ABSTRACT

KAI, MARC PHILIP. Development and Applications of a Cisplatin-containing Hydrogel
Nanoparticle. (Under the direction of Professor Joseph M. DeSimone.)

The interdependence of size, shape, deformability, and surface chemistry of micro- and
nanoparticles is of interest to many research communities. Oncologists, pharmaceutical
scientists, and toxicologists are examples of the wide community of professionals who would
benefit from establishing optimal particle properties for the treatment of tumors. Cisplatin is
a cytotoxic drug used as a first-line therapy for a wide variety of cancers. However,
significant renal and neurological toxicities limits it clinical use. It has been documented that
drug toxicities can be mitigated through nanoparticle formulation, while simultaneously
increasing tumor accumulation through the enhanced permeation and retention effect.
Circulation persistence is a key tenet for exploiting this effect, and there is general consensus
in the literature for particle characteristics — such as charge, stealthing, and size - that will
yield long circulating particles. Utilizing Particle Replication in Non-wetting Templates
(PRINT), monodisperse shape specific particles with highly tunable physical characteristics
can be fabricated. The capacity of PRINT to independently and systematically vary
parameters is a crucial advantage in elucidating their role on particle behavior in a biological
setting. By holding all parameters for long circulation constant, a series of filamentous
particles (80 nm x 180 nm, 80 nm x 320 nm, 80 nm x 5000 nm) was made to evaluate the
effect of shape on circulation. The optimal particle was then selected for drug loading and
delivery studies using cisplatin as a model therapeutic. Scale-up and optimization of the
PRINT process using roll-to-roll technology allowed for fabrication of the large quantities of

particles needed for pre-clinical studies.

Grafting of polyethylene glycol to the surface of a nanoparticle (PEGylation) is a common
tactic used to minimize opsonization and macrophage uptake, consequently improving

circulation parameters. Development of a tunable surface PEGylation density on 80 nm x



320 nm PRINT hydrogels resulted in prolonged circulation times for PEG Brush and
Mushroom conformations compared to a non-PEGylated surface. Another major contributor
to particle circulation profiles is shape, a characteristic that has been less explored due to the
inherent difficulties in control using common particle fabrication techniques. Utilizing
PRINT, previously unrivaled control over shape was demonstrated through calibration-
quality fabrication of various aspect ratio hydrogel particles. Observation of biological
interactions—specifically macrophage association, circulation profile, and biodistribution—
with the particles revealed different trends with respect to macrophage association and
circulation profile. While macrophages appear to have frustrated interaction with the
filamentous 80 nm x 5000 nm particles, the worm-like geometry was ineffective at delaying

in vivo clearance.

Cisplatin was complexed into the long-circulating, PEGylated, polymeric 80 nm x 320 nm
hydrogels for therapeutic applications. Sustained release was demonstrated, and drug
loading correlated to surface PEG density. A PEG Mushroom conformation showed the
optimal compromise between pharmacokinetic (PK) parameters and drug loading. Particles
displayed comparable cytotoxicity to cisplatin in several cancer cell lines and had a higher
maximum tolerated dose in mice. Additionally, the PK profiles of drug in plasma, tumor,
and kidney indicate improved exposure in the blood and tumor accumulation for the
particulate form, with concurrent renal protection. A comparison of PK in healthy versus
tumored mice revealed a tumor-induced modulation of particle behavior. A shift in cell
population behavior was responsible for a rapid clearance of particles from circulation and an
increased rate of accumulation in the liver and spleen. Upon further investigation by flow
cytommetry, macrophages in the lung, spleen, and liver were polarized toward an M2-like
phenotype by the presence of a tumor. Furthermore, these M2-like polarized macrophages
were more proficient in particle recognition compared to an M1 phenotype. Overall, this

work paves the way for future applications in cancer chemotherapy and immunotherapy.
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CHAPTER 1:

Surveying the landscape of particulate-based drug delivery in oncology

This doctoral dissertation aims to understand the interplay between the immune system and
nanoparticle behavior. The ultimate goal is to develop and test a novel platform for
therapeutic intervention in oncology applications. To better understand the role of particle
characteristics in a biological setting, precise control must be enforced. The most effective,
robust way to accomplish this is through calibration-quality control over particle parameters

and the logical tuning of these parameters.

The body of work herein encompasses several disciplines, including chemical engineering,
material science, polymer chemistry, oncology, and immunology. In this introductory
chapter, the relevant background is provided to stand at the crossroads of these fields and
understand how they intertwine for applications in nanomedicine. Once this framework of
nomenclature and theory has been formed, an overview of the dissertation at the end of this
introductory chapter provides a detailed synopsis of the research objectives. Subsequent
chapters expand upon the finer points of these objectives and discuss relevant findings as

they relate the overall theme of nanoparticle behavior in a biological environment.

1.1  Historical perspective of cancer

Humans have been continually harangued by a variety of disease for millenia, and throughout
history has risen to the challenge of sustaining civilization in the face of relentless epidemics
and plagues. Sometimes the advancement of our race has been from survival of the fittest,
but often enough it is due to our capacity for reasoning a solution through science, or rather
the version of science in existence at the time. One disease, however, has persisted
throughout the ages—perhaps even born alongside humanity. Known universally throughout

the world, the term “cancer” is relatively new in the context of human history. The root word



carcinos is credited to the Greek physician Hippocrates around the 5 century B.C.> Record
of the disease dates much farther back, however, with physical evidence found among
fossilized bones and mummies from Ancient Egypt. No matter what name has been assigned
to it throughout history, the prognosis has remained largely unchanged. It was diagnosed by
most early physicians as incurable. That opinion had prevailed throughout history until the
19" century, although even today there is still a strong connection between cancer and a

mortal outcome. 2

What is the cause of such a long-standing calamity? In essence, it is the inability of cells to
exert self-control. Recent efforts to understand the epidemiology of cancer have focused on
genetic differences between normal and cancerous cells. Two main types of genes have been
identified so far: oncogenes and tumor suppressor genes.® Oncogenes appear when changes
to normal genes that are responsible for cell growth and differentiation arise. When
mutations occur and the cell becomes cancerous, it loses the ability to control its growth and
function properly. Conversely, a tumor suppressor gene is responsible for keeping these
sorts of properties and functions in check. When these genes are turned off, the restraint no
longer functions properly and cells can become cancerous, losing their ability to control
growth and function. The American Cancer Society draws an analogy between these genes
and the operation of a car: oncogenes are the gas pedal and tumor suppressor genes are the
brake. Mutations in an oncogene results in runaway growth and turning off a suppressor
gene effectively removes the ability to stop. The two gene types tend to operate together,
often in specific pairs of genes, but the overall effect is the same: a loss of control over
normal cell properties. These changes can be affected by a wide variety of factors, including
environmental ones such as radiation from the sun, chemical carcinogens such as benzene or
asbestos, and viral infections such as HIV or the human papilloma virus. To date, over 100
biological, physical, and chemical carcinogens have been identified by the World Health

Organization.*



Defining cancer and its causes, however, is only the beginning. Its effect on society is the
true measure of characterization. The cultural metric of interest to most of today’s society is
currency, and Figure 1-1 shows the current state of the disease topping the list of the most
expensive global afflictions.> While the cost is staggering, the ultimate motivation is to
reduce the average of 21,000 deaths worldwide per day caused directly or indirectly by
cancer.®” In America alone, the past decade has seen over 1.5 million new cases every year
and remains the second most common cause of death.” The need to adapt treatment
strategies is evident. It is crucial in the fight against cancer to explore every avenue; to turn

over every stone; to advance therapies in step with scientific advances.

Road accidents
$204-4 bn Lowerrespiratory
infections (including
pneumonia)

$125.8 bn .
Malaria
‘ $24.8 bn
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Cerebrovascular $193,3 bn
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$753.2 bn

Cancer

$895.2 bn

Figure 1-1. Cost of cancer worldwide compared to other health risks. (Adapted from Ref. 5;
reprinted with permission from Nature Publishing Group)



1.2 Therapeutic efforts to combat tumor progression

The earliest forms of fighting cancer involved surgery. Before much was known about
anatomy and physiology, excision was the method of choice for dealing with a tumor.?
While surgery is still the first option in most cancers, success has been enhanced over the
years by tumor imaging techniques and advances in radiation research. Used for both
diagnosis and treatment, x-ray therapy has been made great strides as the precision and
accuracy of the technique has improved. When the field of chemistry experienced a boom
during the mid-1900’s, efforts to combat the disease progressed to using naturally-derived
products. While faced with much criticism initially, the vast library of chemicals in the
world quickly spawned synthetic derivatives and analogues that proved effective at treating
various types of cancer. Furthermore, as more drugs were investigated, alternatives to direct,
single therapy treatments were revealed. Some reduced side effects, others targeted specific
cell types, and occasionally combinations of two or more worked where the individual

treatments were not as successful.®

In reality, a combination of all three types of treatment—surgery, radiation, and
chemotherapy—is currently the course of action once a patient has been diagnosed with
cancer. With steady advances in each of the treatments, the prognosis has improved from 1
in 2 people surviving at least five years in the 1970’s, to better than 2 out of 3 in recent
years.” Additionally, new treatments are constantly being explored, although Figure 1-2
reveals that cancer still has the lowest likelihood for success in clinical trials among all
diseases.'® This lack of success provides justification for pursuing new formulations of
current or past therapies in addition to new drug discovery efforts. For these new
formulations, advances at the intersection of material science and oncology hold great

potential for combining the best from both worlds.
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Figure 1-2. Clinical trial success among disease s. Bars are represented on left y-axis and
line points are represented on right y-axis; LOA = likelihood of approval. (Adapted from
Ref. 10; reprinted with permission from Nature Publishing Group)

Among the current gamut of drugs that would benefit from a new formulation, perhaps the
most important is cisplatin. Often called “the penicillin of chemotherapy”, it has broad-
spectrum potential and is one of the most widely used, effective agents against epithelial
malignancies.'* The primary mechanism of action in a platinum-based therapy is the cis-
conformation’s ability to complex with purine bases and disrupt DNA replication or
transcription, ultimately leading to cell death by apoptosis.'?> As depicted in Figure 1-3,
cisplatin can bind to a number of positions along a DNA strand, along with non-nucleic acid
targets such as intracellular proteins.*® The faster, uncontrolled growth makes cancer cells

more susceptible to these mechanisms compared to normal cells.
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Figure 1-3. Mechanisms of cisplatin-mediated cytotoxicity. The majority of cellular process
disruptions are caused by DNA cross-links, or adducts. (Adapted from Ref. 13; reprinted
with permission from Gene Therapy Press)

Platinum-based therapies, however, are not without limitations. The same mechanisms that
make cisplatin so potent against cancer also result in toxicity to normal, healthy tissue. In
particular, renal toxicity is significant, and dictates the upper limit of dosing in patients.
Kidney damage is caused when free drug is filtered out at the glomerulus and accumulates in
renal tubular cells.** Cytotoxicity in these cells leads to kidney dysfunction and potential
organ failure. The effect can be mitigated by hydration strategies to keep the kidney
flushed—preventing cisplatin accumulation—although it still remains the dose-limiting
toxicity in the clinic."> Other significant side effects include neurotoxicity and ototoxicity;
both with the potential to become permanent impairments.'® While the various side effects
can also be mitigated by other platinum analogues, such as oxaliplatin and carboplatin, these
other species are typically not as efficacious.'” Finally, drug resistance is a significant

issue.***® The most common cause is reduced accumulation within a cell: the result of



decreased cell-surface binding sites and transporters for cisplatin. Mutations in cancer cells
can also result in faster repair of the DNA-platinum adducts and consequently increase the
level of drug required for toxicity. Overall, a strategy to increase the therapeutic window
without sacrificing quality of life would be a pivotal advancement in chemotherapy.

1.3 Benefits of nano-formulations in pharmaceutical applications

Nanoparticles have found applications in many fields, including photovoltaics, catalysis,
coatings, and nanomedicine. Of particular interest are applications in the medical field,
specifically efforts in oncology. Advances at the intersection of materials science,
immunology, and medicine have resulted in better tools for diagnosis and therapy.*® The
delivery of gene therapy agents, imaging contrast agents, and drugs by a nanoscale vector has
been intensely studied for decades.® Additionally, delivery of drugs in the optimum
therapeutic window with nanovectors has resulted in reduced side effects, improved patient
compliance, and an increased efficacy.?* With the advent of advances in cancer biology and
genomics, immunotherapies have also benefited from particle technologies. All of these

benefits can be linked in some way to the tunable nature of particle materials and structure.

Nanocarriers have several desirable characteristics. First, the surface properties of the
carriers can be modified, resulting in an extended circulation half-life.*>* This decreases
the likelihood of being cleared from the body via the reticuloendothelial system (RES),
resulting in a simultaneous increase in therapeutic index (ratio of toxic dose to effective dose)
and reduction in the required dose. Secondly, when bioactive agents, such as
chemotherapeutics or sSiRNA, are conjugated to or encapsulated in a particle, the effect is
higher stability and biocompatibility.?* Third, a large number of agents can be delivered by a
single nanocarrier, making them very efficient. Finally, the carriers can be designed to target

specific cell types or even intracellular components.®>2®



These advantages lead to the vision of nanocarriers that can target specific tissues and cells to
simultaneously detect and/or diagnose disease. 2"?® Additionally, delivery of therapeutics
directly to the desired site would be possible. It is expected that custom engineered drug
therapies would result from size- and shape-specific carriers that would encapsulate fragile
cargo. The result would be simultaneous design of biodistribution, bioavailability, target-
specific cell penetration, and controlled cargo release into one therapeutic agent.?® Targeting
ligands functionalized to the surface would provide more efficacious detection and treatment
than current methods allow. For this vision to be realized, however, a better understanding of

the unique nature of the various tissues found throughout the body is required.

1.4  Biological barriers affecting particle distribution

Blood vessels throughout the body are composed of endothelia classified as continuous,
fenestrated, or discontinuous.”>*** Figure 1-4 illustrates the three morphologies found in
vascular endothelium. Aurteries, vessels, muscle, and the lungs contain continuous
endothelia, which have no fenestrations (regional thinning of capillary walls) and
intercellular spacing of 5-10 nanometers (nm). A fenestrated morphology has octagonal
pores of approximately 50 nm, and is found in glands, digestive mucosa, and the kidneys.
Lastly, discontinuous endothelia, as found in liver, spleen, and many tumors, have
endothelial gaps ranging from 50 to several hundred nanometers (nm). ** This morphology

helps define the fates of particles within the body.



Continuous Capillary Fenestrated Capillary Discontinuous Capillary

Figure 1-4. Representative model of capillary endothelia, illustrating the three types of
morphology. (adapted from www.udel.edu)

Upon intravenous injection, particles in circulation encounter several checkpoints including
the liver, spleen, and kidney. Both mechanical and cell-mediated filters exist as a barrier to
sustained blood persistence of particles. In order to identify the relevant particle properties
for effective drug delivery, the nature of the various organ environments must first be

examined.

1.4.1 Structure and function in healthy tissues

The liver receives 30 % of the total blood volume every minute, making it an inevitable
destination for particles upon intravenous administration. 3 The blood flow rate is
approximately half in the capillary beds of the liver compared to other locations, facilitating
the detection and capture of foreign bodies, such as pathogens and bacteria, directly from the
passing blood. * A high concentration of resident macrophages—or Kupffer cells—and
natural Killer cells allow for this rapid and efficient clearance of invaders. In fact, the liver
possesses over three-fourths of all tissue macrophages and has the highest density of natural
killer cells in the body.***® The path of blood flow mandates a close proximity to these
phagocytic cells as it passes through the sinusoidal space before returning to circulation via
the central vein. Thus, in order to remain in circulation, it is crucial for entities to have some

form of stealth coating or “self” surface-markers to avoid sequestration.



The spleen also presents significant barriers to continued circulation.®*** Though it is
exposed to less blood than the liver, about 5 % of cardiac output compared to 25 %, it is still
an unavoidable destination for particles. The main purposes of the spleen are to maintain
immune homeostasis and remove old erythrocytes—or red blood cells—from circulation. As
a secondary lymphoid organ, immune responses are mounted and controlled by the complex
interactions between the vast populations of T cells, B cells, natural killer cells, dendritic
cells, and macrophages. Blood-borne pathogens and cellular debris pass through several
“zones” before returning to circulation. A particle in circulation would first encounter the
white pulp, which contains the T cell zone and B cell follicles, before terminating in the red
pulp, where the venous sinus is located. Returning to circulation requires passage through
cords of the venous sinus through slits in the endothelial cells that make up the vessel walls,
which are on the order of several hundred nanometers. This process allows for elimination of
“aged” erythrocytes, whose membranes have stiffened over time to the point where they
become entrapped or unable to cross through the endothelial slits. The large number of
macrophages in the red pulp ensures removal of these old cells by phagocytosis.
Consequently, in addition to requiring the same “stealth” or “self” properties to avoid
detection by phagocytic cells in the liver, particles must be small enough, or flexible enough,

to overcome splenic filtration.

