) was administered at 0.5 mg/kg IV
via tail vein to mice (n=3/group; 5 groups) 4 hours prior to surgical exposure and imaging
of the brachial plexus, sciatic nerve, trigeminal ganglia, and optic nerves, as well as the
surrounding muscle and adipose tissues. The injection volume in mice varied between 100
— 200 pL. Mice were administered BMB-PM or BMB in the co-solvent formulation as
treatments and as controls with blank PM, co-solvent without BMB (blank co-solvent) or
were left untreated. [10,16] BMB containing formulations were assessed for nerve signal
to background ratio while the BMB negative formulations including untreated mice were
used to determine autofluorescence in the nerve, muscle, and adipose tissues. Region of
interest analysis was performed at each nerve site to determine the nerve to muscle ratio
(N/M) as well as the nerve to adipose ratio (N/A). The mean N/M and N/A ratios for the
brachial plexus, sciatic, trigeminal ganglia and optic nerves were calculated from six nerves
for each nerve site (2 per mouse) as well as surrounding areas of muscle and adipose tissue

for each site.

3.3.7 Ex Vivo Fluorescence Microscopy on Resected Nerve Tissues

Following completion of imaging experiments, the sciatic and brachial plexus nerves from
mice (n=3/group; 5 groups) were harvested, fixed with 2% paraformaldehyde (PFA) for 12
hours, snap frozen in optimal cutting temperature (OCT) compound with liquid nitrogen,
and stored at -80° C for ex vivo studies. Cryosections were cut at 10 pm onto superfrost
plus slides (Fisherbrand, Fisher Scientific), mounted with Fluoromount-G (Southern
Biotech, Birmingham, AL) and cover slipped prior to microscopy. Images were acquired
on an Axio Observer inverted fluorescence microscope (Zeiss, Thornwood, NY) at 20x

magnification. A Photofluor 11 was used for phase contrast images as well as filtered using
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a 405 + 20 nm bandpass excitation filter for BMB excitation. Images were collected using
an Axiocam 506 camera (Zeiss) where a 550 £ 25 nm bandpass emission filter was used
for fluorescence image collection. All images were collected at 1000 ms exposure time and
displayed with equal normalization. A group of 10 representative regions of nerve and
background were analyzed for each brachial plexus and sciatic nerve image to calculate the

nerve to background ratio and standard deviation for each administration group.

3.3.8 Ex Vivo Nerve-Specific BMB Staining

Ex vivo nerve-specific BMB staining was completed as previously reported, [10,16] and is
described briefly as follows. Brachial plexus and sciatic nerve tissue from untreated mice
were collected, fixed with 2% PFA for 12 hours and then snap frozen in OCT with liquid
nitrogen. 10 um tissue sections were cut onto super frost plus slides. The tissue sections
were washed once with PBS (2 minutes), fixed with 2% PFA (15 minutes), and then again
washed with PBS (3 x 5 minutes). The tissue sections were incubated with BMB in the co-
solvent formulation (n=3) or BMB-PM (n=3) at 100 uM for 20, 40, and 60 minutes at room
temperature. A mixture of co-solvent formulation not containing BMB was used to wash
the sections following fluorophore incubation (2 x 5 minutes) followed by additional
washes with PBS (2 x 5 minutes). All stained slides were mounted using Fluoromount-G
and imaged with the microscope as described above. All images were acquired at 10 ms

exposure time and displayed with equal normalization.

3.3.9 Statistical Analysis

Significant differences between treatment group means was evaluated using one-way
ANOVA to compared all in vivo mean N/M and N/A ratios as well as the ex vivo mean
nerve to background ratio from the resected tissues using GraphPad Prism. The means were
compared between groups including BMB-PM, BMB in co-solvent, blank micelle, blank
co-solvent, and untreated. Significant differences between the mean nerve to background
ratio from the ex vivo nerve-specific staining using the BMB-PM vs. the BMB in co-solvent
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were compared using unpaired two sided t-tests. All statistical analysis was performed with
GraphPad Prism.
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3.4 RESULTS

3.4.1 Micelle Encapsulation of Nerve-Specific Fluorophore & Release Kinetics

PEG-b-PLA PM were formulated and loaded with BMB. The BMB-PM micelles were able
to solubilize BMB at 2.00 + 0.55 mg/mL (100% loading efficiency). BMB-PM were stable
at 25° C for more than 30 days with more than 99% of the fluorophore retained in solution.
BMB-PM were sized at 21.99 + 0.06 nm (PDI = 0.113 + 0.013). BMB-PM micelles
demonstrated unimodal distribution with PDI values of less than 0.2. BMB release from
the BMB-PM micelles was assessed by dialysis in phosphate buffer over 72 h under sink
conditions where 73.7% + 2.6% of the fluorophore release occurred within 72 h (Figure
3.2(a)). Based on the two phase exponential association curve fitting the initial phase shows
rate constant of 1.93. h'* and half-life of 0.96 h while for the second phase has rate constant
of 0.018 h* and half-life of 38.77 h with r? value of 0.9934. In addition we anticipate that

the release in vivo will be faster due to the presence of plasma proteins.

3.4.2 Cell Viability Status

The effect of the BMB-PM on cell viability was assessed in HUVEC and RAW 264.7 cells
(Figure 3.2(b) and 3.2(c)). No significant effect on HUVEC cell viability was seen until a
1 uM concentration of BMB was achieved. While in RAW 264.7 cells there was no effect
on cell viability until the BMB concentration of 100 uM was achieved. In vivo fluorophore
concentrations reaching 100 uM are not anticipated due to the dynamic clearance

mechanisms.

3.4.3 Murine Nerve Imaging

Previous dose and biodistribution studies using BMB demonstrated maximum N/M ratio
four hours after administration of 0.5 mg/kg BMB per mouse. [10] Mice were IV
administered a 0.5 mg/kg dose of BMB in the co-solvent formulation (Figure 3.3(a)) or
BMB-PM (Figure 3.3(b)). Four hours after IV fluorophore administration, the brachial

plexus, sciatic nerve, trigeminal ganglia, and optic nerves were exposed for imaging. Color
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and fluorescence images of each nerve site were collected at 50 ms exposure time for equal
comparison across nerve sites and formulations. Higher nerve fluorescence intensity was
seen at all selected nerve sites for the BMB-PM as compared to BMB in the co-solvent (Figures
3.3(a) and 3.3(b)).

To determine if any tissue specific fluorescence signal was contributed by the formulations,
mice were IV administered equivalent amounts of blank co-solvent formulation (Figure
3.3(c)) or blank PM (Figure 3.3(d)) 4 hours prior to imaging. Autofluorescence at each of
the nerve sites was also imaged on untreated control mice to quantify the contribution of
tissue autofluorescence at the imaged wavelengths (Figure 3.3(e)). Minimal nerve
autofluorescence was seen in the blank co-solvent formulation (Figure 3.3(c)), blank PM
(Figure 3.3(d)), and untreated control mice (Figure 3.3(e)). Of note, nerve fluorescence was
found to be nearly equivalent across the four nerve structures for control mice with blank
PM, blank co-solvent and untreated mice demonstrating the neither formulation strategy

contributed to nerve-specific fluorescence.

The N/M and N/A fluorescence ratios were quantified for each administration group at
each nerve site including the brachial plexus, sciatic, trigeminal ganglia and optic nerves.
The N/M ratio was significantly higher at all nerve sites for the BMB-PM injected mice
than for the BMB in co-solvent injected mice (p < 0.0001, Figure 3.4(a)). In the BMB-PM
injected mice the N/M ratio was highest for the sciatic nerve (5.21 + 0.68) followed by the
trigeminal ganglia (4.86 +0.92), brachial plexus (4.10 + 0.59) and optic nerves (3.57 +
0.27). In the BMB in co-solvent injected mice the N/M ratio was highest for the trigeminal
ganglia (2.83 + 0.53), followed by the sciatic nerve (2.47 + 0.54), optic nerve (2.40 £ 0.27)
and brachial plexus (2.23 = 0.54). When the N/M ratio was compared to average
fluorescence intensity in the control blank PM, blank co-solvent and untreated animals
across nerve sites the BMB-PM was 3x higher than control autofluorescence while the
BMB in co-solvent was 1.7x higher than control autofluorescence (Figure 3.4(a)). Little
fluorescence difference was seen between the three control groups with no statistically
significant difference between the mean N/M fluorescence. The N/A fluorescence ratio
was similar between the two formulation strategies (p = 0.77, Figure 3.4(b)). In both the
BMB PM and BMB in co-solvent the N/A ratio was highest in the trigeminal ganglia (BMB
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in co-solvent =1.20 £ 0.41, BMB PM = 1.18 + 0.37) followed by the optic nerve (BMB in
co-solvent = 1.01 £ 0.30, BMB PM = 0.93 + 0.23), brachial plexus (BMB in co-solvent =
0.56 £ 0.14, BMB PM = 0.73 £ 0.15) and sciatic nerve (BMB in co-solvent = 0.61 £ 0.08,
BMB PM =0.53 £ 0.16).