At the other end of the mechanical filtration spectrum resides the kidney.***" Renal
infrastructure is built to filter out waste products, along with maintaining salt and water
balance. As blood passes through the glomerular capillaries, sequential layers of fenestrated
endothelia result in an effective pore size of approximately 5 nm. These pores allow for the
removal of metabolism byproducts and waste molecules from the blood. This translates to a
particle size cutoff of 6-8 nm, depending on particle characteristics such as zeta potential.
The ability to avoid accumulation in the kidney has direct implications for cisplatin
applications, as renal toxicity can be mitigated or avoided entirely by encapsulation into a

nano-vehicle.
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1.4.2 The theory of Enhanced Permeation and Retention

There can be additional alterations to normal anatomy and physiology in the presence of
disease. In particular, cancer has a number of traits that make it an attractive target for
nanomedicine. Tumor vasculature is highly heterogeneous compared to normal vessel

structure, often resulting in a discontinuous morphology with endothelial gaps up to several

hundred nanometers in size. This structure is due to rapid angiogenesis caused by secretion

of growth factors, such as vascular endothelial growth factor (VEGF) and nitric oxide
(NO).%% Concurrently, new lymphatic vessel growth is not inherent, and rapid cancer cell
growth compresses the lymphatic vessels already present. Thus, drainage from a tumor is

poor, especially near the center of a mass. These properties combine to result in a common

ly

accepted theory of passive nanoparticle accumulation, referred to as the enhanced permeation

and retention (EPR) effect (Figure 1-5).* First recognized in 1986, it was attributed to
hypervasculature, enhanced permeability, and little recovery through either venous or
lymphatic drainage.** This theory suggests that, given enough time, circulating
macromolecules and nanoparticles will eventually deposit in the tumor bed. The first

documented definition of EPR involved a study with proteins, but wide application to nano-

and microparticles has since been explored.*®42#3
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Figure 1-5. Illustration of the EPR effect depicting a discontinuous epithelium lining blood
vessel walls of a tumor with concurrent poor lymphatic drainage compared to normal tissue.
Nanoparticles can passively accumulate via gaps in blood vessels supplying tumor tissue.
(Adapted from Ref. 40; reprinted with permission from Nature Publishing Group)

1.4.3 Tumor Immunology

In addition to morphology and structural characterization, the progression of cancer biology
has also revealed important aspects of tumor immunology. Tumor fate can be broken down
into three states of immunosurveillance: elimination, equilibrium, and escape.*** In
elimination, the body robustly recognizes and suppresses cancerous cells resulting in
inhibition of tumor formation. Equilibrium results when the body is unable to recognize
every mutant cell, and a balance exists between residual malignant cells and the immune
system. Finally, when the balance tips and variants that resist destruction proliferate, escape
occurs and tumors with reduced immunogenicity form. It is difficult to characterize
immunosurveillance of cancer in humans, due to the large sample size and long-term
monitoring required. Nonetheless, advances in genetic mouse models have provided insight

into the relationship between immunity and cancer.® Certain aspects of this relationship
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have implications in the realm of nanomedicine, given the proclivity of the immune system

for foreign bodies, such as particles.

Concurrent with a reduction in immunogenicity of cancer cells is an increase in
immunosuppression by the tumor, both in the local microenvironment and systemically.*’
This coopting of immune function is achieved through a complex signaling network that
shifts the balance of immune cells present at or near the tumor microenvironment. A healthy
immune system possesses a dynamic balance between an inflammatory and anti-
inflammatory response, designated as Thl and Th2, respectively. This skewing is based on
the function of a specific class of adaptive immune system cells, called helper T cells.*
Additionally, regulatory T cells dampen each of these responses to avoid immune
dysfunction from a prolonged imbalance. Naive T cells are biased toward inflammatory
(Thl), anti-inflammatory (Th2), or regulatory (Treg) based on the environmental signals
present upon activation by a dendritic cell—one of the main controllers of immunity.>*
Table 1-1 identifies the prototypical cytokines and factors responsible for each cell type,
along with cytokines secreted by the helper T cells. Once a helper T cell is activated, it
releases the appropriate cytokines to help recruit or polarize other immune cells to the same

objective.

Table 1-1. General description of select helper T cell activation and response.

Helper T cell class Activation Triggers Cytokines Secreted
Th1 (inflammatory) STAT-4, IL-12, IFN-y IFN-y, IL-2

Th2 (anti-inflammatory) STAT-6, IL-4 IL-4, IL-5, IL-13
Treg (regulatory) STAT-5, IL-2, TGF-B IL-10, TGF-B

13



In cancer, the shift toward a Th2 and Treg response allows for immunosuppression and
subsequent tumor progression.®*®® This is partly achieved through the polarization of
macrophages toward a M2-like phenotype, historically referred to as tumor-associated
macrophages (TAMSs).*” These TAMs are part of a larger population of myeloid cells,
including myeloid-derived suppressor cells, tumor-associated neutrophils (TANS), and
myeloid dendritic cells.>* These myeloid cells, together with the milieu of other immune cells
present, constitute the complex network in the tumor microenvironment responsible for

tolerance and progression of cancer cells.

Research over the past decade on tumor biology has continued to add to the growing
collection of information surrounding the tumor microenvironment. This has opened the
door for immunotherapies that aim to reverse the changes caused by a tumor or stimulate an
immune response to the tumor.>>>> While many nanoparticle systems aspire to accomplish
these goals by directly or indirectly alter the tumor microenvironment, there is still much to
be understood about the role of immune status on nanoparticle behavior. Some insight into
this complex interplay is surfacing, but much remains to be elucidated.”® These local effects,
however, are often secondary, as long residence time in the blood remains as the major

hurdle to passive delivery of a nanocarrier to a tumor.

1.5 Relevant particle parameters for targeting cancer

As described in the previous section, there are several factors to consider when designing the
optimal particle characteristics. Size, flexibility, and surface properties directly affect a
particle’s ability to navigate the biological barriers within the body. Additionally, shape and
surface charge play a significant role in augmenting the prototypical design dictated by the
aforementioned properties. Overall, the fundamental goal of a long-circulating particle is to
avoid detection by the immune system.
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Size

The fundamental difference in vascular geometry depicted previously in Figure 1-4 results in
a size-dependent distribution of intravenously injected particulate drugs among tissues and
organs. Due to the various tissue morphologies, particles less than 200 nm in size tend to
avoid mechanical filtration of the liver and spleen, and particles larger than 5.5 nm avoid
rapid filtration by the kidneys.*”*" Particles within these size constraints can exhibit long-

circulating profiles.>®>

The desirable size range is not so straightforward when the goal is tumor accumulation.
Tumor heterogeneity confounds the possibility of establishing blanket size parameters for
successful accumulation, as vascular endothelial gaps vary both from tumor to tumor and
among different tumor types. Consequently, there has been an increasing consensus among
experts in the nanomedicine field that “smaller is better”. To that end, evidence has mounted
in recent publications in favor of sub-100 nm particles for passive accretion within a tumor.
%0°62 |n any case, a major advantage of nanoparticles over small molecule drugs is a marked
increase in the ratio of tumor to healthy tissue distribution.®® Due to the tight junctions
present in healthy, normal vasculature, particles are too large to extravasate into healthy
tissue. Thus, the cytotoxic cargo is confined to the region of interest—specifically tumors—
mitigating side effects otherwise caused by broad tissue distribution in the case of free drug.

Modulus

Additionally, the modulus of particles plays a role in avoiding splenic and hepatic filtration.
Previous studies have shown that these barriers can be circumvented by minimizing cross-
linking density within the particle matrix, thereby decreasing the stiffness. **% At the
nanoscale, a hydrogel particle composition of 10 % cross-linker (by weight) was found to
result in the optimal modulus for extravasation through porous membranes—mimicking the

pores found in the liver and spleen.
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Surface chemistry for “stealthing” of particles

Surface properties critically affect biological interactions with particles. Specifically, the
first major interaction upon introducing particles intravenously is opsonization—the major
mechanism by which a particle is marked for clearance in the bloodstream. ?* It occurs when
plasma proteins, called opsonins (e.g. 1IgG and IgM antibodies, C3b and C4b complement
proteins, and mannose-binding lectin), bind to the surface of a pathogen and increase the
susceptibility to ingestion and destruction by a phagocyte. Polyethylene glycol (PEG)
conjugated, grafted, or absorbed to the surface of nanoparticles (PEGylation) in a brush
conformation has been shown to significantly reduce protein absorption and macrophage
association, consequently increasing blood residence time. ®”®® In a study by Shan and co-
workers, PEGylation decreased macrophage cellular uptake of nanoparticles by five-fold
compared to those without PEG.®® Additionally, PEGylated nanoparticles reduced plasma
protein absorption onto the surface of the particle with consequent increase in blood
circulation time, and also reduced hepatic filtration. These studies clearly illustrate the
important role that PEGylation can play in nanoparticle biodistribution.

Shape

Another important parameter in the biodistribution of nanoparticles is shape, which has not
received as much attention due to the lack of sufficient fabrication methods for consistent,
calibration-quality control over particle geometry.” "* Studies using micelle assemblies or
magnetically-linked spheres have attempted to characterize circulation behavior. Inspired by
nature’s effective nanoparticles—filamentous viruses—these studies revealed a long, worm-
like structure is more effective than a spherical one when long circulation times are
desired.”" The in vivo circulation time for these assembled filamentous geometries
increased as the length increased, however, they were susceptible to fragmentation as the
linkages were non-covalent. Consequently, due to a lack of sufficient particle fabrication

methods, there is still much to be explored on the effect of shape.
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Surface charge

The role of zeta potential has also been well-documented, both in terms of particle stability
and biological interactions—specifically cytotoxicity and cellular uptake. The stability of
particles in suspension can be altered by modifying the surface charge.” Cationic particles
are more toxic to red blood cells and cause platelet aggregation compared to neutral or
anionic particles.”®* Additionally, surface charge has an effect on the way certain proteins in
blood interact with the particles. Lastly, due to the ubiquitous presence of
glycosaminoglycans, such as heparin sulfate, cells throughout the body are negatively
charged.” While uptake by the desired cell type—such as tumor cells—would be enhanced
by a cationic surface due to this negative cell surface, positive particles would adversely
associate with non-target tissues as well, such as blood vessel walls.** Overall, to sustain
circulation and avoid sequestration or toxic side effects, particles with a negative or neutral

zeta potential are desirable.

Need for “calibration-quality” tools

The parameters described above all have dynamic roles in interactions within the body. This
interdependency between size, shape, deformability, and surface chemistry of micro- and
nanoparticles is of interest to many research communities. Pulmonologists, oncologists,
pharmaceutical scientists, and toxicologists are examples of the wide community of
professionals who would benefit from establishing the characteristics of optimal particles.
Summarizing the desired requirements for several of the parameters discussed above. Figure
1-6 illustrates the complex interplay between these properties, including size, surface charge,
and hydrophilicity. As discussed in previously in this section, the optimal particle
parameters for taking advantage of the EPR effect are indicated by the green zone.
Hydrophobic particles (low dispersity due to hydrophilic environment in the body) result in
either toxicity from a cationic smaller, particles or rapid clearance from larger, anionic

particles by the immune system—designated by the red and blue zones, respectively.
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Figure 1-6. Qualitative trends in biological behavior and in vivo biocompatibility of
nanoparticles based on their physical characteristics. Particles with neutral or negative
surface charge, between 7 and 200 nm in size, and hydrophilic (well-dispersed) properties
tend to promote enhanced permeation and retention (EPR) effects. (Adapted from Ref. 43;
reprinted with permission from Nature Publishing Group)

While many studies address the behavior of particle systems in a biological setting, revealing
how particle properties work together presents unique challenges on the nanoscale. The
major roadblock to revealing this interdependence is the previous lack of a suitable particle
fabrication technique.?® Most studies on nanoparticles have focused on spherical shapes, due
to their accessibility and narrow size distribution, obtained by fabrication methods such as
dispersion, emulsion, and suspension polymerization. However, these systems have little

control over size and shape at a sufficient, “calibration-quality” level.
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1.6 Particle Replication in Non-wetting Templates (PRINT)
1.6.1 Fabrication details

Particles are generally fabricated using either bottom-up or top-down approaches. Bottom-up
techniques start at the atomic or molecular scale and build up to the desired particle size,
resulting in particles such as liposomes, micelles, vesicles, and polymerosomes.’""
Examples of these methods include emulsion polymerization, liposomal encapsulation,
heterogeneous polymerization, and inorganic colloid synthesis. Top-down methods process a
material on the desired scale. Techniques such as milling and grinding of bulk materials, or
lithography are used for inorganic materials.*® Microfluidics, imprint lithography, and
particle stretching techniques are recent advancements in top-down fabrication of particles
from organic materials. However, limitations on size distribution, shape, scalability, and
other factors prevent the emergence of a single method capable of encompassing the

necessary variability of these parameters in biodistribution studies.

In the DeSimone lab, a method to produce monodisperse particles with highly tunable

physical parameters has been developed: Particle Replication In Non-wetting Templates
(PRINT).”® This method produces precisely controlled polymeric vectors, in the tens of
nanometers (nm) to micrometer (um) size range, using a modification of traditional soft
lithography. The premise of this modification was founded on the use of a photocurable

perfluoropolyether (PFPE) mold as a template.

The PRINT process allows for superior shape and composition control in non-harsh
processing steps. Unlike other materials, PFPE-based molds are non-wetting and non-
swelling to both organic and inorganic materials. The process begins by casting a film of
pre-particle solution onto a high-surface energy delivery sheet, which is then laminated to the
low-surface energy mold through a pressurized nip. Consequently, a reversible seal is

formed between the mold and the substrate, allowing the liquid to be either confined to the
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cavities in the mold or forced out due to the low-surface energy of the interfacial area. The
PRINT particles are harvested as isolated, scum-free objects because both the highly
fluorinated mold and the substrate are non-wetting to the preparticle solution, while capillary
pressure allows retention of the solution strictly within the mold features. Figure 1-7 depicts

the PRINT process from start to finish.
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Figure 1-7. The PRINT process. Mold (green) is made from a patterned silicon master. The
mold is filled by lamination to a film of preparticle solution (red) on PET substrate (grey),

followed by separation and photochemical curing. Particles are removed from the mold with
a harvesting film (yellow) and dissolution of the film yields free-flowing particles in solution.

In summary, PRINT particles are monodisperse in size and uniform in shape, can be molded
to any shape and from almost any material, are formed under mild conditions, and are
amenable to post-functionalization chemistry. The mild nature of the process allows for the
incorporation of delicate cargo, such as contrast agents, therapeutics, organic dyes,
antibodies, proteins, and DNA.**#7#% These properties yield a technique for fabricating
highly controllable, calibration-quality nanoparticles for biodistribution studies on the

interdependence of size and shape.
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1.6.2 Motivation for a new particle platform for cisplatin delivery

The capacity to tightly control particle parameters holds great potential in chemotherapeutic
applications. There is a particular need for translational platforms for improving the clinical
efficacy of platinum-based drugs. Figure 1-8 reveals the large gap between publications and
clinical trials involving platinates.* This highlights the prospective advantages over

producing a particle with characteristics that effectively deliver drugs, such as cisplatin, to a

tumor.
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Figure 1-8. Cumulative publication profile of polymer and liposomal therapeutics
containing platinum. (adapted from Ref. 51; used with permission from Elsevier)

Nanoparticle technologies currently in pre-clinical or clinical trials are listed in Table 1-2.
Examined individually, these platforms have a desirable property or two, but fall short on the
composite. If they were able to show success to the extent of entering clinical trials with at
least one shortcoming, the potential for a particle exhibiting ideal behavior for all properties

would theoretically have equal or greater success. Through its ability to independently alter
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variables, PRINT has the capability to tune the characteristics of a particle individually to

provide the best balance between loading, release, and circulation time.

Table 1-2. Overview of cisplatin-based nanoparticle platforms in various stages of clinical
trials. Data compiled from Refs. 3278

NanoCarrier Nanoplatin Regulon Alza PLGA-b-PEG
(NC-6004) Lipoplatin (SPI-077) (pro-drug)
Status Phase I-III Phase III Phase II Pre-clinical
Platform Polymeric micelle Liposome Liposome Co-polymer
Cis[];:i:wl‘:;;ding 39 9.8 (w/w Cis:lipid) 1.4 (w/w Cis:lipid) 3
Loading method Com;.:lex with glutamic Encapsulation Encapsulation Encapsulation
acid (carboxylate)
Release (t ,h) ~120 Unknown Plasma Stable 17
Ci:g?:;y None PEGylated PEGylated Pilgdé; T;?f;d
Size 30 nm 110 nm 110nm 150 nm
Circulation t _ (h) 6.43 (rat) 7.14 (rat) 16 4.3

Dose Schedule

Every other day for 5 days
(colon)

Once weekly x 4
(breast/prostrate)

Weekly or bi-
weekly x 3 doses
(colon/Lewis lung)

Twice weekly x 4
weeks (prostate)

1.7 Overview of dissertation

The research objectives of this dissertation involved producing calibration-quality

nanoparticles to study their behavior both in vitro and in vivo, with a focus on applications in

oncology.
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Four main objectives were targeted for investigation in this research:

1. Scale-up of the PRINT process to a roll-to-roll machine (Chapter 2).

N

Investigation of the effects of surface PEG density and shape on particle behavior
in a biological setting (Chapter 3).

w

. Determination of the therapeutic effect of incorporating cisplatin into a PRINT
hydrogel (Chapter 4).