3.4.4 Ex Vivo Fluorescence Microscopy.

Following completion of the in vivo nerve imaging studies, all brachial plexus and sciatic
nerve tissues were resected and flash frozen for ex vivo quantification by fluorescence
microscopy. Representative phase contrast and fluorescence images of the brachial plexus
and sciatic nerve tissues from mice administered BMB in the co-solvent formulation and
BMB-PM as well as mice administered the blank co-solvent, blank PM, and untreated
control are shown in Figure 3.5(a). In untreated mice and blank controls a weak
fluorescence background signal was seen in the nerve tissues, while significant nerve
fluorescence was seen in the BMB injected animals. Fluorescence intensity was quantified
in both the brachial plexus and sciatic nerves for each formulation group. Similar to the in
vivo results, nerve to background fluorescence was significantly higher in the BMB-PM
mice as compared to the BMB in the co-solvent injected mice (p < 0.0001) with little
autofluorescence seen in the blank co-solvent, blank PM or untreated control mouse nerve
tissues (Figure 3.5(b)).

3.45 Ex Vivo Nerve-Specific Staining of Micelle Encapsulated vs. Co-solvent
Formulated Fluorophore

Brachial plexus and sciatic nerve tissue from untreated mice was used to examine the
difference in fluorescence intensity following ex vivo BMB staining when BMB-PM or
BMB in the co-solvent were used. Nerve tissues were stained using the previously
developed ex vivo staining assay, [10,16] where the fluorophore incubation time was varied
to include 20, 40, and 60 minutes to examine the effect of incubation time on the
fluorescence intensity. Significantly greater nerve-specific fluorescence was seen using the

BMB-PM as compared to BMB in the co-solvent in both the brachial plexus and sciatic
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nerve tissue sections (p = 0.01) as demonstrated by the lack of visible fluorescence in the
BMB in co-solvent incubated slides when images were acquired with the same exposure
time and displayed with equal normalizations (Figure 3.6(a) and 3.6(b)). Nerve to
background ratio was quantified for both nerves at each incubation time and found to
linearly increase with incubation time for both formulations (Figure 3.6(c) and 3.6(d)). The
nerve to background ratio was 5-10x greater for the BMB-PM as compared to BMB in the

co-solvent formulation at all three incubation times.
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3.5 DISCUSSION

Nerve damage is a major morbidity experienced by patients that undergo numerous
surgical procedures. This difficulty stems from the nature of the nerve tissue, which is
generally small and translucent as well as the fact that nerves are typically protected deep
within layers of surrounding tissue making them difficult to detect and visualize prior to
injury or transection in surgery. Currently no clinically available imaging tool exists to
enhance nerve visualization in the operating room. With the increased focus on
fluorescence image-guided surgery as well as the approval of a select few imaging systems
for clinical use, there is an opportunity to improve nerve visualization though fluorescence
imaging in the surgical suite. However, few nerve-specific fluorescent contrast agents exist
and given the lipophilic nature of nerve tissue, systemic administration of these agents has
proven challenging. To date, two select small molecule fluorophore scaffolds have been
demonstrated to provide nerve-specific fluorescence in all nerve tissue following systemic
administration in a co-solvent formulation that is not suited for clinical translation due to
its potential toxicity and reliance on DMSO, which is not FDA approved. [10,16,17,26]
Development of a formulation strategy with the potential for nontoxic clinical translation
would significantly improve the prospects of using specific probes from either of these
nerve-specific fluorophore scaffold families for fluorescent nerve-specific image-guided

surgery.

In the current work, the previously used DMSO containing co-solvent formulation was
compared to a nontoxic PM formulation in vivo and ex vivo to assess the effect of
formulation strategy on nerve-specific fluorophore accumulation. The previously
characterized co-solvent formulation containing Cremophore EL and DMSO is capable of
solubilizing BMB at 5 mg/mL but is not a viable clinical option for surgical use. [26] BMB-
PM was formulated in a biodegradable, biocompatible polymer, which has an extensively
documented safety profile in humans. [20,21] In vitro release profile of the BMB from the
PM (Figure 3.2(a)) and the curve fitting analysis shows that BMB release form the
polymeric micelles is bi-phasic which is consist of initial phase involving burst/rapid

release of the BMB followed by a more sustained release pattern at later state. This
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biphasic release pattern exhibited by polymeric micelles and nanoparticales has been well
documented in the literature. The initial burst release is primarily driven by the desorption
and diffusion of surface adsorbed drug, while the secondary phase of drug release is driven
by the dissociation of the polymeric matrix and drug diffusion processes. In vitro cell
viability assessment in the presence of BMB-PM in two primary cell lines indicated that
no effect on viability was seen below 100 uM depending on the sensitivity of the cells
(Figure 3.2(b) and 3.2(c)). Systemic administration of the BMB-PM for in vivo study is at
a lower concentration, thus the accumulated concentration in any one cell is less than the
determined toxic dose of the BMB PM formulation. Consequently, we do not anticipate
systemic toxicity in vivo due to the dynamic nature of clearance mechanisms and the
unlikelihood of a tissue being exposed to toxic levels of BMB-PM concentrations prior to
clearance from the body. Therefore, the BMB-PM formulation offers a safer, and more

effective alternative to the previously utilized co-solvent system.

In addition to its improved safety profiles, the BMB-PM significantly improved nerve-
specific accumulation of the fluorophores. In vivo studies comparing BMB-PM and BMB
in the co-solvent demonstrated increased nerve-specific fluorescence in the BMB-PM
group following administration of the same dose of fluorophore in both formulations
(Figure 3.3 and 3.4). Interestingly the nerve fluorescence was greatly increased in the
BMB-PM injected animals as compared to the BMB in co-solvent injected animals while
the muscle fluorescence remained largely the same in both cohorts, accounting for the
increased N/M ratio in the BMB-PM group. By comparison the adipose fluorescence also
increased in the BMB-PM injected animals, thus the N/A ratio was found to be similar
between the BMB-PM and BMB in co-solvent injected groups. Although the PM
formulation strategy did not improve the N/A ratio, it did not significantly alter it from
what was seen in the BMB in co-solvent administered group. The adipose accumulation
seen using both formulation strategies likely has little to do with the formulation strategy
itself and is rather a property of the fluorophore, which has a lipophilic Log D (Log D =
4.8 at pH 7.4) accounting for the adipose accumulation. By comparison the BMB-PM
demonstrated 3x the N/M contrast over control tissue autofluorescence while the BMB in

co-solvent had only 1.7x the N/M contrast over control tissue. This increase in nerve-
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specific fluorophore accumulation may stem from a potentially longer blood circulation
time of the fluorophore when PM encapsulated vs. solubilized in the co-solvent. Thus,
overall the N/M fluorescence was significantly increased in the BMB-PM group as
compared to BMB in the co-solvent group (p < 0.0001) without an increase in fluorophore
dose (Figure 3.4). Future study will be performed to evaluated the blood circulation and
biodistribution of the BMP-PM, this data will give us a better insight about the BMB
stability and distribution in the body

As expected, when the resected nerve tissue was examined microscopically, nerve to
background fluorescence was significantly higher in the BMB-PM group as compared to
BMB in the co-solvent group (p < 0.0001, Figure 3.5). Of note, when ex vivo staining was
performed a linear increase in fluorescence intensity was seen in both the BMB-PM and
BMB in co-solvent groups, however the fluorescence intensity of the BMB-PM group was
significantly greater than that of the BMB in co-solvent group (p = 0.01, Figure 3.6). Again
a possible explanation for this observation is improved availability of the fluorophore to
the nerve tissue through improved solubility using the PM over the co-solvent formulation
which was demonstrated both in the blood (in vivo) as well as in solution (ex vivo staining

study).

In summary, a micellar formulation for BMB has been successfully developed and
characterized improving the feasibility of clinical translation of this nerve specific
fluorophore for fluorescence image-guided surgery through an improved safety profile.
Another attractive feature of the PM formulation strategy for clinical translation is the
enhanced N/M ratio following administration of BMB-PM as compared to BMB in the co-
solvent formulation without increasing fluorophore dose, an important consideration for
clinical safety. The increase in N/M ratio provides the opportunity to lower fluorophore
dose while creating equivalent N/M ratio of that seen with the co-solvent formulation
further improving the safety profile. Future work lies in scaling up the formulation, studies
in larger animal model such as swine, translation of the formulation strategy to other
promising nerve-specific fluorophores within the two known nerve-specific families and

fully characterizing the formulation for complete pre-clinical assessment.
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342.44 g/mol

Figure 3.12: Structure of DSB and BMB.

(@) The DSB fluorophore scaffold has been investigated for nerve-specificity with
fluorophores of the para-configuration showing the highest nerve-specific accumulation.
[16] (b) BMB is an example of a para-configuration of DSB and was utilized in the current

study.
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Figure 13.2: Release Data and In-vitro toxicity assessment.

(a) Release kinetics of the BMB from PM measured over 72 hours (n=3). BMB micelle
toxicity was assessed using Cell Titer Blue® assay for concentrations of BMB ranging from
10 pM — 100 pM in (b) HUVEC and (c) RAW 264.7 cells.
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A BMB Co-solvent Formulation

Figure 3.3: Representative fluorescent images before and after administration of
BMB micelles and BMB in DMSO.

Representative color and fluorescence images (BMB FL) of mice administered 0.5 mg/kg
BMB in (a) the co-solvent formulation or (b) BMB-PM. Representative color and
fluorescence images of mice administered (c) blank co-solvent formulation and (d) blank
PM. (e) Representative color and fluorescence images of untreated control mice. All
images are representative of data collected for n=3 mice per administration strategy. All
fluorescence images were collected using 50 ms exposure time and are displayed with
equal normalization. Brachial plexus = arrow, sciatic nerve = arrowhead, trigeminal
ganglia = dashed arrow, optic nerve = double lined arrow.
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Figure 3.4: Nerve to muscle (N/M) and nerve to adipose (N/A) ratios.

(a) The mean nerve to muscle (N/M) ratio and standard deviation and (b) mean nerve to
adipose (N/A) ratio and standard deviation were calculated at using region of interest
analysis for the brachial plexus, sciatic nerve, trigeminal ganglia, and optic nerves for each
animal.
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Figure 3.5: Representative fluorescent images and nerve to background ratio.

All brachial plexus and sciatic nerve tissue was resected from n=3 mice per administration
group. (a) Representative white light and fluorescence images (BMB FL) of a brachial
plexus and sciatic nerve from each administration group are shown. All fluorescence
images were collected at 1000 ms exposure time and are displayed with equal
normalization. (b) Nerve to background ratio was calculated for each mouse and for each
formulation strategy. The average and standard deviation of the nerve to background ratio
is shown for the brachial plexus and sciatic nerves.
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Figure 3.6: Effectiveness of the BMB micelle over its DMSO formulation.

Resected unstained mouse (@) brachial plexus and (b) sciatic nerve tissue was stained using
100 uM micelle encapsulated or co-solvent formulated BMB. Nerve sections were
incubated with BMB for 20, 40, or 60 minutes. White light and fluorescence images (BMB
FL) were collected. All fluorescence images were collected at 10 ms exposure time and are
displayed with equal normalization. Nerve to background ratio was calculated for the
micelle encapsulation vs. the co-solvent formulation incubated for 20, 40 or 60 minutes on
the (c) brachial plexus or (d) sciatic nerve tissue sections.
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CHAPTER 4

A Combinatorial therapy targeting HIF and mTOR signaling pathways

for treating angiogenesis and ovarian cancer

Bhuvana S. Doddapaneni, Kinser Reed, Adel Fatease, Deepa A. Rao, Adam W. G. Alani

(Submitted to Nanoscale)



87

4.1 ABSTRACT

Mutations in the tumor protein (TP53) and the mammalian target of rapamycin (MTOR)
pathway have been elucidated as driver mutations in ovarian carcinomas that transform
into an invasive phenotype under hypoxic conditions. Chetomin (CHE) targets the hypoxic
pathway while Everolimus (EVR) acts on the mTOR pathway. Poor aqueous solubilities
of both compounds limits their clinical applications. Diblock copolymer nanoplatforms of
methoxy poly(ethylene glycol)2o00-block-poly (lactic acid)isoo (MPEG2000-b-PLA1800) and
(MPEGa000-b-PLA2200) Were used to formulate individual and dual drug loaded micelles
(DDM) using the solvent evaporation method. The CHE micelles (CHE-M) had a size of
21 nm with CHE loading of 0.5 mg/mL while the EVR micelles (EVR-M) and the DDM
had a size around 35 and 39 nm respectively with EVR loading up to 2.3 mg/mL. The anti-
proliferative effects of these micelles have been tested in vitro in three ovarian cell lines
(ES2, OVCAR3 and TOV21G) with the DDM exhibiting a strong synergistic anti-
proliferative effect in the ES2 and the TOV21G cells. The DDM were able to significantly
induce tumor regression in ES2 ovarian xenograft mouse models by inhibiting
angiogenesis and inducing apoptosis when compared to the individual micelles. The
inhibition of Hypoxia inducible factor (HIF) and the mTOR pathways has been elucidated
using immunohistochemistry studies. In conclusion, we have developed mPEG-b-PLA
based micellar nanoplatform that could prevent drug resistance by delivering multiple

drugs at therapeutically relevant concentrations for effectively treating ovarian carcinomas.
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4.2 INTRODUCTION

Ovarian cancer (OC) is one of the leading causes of cancer death among women, [1,2] with
an estimated diagnosis of 220,000 new cases per year around the world with 14,000 of
them in the U.S alone. [3] A majority of the diagnosed ovarian cancers (90%) comprise of
epithelial ovarian carcinomas (EOC’s) that are believed to originate from the gynecological
epithelia. [2] EOC’s are further classified into serous, clear cell and mixed carcinomas
based on their histological subtypes, [4,5] with a majority of them belonging to the serous
subtype (65-70%). [6] These carcinomas are highly lethal as they are diagnosed at an
advanced stage of the disease. [5] The severity of the disease is categorized from Stage | —
IV based on the metastatic spread of tumor cells from the ovaries, [7] with tumor cells
confined to ovaries in Stage | while they spread to distal organs in Stage 1V. The older

population (40-65 years) is more susceptible to these carcinomas. [7]

Poor prognosis is touted to be the primary cause for the high mortality rate associated with
OC as zero to no symptoms are observed until the latter stages of the disease. [3,8] The
current standard of care for OC treatment is surgery followed by chemotherapy. [1,8]
Surgical removal of the tumor involves two steps, the first step (staging) to estimate the
metastatic spread of tumor cells and the second step (debulking) to remove the tumor mass.
[5] Chemotherapy often involves delivering large doses of chemotherapeutic drugs into
systemic circulation, thereby exposing healthy tissues to these toxic doses, causing severe
side effects and dose limiting toxicities. [8,9] Platinum based compounds and taxanes are
currently being administered for chemotherapy cycles for OC treatment. [1,9] The major
problem with the current treatment option is that 90% of the patients showed relapse of
cancer and the tumors were taxane or platinum resistant upon relapse. [8,10] One of the
primary reasons for the development of chemo resistance include the inability to deliver
therapeutic concentrations of chemotherapeutic drugs to the tumor site. [10] The tumor
cells spontaneously upregulate alternate pathways when a particular pathway is targeted
using a single chemotherapeutic agent. [11] This is where combination therapies play a key
role in preventing the drug resistance to a particular chemotherapeutic agent by acting on

multiple mechanisms involved in tumor progression. [9,12] Therefore, the combination
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needs to be carefully chosen in order to achieve maximum synergistic and beneficial effects

against tumor progression.