. Elucidation of the nature of how tumor presence alters nanoparticle

SN

pharmacokinetics and distribution (Chapter 5).

The first objective, detailed in Chapter 2, included experiments to determine the optimal
parameters of a roll-to-roll machine for fabrication of nanoparticles using PRINT technology.
This was accomplished by varying web speed, solids-loading in the pre-particle solution, and
Mayer rod parameters. Additionally, a double-nip setup was explored to facilitate efficient
fabrication of particles with a filamentous geometry. Pre-particle film thickness, microscopy
imaging of filled mold, and post-fabrication particle size were used as metrics for successful

translation from a batch to a continuous process.

Chapter 3 covers the second objective involved optimizing surface PEGylation and shape to
determine the ideal particle for long-circulation and immune system evasion, to the end of
tumor accumulation via the enhanced permeation and retention effect. Utilizing a
quantification method for measuring PEG density on the surface of particles, a protocol was
established for producing PRINT hydrogels with either a mushroom or brush configuration.
Using a model particle with dimensions of 80 nm x 80 nm x 320 nm, these particle types
were characterized and compared to non-PEGylated particle via macrophage association,
blood circulation profile, and biodistribution in mice. Subsequently, the optimal surface
properties were translated to two additional shapes, 80 nm x 80 nm x 180 nm and 80 nm x 80
nm x 5000 nm. The three particles of varying aspect ratio, all with two out of three
dimensions held constant, were also characterized and compared via macrophage association,

blood circulation profile, and biodistribution in mice.
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The third objective pertained to therapeutic applications of cisplatin-loaded PRINT
hydrogels, and these studies are included in Chapter 4. Experiments were performed to
characterize the loading and release of cisplatin via high-performance liquid chromatography
from 80 nm x 80 nm x 320 nm particles with non-PEGylated, PEG mushroom, and PEG
brush surfaces. The results were compared to the circulation data for each of the particle
types to determine the conformation that would net the best balance between loading and
circulation persistence, with the goal of achieving the highest tumor accumulation; this
particle was coined PRINT-Platin. Once established, the ideal particle was used for in vitro
cytotoxicity assays on relevant cancer cell lines to verify a relevant therapeutic effect.
Finally, efficacy studies in mice were performed using several tumor models: orthotopic non-
small cell lung cancer (A549), subcutaneous ovarian cancer (SKOV-3), and intracranial
models of metastatic non-small cell lung (A549) and breast (SUM149) cancers.

Finally, Chapter 5 covers the fourth objective, which evolved from examination of the
pharmacokinetics of PRINT-Platin in tumor-bearing mice compared to naive, or non-
tumored, mice. Experiments were performed to measure the effect of tumor-presence on the
behavior of nanoparticles, including circulation behavior, biodistribution, and particle
distribution within an organ as a function of immune cell type. To evaluate whether the
tumor was a root cause of altered pharmacokinetics, a variety of models in mice were used to
determine if the origin of the cancer, along with the location, affected the outcome. These
models included an orthotopic human lung cancer (A549), orthotopic mouse lung cancer
(344SQ), and orthotopic mouse melanoma (LKB498).

Chapter 6 closes this dissertation. It includes concluding remarks from this research, and

summarizes the findings presented herein. Furthermore, potential future work driven by the

results of these studies is offered.
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1.8 Scope of thesis work

This research was accomplished using an optimized roll-to-roll machine capable of
fabricating nanoparticles in the necessary quantities required for animal studies. Upon
determining the most successful particle characteristics—specifically surface PEG density
and particle aspect ratio—cisplatin was incorporated and used to test the anti-cancer
properties of drug-loaded, PEGylated PRINT hydrogels, termed PRINT-Platin. Results from
in vivo studies that characterized particle behavior in tumor models led to the discovery of a
difference in clearance. This alteration of behavior provided a possible explanation for the
results seen in efficacy studies. Future work would include investigating other methods of
incorporating cisplatin into a particle as well as immunotherapy strategies that take advantage
of the interactions between the immune system and PRINT hydrogels.
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CHAPTER 2:

A scalable fabrication method for manufacturing precision nano-materials
2.1 Introduction to a continuous method for fabrication of PRINT particles

Flexible substrates are widely used in industry, from electronics to newspaper printing. A
common fabrication method, called roll-to-roll (R2R) technology, involves continuously
unwinding substrate from one roll and re-winding on another, with any number of operations
occurring in-between. There are several advantages to using a roll-to-roll (R2R) technique
for scale-up of a process. Increase in efficiency, greater yield, uniformity from beginning to
end, and higher productivity are among such improvements over a batch process.?**! The
R2R design is employed widely in thin-film solar cells, anti-reflective coatings, and many

other applications where continuous thin films are required.*?

Scale-up of the PRINT process is necessary to perform statistically significant animal studies
used to study the role of particle size, shape, elasticity, and surface modifications. Large
amounts of particles are needed to carry out the comprehensive experiments required to
measure the effects these properties have in a biological setting. Fabricating these amounts
via batch method is time-consuming, inefficient, and leads to increased variability from
sample to sample. Utilizing R2R technology, the PRINT process can be effectively scaled up
to address the aforementioned issues associated with the production of large quantities in a

batch-wise fashion.

The vision of scaling up the PRINT process began with the design and construction of a R2R
machine by Liquidia Technologies (RTP, NC), generously made available for use on-site in
the DeSimone Lab for research purposes. The machine operates by passing substrate and
PRINT mold, referred to generically as web or webbing, through several unit operations that
allow for scale-up of the various steps critical to the particle fabrication process. Figure 2-1
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shows a picture of the actual R2R machine, overlaid with zoom-ins of the operations and the

corresponding PRINT process schematic(s) they represent.

Figure 2-1. Scale-up of the PRINT process to a roll-to-roll (R2R) machine. PET and mold
webs were mounted on the left side of the machine (unwind side), and threaded through
various unit operations before collecting on the right side (rewind side). Film casting (A)
was achieved by corona-treatment of the PET delivery sheet followed by film deposition by
continuous dispensing of pre-particle solution (PPS) via a syringe pump. Lamination and
splitting were achieved upstream and downstream, respectively, of the pressurized nip
assembly (B). Polymerization of the PPS in the mold (C) was accomplished by a UV-LED
oven under constant nitrogen flush.

The endeavor of transforming from a batch-wise to a continuous method entailed a precise
balance of accurate parameter optimization experiments. Herein we report the vital variables
that were investigated and the iterative steps taken to ultimately produce calibration-quality
nanoparticles. A model 200 nm x 200 nm cylinder mold was first used to fine-tune the R2R
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machine, in part due to the mold features being visible by eye in the form of iridescence; this
allowed for qualitative assessment of mold filling, narrowing the numerous machine
parameters to a relevant range. This was followed by a more precise tuning of variables and
subsequent scale-up of the 80-nm series molds: 80 nm x 180 nm, 80 nm x 320 nm, 80 nm X
2000 nm, and 80 nm x 5000 nm .

2.2 Materials and Methods

Commercially available polyethylene glycol (Mn=700) diacrylate (Aldrich), diphenyl(2,4,6-
trimethylbenzoyl)-phosphine oxide/2-hydroxy-2-methylpropiophenone (DPT) 50/50
(Aldrich), and methanol (Fisher Scientific) were used as received. Hydroxypolyethylene
glycol (Mn=4) acrylate (HP,A) was synthesized in-house as previously described.*?
Polyethylene terephthalate (PET) was purchased in 1000-foot rolls from 3M. PRINT molds
and Plasdone were purchased from Liquidia Technologies (RTP, NC). Water, where used,
was sterile-grade and 0.2-um filtered. A roll-to-roll (R2R) operation was employed using a
custom-made lab-line manufactured by Liquidia Technologies (RTP, NC). The ultraviolet-
light emitting diode (UV-LED; Phoseon Technology) was installed in a custom, mirrored

enclosure. Nip pressure was set at 80 psig.

The pre-particle solution (PPS) was made by dissolving cure-site monomer (CSM) at various
weight percentages in methanol. The CSM composition was 89 % HP4A, 10 % PEG7-DA,
and 1 % DPT, by weight. The PPS was passed through a 0.2-um polytetrafluoroethylene
(PTFE) syringe filter (Fisher Scientific), and loaded into a 60 mL syringe (Becton-
Dickinson). When the film reached steady-state on the R2R, the curing process commenced,
and particles were harvested only from that section of mold. The filled, cured mold was run
through the R2R a second time and laminated to Plasdone harvest sheet, with the top nip
heated to 140 °C. A continuous bead-harvester (Liquidia Technologies) was used to harvest

particles in water.
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Particle size and zeta potential were measured by dynamic light scattering (DLS) on a
Zetasizer Nano ZS (Malvern Instruments, Ltd.). Images were captured using a scanning
electron microscope (SEM; Hitachi S-4700). Film measurements were made with a
Filmetrics F-50 with a contact probe accessory (Filmetrics, Inc.). A fluorescence microscope
was used to image filled mold (Carl Zeiss, Inc.). A Fourier-Transform Infrared (FTIR)

spectrometer was used for determination of curing efficiency (Bruker Optics).

2.3 Results and Discussion

A number of steps were taken to optimize the PRINT R2R system. The key parameter
identified in fabrication of optimal 200 nm x 200 nm PRINT particles was the PPS film.
Thickness and quality were paramount to low particle polydispersity (PDI) and minimizing
scum formation. Qualitative and quantitative measurements were made on variations of

Mayer rod direction and speed of rotation, web speed, and PPS concentration.

Before undertaking experiments on these variables, fine tuning of key parameters was first
performed. A standard ratio of PPS volumetric dispense rate (V) to web speed and Mayer

rod number was calculated:
2.25 —-2.50

V:ft/

min X Mayer rod #

where the numerator employed complex units to yield the volumetric flow rate of the PPS in
mL/hr. This value was determined by adjusting the syringe pump rate to a value between
fluid build-up behind the Mayer rod and incomplete coverage of the PET delivery sheet. The
range of values was based on small fluctuations in the temperature and relative humidity on
the days of fabrication. Additionally, the curing capacity of the UV-LED system was
compared to the batch mercury-arc lamp and uncured film. Figure 2-2 illustrates a
significant reduction in the acrylate carbon peaks (1610-1640 cm™).** The spectrum of a
film cured for three seconds with the UV-LED is comparable to the standard 4 minute cure of

the batch Hg-arc lamp. This cure duration equates to a web speed of approximately 18 feet
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per minute on the R2R, faster than the maximum operating conditions tested to date. A
nitrogen purge at 30 psig was maintained to minimize radical scavenging by atmospheric

oxygen.*

UV-LED cured PPS (3 seconds)

———UV-oven cured PPS (4 minutes)

Uncured PPS

1900 1850 1800 1750 1700 1650 1600 1650 1500 1450 1400

wavenumber (cm-)

Figure 2-2. Curing efficiency of Hg-arc lamp for 4 minutes (batch process) and UV-LED
oven for 3 seconds (roll-to-roll process) on samples of preparticle solution compared to
uncured solution.

Once the ability to dispense PPS and cure efficiently at steady-state conditions was
confirmed, experiments to optimize particle fabrication were carried out. The first step was
to investigate the direction and speed of Mayer rod rotation. A Mayer rod is a wire-wound or
machine-grooved metal cylinder used as a liquid film thickness metering tool. The thickness
is determined by the diameter of wire used or width of machined grooves. In either case, the
only way for liquid to escape downstream of a tight junction between a Mayer rod and a
flexible substrate is through these spaces formed by the wire or grooves. Based on
qualitative examination of film iridescence and uniformity, it was found that rotating the

Mayer rod with the contacting edge moving in the same direction as the web resulted in the
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most consistent film across the width of the delivery sheet. Furthermore, a rotation speed of
25 revolutions per minute was optimal for even deposition and coating. The thickness of
cured films was then compared to web speed. Figure 2-3 showed that thickness was
proportional to speed, with a similar relationship between thickness and PPS solids content.
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Figure 2-3. Cured film thickness of various Mayer rod and preparticle solution solids
content as a function of web speed.

The final step in optimization was variation of web speed and PPS concentration, with
subsequent comparison to the particle size and PDI. As shown in Figure 2-4, several key
trends were observed. Quantitatively, PDI decreased and particle size increased as web
speed increased. Qualitatively, a #3 Mayer rod (6.86um wet film thickness) pulled more
homogeneous films than a #5 rod (11.43um wet film thickness). Finally, concentrations
greater than 5 wt % resulted in heterogeneous films, evidenced by inconsistent PDI values at
various web speeds. Films cast with 2.5 wt % PPS and a #3 Mayer rod resulted in partial
filling of the mold (particles were less than 200 nm in dimension) due to insufficient film

thickness, and consequently were not plotted.
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Figure 2-4. Characterization of particle size and polydispersity as a function of web speed
and PPS wt %. Particles were fabricated with a #5 (left) or #3 (right) Mayer rod.

Comparison of Figures 2-3 and 2-4 led to the conclusion that the key predictor for quality
particle fabrication was film thickness. The lower thickness values corresponded to
incomplete filling for the 2.5 wt % PPS. A higher thickness value trended with a higher PDI
as Mayer rod and PPS wt % increased. The DLS and PDI data from the optimal
configuration—a #3 Mayer rod, 12 ft/min web speed, and 5 wt % PPS solids—correlated to a
film thickness between incomplete mold filling and higher PDI.

In summary, precision fabrication of monodisperse nanoparticles was accomplished.
Utilizing R2R technology, PRINT particles were successfully scaled-up from a batch
productivity of 20 mg/hour to 864 mg/hour for the continuous process. The optimal
parameters for ideal 200 nm x 200 nm PRINT particles were 12 ft/min web speed, 5 wt %
PPS, #3 Mayer rod rotated 25 rpm in the same direction as the web, and a corresponding PPS

dispense rate of 81-90 mL/hr. When operated under these conditions, particles were
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fabricated consistently with polydispersity less than 0.03, with representative scanning
electron micrographs shown in Figure 2-5.
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Figure 2-5. Scanning electron micrograph of 200 nm x 200 nm PRINT hydrogel cylinders
fabricated using a roll-to-roll (R2R) machine.
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The next step in scale-up of the PRINT platform was to optimize the different shapes and
sizes available, starting with roll-to-roll processing of the 80-nm series molds. Initial
attempts focused on the same variables that were adjusted in optimization of the 200 nm x
200 nm cylinders. However, it quickly became evident that the margin for error in
parameters was much smaller. An iterative approach was taken; where-in mold filling was
characterized via fluorescence microscopy for a multitude of parameters formerly untested.
Two main issues presented roadblocks in fabrication: 1) incomplete filling of the mold and 2)

evaporation of monomer prior to photopolymerization.

Fluorescence microscopy was vital in assessment of the mold. The ability to examine the
effect of a variable quickly was paramount to efficient and rapid determination of optimal
conditions. Using this tool, incomplete filling was diagnosed in all attempts at varying PPS
concentration, web speed, Mayer rod size, nip temperature and N,-purge pressures. A vital
addition to the R2R operation was installed in the form of a second pressurized nip. It was
observed that successful batch filling was commonly achieved via multiple passes of the
mold and delivery sheet through a laminator before splitting the two. A rudimentary add-on
was temporarily installed on the R2R, and Figure 2-6 displays the marked difference in
filling efficiency between the single-nip and double-nip setups. The double-nip was vital to
complete filling of the mold as evidenced by the fluorescent images. Subsequently, a

permanent second nip was assembled and installed on the machine.
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Figure 2-6. Comparison of single-nip (A) vs. double-nip (B) method of uncured, filled mold
with other parameters held constant.

Once complete filling of the mold was consistent and reproducible, the effects of the
nitrogen-purge on monomer evaporation became evident. Cured molds were examined at N,
pressures of 30, 7.5, and 2 psig. Incomplete curing was observed for pressures less than 2
psig, as oxygen in the air acts as a radical scavenger and inhibits polymerization.*>% A
pressure of 2 psig was still sufficient for complete curing, and was found to be conducive to
retaining monomer post-curing compared to the higher pressures. The effect of PPS
concentration was then revisited and microscopy revealed incomplete filling at 3 wt % PPS,
but significant scum formation at the higher concentrations of 4 and 5 wt % (Figure 2-7). Of
note are the large droplets of residual monomer displayed in the bright-field images, which
are indicative of scum (confirmed by SEM). Consequently, a 3.5 wt % PPS was found to be

the optimal compromise between mold filling and scum formation.
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Figure 2-7. Comparison of fluorescent (left) and bright-field (right) microscopy images of
double-nip mold filling with 3, 4, and 5 wt % PPS (A, B, and C, respectively), other
parameters held constant (12 ft/min web speed, 2 psig N,-purge, #3 Mayer rod at +25 rpm).
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In summary, the conditions for successful fabrication of the 80-nm series utilized the same
parameters as the 200 nm x 200 nm cylinders, with a few key modifications. A double-nip
setup was used to ensure complete filling of the mold, and a 3.5 wt % solids PPS was found
to result in negligible scum formation. Furthermore, the nitrogen purge was reduced to 2
psig to minimize evaporation of the PPS during curing. Figure 2-8 depicts scanning electron
micrographs of the 80-nm series of PRINT hydrogels, confirming successful fabrication

using the R2R technique.
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Figure 2-8. Scanning electron micrographs of the PRINT hydrogel 80-nm series (80 nm x
180 nm, 80 nm x 320 nm, 80 nm x 2000 nm, 80 nm x 5000 nm) fabricated using a roll-to-roll
(R2R) machine.
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Overall, many iterations were required to fully optimize the fabrication of nanometer-sized
hydrogels, but systematic investigation into the effects of relevant variables on film thickness

and particle characteristics gave rise to the optimal parameter values required for success.