Tumor protein (TP53) constitutes the major genetic mutation found in majority of the OC
tumors (90%) while the lesser known mutations include BRAF, KRAS, PTEN and
PIK3CA. [7,13] TP53 is inactivated or mutated in a majority of these EOC’s. One of the
study revealed that TP53 inhibition can activate the mTOR signaling cascade. [14] Hypoxic
conditions were reported significantly in a variety of cancers including ovarian cancer. [15]
Newer treatment regimens targeting both the hypoxic conditions and the mTOR pathway
therefore may provide the solution for effectively treating OC. Hypoxia (inadequate
oxygen levels) or hypoxic conditions upregulate HIF-1a, a transcription factor that plays
an important role in cellular response to systemic oxygen levels. HIF-1a undergoes
conformational changes upon response to hypoxic conditions thereby inducing the
transcription of a variety of genes involved in cell proliferation, survival, growth and
angiogenesis. [16,17] Therefore targeting this pathway would be highly beneficial in
controlling the tumor growth and reducing its metastatic spread. Chetomin is a metabolite
of a fungal species chaetomium and it prevents the interaction of HIF-1a with the
transcriptional co-activator p300, thereby preventing the transcription of downstream
signaling moieties. [18,19] CHE is a member of the epidithiodiketopiperazine (ETP) family
and its mechanism of action is proposed as ejecting the zinc ion from the CH1 domain of
p300 thereby preventing its interaction with the HIF-1a. [20] Recent studies have reported
the use of Everolimus in the treatment of OC. [21,22] It binds to the protein receptor
FKBP12 that interacts with the mammalian target of rapamycin (mTORC1) sub-unit and
inhibits downstream signaling. The mTOR pathway is upregulated in a variety of cancers
including ovarian cancer. [21] mTOR integrates the input from upstream amino acids,
growth factors, and acts as a downstream effector in inducing cell proliferation, protein
synthesis and transcription of various genes. [23] Thus, targeting the mTOR pathway can
have inhibiting effects on tumor spread. Previous studies have reported the upregulation of
HIF- 1a when mTOR pathway was inhibited. [24,25] Therefore the combination of these
two drugs inhibits both the major pathways involved in OC and also helps prevent the

development of drug resistance. Hence a versatile nanocarrier that can load and deliver
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both drugs simultaneously at therapeutically relevant concentrations can be beneficial in
treating OC.

The use of polyester (PEG-b-PLA) based diblock copolymer nano-platforms for cancer
therapy has received tremendous response in the past decade due to their abilities to a)
reduce unwanted systemic toxicities, b) improve the solubility and pharmacokinetic
profiles of encapsulated drugs, c) prolong the circulation times by reducing their renal
clearance and d) decrease the drug exposure to proteins/albumins and blood
components.[26,27] The diblock copolymers self-assemble into micellar structures in
aqueous media above the critical micelle concentration, with a narrow size ranging from
10-100 nm, and exhibit a core-shell like structure with a hydrophilic corona and a
hydrophobic core. [28] The core solubilizes the hydrophobic drug molecules, thus
increasing their aqueous solubility while the hydrophilic corona shields the core from any
interactions with opsonins or blood components. [29] CHE and EVR are poorly soluble in
water with aqueous solubilities of < 40 pg/mL for CHE (Percepta, ACD Labs) and 9.6
pg/mL for EVR. [30] Thus, incorporation of CHE and EVR in the DDM can significantly
enhance their aqueous solubilities to therapeutically relevant concentrations by solubilizing
these drugs in the hydrophobic PLA core, thereby allowing us to evaluate their
chemotherapeutic potential. These diblock copolymers are biocompatible and
biodegradable as they undergo hydrolysis in biological systems to non-toxic monomers.
[31] These micelles can be passively targeted to the tumor site via the Enhanced
Permeation and retention effect (EPR) courtesy of their nano size range and long
circulation times. [33, 34] Numerous studies have already reported the use of these diblock
copolymer micelles for the co-delivery of multiple chemotherapeutic drugs. [28, 32] The
objective of this work is to develop a micellar nano platform for co-delivering CHE and
EVR and evaluate its safety and efficacy in vitro and in vivo in ovarian cancer models. We
hypothesize that CHE and EVR loaded PEG-b-PLA micelles when injected i.v. act
synergistically in reducing the tumor volume by targeting the major pathways involved in
OC and also prevent the development of drug resistance in relevant ovarian xenograft

tumors.
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4.3 MATERIALS AND METHODS

4.3.1 Materials, cell lines, and animals

CHE was purchased from Sigma Aldrich (St Louis, MO), and EVR was purchased from
LC Laboratories (Woburn, MA). The diblock copolymers methoxy poly(ethylene
glycol)2000-block-poly(lactic acid)igoo (MPEG2000-b-PLA1800)[Mn = 3800; PDI = 1.1] and
methoxy poly(ethylene glycol)aooo-block-poly(lactic acid)2200 (MPEGaooo-b-PLA2200)[Mn =
6160; PDI = 1.12] were purchased from Advanced Polymer Materials Inc. (Montreal,
CAN). The three ovarian cancer cell lines ES2 (ATCC® CRL-1978™), TOV21G (ATCC®
CRL-11730™), and OVCAR-3 (ATCC® HTB-161™) were purchased from Ame2.rican
Type Culture Collection (ATCC) (Manassas, VA). Roswell Park Memorial Institute
(RPMI) media, Fetal Bovine Serum (FBS), Trypsin, and the antibiotics were obtained from
Corning CellGro (Manassas, VA). Slide-A-Lyzer™ 20 k MWCO dialysis cassettes were
acquired from Thermo Scientific (Rockford, IL). The cell viability assay Cell Titer Blue®
was purchased from Promega (Madison, WI). Histology supplies were obtained from
Electron Microscopy Sciences (Hatfield, PA). Rabbit monoclonal antibodies Phospho-
4EBP1 (236B4), Cleaved Caspase-3 (D175) and Carbonic anhydrase IX (D10C10) were
obtained from Cell Signaling Technology (Beverly, MA) while the CD31 rabbit polyclonal
antibody (ab28364) was purchased from Abcam (Cambridge, MA). Cy3-AffiniPure
Donkey Anti-Rabbit 1gG (H+L) antibody was purchased form Jackson Immune Research
(West Grove, PA). Female athymic nude mice were obtained from Frederick National
Laboratory for Cancer Research (Frederick, MD). All other reagents and supplies were
purchased from VWR (Radnor, PA) or Fisher Scientific (Fairlawn, NJ).

4.3.2 Preparation and Characterization of individual and DDM

Solvent evaporation method was used for the preparation of individual CHE-M (Chetomin
micelles), EVR-M (Everolimus micelles) and the dual drug loaded micelles (DDM). [29,
36, 37] The micelles were prepared with CHE: EVR at a molar ratio of 1:50. The two di-
block copolymers mPEG2g00-b-PLA1g800 or MPEGuagoo-b-PLA2200 have been used to
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formulate micelles in this study. Briefly, 15 mg of the mPEG-b-PLA polymer was
solubilized in acetonitrile (ACN) and the stock solutions of CHE and EVR (in ACN) were
added to the polymer solution to obtain the required concentrations. The contents were
transferred to a 5 mL round bottomed flask (RBF) and the organic solvent was evaporated
by using a roto evaporator. The evaporation cycle consisted of 2 segments with the first
segment lasting for 5 minutes at 260 mbar pressure and the second segment for 3 minutes
at 100 mbar. The RBF was set to rotate at a speed of 100 rpm and the temperature of the
water bath was set to 45 °C. A thin film was achieved upon complete evaporation of the
organic solvent. The film was rehydrated with 0.5 mL of deionized water (18.6 MQ) at 60
°C and is completely solubilized to form the polymeric micelles. The micelles were then
collected into a centrifuge tube and were spun at 5000 rpm for 3 minutes, and filtered

through a 0.2 um sterile nylon filter.

The formulated micelles were characterized for size by Dynamic light scattering (DLS)
using a Malvern Nano ZS (Malvern Instruments Inc, U.K.). All measurements were
performed in triplicate and data is presented as the mean z-average diameter £ SD (nm)
and polydispersity index (PDI £ SD). The drug loading for the individual and DDM was
determined by reverse phase high performance liquid chromatography (RP-HPLC) using
a Shimadzu HPLC system consisting of LC-20 AT pump and SPD M20 diode array
detector. The analysis was performed using a Zorbax C8 Column (4.6 x75mm, 3.5 um) in
isocratic mode with methanol/water (74/26) containing 0.1% phosphoric acid at a flow rate
of 1ImL/min and an injection volume of 10 pL with the column temperature at 40 °C. The
CHE and the EVR peaks were monitored at 203 nm and 279 nm with a retention times of
1.4 min and 12.4 min respectively. All measurements were performed in triplicate and the
loading data is presented as mean drug loading (mg/mL) = SD.

4.3.3 In vitro drug release from individual and DDM

Slide-A-Lyzer Dialysis cassettes were used to analyze the release pattern of CHE and EVR
from the individual and the DDM. Briefly, 3 dialysis cassettes were each loaded either with
3 mL of freshly prepared CHE-M, EVR-M or the DDM. Cassettes witha MWCO of 20,000
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Da were chosen to ensure unobstructed diffusion of the free drugs and any unassociated
polymer molecules from the cassettes into the buffer. The cassettes were placed in 2.5 L of
10 mM phosphate buffer pH 7.4 at 37 °C for 72 h and the buffer was replaced every 3 h to
evaluate the release profiles under sink conditions by dialysis. [33] y — Globulins at a
concentration corresponding to plasma concentration of 15 mg/mL were added to the
release buffer to replicate in vivo conditions. [30,39] A sample volume of 20 uL was
withdrawn from each cassette at 0, 0.5, 1, 2, 3, 6, 12, 24, 48 and 72 h and was replaced
with equal volume of fresh buffer. The collected samples were analyzed for drug content
using RP-HPLC after diluting 50 fold with the mobile phase. The data is presented as mean
% drug release £ SD. A two phase exponential association equation (GraphPad Prism 5
software) was used to curve fit the data and the time required for 50% drug release (t%2)
across the slow and fast phases along with the goodness of fit (r?) values are presented in
Table 4.1. Statistical analysis was performed using GraphPad Prism 5 software.

4.3.4 In vitro cell viability study and Combination Index analysis in ES2, TOV21G
and OVCARS3 cells

The anti-proliferative effects of CHE-M, EVR-M and DDM was evaluated in three sub-
types of ovarian carcinomas (TOV21G, ES2 and OVCAR-3). ES2 cells represent the high
grade serous subtype, [34] TOV21G cell line represents the clear cell subtype, [35] while
the OVCAR3 cell line represents a mixed subtype. [35] TOV21G and OVCAR-3 cells were
seeded at 5000 cells/well in 96 well flat bottom plates while ES2 cells were seeded at 2000
cells/well. The cells were allowed to attach for 3 h at 37 °C and then treated with either
CHE-M, EVR-M or the DDM at a CHE:EVR molar ratio of 1:40. The concentration range
for CHE-M and the DDM was 0.01-1000 nM while the concentration for the EVR-M was
from 500-50000 nM. After 72 h of incubation, cell viability was determined by using the
CellTiter Blue® assay. Briefly, 20 pL of the CellTiter Blue reagent was added to each well
and was allowed to incubate for 2 h. The fluorescence intensities were measured at
560ex/590em Nm using a plate reader. The concentration required to inhibit 50% growth
(I1Cs0) was calculated by using GraphPad Prism software (Version 5.0, San Diego, USA)

wherein the data was fitted into a nonlinear pattern using a log (inhibitor) vs response —
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variable slope equation. The concentrations are reported for the most potent drug (CHE)
for the DDM. The combination effect of CHE and EVR in micelles was evaluated by using
the CompuSyn software (Version 1.0, ComboSyn Inc., USA). The software is based on the
Chou and Talalay median-effect principle, [36] and generates Combination Index (ClI)
values at various cell fractions (Fa) that are affected. CI values of <1, 1, and >1 indicate
synergism, additive effect and antagonism respectively. The Fa vs CI plot provides
information about the combination effects at various doses tested. The data is presented as

Fa vs Cl plot.

4.3.5 In vivo acute toxicity study

6-8 weeks old healthy female athymic nude mice were categorized into 5 groups with four
animals in each group (n = 20). Each group was injected with either saline (no treatment),
vehicle (empty micelles at a polymer concentration of 300 mg/kg), CHE-M at 0.5 mg/kg,
EVR-M at 25 mg/kg, or DDM at (0.5 mg/kg CHE + 25 mg/kg EVR) on days 0, 7, and 14.
The mice were injected via tail vein with the total volume of injection was no more than
1% of the animal’s body weight in volume, approximately 200 pL, with the dose adjusted
according to the weight of each mice. The mice were regularly monitored for signs of acute
toxicity that included noticeable changes in appearance or behavior, loss in body weight of
> 15% or death throughout the study. The body weights of the mice in different groups was
monitored for 21 days and the data is presented as mean (%) normalized body weight +
SD. All of the animal work was performed in compliance with NIH guidelines and
Institutional Animal Care and Use Committee Policy (IACUC) at Oregon State University
for End-Stage Illness and Pre-emptive Euthanasia, based on Humane Endpoints

Guidelines.

4.3.6 In vivo assessment of efficacy in ES2 ovarian xenograft model
ES2 cells (1x10°) were injected subcutaneously into the right flank of female athymic nude
mice to develop the ovarian cancer xenograft model to be used in this study. The animals

were 6-8 weeks old, weighed an average of 20-25 g, provided with free access to food and
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water, and were maintained at a controlled temperature and humidity in ventilated cages
throughout the experiment. Upon reaching a tumor volume of 75 — 100 mm?3, mice were
categorized into 5 groups with 3 animals in each group (n=15). The tumor volume was
calculated using the formula n/6 x length x width?. The groups comprised of untreated
control group (saline), empty micelle treated group (vehicle), CHE-M treated group, EVR-
M treated group and the DDM treated group. Micelles were injected through the tail vein
with either a polymer dose of 300 mg/kg, CHE dose of 0.5 mg/kg, EVR dose of 25 mg/kg
or a DDM dose of (0.5 mg/kg CHE + 25 mg/kg EVR) once a week for 3 cycles. The
injection volume, approximately 200 pL, was adjusted according to the weight of the
mouse. The untreated control group was injected with saline. The mice were injected on
day 0, 7 and 14 and the tumor volume was measured every 3 days for 21 days, one week
post last injection. One-way ANOVA at 5% significance level with Tukey’s Multiple
Comparison post-test with groups compared at 5% significance level was used for the
analysis of tumor data. The weights and the tumor volumes of mice on the last day of the
study (21% day) one week post last injection, were measured and the animals were
humanely euthanized in the CO> chamber. Immediately post-euthanasia, the tumors were
collected and were soaked in 4% paraformaldehyde overnight and were embedded in
paraffin blocks. 5 um thick tumor samples were sectioned from the paraffin blocks onto
glass slides using the Microtome. The sections were stained using different antibodies for
detecting the micro vessel density (CD31 antibody), apoptosis (Cleaved caspase-3
antibody), involvement of the mTOR pathway (P-4EBP1 antibody) and the HIF pathway
(Carbonic AnhydraselX antibody). Antibodies against CD31 were used to label the blood
vasculature in the tumor tissues and NIH Image J software was used for quantifying the
micro vessel density. Goat anti-rabbit CY3 was used as the secondary antibody (red) with
DAPI as the nuclear stain (blue). Zeiss AXIO ImagerZ1 with a digital AxioCam HRm was
used to capture the images and they were processed using AxioVision 4.7 (Carl Zeiss
Microscopy, LLC) and Adobe Photoshop CS5 software. All the pictures were taken at 20X
magnification. The counting tool in Adobe Photoshop was used to count the CA9 positive
cells, the cleaved caspase positive cells, and the P-4EBP1 positive cells in the analyzed

tumor sections with at least 5 random fields (0.55 mm?) per tumor being counted for each
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tumor sample. A minimum of 5 random fields (0.55mm?®)/tumor were quantified to

measure the micro vessel density.