2.4 Conclusions

Scale-up of the PRINT platform entailed variation of many interdependent parameters.
Successful particle characteristics were achieved with optimal film thickness and narrow
PDI. Several correlations were identified based on correlating DLS data of particles with
R2R variables, including optimal PPS dispense rate and film thickness as functions of web
speed. Mimicking batch protocol in the form of a double-nip was vital to the successful
translation of the 80-nm series to a R2R process. Future work would include investigation of
the viscoelastic properties of the monomer composition and how it relates to the R2R
operations (nip pressure, web speed, split angle of the mold and delivery sheet, etc.). There
is much to be gained from a fundamental understanding about the properties of the PPS,

particularly in predicting the quality of particles based solely on composition.
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CHAPTER 3:
Biological interactions of hydrogel particles with tunable PEGylation density and

aspect ratio
3.1 Introduction

Due to the various morphologies of blood vessel endothelia (Chapter 1, Section 4) the
accepted particle size range for long-circulating nanoparticles to avoid mechanical filtration
is less than 200 nm in at least one dimension. #°*%? Additionally, the modulus of particles
plays a role in avoiding splenic and hepatic filtration. As discussed in Chapter 1, previous
studies have shown that these barriers can be circumvented by minimizing cross-linking
density within the particle matrix, thereby decreasing the stiffness.**® At the nanoscale, a
hydrogel particle composition of 10 % cross-linker was found to result in the optimal
modulus for studies.®® Furthermore, surface charge—measured as zeta potential—affects
aggregation and cytotoxicity.” A neutral or negative charge is desirable to maintain stability

in plasma and avoid nonspecific interactions with blood components.

In addition to size, modulus, and surface charge, surface properties critically affect biological
interactions with particles. Specifically, the first major interaction upon introducing particles
intravenously is opsonization—when plasma proteins bind to the surface of a pathogen and
increase the susceptibility to phagocytosis.”? Delaying opsonization by plasma proteins is
contingent upon several factors dependent on the conformation of surface polymers. The two
most important factors are the repulsive forces generated when a protein approaches a
polymer chain extended beyond its natural hydrodynamic diameter by steric-hindrance, and
the osmotic gradient created by the exclusion of water molecules when an extended, hydrated
polymer chain contracts due to protein interactions.”” Both of these effects result in a force
opposing the interaction. Due to the requirement of steric hindrance, Polyethylene glycol
(PEG) conjugated, grafted, or absorbed to the surface of nanoparticles (PEGylation) in a

brush conformation has been shown to significantly reduce protein absorption and
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macrophage association, consequently increasing blood residence time.®®% The effects of
PEGylation are highly dependent on the PEG molecular weight (MW), polymer chain
architecture, and surface density of the PEG coating.”'® There is a general consensus that
stealth properties can be achieved by coating with a high density of PEG, with MW ranging
from 2k to 10k. 1®1% |n spite of PEG extending particle circulation in vivo, there is no
general standard as to what surface density is needed to accomplish this goal. This partially

stems from a lack of efficient PEG quantification strategies.

Finally, shape is also an important parameter in the biodistribution of nanoparticles.
Independent variation of shape at a constant composition showed particle shape to be
significant in areas such as macrophage association and cell entry kinetics. "**** Inspired by
nature’s effective nanoparticles—filamentous viruses—other studies revealed a long, worm-
like structure is more effective than a spherical one when long circulation times are desired.
7% The in vivo circulation time for these assembled filamentous geometries increased as the
length increased, however, they are susceptible to fragmentation as the linkages are non-
covalent. Consequently, due to a lack of sufficient particle fabrication methods, there is still

much to be explored on the effect of shape.

The aim of this study was two-fold: one, to evaluate PRINT nanoparticles (80 nm x 320 nm)
with varying PEG surface coverage to establish an effective PEG density for our system;
two, to measure the effect of shape through varied aspect ratio PRINT particles (80 nm x 180
nm, 80 nm x 320 nm, and 80 nm x 5000 nm) using a non-degradable particle platform. PEG
conformation was determined through standard plate-reader analysis of fluorescein-labeled
PEG grafts. Herein we report predictive screening methods that can rapidly assess the
circulation fate of our PEGylated nanoparticles. We explored the use of in vitro assays—
(macrophage association) to predict in vivo circulation behavior. Intravital microscopy was
used to quickly screen the circulation profiles of our particles, and a biodistribution study

was conducted to look at long time points and compare to the results of in vitro assays.
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3.2 Materials and Methods
Materials

Commercially available polyethylene glycol diacrylate (PEGz7o-DA) (Mn=700 Da), 2-
aminoethyl methacrylate hydrochloride (AEM), diphenyl(2,4,6-trimethylbenzoyl)-phosphine
oxide (TPO), polyvinyl alcohol (PVOH, Mn=2000 Da), acetic anhydride, and sucrose were
purchased from Sigma-Aldrich. Dylight 488 or 650 maleimide, PTFE syringe filters (13mm
membrane, 0.220 um pore size), dimethylformamide (DMF), triethylamine (TEA), pyridine,
sterile water, borate buffer (pH 8.6), and methanol were obtained from Fisher Scientific.
Methoxy PEG (5k)-succinimidyl carboxy methyl ester (MPEGsk-SCM) was purchased from
Creative PEGWorks. Tetraethylene glycol monoacrylate (HP4A) was synthesized in-house
as previously described.”® Conventional filters (2 pm) were purchased from Agilent and
polyvinyl alcohol (Mw 2000) (PVOH) was purchased from Acros Organics. PRINT molds
(80 nm x 180 nm, 80 nm x 320 nm, an d 80 nm x 5000 nm) were obtained from Liquidia
Technologies (RTP, NC). Polyethylene terephthalate (PET) was purchased in 1000-foot rolls
from 3M. Water, where used, was sterile-grade and 0.2-um filtered. All commercially

available materials were used as received.

Characterization

Particle concentrations were determined by thermogravimetric analysis (TGA) using a TA
Instruments Q5000 TGA. Particles were visualized by scanning electron microscopy (SEM)
using a Hitachi S-4700 SEM. Prior to imaging, SEM samples were coated with 1.5 nm of
gold-palladium alloy using a Cressington 108 auto sputter coater. Particle size and zeta
potential were measured by dynamic light scattering (DLS) on a Zetasizer Nano ZS (Malvern
Instruments, Ltd.) at 37 °C.
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Fabrication and Functionalization of PRINT Hydrogels

A preparticle solution (PPS) was prepared by dissolving 3.5 wt % of various reactive
monomers in methanol. The reactive monomers included: a cross-linker (PEG7o-DA); a
hydrophilic monomer used to make up the majority of the particle composition (HP,A); and
an amine functionality (AEM) used to conjugate PEG onto the surface and acetyl groups into
the interior of the PRINT particles. A photoinitiator, TPO, was also added. The PPS
“solids” were comprised of 68 wt % HP4A, 20 wt % AEM, 10 wt % PEG700DA, 1 wt %
Dylight 488 (Macrophage Association experiments), or Dylight 650 or 680 (in vivo
experiments), and 1 wt % TPO. Using a # 3 Mayer rod (R.D. Specialties), a thin film of the
pre-particles solution was drawn onto a roll of freshly corona-treated PET, using a custom-
made roll-to-roll lab line (Liquidia Technologies) running at 12 ft/min. The solvent was
evaporated from this delivery sheet by exposing the film to a hot air dam derived from heat
guns. The delivery sheet was laminated (80 psi, 12 ft/min) to the patterned side of the mold,
followed by delamination at the nip. Particles were cured by passing the filled mold through
a UV-LED (Phoseon, 395 nm, 3 SCFM N2, 12 ft/min). A PVOH harvesting sheet was hot
laminated to the filled mold (140 °C, 80 psi, 6 ft/min). Upon cooling to room temperature
(r.t.), particles were removed from the mold by splitting the PVOH harvesting sheet from the
mold. Particles were then harvested by dissolving the PVOH in a bead of water (1-1.5 mL of
water per 10 ft of harvesting sheet). The particle suspension was passed through a 2 um
filter (Agilent) to remove any large particulates. To remove the excess PVOH, particles were
centrifuged (Eppendorf Centrifuge 5417R) at ca. 21,000 g for 15 min at 4 °C, the supernatant
was removed, and the particles were re-suspended in sterile water. This purification process
was repeated two times in water, followed by three times in DMF to prepare particles for

PEGylation and acetylation.
The particles (1 mg/mL) were reacted with excess TEA for 10 min at r.t. on a shaker plate

(Eppendorf, 1400 rpm). For PEG density study, mPEGs-SCM was dissolved in DMF and

added to the reaction mixture at a ratio that resulted in either PEG mushroom conformation
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(2.05 mg per mg particles) or PEG brush conformation (14.0 mg per mg particles). Non-
PEGylated particles received no mPEGsk-SCM. For the aspect ratio study, all three particle
types were reacted with 14.0 mg of mPEGs-SCM per mg particles, resulting in the same
brush conformation density. The reaction mixture was shaken overnight and quenched with
borate buffer (100 puL). The nanoparticle suspension was then washed three times with DMF
via centrifugation. Particles were acetylated by reaction with an excess of pyridine and
acetic anhydride (100X molar excess with respect to amine groups). The reaction was
carried out in a sonicator bath (Branson Ultrasonic Cleaner 1.4 A, 160 W) for 30 minutes.
Following acetylation, the particles were washed by centrifugation one time in DMF,
followed by a borate buffer wash to neutralize any succinic acid side product, and then three
washes with sterile water before suspension in 9.25 wt % sucrose (aq) at the appropriate dose

concentration for use in in vitro and in vivo to maintain isotonicity upon injection.

Quantification of PEG density (developed by Kevin G. Reuter of the DeSimone Lab)

After purification post-fabrication, the particles were swapped from water to DMF following
the centrifugation technique outlined above and the concentration of particles in DMF was
determined by TGA. The particles fabricated contain free primary amine groups which were
used as chemical handles to react with a fluorescein-PEGs,-SCM. The particles (1 mg/mL in
DMF) were reacted with TEA (100 pL) for 10 min at room temperature on a shaker plate.
The fluorescein-PEGs,-SCM was dissolved in DMF and added to the reaction mixture (none
for non-PEGylated, 2.05 mg and 14 mg of fluorescein-PEGs,-SCM for PEG mushroom and
PEG brush density, respectively). A negative control was also incorporated using 14.0 mg of
deactivated fluorescein-PEG5k-SCM. The reaction mixture was shaken overnight and then
quenched with borate buffer (100 pL). The nanoparticle solution was then centrifuged (14000
rpm; 15 minutes) and washed five times with DMF. The post-PEGylated particles were
characterized by SEM, DLS, and TGA. After conjugating fluorescently-tagged PEGsy to the
nanoparticle surface, the amount of PEG bound to the particle was assessed via fluorescent

measurements. The fluorescein-PEG-NP solution was diluted 1:10 in borate buffer and
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pipetted (200 uL) into a Corning 96-well clear bottom plate in triplicate. The supernatant
from the same nanoparticle solution was added to the 96-well plate using the same method. A
serial dilution of unconjugated fluorescent-PEGsy was utilized to create a standard curve.
Fluorescence measurements (Aex =494 nm; Aem = 521 nm) of the 96-well plate containing
the (1) PEGylated nanoparticle (2) supernatant and (3) standard curve were taken using a
SpectraMax M5 plate-reader. The fluorescence in the supernatant was subtracted from the
fluorescence observed from the nanoparticle suspension and the final fluorescence

measurement was correlated to fluorescein-PEGs, concentration through the standard curve.

Macrophage association

Murine alveolar macrophage cells (MH-S) were used to investigate the uptake of
nanoparticles as a function of PEG density and aspect ratio. MH-S cells were plated at a
density of 40,000 cells per well in a 24 well plate and were incubated at 37°C for 24 hours.
Following 24 h, the dye-labeled nanoparticle samples (20 ng/mL) were incubated with the
cells for 4 and 24 hours. At the set time points, cells were washed three times with 500 uL.
1X PBS and detached by the addition of 1X trypsin/EDTA (300 pL/well). Following a five
minute incubation (37°C), 1X DBPS/10 % FBS was added (500 uL/well) and was mixed
vigorously. This final solution was then transferred to a polypropylene tube and analyzed
using a Dako CyAn flow cytometer with excitation and emission filters set to match that of
the fluorescent dye incorporated into the particles. For each sample, 5,000 cells were
measured. Statistics were performed using Analysis of Variables (ANOVA) via GraphPad
Prism 6. A separate set of cells was fixed and stained for confocal microscopy as previously

reported.'®

In Vivo Studies

All experiments involving the mice were carried out with an approved protocol by the

University of North Carolina Animal Care and Use Committee. Female BALB/c mice (18-
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25 g, Jackson Laboratory) were dosed via tail vein injections of 12.5 mg of nanoparticles per
kg of mouse weight. The volume of injection ranged from 75 pL to 104 pL of 3 mg/mL
nanoparticle suspension in an isotonic 9.25 wt % sucrose solution. Control mice were

injected with an equivalent volume of only the sucrose solution.

Intravital microscopy (IVM) was used to assess the circulation profile of the three different
particle types in each of the PEG density study and the aspect ratio study. Experiments were
performed using an IV 100 laser scanning microscope (Olympus). The mouse was
anesthetized with isofluorane and a tail vein catheter was applied. Hair was removed from
the ear of the mouse with Nair, and the mouse was placed on a 37 °C heated stage in the
prone position and kept under anesthesia. The hairless ear was immobilized to an aluminum
block with double-sided tape, and vasculature was visualized with a 488-nm laser. This
setup is depicted in Figure 3-1. Mice were then dosed with Dylight 650-labeled
nanoparticles: for the PEG density study 80 nm x 320 nm with either non-PEGylated, PEG
mushroom or, PEG brush surface conformations; for the aspect ratio study with either 80 nm
x 180 nm, 80 nm x 320 nm, or 80 nm x 5000 nm. Free dye was injected at the same
fluorescence level as the particle dose, and used as a control to verify that dye was not
released from the particles. Fluorescence was measured using a 633-nm laser, and imaging
scans were captured every 5 seconds for 2 hours. For circulation analysis, the image files
from each scan were exported to ImageJ. Following literature procedures, the images were
stacked in groups of four, and fluorescent signal in each stack was analyzed in the region of
interest.’%®% Background corrections were obtained using the initial fluorescence in the
region of interest before injection. For the aspect ratio study, twenty-four hours after
injection, mice were sacrificed and organs of interest were harvested. Ex vivo fluorescence
images of harvested organs (liver, spleen, blood, lung, kidney) were captured using an IVIS
Kinetic imager (Caliper Life Sciences); excitation and emission filters set to 640 nm and 680

nm, respectively.
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Figure 3-1. Set-up for imaging nanoparticle circulation in a mouse with intravital
microscopy. A tail-vein catheter is applied, and the mouse is kept under anesthesia on a
heating pad with its ear taped to an elevated block. The objective is focused on blood vessels
in the ear and fluorescent particles are visualized within the vasculature.