All of the animal work was performed in compliance with NIH guidelines and Institutional
Animal Care and Use Committee Policy (IACUC) at Oregon State University for End-
Stage lllness and Pre-emptive Euthanasia, based on Humane Endpoints Guidelines.
Significance for immunohistochemistry data was determined using one-way ANOVA at
5% significance level with Tukey’s Multiple Comparison post-test with groups compared
to each other at 5% significance level. All statistical analyses are performed using
GraphPad Prism software version 5.04 for Windows, GraphPad Software, San Diego,
California USA.

4.4 RESULTS AND DISCUSSIONS

4.4.1 Preparation and characterization of individual and DDM

The structures of CHE, EVR and a depiction of the DDM is presented in (Figure 4.1).
CHE-M formulated using the MPEGaooo-b-PLA2200 Were able to solubilize up to 0.42
mg/mL of CHE while the EVR-M formulated using mPEG2000-b-PLA1g00 increased the
solubility of EVR to 2.25 mg/mL. The DDM prepared from the mPEG2q00-b-PLA1800
copolymer were able to co-solubilize 0.41 mg/mL of CHE and 2.21 mg/mL of EVR
respectively. These micelles were not stable post 6 h at room temperature as indicated by
drug precipitation and a loss of > 10 % of initial drug loading. CHE-M formulated using
MPEG2000-b-PLA1800 copolymer were stable for more than 48 h, and exhibited similar CHE
loading efficiencies as the MPEGao00-b-PLA2200 CHE-M (Figure 4.2). The polymer drug
compatibility might be the primary reason for such behavior. Meanwhile, EVR-M and the
DDM prepared using the mPEGaooo-b-PLA2200 copolymer demonstrated excellent stability
for more than 48 h at room temperature and their loading efficiencies are depicted in
(Figure 4.2). It has been well documented in the literature that block copolymers with
higher molecular weight allow for higher drug loading efficiencies and form more stable

micelles. [31] The higher stability of these micelles can be attributed to the core
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compatibility of the encapsulated drugs along with interactions between encapsulated
drugs among themselves and this phenomenon has been previously reported. [28,32,37]
Therefore mMPEG2000-b-PLA1g00 Was used to formulate CHE-M while mMPEGaooo-b-PLA2200
copolymer was used for formulating the EVR-M and the DDM hereafter. CHE and EVR
are poorly soluble in water with aqueous solubilities of < 40 pg/mL for CHE (Percepta,
ACD Labs) and 9.6 pg/mL for EVR. [30] EVR-M and DDM increased the aqueous
solubility of EVR by 240 fold while the CHE-M and DDM increased the solubility of CHE
by 13.0 fold thereby allowing us to access their efficacies at clinically relevant
concentrations. Our observed phenomenon of increased aqueous solubility and stability of
hydrophobic drugs when incorporated in mPEG-b-PLA micelles is in accordance with
published literature. [28,29] The size of the CHE-M was 21.14 + 0.37 with a PDI of 0.13
+ 0.0041. The EVR-M and the DDM had a size of 34.36 + 0.38 and 39.66 + 0.83 with a
PDI of 0.14 + 0.0036 and 0.13 + 0.0021 respectively. The slight increase in micelle size
for the EVR-M and the DDM can be attributed to the higher molecular weight of the
MPEGao00-b-PLA2200 di-block copolymer used, the copolymer block length and the
PEG/PLA composition when compared with the copolymer used for formulating CHE-M.
The ratio of the PEG: PLA block and the length of the PLA block were considered as
significant factors that could control the size of the micelles formed. [31] A micelle size
ranging from 10 — 100 nm was commonly reported when mPEG-b-PLA di-block
copolymers were used in multiple studies. [32, 37, 38] Our formulated micelles were in the
same range supporting the existing literature.

4.4.2 Invitro drug release from individual and DDM

The drug release profiles of CHE and EVR from the individual and the DDM in the
presence of y - globulins is shown in (Figure 4.3). Micelles come in contact with serum
components, albumins and globulins once they enter the blood stream after in vivo
injections. [44] The interaction between micelles and blood components/proteins plays a
major role in their biodistribution pattern. [39] Globulins interact with the micelles,
increasing their size and trigger opsonization and phagocytosis by macrophages leading to

their disintegration before reaching the target sites. [29] Therefore to replicate these
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conditions in vitro, y — globulins were added into the release buffer at concentrations
similar to plasma concentrations. The release profiles thus obtained in vitro can be
somewhat correlated with the micelle’s in vivo release although factors such as dilution of
the micelles, presence and interaction of other blood components like albumins, amongst
others need to be taken into consideration. [40] CHE displayed a similar release pattern
from both the individual and the DDM with approximately 77% of the drug being released
at 72 h. The core component (PLA) that solubilizes CHE in both the individual and the
DDM was comparatively similar which resulted in the micelles exhibiting a similar release
pattern in spite of using different block copolymers for their formulation. 70% of EVR was
released from both the individual and the DDM with similar release patterns at 72 h,
indicating that the release profile and the amount of drug released were similar for both
CHE and EVR from the individual and the DDM. The release profiles were curve fitted
using a two phase exponential association equation and the fast and the slow half-lives (t%2)
along with the goodness of fit (r?) values were calculated and presented in (Table 4.1). The
individual and the DDM released CHE and EVR in a biphasic pattern with an initial burst
release phase that was followed by a sustained release pattern. The initial burst release can
be attributed to the diffusion of the surface adsorbed drug into the buffer while the sustained
release effect maybe driven by the dissociation of the drug from the biodegradable PLA
core. The following sustained release pattern was also dependent on the strength of
interactions between the encapsulated drug and the PLA core with stronger drug-core
interactions causing slower release patterns. [41] EVR had a stronger interaction with the
PLA core compared to CHE as evident from its slower release pattern in both the individual
and the DDM. Also, higher drug loading in the case of EVR-M can lead to crystallization
of the drug in the core of the micelles leading to slower drug release when compared with
a lower drug loading (molecular dispersion) in CHE-M that readily diffuses into the outer
aqueous environment. [42] The release pattern of CHE and EVR from the individual and
the DDM is therefore primarily diffusion driven with dissociation of the core also playing

a minor role and this is in accordance with published literature. [31, 43]
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4.4.3 Invitro cell viability study and Combination Index analysis in ES2, TOV21G
and OVCARS3 cells
The ICso values of CHE-M, EVR-M and the DDM in the three different cell lines are
represented in (Figure 4.4). CHE exhibited higher potency among the two drugs in the three
cell lines as depicted in Figure 4.4(a) and 4.4(b). A molar ratio of 1:1 of CHE:EVR in the
DDM would thus only exhibit the anti-proliferative effects of just Chetomin as higher doses
of EVR was required to show efficacy in the DDM. Therefore, to achieve significant anti-
proliferative effects of the less potent EVR drug and thereby represent a combination
effect, we decided to treat the cells at a molar ratios of 1:40 of CHE: EVR. The individual
micelles of CHE and EVR showed similar efficacy in all the three cell lines as seen in
(Figure 4.4(a) and 4.4(b)) while the DDM was highly potent in ES2 cells, followed by
OVCARS cells and finally in TOV21G cells as depicted in (Figure 4.4(c)). It is noteworthy
that the ES2 subtype (high grade serous subtype) represents majority of the ovarian
carcinomas and therefore our DDM could be effectively used in treating a majority of the
patients displaying this phenotype. The effects of two drug interactions (synergistic,
additive, or antagonistic) in the three different cell lines was evaluated using the CompuSyn
software and the data is depicted in (Figure 4.4(d)). The dual drug combination
(CHE+EVR) was strongly synergistic at all the concentrations tested for both the ES2 and
the TOV21G cell lines but the synergism was stronger in the ES2 cell line comparatively
as seen in (Figure 4.4(d)). The drug interactions were synergistic at lower concentrations
in the OVCARS3 cell line but slowly turned additive and eventually antagonistic at higher
concentrations. This pattern of synergistic behavior in one cell line and antagonistic
behavior in another cell line is in accordance with the existing literature with a different
drug combination tested. [44] The antagonistic effects of this drug combination in the
OVCARS cells may be attributed to upregulation of a positive feedback loop when the HIF
and the mTOR pathways were targeted. Further studies are required to elucidate the exact
mechanisms involved. Our data suggest that the combination micelles have high anti-
proliferative effects and both CHE and EVR act synergistically in the ES2 and the
TOV21G cell lines at all the concentrations tested. We have successfully demonstrated for
the first time that the CHE and EVR in combination act synergistically in vitro in the ES2
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and the TOV21G ovarian carcinoma subtypes as this combination has not been previously
reported. DDM was more potent against ES2 cells than TOV21G cells as depicted in
(Figure 4.4(c)). In addition the high grade serous carcinomas represent about 65-70% of
epithelial ovarian cancers, [6] and therefore hereafter, we have decided to use the ES2 cells
(High grade serous subtype) to develop a xenograft model to test the safety and efficacy of

these individual and DDM in relevant animal models.