In an effort to determine circulation half-life for the PEG density study, a blood draw and
biodistribution study was completed. Injections and tissue/blood collection were performed
with assistance of the Animal Studies Core (UNC-CH). Mice were dosed with non-
PEGylated, PEG brush, dense PEG brush particles, or sucrose (control). For each particle
type and control, we examined four mice per time point (5 min, 15 min, 1 h, 3 h, and 24 h).
At the various time points post injection, mice were given an intra-peritoneal dose of a
ketamine/dexmedetomidine blend to deeply anesthetize them prior to cardiac puncture for
blood collection. Blood was collected and stored in heparinized eppendorf tubes (Milian,
USA). Mice were sacrificed and organs (liver, spleen, kidney, and lung) were harvested,

weighed, and transferred to 6 or 12-well plates for fluorescence analysis with an IVIS
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Lumina imager (Caliper Life Sciences); excitation and emission filters set to 640 nm and 680
nm, respectively. Heparinized blood was pipetted in 100 pL aliquots into black 96-well
plates and imaged on the IVIS Lumina. In order to determine particle concentration in the
blood, we performed serial dilutions (in triplicate) of particles in freshly harvested mouse
blood and plotted a standard curve. In order to compare particle types, data was normalized

based upon the ratio of particle fluorescence calculated from the standard curve data.
Pharmacokinetic analysis of the blood draw data from the PEG density study was performed
using PKSolver.'® Data was fit to both a one- and two-compartment model, and the
Aikaikie information criterion (AIC) was used to compare goodness of fit for each
nanoparticle type.'*

3.3 Results and Discussion

3. 3.1 Optimizing PEG density

Characterization

Establishing a method for quantifying the PEG density on the surface of PRINT hydrogels
was crucial to studies based on surface conformation of the polymer PEG chains. A method
was developed in the lab based on fluorescence quantification, and rigorous studies were
carried out to identify reaction conditions suitable for precise control over the surface density
of PEG groups (Kevin G. Reuter, DeSimone Group). Figure 3-2 shows the corresponding
PEG densities for the three particle types used in this study. Hereafter, high PEG and low
PEG are referred to as PEG brush and PEG mushroom, respectively. Depicted in Figure 3-3,
the PEG mushroom and PEG brush regimes were defined by comparing the pinning density

of PEG chains with the polymer’s Flory radius (approximation of the radius of gyration).
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Using this quantification method, studies to determine the optimal PEGylation conformation

required for prolonged circulation were carried out.
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Figure 3-2. PEG density quantification of 80 nm x 320 nm particles reacted with 14.0 and
2.0 mg of fluorescein-PEGs-SCM resulting in brush (0.083 + 0.006 PEG/nm?) and
mushroom (0.028 + 0.002 PEGs/nm?) conformations, respectively. A control was conducted
with 14.0 mg of deactivated fluorescein-PEG5k-SCM leading to a negligible PEG density.
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Figure 3-3. Cartoon representation of 80 nm x 320 nm PRINT hydrogel nanoparticles with
functionalized PEG in brush (A) and mushroom (B) conformations. Figure courtesy of Kevin
G. Reuter.

The 80 nm x 320 nm particles were fabricated and characterized by SEM and DLS. Figure
3-4 illustrates PRINT’s ability to create monodisperse, hi-fidelity particles of consistent
shape and composition. The positive charge confirms efficient incorporation of amine
groups into the particle, and the morphology remained intact throughout purification and

SEM sample preparation; this demonstrated the robust nature of the cross-linked hydrogels.
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Figure 3-4. Scanning electron image of 80 nm x 80 nm x 320 nm PRINT hydrogel
nanoparticles, scale bar represents 500 nm. Hydrodynamic diameter (Dy,), polydispersity
index (PdI), and zeta potential ({) were measured on a Malvern Zetasizer.

Macrophage association

Results from literature indicate that surface PEG density regulates the quantity of adsorbed
protein, mimicking opsonization.®”"1% We therefore hypothesized that it would also
regulate the efficiency of macrophage uptake. To address macrophage association,
nanoparticles were incubated in the cell culture medium with cells. Under these conditions
protein adsorption from the cell culture medium onto the surface of the nanoparticles can
lead to cellular recognition by the macrophages and thus initiate uptake. We measured
nanoparticle association with macrophages as a function of PEG surface density and time
(Figure 3-5). At early time points (0.5 to 6 h) the PEG mushroom and PEG brush particles
behaved the same and were associated with MP-S cells 4- to 14-times less than non-
PEGylated NPs. After 24 h, the difference between the PEG mushroom and PEG brush NPs
became more defined. These findings were in agreement with literature; as PEG surface

coverage increased macrophage association decreased.®** o
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Figure 3-5. Percent of MH-S cells associated with non-PEGylated, PEG mushroom, and
PEG brush NPs after various incubation times.

Circulation and biodistribution evaluation

Fluorescent nanoparticles were tracked in the ear vasculature of an anesthetized mouse for 2
h using intravital microscopy (IVM). Blood clearance curves of particles with varying
surface PEG densities were generated from IVM fluorescence measurements and are
displayed in Figure 3-6. The data plot clearly indicates that PEGylation is essential for
extending circulation time. Both mushroom and brush PEG particles appear to have similar

long-circulation profiles, whereas the non-PEGylated particles are cleared rapidly.
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Figure 3-6. Intravital microscopy circulation profiles based upon fraction of maximum
fluorescence remaining for non-PEGylated, PEG mushroom, and PEG brush nanoparticles.

Additionally, organs of the mononuclear phagocytic system (MPS) were resected and
analyzed for particle fluorescence, to determine if organ accumulation was also dependent on
surface PEG conformation. Figure 3-7 shows the organ accumulation as a function of PEG
surface density at 24 h post-injection. The blood concentration of non-PEGylated particles
was undetectable at 24 h. Liver accumulation was high for all particle types, but showed
decreased uptake as PEG density increased. Furthermore, as PEG density increased, so did
splenic uptake. This has been observed for other PEGylated polymeric particles compared to
non-PEGylated particles, where a shift from liver to splenic accumulation was
observed.**%12 |t was hypothesized that longer circulation times allow more exposure of
the particles to the spleen, resulting in higher splenic filtration and uptake by resident
phagocytic cells. The data fits this theory, with a marked increase in splenic fluorescence
between non-PEGylated and PEGylated particles, and a small increase as PEG density
increased further. Thus, while PEGylation increases circulation time via delayed

phagocytosis, a particle’s fate is ultimately the MPS organs. While the exact mechanism is
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still unclear, this trend has been observed for over a decade with many particle sizes, shapes

22,43,100,113-115 FlnaIIy
H

and compositions. lung and kidney accumulation was minimal and

likely attributed to fluorescence in residual blood within the organ.
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Figure 3-7. Biodistribution of nanoparticles at 24 hours post-injection, expressed as percent
recovered fluorescence per organ. Error bars represent standard deviation from n=4.

Pharmacokinetic analysis

In order to distinguish the difference between a mushroom and brush conformation, the
concentration of particles in blood at longer time points was investigated. Mice were dosed
with particles and sacrificed at certain time points extending out to 24 h. Figure 3-8 depicts
blood circulation curves, with accompanying two-compartment PK model fits. The trend
among the particle types closely follows that of the IVM profiles. The non-PEGylated

particles exhibit the same rapid clearance. However, further delineation between a
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mushroom and brush is displayed during the initial time points (> 3 h), with a consistent
difference at 24 h.

0.2
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Figure 3-8. Concentration of nanoparticles in blood over time (open diamond, square, and
triangle). Data is fit to a two-compartment PK model (solid lines). Error bars represent
standard deviation for n=4.

Pharmacokinetic (PK) parameters were determined from the blood concentration curves for
each particle type. Data was subjected to both one- and two-compartment analysis, with
elimination from the central compartment, using PKSolver. A two-compartment model was
found to be the best for all three particle types upon comparison of Akaike Information
Criterion values. Table 3-1 lists the primary constants from the two-compartment model,
along with the calculated secondary parameters. As suggested by IVM data, PEGylation
clearly extends particle circulation on longer time scales. The half-life (beta-phase)
increased from 0.89 h for non-PEGylated, to 19.5 h for PEG Brush. Clearance and AUC
(area-under-the-curve)—parameters important in drug delivery applications—also increased
as PEG density increased. A PEG brush surface resulted in a 200-fold and 1.5-fold decrease
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in clearance versus a bare and PEG mushroom surface, respectively. Significant

improvements in PK values upon PEGylation are widely cited in literature with similar

resu |tS.99‘116_118

Table 3-1. Pharmacokinetic parameters from two-compartment model fit of blood
concentration data.

b (h) thy 5 ) cL (mL/h) V,(mL) AUC  (h*mg/mL)
non-PEGylated 0.116 0.892 17.5 4.75 0.013
PEG mushroom 0.144 15.5 0.128 1.40 1.12
PEG brush 0.478 19.5 0.087 1.48 1.66

3.3.2 Effect of aspect ratio

Characterization

For this study, rod-shaped particles were chosen such that one of the dimensions remained
constant at 80 nm while the length varied. The particle sizes chosen—80 nm x 180 nm, 80
nm x 320 nm, and 80 nm x 5000 nm—had aspect ratios of 2.25, 4, and 62.5, respectively.
Particles were PEGylated in a brush conformation (Figure 3-9), and acetylated to quench the
remaining unreacted amines within the particle and imbue an overall negative charge.
Particles were characterized via scanning electron microscopy (SEM) and dynamic light
scattering (DLS). As shown in Figure 3-10, the hydrogels maintained their morphology and
monodispersity throughout functionalization and purification. DLS measurements revealed
that the 80 nm x 180 nm and 80 nm x 320 nm particles had a narrower size distribution
compared to 80 nm x 5000 nm (Figure 3-10B and Table 3-2). Light scattering calculations

are performed using spherical geometry as a basis, and as such this correlation between
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polydispersity and aspect ratio was expected. Zeta potential measurements confirmed

consistent surface charge between the particle types (Table 3-2).
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Figure 3-9. PEGylation density of various aspect ratio PRINT hydrogels. Dashed line
represents cutoff between PEG Mushroom and PEG brush conformations.

Table 3-2. PRINT hydrogel nanoparticle size, polydispersity, and zeta potential measured by

dynamic light scattering.

80nmx 180 nm 80 nmx 320 nm 80 nm x 5000 nm
Diameter (nm) 204+ 6 285+ 1 687 £ 12
Polydispersity 0.083 £0.04 0.022 £0.02 0.157 +0.03
Zeta Potential (mV) -23.1+£0.7 -20.6 £1.2 21.7+£1.6
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Figure 3-10. Characterization of PRINT hydrogel nanoparticles. Scanning electron
micrographs of various aspect ratio particles, PEGylated and acetylated (A). Dynamic light
scattering data showing size distribution (B). Scale-bar =1 um

Macrophage association

Subsequent to confirmation of the desired particle properties by characterization,
macrophage association assays were performed and analyzed by flow cytommetry to
measure particle behavior in vitro (Figure 3-11). Upon incubation of the particles with
macrophages, there was a trend in association relative to aspect ratio at both 4 and 24 hours
of exposure to cells; the higher the aspect ratio of the particle, the lower the association with

macrophages (Figure 3-11A). Confocal microscopy, shown in Figure 3-12, confirmed this
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trend. Several studies have shown similar results in frustrated or delayed phagocytosis with
micron-sized entities, such as bacteria or polystyrene particles.”>*'® The few studies utilizing
nano-sized particles have also shown the same correlation between aspect ratio and
association, however, those systems were prone to degradation. The work presented here

utilized non-degradable particles to ensure with confidence that shape, geometry, and

integrity was maintained.”>"
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Figure 3-11. Macrophage association (A) and median fluorescence intensity (B) by flow
cytommetry. Statistics were analyzed by two-way ANOVA (* = p <0.05; ** = p <0.01; ***
= p < 0.0001).
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80 nm x 180 nm 80 nm x 320 nm 80 nm x 5000 nm

Figure 3-12. Confocal microscopy of macrophages dosed with various aspect ratio PRINT
hydrogels; blue = nucleus (DAPI); green = actin (phallloidin); red = particles (Dylight488).
Scale bar = 20 um top row; 10 um bottom row.

Further analysis of the flow cytommetry data revealed median particle fluorescence (MFI)
also varied as a function of aspect ratio (Figure 3-11B). The particles were dosed by mass
and had equal fluorescence by composition. The particle densities are also the same, thus the
number associated with macrophages correlates to both the volume and number of particles
that interacted with the cells. Interestingly, the MFI for the 80 nm x 180 nm particles was
significantly higher than either of the larger aspect ratio particles after 24 hours of
incubation, suggesting macrophages are more efficient at recognizing the smaller particle.
Taking into account that one 80 nm x 5000 nm particle has 15.6- and 27.8-times the mass,
thus fluorescence, of a single 80 nm x 320 nm or 80 nm x 180 nm patrticle, the fact that the
80 nm x 180 nm particles exhibited a 2.89-times greater median fluorescence intensity than
the 80 nm x 5000 nm particles after 24 hours of incubation indicates that there were
significantly more particles associated with macrophages. Finally, we observed that the MFI

of the 80 nm x 5000 nm particle remained constant between the 4 and 24 hour incubation
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time points, in contrast with the 80 nm x 180 nm and 80 nm x 320 nm particles where both
uptake and MFI increased with increased incubation time. This data indicated that
macrophages were able to associate with a higher number of 80 nm x 180 nm and 80 nm x
320 nm particles over time, but were saturated with 80 nm x 5000 nm particles at 4 hours.
This bolsters the hypothesis that the high aspect ratio particles frustrate phagocytosis.
Overall, the fluorescence data confirms that macrophages have a stronger affinity for each of

the smaller two particle shapes compared to the high-aspect ratio shape.

Circulation and biodistribution evaluation

The trend, however, was different upon injection of the particles in vivo. Figure 3-13 depicts
the circulation behavior and 24-hour biodistribution of the various aspect ratio particles upon
intravenous administration in balb/c mice. Intravital microscopy was used to gather real-time
fluorescence data from the vasculature in the mouse ear. The technique affords high
temporal resolution and adequate spatial resolution for tracking the circulation of particles in
blood.”®**® The circulation profiles revealed an increase in clearance rate as the particle
aspect ratio increased (Figure 3-13A). The high-aspect ratio, filamentous particles followed
a two-compartment pharmacokinetic model as evidenced by the two-phase exponential
behavior on the semi-log plot (Figure 3-14). The two lower aspect ratio particles exhibited
extended circulation, and were also fit to a two-compartment model upon comparison of
Akaike criterion. The analysis of the pharmacokinetic profile in blood revealed that the AUC
was significantly different between both the smaller aspect ratio particles and the 80 nm x
5000 nm particles (Figure 3-13B). There was not a significant difference between the two
smaller aspect ratio shapes. Still images from intravital microscopy at select time points
illustrate the rapid clearance of the high aspect ratio particles compared to the two smaller
sizes (Figure 3-13C).
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Figure 3-13. In vivo circulation and biodistribution of PRINT hydrogel nanoparticles with
varying aspect ratio. Intravital microscopy (VM) data showing circulation profile (A) and
area-under-the-curve analysis (B). Still images from IVM (C) depict particle fluorescence in
blood at select time points (scale-bar = 50 um). Organ distribution 24-hours post particle
injection (D) measured by fluorescence ex vivo. Statistics were analyzed by one-way (B) or
two-way (D) ANOVA (* = p < 0.05; **** = p < 0.0001).
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Figure 3-14.
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Circulation of PRINT hydrogels over time on a semi-log plot.

Twenty-four hours after the particle injection, organs were harvested to determine the

distribution of particles in select tissues. The biodistribution data (Figure 3-13D) in the liver

revealed the same statistical difference between the particles as the circulation data. This
suggests the smaller particles were able to navigate the tortuous path of the liver sinusoids

lined with phagocytic cells, whereas the filamentous particles were sequestered. **°” By

comparison, there was not a significant difference between the 80 nm x 180 nm and 80 nm x

320 nm particles. The extended circulation of the smaller shapes led to higher splenic
accumulation, an expected shift in biodistribution as a smaller percentage of blood reaches
the spleen per cycle.®* Thus, the longer a particle circulates, the greater the exposure to the
spleen. The low blood fluorescence suggests the particles were efficiently cleared after 24
hours. Finally, there was minimal accumulation in the kidney or lung. These results were
expected as the cutoff for renal clearance is approximately 50,000 Daltons (ca. 5.5 nm) and

negatively-charged particles of this size range do not aggregate and cause blockage in the

Iung.36’116
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3.4 Conclusions

In summary, we have shown that varying both PEG density and aspect ratio results in clear
trends with respect to macrophage association and circulation profile. The PEG density
studies revealed effective stealthing for PRINT hydrogels at both PEG mushroom and PEG
brush densities, which may have interesting implications for drug loading and release
mechanisms that can be inherently affected by particle surface properties. Subsequent to
optimizing PEG density, the similar studies involving shape were pursued. By systematically
varying one characteristic at a time, PRINT was able to elucidate important trend for both

surface PEGylation and shape.

In the aspect ratio study, the trends in vitro were not mirrored in vivo. This apparent
contradiction, however, is resolved in light of the complex nature of the environment in vivo
compared to that of in vitro assays. While macrophages appear to have frustrated interaction
with the filamentous 80 nm x 5000 nm particles, the worm-like geometry was ineffective at
delaying in vivo clearance. Further work, beyond the scope of these studies, may elucidate
the mechanism of delayed interaction with macrophages. These promising results provide
motivation to investigate the effect of shape on circulation and biodistribution in various
tumor models. Future studies will focus on correlation of particle shape to tumor type,
providing vital direction for oncology efforts within the field of nanomedicine.
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CHAPTER 4:

Development and pre-clinical studies of a cisplatin-containing hydrogel nanoparticle
4.1 Introduction

Cisplatin has played an important role as a “broad-spectrum” chemotherapeutic in the
treatment of many cancers.”® The side-effects are not trivial, however, and include
significant neurological and renal toxicities, the latter being dose-limiting.** Incorporating
the drug into a nanoparticle can increase tumor accumulation while simultaneously reducing

side effects caused by systemic exposure.*?