4.4.4 In vivo acute toxicity study

Dose limiting toxicity (DLT) studies were performed to evaluate the maximum tolerated
doses (MTD) of CHE-M, EVR-M and the DDM in female athymic nude mice. Mice (n=4)
injected with CHE-M at 2 mg/kg could not survive past Day 1, and therefore a new group
(n=4) of mice were injected with 1 mg/kg of CHE-M once a week for 3 weeks i.v. The
mice showed no changes in behavior, did not lose weight > 15% indicating that they were
healthy and the dose was well tolerated. We then tried to determine the DLT of EVR-M by
injecting mice (n=4) with doses up to 35 mg/kg once a week for 3 weeks. Unfortunately,
the dose was well tolerated and we could not determine the DLT. However, our lab has
previously demonstrated a MTD of 50 mg/kg for EVR-M when formulated in PEGao00-b-
PLA2200 micelles.®? We therefore decided to go with a CHE dose of 1 mg/kg and EVR dose
at 50 mg/kg so that we could maintain the 1:4 molar ratio of CHE:EVR. In order to keep
the injection volume of the micelle to less than 1% of the mouse’s body weight in volume,
we had to load high amounts of EVR into the micelles to achieve 50 mg/kg which resulted
in forming unstable micelles. Therefore we had to scale down the CHE dose to 0.5 mg/kg
and EVR dose to 25 mg/kg so that we could form stable DDM while maintaining the 1:4
molar ratio of CHE:EVR and also stay below an injection volume of 1% of the mouse body
weight. The changes in weight of mice treated with saline, vehicle, the individual and the
DDM is shown in (Figure 4.5). None of the mice in the different treatment groups lost more
than 15% of their body weight nor did they show any abnormal behavior including death,
indicating that the doses were well tolerated. The DDM also showed no toxicity

demonstrating its ability to safely deliver multiple drugs at higher doses simultaneously.
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4.4.5 In vivo assessment of efficacy in ES2 ovarian cancer xenograft model

The dose range for CHE-M, EVR-M and the DDM have been determined as described
above. The tumor volumes of mice in the different groups is represented in (Figure 4.6(a)).
There was no significant difference observed between the tumor volumes of vehicle treated
and saline groups upon statistical analysis indicating that the vehicle by itself has no effect
on tumor reduction. The CHE-M treated group showed a significant reduction in tumor
volume when compared to the saline group. This is in accordance with the published
literature as CHE micelles have been previously shown to reduce tumor burden and inhibit
tumor angiogenesis in transgenic zebrafish and mouse xenograft models. [45] This
reduction in tumor volume may be attributed to inhibiting the CAIX enzyme thereby
suppressing the HIF pathway. [46] The tumor however continued to grow back after the
third injection (last dose) on day 14 indicating a possibility of developing drug resistance
by upregulating alternate pathways. [47] EVR-M treated group had a similar trend where
the tumor reduction was significant when compared with the saline group, but the tumor
kept growing after the last injection rendering the treatment ineffective in preventing the
relapse of the cancer. It has been previously reported that EVR exerts anti-proliferative and
anti-angiogenic effects by inhibiting the mTOR pathway. [35] However, the DDM treated
group showed a statistically significant reduction in tumor volume when compared with
the saline group, the CHE-M, and the EVR-M, with the DDM treated group showing the
highest reduction in tumor volume. More importantly, it prevented the growth of the tumor
after the treatment ended on day 14 implying that it has the scope to prevent tumor

regression.

The results from immunohistochemical analysis for measuring micro vessel density and
quantifying apoptotic cells is depicted in (Figure 4.6(b)) and (Figure 4.6(c)) respectively.
A reduction in the blood vasculature implied lower micro vessel density (MVD) and
significant inhibition of angiogenesis in that treatment group. The vehicle treated group
had the same MVD as the saline group indicating that the empty micelles had no effect on
angiogenesis. The CHE-M and the EVR-M reduced the MVD significantly when compared
to the saline group whereas, it is the DDM treated group that had the highest reduction in
MVD when compared to the saline group. The DDM group even has a significant MVD
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reduction when compared to the individual micelle groups indicating that CHE and EVR
are acting synergistically in inhibiting angiogenesis in the tumor tissue. Anti-angiogenic
effects of CHE and EVR individually have been documented elsewhere, [35,49] but we for
the first time have shown a synergistic anti-angiogenic effect of their combination in

ovarian xenograft models.

The apoptotic cells were quantified by using antibodies against Cleaved caspase- 3.
Caspase-3 plays a major role in executing apoptosis and is often considered as an effector
caspase that is responsible for the initiation of the cell death cascade. [48] Therefore the
cleaved caspase levels can be used as an indicator of apoptosis. The highest volume of
apoptotic cells were found in the DDM treatment when compared with the saline and the
individual treatment groups indicating that this treatment regimen acts synergistically and

therefore achieves higher apoptotic cell death when compared to the individual treatments.

The results for the determination of pathways involved are represented in (Figure 4.7).
Carbonic anhydrase (CAIX) enzyme is upregulated in hypoxic conditions in a variety of
tumors and plays a major role in tumor progression, invasiveness and impaired response to
chemotherapy. [50] CAIX enzymes are primarily responsible for maintaining an alkaline
intracellular pH (pHi) favorable for tumor cell survival and also contribute to creating an
acidic extracellular environment for tumor cells to turn into more aggressive phenotypes.
[46] Inhibition or knockdown of these enzymes using small molecules or siRNA has shown
to reduce tumor proliferation and growth, and also improved the response to
chemotherapeutic strategies. [49] Therefore low number of CAIX positive cells indicated
significant reduction in hypoxic conditions by inhibiting the HIF pathway. A highly
significant reduction in the CA9 positive cells in the CHE-M treated group was observed
when compared to the saline group as depicted in (Figure 4.7(a)) indicating that HIF-1
pathway is being primarily targeted and inhibited to certain effect. No significant difference
was observed between the saline and the vehicle treated groups as expected. The EVR-M
treated group and the DDM treated group also had significantly fewer number of CAIX
positive cells indicating the inhibition of hypoxic conditions and thereby targeting the HIF
pathway. It has been previously reported that EVR also targets the HIF pathway along with
the mTOR pathway. [50] The elf4E-binding proteins (4E-BP1) belong to a class of
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repressor proteins that bind to the translation initiation factor (elf4F) complex and inhibits
translation based on its phosphorylated state. [51] Hypo phosphorylated 4EBP1 binds
strongly to the elf4F complex in normal cells. The mTOR pathway (external stimuli)
signals directly to 4EBP1 and hyper phosphorylates it preventing its binding to the elf4F
complex and thereby triggering uncontrolled translation. [52] Reduction in the
phosphorylated (P-4EBP1) cells therefore implies reduction or inhibition of the mTOR
pathway. The saline and the vehicle groups displayed no significant difference in the
number of P-4EBP1 cells as depicted in (Figure 4.7(b)) while the EVR-M treated group
displayed a significant reduction in the number of P-4EBP1 cells when compared to the
saline group indicating that the mTOR pathway was prominently targeted and inhibited.
The CHE-M treated group also had significant difference from saline group but the
difference was more prominent in the EVR-M treated group when compared with the CHE-
M or the DDM treated groups. We could therefore confirm that the two major pathways
HIF and the mTOR were targeted causing apoptotic induction and angiogenesis inhibition

thereby helping in reducing the tumor volume in ovarian xenograft tumor models.
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4.5 CONCLUSION

In conclusion, we have developed a mMPEG-b-PLA based micellar platform that could co-
deliver multiple therapeutic drugs (CHE and EVR) and exhibit synergistic effects in vitro
and in vivo in ovarian cancer models. The DDM exhibited the highest efficacy in reducing
the tumor volume and preventing proliferation in the in vivo model and the in vitro cell
culture studies than the individual drug loaded micelles. We were able to prove that our
formulation targeted the two major pathways (HIF and mTOR) involved in the progression
of OC. We also confirmed that DDM exhibited a synergistic effect by inducing apoptosis
and inhibiting angiogenesis in the tumor models. No signs of toxicity were observed in
vitro or in vivo indicating the safety profile of these polymeric micelles and their potential

application as delivery vehicles in future treatment strategies.
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Figure 4.1: Structures of CHE, EVR and schematic representation of the micelle.