The key characteristic for this passive targeting of nanoparticles to tumors—an important
facet of chemotherapeutic delivery—is circulation persistence. The common accepted theory
of passive accretion is referred to as the enhanced permeation and retention (EPR) effect. As
discussed in Chapter 1, this effect is attributed to hypervasculature, enhanced permeability,
and little recovery through either venous or lymphatic drainage.** Given enough time,
circulating macromolecules and nanoparticles will eventually deposit in the tumor bed. In
addition to selective accumulation, other advantages of nano-formulations over soluble drug
include increased exposure through altered pharmacokinetics (PK), greater solubility and

biocompatibility, and higher therapeutic index.?1%0122-124

Pre-clinical investigation of these benefits should be carried out in the most relevant model
available. Non-small cell lung, breast, and ovarian are all examples of cancer commonly
treated with cisplatin.'* An orthotopic model of lung cancer has several advantages over a
subcutaneous model. Instilling cells into the organ of origination provides the appropriate
microenvironment, allowing for relevant biological interactions and implications.**
Additionally, metastases are common in both lung and breast cancer patients, and
incorporating this type of model further enhances the knowledge base of particle behavior for
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a particular formulation.® Carefully specifying both the type and location of cancer
increases the ability to correlate potential efficacy with particle distribution and kinetics.
Several other factors, however, also dictate the behavior of a particle once injected; these
include size, elastic modulus, shape, charge, and surface chemistry (see Refs. 2412712 for
comprehensive reviews). The effect of size on circulation has been well documented, and
evidence has mounted in favor of particles less than 100 nm in at least one critical dimension
for blood persistance.?*®*" Particle modulus is also important for sterile filtration
techniques and navigating the mechanical barriers of the liver and spleen,®>"%70107 The
role of shape has been elusive due to a shortage of methods for precise shape control.
Previous studies have alluded to the effect of particle geometry, most notably studies of high-
aspect ratio particles that showed increased circulation time with increasing length.”™
These studies have been the driving force behind utilizing worm-like particles for EPR
studies, but calibration-quality fabrication of filamentous geometry and modulus is
difficult.*****° Utilizing PRINT, however, hydrogels of a lower aspect ratio were found
circulate longer than filamentous particles (Chapter 3), a phenomenon that serves as the
motivation for the geometry explored herein. Surface charge plays a major role in particle
stability and biological interactions; cationic particles are more toxic to red blood cells and
cause platelet aggregation compared to neutral or anionic particles.**” PEGylation is a
common surface modification utilized to reduce protein binding (opsonization), increase
hydrophilicity and stability, and extend circulation half-life.?+?%81* Finally, the interplay
between these characteristics complicates studies even further; synergistic or dysergistic

effects may be difficult to observe without precise control over all variables.

Particle Replication in Non-wetting Templates (PRINT®) is a calibration-quality tool that
enables complete, orthogonal control over particle characteristics.’>"® The capacity of
PRINT to independently and systematically vary parameters is a crucial advantage in
determining exactly how a given variable affects nanoparticle behavior. The modulus, shape,
and surface chemistry of PRINT hydrogels were previously optimized with different
PEGylation conformations (non-PEGylated, PEG Mushroom, and PEG Brush).®®**! The aim
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of this study was to investigate the effect of surface PEG density on the loading and release
of cisplatin from nanoparticles, and subsequently determine the in vivo behavior of the
optimal formulation. Herein we report a platform and method for novel complexation and

release of cisplatin from a PRINT hydrogel nanoparticle (PRINT-Platin).

4.2 Materials and Methods
Materials

Commercially available polyethylene glycol diacrylate (PEG7o-DA) (Mn=700 Da), 2-
aminoethyl methacrylate hydrochloride (AEM), diphenyl(2,4,6-trimethylbenzoyl)-phosphine
oxide (TPO), polyvinyl alcohol (PVOH, Mn=2000 Da), succinic anhydride, cis-
diaminedichloroplatinum(ll) (CDDP), and sucrose were purchased from Sigma-Aldrich.
PTFE syringe filters (13mm membrane, 0.220 pm pore size), dimethylformamide (DMF),
triethylamine (TEA), pyridine, sterile water, borate buffer (pH 8.6), methanol, Corning™
Matrigel™ Membrane Matrix (LDEV-free), and trace-metal grade concentrated nitric acid
(HNO3) were obtained from Fisher Scientific. Methoxy PEG (5k)-succinimidyl carboxy
methyl ester (NPEG5k-SCM) was purchased from Creative PEGWorks. Tetraethylene
glycol monoacrylate (HP4A) was synthesized in-house as previously described.*?
Conventional filters (2 pm) were purchased from Agilent and polyvinyl alcohol (Mw 2000)
(PVOH) was purchased from Acros Organics. PRINT molds (80 nm x 320 nm) were
obtained from Liquidia Technologies (RTP, NC). Polyethylene terephthalate (PET) was
purchased in 1000-foot rolls from 3M. Cisplatin was acquired from the University of North
Carolina Pharmacy. Water, where used, was sterile-grade and 0.2-um filtered. Cells (A549-
luc, SKOV-3, SUM149-luc, and MDA-MB-468) were purchased from American Type
Culture Collection. Fetal bovine serum was purchased from Atlanta Biologicals. RPMI
1640 Medium was purchased from Gibco®; Leibovitz’s L-15 and McCoy’s 5SA Media were
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purchased from Corning cellgro®. All commercially available materials were used as

received.

Fabrication, functionalization, and complexation

PRINT particles were fabricated as detailed in Chapter 3, Section 2, with the exception that
they did not contain Dylight fluorophore (the HP,A content was thus increased from 68- to
69 wt % to make up the difference). Once purified and suspended in DMF, the particles (1
mg/mL) were reacted with excess TEA for 10 min at r.t. on a shaker plate (Eppendorf, 1400
rpm). The mPEGz-SCM was dissolved in DMF (14 mg for PEG Brush; 2.05 mg for PEG
Mushroom; none for non-PEGylated and non-succinylated) and added to the reaction
mixture. The reaction mixture was shaken overnight and quenched with borate buffer (100
nL). The nanoparticle suspension was then washed three times with DMF via centrifugation.
Particles were succinylated by reaction with an excess of pyridine and succinic anhydride
(100X molar excess with respect to amine groups; no succinic anhydride was added to non-
succinylated particles). The reaction was carried out in a sonicator bath (Branson Ultrasonic
Cleaner 1.4 A, 160 W) for 30 minutes. Following succinylation, the particles were washed by
centrifugation one time in DMF, followed by a borate buffer wash to neutralize any succinic

acid side product, and then three washes with sterile water.

Cisplatin complexation was achieved by incubating the particles in a solution of CDDP (2X
molar excess with respect to carboxyl groups) in water at r.t. for >24 hours under constant
agitation (Eppendorf, 1400 rpm). After incubation in the complexation solution, particles
were washed with sterile water by centrifugation and resuspended in 9.25 wt % sucrose (aq)
at the appropriate dose concentration. Aliquots were flash frozen in liquid nitrogen and
stored at -20 °C until needed.
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Characterization

Particle concentrations were determined by thermogravimetric analysis (TGA) using a TA
Instruments Q5000 analyzer. Particles were visualized via scanning electron microscopy
(SEM) using a Hitachi S-4700 microscope. Prior to imaging, SEM samples were coated with
1.5 nm of gold-palladium alloy using a Cressington 108 auto sputter coater. Particle size and
zeta potential were measured by dynamic light scattering (DLS) on a Zetasizer Nano ZS
(Malvern Instruments, Ltd.) at 37 °C.

For release studies, PRINT-Platin was incubated at 1 mg/mL in PBS buffer on a shaker at
1400 rpm, 37 °C (n=3 per particle type). An aliquot was taken from each sample at 24, 48,
72, and 168 hours. The sample aliquot was centrifuged (ca. 21,000 x g, 15 minutes, 4 °C) to
isolate cisplatin in the supernatant released from the particle pellet. The supernatant samples

were stored before analysis.

Cisplatin loading and release were assessed using an Agilent 1200 series high-performance
liquid chromatography (HPLC) system with an ultraviolet detector. The mobile phase
consisted of 90 % 0.9 wt % NaCl (aq) and 10 % methanol, by volume. A five minute
isocratic elution protocol was used with a ZORBAX Eclipse Plus C18 column (Agilent
Technologies). The product was eluted at a flow rate of 1 mL/min and monitored at a
wavelength of 210 nm. Drug loading was determined by analysis of the complexation
solution pre- and post-incubation. The net difference in cisplatin concentration was

calculated as weight percent in the particle.

Cytotoxicity
Cells were seeded in 200 pL of media [RMPI 1640 Medium for A549; McCoy’s 5SA Medium

for SKOV-3; Leibovitz’s L-15 Medium for MDA-MB-468; all media was supplemented with

10 % fetal bovine serum] at a density of 5000 cells per cm? into a 96-well microtiter plate.
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Cells were allowed to adhere for 24 hours and subsequently incubated with either PRINT-
Platin or cisplatin at concentrations ranging from 9.8 nM to 80 uM (drug concentration) for
72 hours at 37 °C in a humidified 5 % CO, atmosphere. After the incubation period, all
media/particles were aspirated off cells. 100 pL fresh medium was added back to cells
followed by the addition of 100 puL CellTiter-Glo® Luminescent Cell Viability Assay
reagent (Promega, Madison, W1). Plates were placed on a microplate shaker for 2 minutes,
then incubated at r.t. for 10 minutes to stabilize luminescent signal. The luminescent signal
was recorded on a Molecular Dynamics SpectraMax M5 plate reader. The viability of the
cells was expressed as a percentage of the viability of cells grown in the absence of particles

or drug.

Animals

All experiments involving mice were performed in accordance with the National Research
Council’s Guide to Care and Use of Laboratory Animals (1996), under an animal use
protocol approved by the University of North Carolina Animal Care and Use Committee. All
studies used female Foxnlnu (athymic nude, C57BL/6J background) mice (5 weeks old, 17-
27 g, Jackson Laboratory). For the tumor-bearing mice, an orthotopic non-small cell lung
model (A549-luc), subcutaneous ovarian model (SKOV-3), and intra-cranial lung (A549-luc)
and breast (SUM149-luc) metastases models were used. Cell cultures were prepared and
maintained per vendor specifications. For the orthotopic lung model, a 40 pL suspension of
luciferase-expressing A549 cells (5 x 10° cells per mouse in a 50:50 Matrigel:PBS blend)
was implanted into the lung via intra-thoracic inoculations, as previously described.'?® For
the intra-cranial models, a 5 pL suspension of either luciferase-expressing A549 or SUM149
cells (2 x 10° cells per mouse in media) was injected into the brain of the mice. For the
subcutaneous ovarian model, a 200 pL suspension of SKOV-3 cells (5 x 10° cells per mouse
in a 50:50 Matrigel:PBS blend) was injected into the left flank of the mice. Tumor growth
was monitored by bioluminescence (A549 and SUM149) or volume (SKOV3) via caliper

measurements (L% x W/2).
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Maximum tolerated dose (MTD)

Cisplatin or PRINT-Platin (n=3) was dosed intravenously in naive mice via tail-vein once per
week for six weeks. Acceptable body weight loss was specified as <20 %, per protocol
guidelines. Injections and animal welfare monitoring were performed with the assistance of
the Animal Studies Core (UNC-CH).

Pharmacokinetic Study

PRINT-Platin or cisplatin was dosed via tail vein injections at 3 mg drug per kg of mouse
weight in naive animals based on drug amount. Nanoparticles were injected as a suspension
in an isotonic sucrose solution (9.25 wt %), and cisplatin was dosed in prescription form (pH-
adjusted 0.9 wt % NaCl solution). Liver, spleen, lung, and kidney were harvested and flash-
frozen in liquid nitrogen at 0.083, 0.5, 1, 6, 24, and 72 hours post-injection. Four mice per
arm were examined at each time point. Blood was collected in EDTA by cardiac puncture at
the same time points and centrifuged (300 x g, 5 minutes, 4 °C) to isolate plasma from the
cell fraction. A portion of the plasma samples from the soluble drug arm was set aside to
separate protein-bound cisplatin from unbound cisplatin. For the separation of protein-bound
cisplatin from unbound cisplatin, plasma was pipetted into a Centrifree ultracentrifugation
device (EMD Millipore Co.) and centrifuged at 2500 x g for 30 minutes at 25 °C.

Pharmacokinetic analysis of the measured plasma concentrations was performed using
PKSolver.'®® Data was fit to either a one- or two-compartment model, and the Akaike
information criterion (AIC) was used to compare goodness of fit for each nanoparticle

type. 1%
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Tumor accumulation

Once tumors had reached sufficient size post-tumor inoculation, mice were randomized into
dosing groups. PRINT-Platin or cisplatin was dosed via tail vein injections at the maximum
tolerated dose (MTD), based on drug amount. Tumors were harvested and flash-frozen in
liquid nitrogen at 0.083, 0.5, 1, 6, 24, and 72 hours post-injection. Four mice per arm were

examined at each time point.

ICP-MS validation, quantification, and analysis

Tissue sample preparation was performed as previously described.*® Briefly, tissue and
plasma samples were digested in concentrated HNO3 spiked with 200 ng/mL Iridium (Ir;
analytical internal standard, Inorganic Ventures, Christiansburg, VA) for 60-90 minutes at 90
°C. Deionized water was added to bring sample to volume and HNOj3 concentration of 3.5
%, and the samples were stored at 4 °C until platinum (Pt) analysis was completed.
Inductively-coupled plasma mass spectroscopy (ICP-MS) analysis (Agilent 7500cx) was

performed and validated as previously described.**'*

Efficacy Studies

Once tumors had reached sufficient size post-tumor inoculation, mice were randomized into
three treatment groups: Control (saline), cisplatin, and PRINT-Platin. Cisplatin or PRINT-
Platin (n=7-10) was dosed intravenously via tail-vein once per week for six weeks (A549-luc
and SKOV-3) or until humane endpoints were reached (intra-cranial A549-luc and SUM149-
luc). Mice were monitored for tumor growth, body weight, and health score. Drug was
dosed at the respective MTD; the exception was the orthotopic A549 study, which dosed
cisplatin and one PRINT-Platin arm at 3 mg/kg, and another PRINT-Platin arm at the MTD.
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4.3 Results and Discussion

4.3.1 Characterization and drug release of calibration-quality nanoparticles

Incorporation of cisplatin into PRINT hydrogels was achieved via ligand exchange of a
chloride atom on the drug with a carboxyl group within the particle matrix (Figure 4-1).
Complexation of cisplatin into a matrix was previously shown in micelles containing aspartic

acid and was demonstrated by this group using a PEG-based hydrogel.**

HOOC -COOH CDDP (aq) -00C_ NH;
-COOH —— /Pt\
HOOS i ., 224h 00" “NH;

Figure 4-1. Nanoparticle-cisplatin complexation schematic. The particle, shown in red,

complexes with cisplatin after surface PEGylation.

Since hydrogels swell based upon composition and conditions, it was important to monitor
the particles for any changes during production. Demonstration of stability in the solid-state
form was also important for long-term storage potential. Figure 4-2 shows a representative
comparison of SEM images and DLS measurements for purified particles after harvest and
cisplatin-loaded particles that were flash frozen in sucrose. These measurements indicate
that particle integrity was maintained throughout the functionalization and complexation
process, with no apparent change in particle characteristics. This validation of the
morphology, size, and stability provides confirmation of an effective and suitable process for

formulation and storage of cisplatin-loaded, PEGylated PRINT hydrogels.
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Figure 4-2. SEM micrograph and dynamic light scattering data for (A) bare (not
functionalized) 80 nm x 320 nm PRINT hydrogels and (B) cisplatin-loaded, PEG mushroom
80 nm x 320 nm PRINT hydrogels.

The loading and release of cisplatin as a function of surface PEG conformation was then
investigated via HPLC. An inverse correlation between PEG density and drug loading was
observed; cisplatin content increased as PEGylation decreased (Figure 4-3A). Although
non-PEGylated particles afforded the highest drug loading, previous studies revealed that the
in vivo PK was quite poor compared to PEG Brush and PEG Mushroom (Chapter 3). These
studies showed an increase of 200-times and 136-times the clearance of PEG Brush and PEG
Mushroom particles, respectively. Furthermore, the exposure (area under the curve [AUC])
was reduced by a factor of 127 and 86 over Brush and Mushroom conformations,
respectively. Conversely, although the PEG Brush conformation had the best PK parameters,
it had the lowest cisplatin loading. It was hypothesized that steric hindrance from the thicker
PEG coating on the surface prohibited cisplatin from diffusing into the interior of the
particle. The PEG Mushroom conformation offered a moderate improvement in PK
parameters compared to PEG Brush and only a small decrease in cisplatin loading compared
to non-PEGylated. Thus, PEG Mushroom was considered the optimal particle—hereafter
referred to as PRINT-Platin—since it offered the best compromise between drug loading and

circulation behavior. The release profile of cisplatin from the particles also supported this
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conclusion (Figure 4-3B). The majority of encapsulated drug was released from each
particle type; demonstration of this release from the carrier is vital for effective delivery. An
additional negative control (non-succinylated particles) presented minimal release, which

was expected since there were no carboxyl groups for cisplatin complexation.
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Figure 4-3. Loading (A) and release profile (B) of cisplatin from 80 nm x 320 nm PRINT
hydrogels as a function of surface PEG conformation in PBS at 37 °C
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4.3.2 Invitro cytotoxicity on A549, SKOV-3, and MDA-MB-468 cells

To evaluate the in vitro toxicity of the new formulation, we investigated the effects of
PRINT-Platin on several cancer cell lines as compared to cisplatin. As discussed previously,
the PEG Mushroom particle was used as it appeared to possess the appropriate balance
between cisplatin content and pharmacokinetic parameters. Non-small cell lung, ovarian,
and breast cancers were screened to demonstrate that particle effectiveness was independent
of tumor selection. The former two diseases are approved indications of cisplatin, and the
latter breast line represented potential future targets. The nanoparticle complex showed
cytotoxicity in all cell lines tested, but was less toxic compared to the soluble drug (Figure 4-
4). This was an expected shift due to the release profile of the drug from the particle matrix.
Cells were exposed to particles for 72 hours, at which point approximately 60 % of the
encapsulated drug would have released (Figure 4-3B). Blank particles showed no toxicity,

in line with previous studies on PEG-based PRINT hydrogels.®341%

Verification that active drug is recovered in a biological setting is paramount to continued
investigations of the formulation, as several other cisplatin-nanoparticle platforms failed to
achieve results due to a lack of drug release.’****" Coupled with HPLC analysis, the

cytotoxicity assays confirmed in vitro release of cisplatin from PRINT-Platin.
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Figure 4-4. Cytotoxicity of cisplatin, cisplatin-loaded 80 nm x 320 nm PEG mushroom
hydrogels, and blank 80 nm x 320 nm hydrogels (no drug) in cell lines of interest: A549
(non-small cell lung), SKOV-3 (ovarian), and MDA-MB-468 (HER2-enriched breast).
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4.3.3 Maximum tolerated dose in naive mice

The maximum tolerated dose (MTD) is an important factor in determining the dose of a
formulation along with predicting clinical success.™® It is also the first step in determining
toxicity in a pre-clinical model. As shown in Figure 4-5, the in vivo toxicity of cisplatin and
PRINT-Platin was determined by monitoring the body weight of mice dosed at varying levels
of drug (3, 5, 6 mg/kg and 5, 10, 15 mg/kg for cisplatin and PRINT-PIlatin, respectively) over
the course of six weekly injections. Soluble cisplatin was well-tolerated at 3 and 5 mg/kg
doses for the entirety of the study. Following the fourth dose, however, all of the 6 mg/kg
mice dropped below the acceptable weight loss. This was in agreement with the MTD of
cisplatin from other studies, where substantial variation was shown based on dose schedule
and mouse strain (ranging from 9 mg/kg for a single dose to 3-6 mg/kg for repeated
doses).*%13 PRINT-Platin was tolerated at higher doses than drug alone; mice dosed at 5
and 10 mg/kg equivalent drug presented minimal weight loss over the course of the six-week
treatment. Other nanoparticle formulations have been shown to also have a higher MTD, as
systemic exposure of drug is reduced in an encapsulated form.3*#¢14141 The highest dose,
15 mg/kg, was tolerated through four doses. Shortly after the fifth dose, however, all mice
experienced significant weight loss, indicating significant toxicity. Finally, a blank, non-
loaded particle (equivalent concentration of the highest PRINT-Platin dose) showed no
decline in weight. This bolstered the in vitro results, providing further evidence that the

carrier itself has no toxic side effects.
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Figure 4-5. Change in body weight of nude mice dosed with cisplatin, saline, PRINT-Platin

(dose based on cisplatin loading), and blank PRINT nanoparticles (same particle
concentration as 15 mg/kg PRINT-Platin).

4.3.4 Pharmacokinetics in naive mice

In order to determine the benefits of formulating cisplatin in a nanoparticle, quantitative
analysis of the drug was performed using inductively-coupled plasma mass spectroscopy
(ICP-MS). An equimolar amount of drug was injected for accurate comparison of cisplatin
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distribution. Figure 4-6 portrays the plasma kinetics and parameters of PRINT-Platin and
cisplatin. Given at the same concentration, PRINT-Platin was retained in the blood at a
higher concentration at all time points (Figure 4-6A). The pharmacokinetic (PK) parameters
revealed a marked improvement in the circulation behavior of PRINT-Platin as compared to
cisplatin (Figure 4-6B). There was a 16.4-times higher exposure, expressed as area-under-
the-curve (AUC), representing a higher total amount of drug reaching circulation. A
decrease in the clearance (CL) by a factor of 11.2 indicated slower removal of the drug from
the body. Finally, the volume of distribution (V) increased by 4.20-times, which implied an
apparent decrease in the amount of drug that was tissue-bound for the particulate form.

Overall, the PK of cisplatin was vastly improved by the nanoparticle formulation.

Encapsulation within a vehicle is also important, and Figure 4-6C shows the majority of
drug is retained within the particle while in circulation, potentially mitigating toxic side
effects. Furthermore, this retention would result in protection of cisplatin from protein
binding and inactivation. As shown in Figure 4-6D, cisplatin was highly susceptible to
binding, with circulation concentrations of unbound drug falling below the limit of detection
after 1 hour. While the effect of protein binding is still a topic of debate, it nonetheless alters

drug metabolism, biodistribution, and efficacy.**?

The biodistribution of cisplatin includes a broad tissue distribution, including local build-up
in the kidney. Consequently, nephrotoxicity is the dose-limiting factor in chemotherapeutic
applications of cisplatin. Figure 4-7A revealed lower kidney accumulation of PRINT-Platin
compared to cisplatin, evidence of renal protection. This suggests the potential for the nano-
formulation to mitigate nephrotoxicity, increasing the therapeutic index to improve a
patient’s quality of life and increase the tolerable drug dose, with implications for better
efficacy.**™® Particles instead accumulate in organs with salient immune cell activity, such
as the liver and spleen, shown in Figure 4-7B and C. The higher concentration and density
of phagocytic cells, as discussed in Chapter 1, are responsible for sequestering particles.
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Here they are eliminated from circulation, resulting in a reduction of potential side effects

caused by accumulation in other healthy tissues.
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Figure 4-6. Cisplatin and PRINT-Platin circulation behavior in plasma measured by
inductively-coupled plasma mass spectroscopy. The plasma profile (A) and pharmacokinetic
parameters (B) of cisplatin were significantly improved in particle form compared to soluble

drug (* = p < 0.05; one-way ANOVA). Particle-bound versus released cisplatin in plasma

over time (C) shows less than 10 % of drug is released from particle while in circulation.
Total versus unbound cisplatin in soluble drug arm (D) reveals all cisplatin is protein-bound

within two hours of being injected.
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Figure 4-7. Accumulation of platinum in kidney (A) shows statistically significant higher
levels of drug for cisplatin compared to PRINT-Platin, suggesting renal protection (* = p <
0.05; multiple unpaired t-tests with unequal variance). Higher levels of platinum were
observed in the liver (B) and spleen (C) for PRINT-Platin versus cisplatin, due primarily to
sequestration of particles by phagocytic cells in the organs with salient immune activity.
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4.3.5 Tumor accumulation

A study to measure the tumor delivery of cisplatin via particle or soluble form was
undertaken. The ability to selectively accumulate drug at the site of cancer can be a predictor
of efficacy.'*® To that end, passive delivery of cisplatin was examined in an orthotopic
model of non-small cell lung cancer, a subcutaneous model of ovarian cancer, and metastatic
brain models of non-small lung and triple-negative breast cancers. In both non-small cell
lung-derived and ovarian tumor models, a trend towards higher accumulation of PRINT-
Platin over cisplatin was observed (Figure 4-8). Drug was dosed at the MTD of each
formulation: 5 mg/kg for cisplatin and 10 mg/kg for PRINT-Platin. As expected, the data for
the orthotopic non-small cell lung, subcutaneous ovarian, and intra-cranial non-small cell
lung models showed that tumor exposure of cisplatin delivered via PRINT-Platin was
approximately twice as high as for the soluble drug. The metastatic breast cancer model,
however, exhibited relatively equal amounts of drug accumulation in the cranial tumor. Of
particular interest was the 2.40-times higher AUC for PRINT-Platin in the ovarian model,
indicative of an enhanced accumulation of cisplatin when delivered in particulate form. In
all types of tumors, the ability to transport similar or more drug with less kidney
accumulation would result in a higher therapeutic index. This suggests the potential for

PRINT-Platin to have better efficacy over cisplatin in these models.
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Figure 4-8. Relative exposure of cisplatin versus PRINT-Platin in various tumor models.
(sub-g = subcutaneous; i.c. = intra-cranial)

4.3.6 Efficacy studies

Efforts to study the therapeutic application of PRINT-Platin included investigating the
efficacy in several tumor models. Following through with the same models investigated in
the tumor accumulation study, orthotopic non-small cell lung (A549), subcutaneous ovarian
(SKOV-3), and intracranial metastatic non-small cell lung (A549) and breast (SUM149)
cancer models were treated with either cisplatin or PRINT-Platin and compared to a saline
control group. Mice were monitored for health score and weight, with humane endpoints
enforced when either metric fell below standard (poor health score or more than 20 % weight
loss). Furthermore, kidney and liver toxicity markers in plasma were measured at select

points after treatment began and compared to baseline levels. Increases in blood urea
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nitrogen (BUN) or creatinine are indicative of kidney damage, and alanine aminotransferase
(ALT) or aspartate aminotransferase (AST) are indicative of liver damage. The ratio of the
respective organ markers account for shifts in hydration or stress that may otherwise lead to a
false trend if taken individually. The intra-cranial models were part of a generous
collaboration with Carey Anders, MD (clinical oncologist and assistant professor, UNC-CH),

and consequently plasma samples for toxicity markers were not available for assay.

Orthotopic non-small cell lung (A549)

The efficacy data from the lung cancer model is shown in Figure 4-9. As indicated by the
survival curves and median (MS) (Figure 4-9A), there was not a significant difference
between any of the treatment arms (p = n.s.). Furthermore, the weight (Figure 4-9B) and
plasma toxicity marker values (Figure 4-9C) indicated no significant side effects from any of
the treatments compared to the saline control. This is somewhat expected, as the MTD was
established to mitigate such side effects, but nonetheless interesting as the tumors were
located in the lung—a vital organ—and could have potentially enhanced the sensitivity of the

mice to chemotherapy from the extra stress.
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Figure 4-9. Efficacy of PRINT-Platin and cisplatin versus saline in an orthotopic xenograft
of non-small cell lung cancer (A549). Survival (A) and weight change (B) over the course of
the study, with doses once a week for six weeks. Kidney and liver toxicity markers in
plasma (C) were measured before treatment started and once an endpoint had been reached.
Statistical analysis of median survival was performed using the Logrank test with Grehan-
Breslow-Wilcoxon test for early time points (NS = not significant).

Subcutaneous ovarian (SKOV-3)

The next study examined the therapeutic effect of PRINT-Platin in an ovarian cancer model
(Figure 4-10). Similar to the orthotopic lung efficacy, there was not a significant difference
in the median survival (Figure 4-10A). Although the PRINT-Platin arm terminated before
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the other treatment arms, the weight (Figure 4-10B) and toxicity profiles (Figure 4-10C)
indicated it was not due to side effects. These two studies led to the tentative conclusion that
either tumor accumulation was simply not enough for efficacy, or the particle was behaving
different in a tumor-bearing model compared to the previous PK study in naive mice.
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Figure 4-10. Efficacy of PRINT-Platin and cisplatin versus saline in a subcutaneous
xenograft of ovarian cancer (SKOV-3). Survival (A) and weight change (B) over the course
of the study, with doses once a week for six weeks. Kidney and liver toxicity markers in
plasma (C) were measured before treatment started and at select points during treatment.
Statistical analysis of median survival was performed using the Logrank test with Grehan-
Breslow-Wilcoxon test for early time points (NS = not significant).
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Intra-cranial metastatic non-small cell lung and breast models (A549 and SUM149)

A collaborative study with Dr. Carey Anders allowed examination of PRINT-Platin in two
metastatic models located intra-cranially (Figure 4-11). The non-small cell lung (A549)
model displayed the same statistically insignificant trend in median survival (Figure 4-11A),
and had no measureable toxicity due to weight loss (Figure 4-11B). Interestingly, the
SUM149 had no marked increase in tumor accumulation for PRINT-Platin compared to
soluble drug (Figure 4-8), but had the best increase in median survival (Figure 4-11C);
though PRINT-PIatin did not outperform cisplatin. Additionally, there appeared to be
toxicity in this model, indicated by significant weight loss over time (Figure 4-11D).
Without examining toxicity markers, however, a definitive diagnosis could not be made.
Regardless, this performance bolstered the theory that tumor accumulation was not an
adequate predictor of efficacy, and furthermore confounded correlation between therapeutic

success and nanoparticle behavior.
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Figure 4-11. Efficacy of PRINT-Platin and cisplatin versus saline in intra-cranial metastases
xenografts of non-small cell lung (A549; top row) and triple-negative breast (SUM149;
bottom row) cancer. Survival (A and C) and weight change (B and D) over the course of the
study, with doses once a week for the duration of the study. Statistical analysis of median
survival was performed using the Logrank test with Grehan-Breslow-Wilcoxon test for early
time points (NS = not significant).

In conclusion, the lack of efficacy in several tumor types and locations provided serious

motivation for further investigation into the in vivo behavior of the current formulation in
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tumor-bearing animals. Initial thoughts led to the hypothesis that cell culture or tumor
inoculation procedure was the culprit behind the poor performance and unexplainable control
tumor growth. That theory was quickly dispelled when the intra-cranial studies, carried out
independent of our group, were analyzed and a similar outcome was observed. For PRINT-
Platin, tumor accumulation did not correlate significantly with efficacy. While the in vitro
cytotoxicity and PK data showed promise, the benefits of the particulate formulation did not
translate to a positive therapeutic effect. Another possible explanation is a lack of release
under physiological conditions. This was observed in two other nanoparticle platforms,
Lipoplatin and SPI-077, where cisplatin remained entrapped within the liposomes, leading to
less than 10 % of encapsulated drug being released.******> This behavior was hypothesized to
be the cause for the lack of efficacy seen in clinical trials of both formulations. This seemed
unlikely for our hydrogels, however, as a slower in vitro release profile was observed for the
successful Nanoplatin formulation (designation NC-6004; Nanocarrier, Japan).'*®
Nonetheless, in addition to further studies into the biological behavior of the current iteration
of PRINT-Platin, a reformulation to improve the drug loading and release properties may
prove advantageous to future chemotherapeutic endeavors.

4.4 Conclusions

Cisplatin is a potent chemotherapeutic for a wide variety of tumor models, but its dose-
limiting toxicity—specifically renal failure—prevents it from being more efficacious.
Furthermore, its continued use diminishes the patient’s standard-of-living due to neuro- and
ototoxicity. The potential benefits of formulating the drug into a nanoparticle include
increased tumor accumulation, prolonged circulation, and renal protection, resulting in a

remedy for many of the traditional drawbacks to prescribing cisplatin.

The ability to safely deliver a larger amount of drug is promising for antitumor studies. A

higher therapeutic index indicates PRINT-Platin has the potential to mitigate the dose-
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limiting toxicity associated with cisplatin, leading to more efficacious treatment. However,
reformulation is needed before pursuing more studies. Future investigation on alternative
chemistries and complexation strategies would provide for potential improvements in

circulation, accumulation, and efficacy.
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CHAPTER 5:
The effect of tumor presence on immune system interactions with hydrogel

nanoparticles
5.1 Introduction

The field of nanomedicine has made contributions to many areas in oncology, including the
treatment and characterization of tumors. Advances at the intersection of material science
and biology have led to improvements in therapeutic index, targeting strategies, and
biocompatability.****" Furthermore, progress in cancer biology has provided a library of
distinct cancer clonal colonies for better control over variability in pre-clinical studies.'*
This has led to a variety of successful particle platforms using specific therapies and models.
In a human patient, however, tumor heterogeneity precludes many targeted nano-therapies
that have proven efficacious in these pre-clinical models.**® Varying tumor cell growth,
incongruous cancer cell genotypes, and different intratumoral immune responses can affect
the properties, structure, and content of the tumor microenvironment.******>2 Certain
clinically relevant models address these issues, such as patient-derived xenografts and
genetically-engineered mice, but these models are still subject to the varied behavior of
different nanoparticle platforms.***** Decades of research has resulted in certain universal
attributes of a particle for maximizing circulation persistence, a necessary tenet for passive
tumor accumulation. For instance, particles between ~8 and 200 nanometers (nm) with a
neutral or negative hydrophilic (e.g. polyethylene glycol via PEGylation) or zwitterionic (e.g.
poly-lactic-co-glycolic) surface tend to exhibit sustained circulation upon intravenous
administration.*® Other attributes have a highly variable effect. A specific example is the
use of targeting moieties, which can alter in vivo behavior including serum biomolecule
interactions, pharmacokinetic (PK) profiles, and biodistribution.?*>* Inherent in the
variability of all these properties is an optimal combination that may depend on the platform
or fabrication technology. The interplay between particle parameters is further complicated

in a biological setting, where the interactions between a nanoparticle and the immune system
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adds a significant layer of complexity. Ultimately, anecdotal evidence is not sufficient to
predict the behavior of a given nanoparticle in a biological setting. Consequently, to increase
the chance of successful translation, pre-clinical efforts should seek to understand particle
behavior in the most relevant animal model available in addition to traditional efficacy and

toxicity assays.