(a) Structures of CHE, (b) EVR (c) and schematic representation of the DDM.
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Figure 4.2: Loading efficiency of the micelles.

Drug loading of CHE, and EVR in CHE-M, EVR-M and the DDM prepared using mPEG-
b-PLA block copolymers (Mean + SD, n = 3)
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Figure 4.3: Drug release profiles of CHE and EVR.

In vitro drug release profiles of CHE and EVR from the individual and DDM over 72 h.
(Mean % drug release = SD, n = 3).
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TOV21G cell lines, Fa vs CI plot for the three cell lines (Mean ICso £ SD, n = 4).
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Figure 4.5: Monitoring body weight to access toxicity.

Days

() Normalized body weight of mice over time after injections with individual or
combination micelles of CHE & EVR on day 0, 7 and 14 as indicated by the arrows. The
mice were injected with Saline as a negative control and Vehicle (empty micelles) (b)
CHE-M (c) EVR-M (d) and DDM. The red dashed line represents the 15% limit for weight
loss as an indication of toxicity.
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Figure 4.6: Efficacy of the micellar formulation.

(a) Xenograft tumor volume reduction in mice over time after i.v. injection of saline
(control), Empty-M, CHE-M, EVR-M, or DDM with CHE at 0.5 mg/kg, and EVR at 25
mg/kg on days 0, 7, and 14 as indicated by arrows (n = 3/treatment, Mean = SD), (b)
quantification of micro vessel density in tumor tissue by counterstaining with anti-CD31
antibody, (c) quantification of apoptotic cells in tumor tissue by counterstaining with anti-
Caspase3 antibody. * Represents significant difference from control (saline), 6 represents
significant difference from DDM (Mean = SD, n=3). Significant differences between
treatment group means is evaluated using one way ANOVA with Tukey’s Multiple
Comparison Test (compare all pairs of columns) using a significant level (o) of 0.05.
Analysis is performed with GraphPad Prism version 5.04 for Windows, GraphPad
Software, San Diego California USA.
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Figure 4.7: Mechanisms involved in tumor progression.

(a) Quantification of CAIX positive cells using anti-CAIX antibody for identifying the
involvement of HIF pathway, (b) quantification of Phospho-4EBP1positive cells for
mTOR pathway involvement by using anti-P-4EBP1 antibody in tumor tissue of mice
injected i.v. with saline (control), Vehicle (empty micelles), CHE-M, EVR-M, or DDM
with CHE at 0.5 mg/kg, and EVR at 25 mg/kg. * Represents significant difference from
control (saline), & represents significant difference from DDM (Mean + SD, n=3).
Significant differences between treatment group means is evaluated using one way
ANOVA with Tukey’s test (compare all pairs of columns) using a significant level (o)) of
0.05. Analysis is performed with GraphPad Prism version 5.04 for Windows, GraphPad
Software, San Diego California USA
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Micelle Fast t:. (h) Slow tv (h) r?
CHE 1.598 21.59 0.9881
EVR 1.644 37.90 0.9722
CHE Combination 1.493 24.82 0.9853
EVR Combination 1.494 27.99 0.9934

Table 4.1: Release parameters.

Fast and slow half-lives (t.,) and goodness of fit (r?) values for CHE and EVR in individual
and DDM using a two phase association curve fitting
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CHAPTER 5

GENERAL CONCLUSIONS



118

The use of polyester diblock copolymers for drug delivery applications has tremendously
increased courtesy of their wide range of applications. Certain properties of these
copolymers such as chemical composition, molecular weight and size can be modified
according to our needs thereby tailoring these corresponding micelles and nanoparticle
structures for specific purposes. The size of these nanostructures makes them ideal
candidates for delivery of therapeutic and hydrophobic moieties. The ability of these block
copolymers to form well defined core-shell nanostructures upon aqueous exposure has
huge potential and this attribute has been thoroughly exploited in developing various
nanostructures that include micelles, nanoparticles, and polymersomes. The nanostructures
can solubilize multiple drug moieties at therapeutically relevant concentrations thereby
providing an opportunity to explore their therapeutic potential in treating metastatic
diseases. These polyester structures are biodegradable and are already being tested in
clinical trials. We have successfully developed a micellar and a nanoparticle system based
on polyester diblock copolymers and we demonstrated their diagnostic and therapeutic

applications hereafter.

High mortality rates associated with majority of the cancers is primarily because of the
metastatic spread of the disease. Majority of the metastasis occurs through the lymphatic
system wherein the treatment is given systemically thereby causing unwanted systemic
toxicity. The inability to deliver therapeutic concentrations of drug moieties to the
lymphatics eventually leads to the development of drug resistance. Nanostructures with
certain parameters such as size < 100 nm and a slight negative surface charge have been
reported to be selectively up taken into the lymphatics compared to neutral or positively
charged particles. We therefore developed a PEG-b-PCL surface modified nanoparticle
system that when injected subcutaneously accumulates specifically in the lymphatics and
delivers multiple drug moieties simultaneously at therapeutic levels to significantly inhibit
the melanocyte proliferation and thereby prevent further metastasis. We tested the efficacy
of these nanoparticles in relevant metastatic melanoma mouse models. The surface
properties of these nanostructures such as size and charge need to be adequately tailored to
achieve locally acting nanoparticles or those that travel to distal sites within the lymphatics.

The developed nanoparticle platform can be loaded with multiple hydrophobic moieties
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and can be used in the treatment of other diseases that metastasize through lymphatics. We
have so far been successful in developing and characterizing this nanoparticle system but
further work needs to be done in elucidating the biodistribution of these nanoparticles after

subcutaneous injections in vivo.

mPEG-b-PLA micellar platform was developed to demonstrate the diagnostic applications
of the micelles. Nerve damage occurs in majority of the surgeries due to lack of a
contrasting agent. Traditional formulations for the delivery of fluorescent probes used
DMSO in their formulation which caused unwanted toxicities. The delivery of BMB in our
polymeric micellar biodegradable platform displayed enhanced accumulation in the nerves
possibly due to the longer circulation times associated with polymeric micelles. The PEG
coating of these micelles prevent their opsonization by macrophages and also increases
their size such that they can no longer be excreted renally. The nerve highlighting micellar
formulation is a first of its kind as no clinically approved nerve highlighting agents are
available. This platform therefore has a potential clinical application in operating rooms

for the delivery of various kinds of nerve highlighting fluorophores.

The mPEG-b-PLA platform can also be used for therapeutic applications wherein we
incorporated two drug moieties that targeted the major pathways involved in ovarian
cancer. These micelles after being injected i.v. selectively accumulate in the tumor site via
the EPR effect, courtesy of their nano size. The combination of the incorporated drugs
needs to be carefully selected so as to achieve synergistic effects in preventing cell
proliferation. The aqueous solubilities of both drug moieties has been tremendously
increased to therapeutic concentrations by incorporating them in the hydrophobic micellar

cores.

In conclusion, micellar and nanoparticle structures developed from polyester diblock
copolymer platforms have tremendous applications in the formulation industry and their

diagnostic and therapeutic applications have been demonstrated in this work.