Regardless of how particle properties are manipulated, however, the eventual fate of a
nanoparticle is typically the liver and spleen, largely through sequestration by the immune
system— specifically by the mononuclear phagocyte system (MPS).2>9%1%51% |nterestingly,
many studies look at the interactions between nanoparticles and the immune system in either
healthy or immune-compromised mice (e.g., tumor-bearing), but not side-by-side
comparisons. A better understanding of this distinction is necessary, as research to determine
cancer’s effect on the body has revealed local and systemic polarization of the normal
balance in the immune system.>® It is well-established that local immune suppression within
the tumor microenvironment prevents a natural intervention by the body, mainly through a
shift from a Thl (pro-inflammatory) to a Th2 (anti-inflammatory) or Treg (regulatory)
response (reviewed extensively by Ref. *"). Additionally, a multitude of studies have shown
enhanced myelopoiesis in the marrow and spleen, resulting in a system-wide shift and
increased populations of granulocytes and monocytes.*”****%° The bone marrow-derived
myelomonocytic cells that reach the tumor often differentiate into tumor-associated
macrophages, which are polarized toward a M2-like phenotype (Th2-biased).***'%? Recently,
Th2 bias in healthy mice was shown to negatively affect nanoparticle clearance. A study by
Jones et al. uncovered preferential particle uptake in Th2-prone murine strains.®® Monocytes,
granulocytes, and macrophages in the blood and spleen were responsible for the difference in
nanoparticle clearance. However, the final gap between the effect of tumor presence on the
immune system and nanoparticle behavior has yet to be bridged, as a lack of precise control

over particle characteristics has made it difficult to elucidate which variables matter.'2**%
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Particle Replication in Non-wetting Templates (PRINT®) is a calibration-quality tool that
enables complete, orthogonal control over particle characteristics.’>"® The capacity of
PRINT to independently and systematically vary parameters is a crucial advantage in
determining precisely how the immune system affects nanoparticle behavior. The modulus,
shape, and surface chemistry of PRINT hydrogels were previously optimized to achieve
long-circulation.?®*3! The aim of this study was to investigate the effect of tumor-presence
on the behavior of nanoparticles in several orthotopic allograft and xenograft models of
cancer. Herein we report the effects of tumor presence on the in vivo behavior of PEGylated

PRINT hydrogel nanoparticles.

5.2 Materials and Methods
Materials

Commercially available polyethylene glycol diacrylate (PEG7o0-DA) (Mn=700 Da), 2-
aminoethyl methacrylate hydrochloride (AEM), diphenyl(2,4,6-trimethylbenzoyl)-phosphine
oxide (TPO), polyvinyl alcohol (PVOH, Mn=2000 Da), succinic anhydride, cis-
diaminedichloroplatinum(ll) (CDDP), and sucrose were purchased from Sigma-Aldrich.
PTFE syringe filters (13mm membrane, 0.220 pm pore size), Dylight 488 maleimide,
Dylight 650 maleimide, dimethylformamide (DMF), triethylamine (TEA), pyridine, sterile
water, borate buffer (pH 8.6), methanol, trace-metal grade concentrated nitric acid (HNO3),
Corning™ Matrigel™ Membrane Matrix (LDEV-free), EDTA-treated collection tubes, cell
strainers, 4 % paraformaldehyde (PFA), and ACK buffer were obtained from Fisher
Scientific. Methoxy PEG (5k)-succinimidyl carboxy methyl ester (MPEG5k-SCM) was
purchased from Creative PEGWorks. Tetraethylene glycol monoacrylate (HP,A) was
synthesized in-house as previously described.”® Conventional filters (2 um) were purchased
from Agilent and polyvinyl alcohol (Mw 2000) (PVVOH) was purchased from Acros
Organics. PRINT molds (80 nm x 320 nm) were obtained from Liquidia Technologies (RTP,
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NC). Polyethylene terephthalate (PET) was purchased in 1000-foot rolls from 3M. Cisplatin
was acquired from the University of North Carolina Pharmacy. Water, where used, was
sterile-grade and 0.2-pm filtered. A549-luc, LKB498, and L929 cells were purchased from
American Type Culture Collection. 344SQ cells were a gift from The University of Texas
M.D. Anderson Cancer Center (Jon Kurie Lab). All cells were maintained per vendor
specifications. Fetal bovine serum was purchased from Atlanta Biologicals. Hank’s
Balanced Salt Solution (HBSS), RPMI 1640 Medium, and Dulbecco’s Modified Eagle
Medium (DMEM) were purchased from Gibco®. All commercially available materials were
used as received. Anti-mouse antibodies (CD45-Pac Blue, CD11c-PE, CD206-PE, CD11b-
Brilliant Violet 605, CD19-PE-Cy7, F4/80-APC, Ly6G/C-PE-Cy5) were purchased from
BioLegend, Inc. Lymphoprep, DNase, and collagenase were purchased from STEMCELL
Technologies, Inc. AbC™ Anti-Mouse Bead Kit and anti-CD16/32 (Fc-block) were
purchased from Invitrogen. FACS buffer was prepared as HBSS plus 2 % FBS.

Fabrication, functionalization, and characterization

PRINT 80 nm x 320 nm hydrogel particles were fabricated, functionalized with a PEG
mushroom surface, and succinylated as described in Chapter 4 Materials and Methods.
Dylight 650 and 488 were used for the intravital and flow cytommetry studies, respectively.
PRINT-Platin was used without a fluorophore for the ICP-MS studies.

Animals

All experiments involving mice were performed in accordance with the National Research
Council’s Guide to Care and Use of Laboratory Animals (1996), under an animal use
protocol approved by the University of North Carolina Animal Care and Use Committee. All
studies used female Foxnlnu (athymic nude, C57BL/6J background) mice (5 weeks old, 17-
27 g, Jackson Laboratory). For the tumor-bearing mice, two orthotopic non-small cell lung
xenograft models (A549-luc and 344SQ) and an orthotopic melanoma allograft (LKB498)
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model were used. Cell cultures were prepared and maintained per vendor specifications. The
orthotopic lung surgery was performed as detailed in Chapter 4 Materials and Methods, with
either 5 million A549-luc or 5,000 344SQ cells injected per published protocol.’® Sham
mice underwent the surgical procedure and received the PBS:Matrigel suspension without
cells. For the orthotopic ear allograft, a single spheroid of approximately 4,000 LKB498
cells was injected intradermally as previously described.*®® For in vitro macrophage
association assays, serum was collected via cardiac puncture and spun to fraction out cells.
All nanoparticles were dose in 9.25 wt % sucrose to maintain isotonicity upon intravenous

administration.

In vitro macrophage association

Primary macrophages were isolated from the bone marrow of nude mice per established
protocol.*®* Briefly, mice were euthanized, and the femur and tibia bones were resected.
Bone marrow cells were collected by flushing the marrow cavity with HBSS. Cells were
filtered and plated with L929-conditioned medium (contained GM-CSF) to promote
differentiation and growth of macrophages from precursor cells within the marrow. Cells
were incubated with or without serum collected from naive and tumor-bearing mice. After
24 hours, the serum-spiked media was replaced with fresh media, and PRINT hydrogel
nanoparticles were dosed at 1 mg/mL for 3 hours. Cells were then collected and fixed with 4

% PFA for analysis by flow cytommetry.

Intravital microscopy study

Particles containing Dylight 650 were injected and analyzed by intravital microscopy as
described in Chapter 3 Materials and Methods. All instrument settings were kept constant
for the duration of the study. Nair was not used as the nude mice were hairless, and the non-
tumor-bearing ear of LKB498 mice was used for analysis. Particles were dosed at 18.75 mg

per kg of body weight.
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Inductively-coupled mass spectroscopy study

Quantification of cisplatin and PRINT-Platin was performed using inductively-coupled
plasma mass spectroscopy (ICP-MS) as described in Chapter 4 Materials and Methods.
Cisplatin and PRINT particles were dosed at an equivalent of 3 mg per kg drug. This
corresponded to a particle dose of 18.75 mg/kg.

Tissue preparation for immune cell analysis

Once the A549 lung tumors had grown to sufficient size, both tumor-bearing and naive mice
were injected with a suspension of PRINT hydrogel particles containing Dylight 488 at 18.75
mg/kg. Two hours post-injections, mice were euthanized and blood was collected via cardiac
puncture and stored on ice in EDTA-treated collection tubes. The thoracic cavity was
opened to visualize the heart. The right atrium was nicked, and organs were perfused with a
HBSS flush via the left ventricle. The lung, spleen, and liver was resected and stored on ice.
Spleens were mechanically forced through a cell strainer to dissociate tissue into FACS
buffer. Lungs and livers were incubated at 37 °C, 5 % CO; in digestion media (HBSS + 2 %
FBS + 0.02 mg/mL DNase and 1 mg/mL collagenase) until dissociated. ACK buffer was
used to lyse red blood cells in blood, lung, and spleen and samples were subsequently passed
through a cell strainer to remove aggregates and excess debris. Immune cells were isolated
from livers using Lymphoprep, per manufacturer guidelines. This resulted in single cell
suspensions of blood, lung, spleen, and liver tissues. Samples were blocked with anti-
CD16/32 (Fc-block) and stained with a panel of antibodies. Lung, spleen, and liver samples
were split into two equal aliquots. One aliquot, along with blood samples, received Panel A:
CD45-Pac Blue, CD11b-Brilliant Violet 605, CD11c-PE, Ly6G-PE-Cy5, F4/80-APC, and
CD19-PE-Cy7. The remaining lung, spleen, and liver aliquots received Panel B: CD45-Pac
Blue, CD11b-Brilliant Violet 605, F4/80-APC, and CD206-PE. All samples were fixed with
4 % PFA and stored for analysis by flow cytommetry.
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Flow cytommetry

Samples of single cell suspensions from blood, lung, spleen, and liver of naive and tumor-
bearing mice were analyzed with an LSRII (BD Biosciences) flow cytometer. AbC™ Anti-
Mouse Beads were labeled with each of the fluorophore-antibody and used to compensate for
each fluorescence channel. Fluorescence minus one (FMO) samples were prepared from
untreated cell suspensions for delineation of positive and negative antibody expression on
cells. Representative sample gating for Panel A and Panel B is described in Appendix A,
Figures A-1 and A-2, respectively. Samples from the in vitro macrophage association study
were analyzed as described, and utilized only forward scatter, side scatter, and the Dylight
488 fluorescence channel and did not require compensation or FMO samples. FlowJo

56,165

software (Tree Star) was used to analyze data per literature precedence and guidance.

Statistics were performed in GraphPad Prism.

5.3 Results and Discussion

5.3.1 Tumor-induced pharmacokinetic modulation

Intravital microscopy (IVM) was used to investigate the circulation profile of nanoparticles
in several tumor models. VM is an easy and inexpensive method for direct visualization of
fluorescent particles in blood vessels. The technique affords the same precision and
statistical significance of traditional, larger time-point studies, but with a lower number of
animals.®>'?° A far-red fluorescent dye was polymerized into PRINT particles to facilitate
imaging, and the mouse ear was chosen since the proximity of blood vessels to the surface
minimizes the effects of tissue auto-fluorescence and attenuation. To ensure a valid
comparison between different animals, all particles were from the same batch, the same dose
was injected in each animal, and the instrument settings were kept constant. Three tumor

models were investigated and compared to naive mice. Orthotopic locations were used to
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mimic clinical conditions for tumor growth and microenvironment. A human lung xenograft
(A549) and mouse lung allograft (344SQ) were selected as examples of non-small cell lung
cancer (NSCLC), a typical nanomedicine target. A mouse melanoma (LKB498) allograft in
the ear was included to address any effects caused by disrupting the physiology of the lung,

an organ with prominent immune function.*®®

Snapshots of particle fluorescence in the vasculature of the mouse ear at various time points,
shown in Figure 5-1A, indicated decreased circulation persistence in tumor-bearing mice
compared to naive mice. Quantification of the fluorescence is illustrated in Figure 5-1B,
represented as normalized fluorescence as a function of time. The initial fluorescence was
lower in all tumor models compared to the naive mice. Additionally, the initial level
decreased as a function of tumor model; 344SQ lung was lower than LKB498 ear, and A549
lung was markedly lower than both 344SQ lung and LKB498 ear. Analysis of the
fluorescence curves also revealed significantly lower exposure, represented by the area-
under-the-curve (AUC), in the presence of a tumor (Figure 1B inset). Similar to the initial
fluorescence trend, the A549 lung had the lowest AUC of the three tumor models

investigated.
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Figure 5-1. Circulation behavior of PRINT hydrogels injected intravenously in naive and
tumor-bearing mice measured by intravital microscopy. (A) Still images from naive and
tumor-bearing mice depict lower initial fluorescence and faster clearance in tumor-bearing
mice compared to naive mice (scale-bar = 50 um). (B) Particle fluorescence in blood over
time and exposure (inset) expressed as area-under-the-curve reveal a tumor-induced
pharmacokinetic modulation (**** = p < 0.0001; one-way ANOVA).

Time (h)

Upon discovery of the tumor-induced change, longer time points were investigated for the
A549 and 344SQ lung tumor models and compared to naive mice. Inductively-coupled
plasma mass spectroscopy (ICP-MS) is a highly sensitive method of analysis commonly used
for quantification of heavy metals in biofluids, with limits of detection down to parts per
trillion.** Platinum was incorporated into the particles via cisplatin drug complexation, and
used to track particles in the blood, spleen, and liver. The circulation profile was examined
out to extended time points (0.083, 0.5, 1, 6, and 24 hours) using ICP-MS. The trend
observed in the IVM study was mirrored, as both tumor-bearing models had faster clearance
compared to naive mice (Figure 5-2A). The A549 lung model also exhibited an initial
concentration 2.8-times lower than the other particle arms. This confirmed the phenomenon
observed in the IVM fluorescence experiments. Additionally, the free form of cisplatin was
not altered by the presence of a tumor. This indicated that the mechanism responsible for the
difference in clearance was size-dependent. Specific parameters of PK behavior were also

evaluated (Figure 5-2B). As previously discussed the AUC represents exposure, which
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correlates to the amount of an entity reaching circulation. The rate of removal of an entity is
measured as clearance (CL). The volume of distribution (V) is a theoretical value
representing the propensity for an entity to stay in the blood compartment (low V4) compared
to being tissue-bound and widely distributed (high V). Examination of these PK parameters
bolstered the results from the fluorescence experiments. A lower AUC of particles in tumor-
bearing mice indicated decreased exposure compared to naive mice. Increases in CL and Vg4
for particles in mice with tumors further pointed to more efficient removal of particles from
circulation. For all three parameters particles had favorable values compared to free drug.

Figure 5-2C illustrated the absence of a tumor-based effect on free drug PK parameters.
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Figure 5-2. Circulation behavior of intravenous-administered free cisplatin versus PRINT
hydrogel nanoparticles loaded with cisplatin measured as platinum (Pt) content by
inductively-coupled plasma mass spectroscopy. The plasma profile (A) and pharmacokinetic
parameters (B) of particles were significantly altered by the presence of a tumor, including
exposure (AUC), clearance rate from circulation (CL), and volume of distribution (Vg). The
behavior of free cisplatin, however, remained unaffected (C). (* = p <0.05, ** = p < 0.01,
*** = p <0.001, **** = p < 0.0001; one-way ANOVA)

The lung has prominent immune function, and as disruption to the physiology—such as
surgery—could provoke an unintended immune response. Validation that the shift in
clearance was not caused by the surgical procedure for tumor inoculation is shown in Figure
5-3. Tumor and sham mice experienced the same exact surgical procedure. Tumor mice

received an injection of PBS and Matrigel with A549 cells into the lung, while sham mice
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received PBS and Matrigel without A549 cells. Naive mice did not have any surgical
procedure or lung injection. No significant difference in circulation was observed between
the sham and naive mice. This confirmed that the shift in particle circulation was caused by

the presence of cancer cells and not by the surgery.
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Figure 5-3. The effect of surgery on particle circulation in mice with and without A549 lung
tumors. Tumor and sham mice experienced the same exact surgical procedure, with the
exception of cancer cell implantation (tumor mice received a lung injection with A549 cells
and sham mice received a lung injection without A549 cells). Naive mice did not have any
surgical procedure or lung injection.

The primary organs responsible for removing particles from circulation are the liver and
spleen. Consequently, these organs were also analyzed for platinum content via ICP-MS to
evaluate the fate of the PRINT hydrogel nanoparticles in mice with and without lung tumors.
Depicted in Figure 5-4, an increase in platinum at early time points in tumor-bearing mice
corresponded to higher particle concentrations. The increased activity by these organs with
salient immune cell activity inversely correlated to the plasma circulation profiles; the

presence of a tumor decreased plasma circulation and increased sequestration in the liver and
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spleen compared to naive mice. Additionally, a large portion of particles were isolated
within the first 5 minutes after injection in the A549 lung mice, indicated by the higher initial
level in both the liver and spleen. The eventual accumulation in the naive arm supported the
concept that the eventual fate of particles is the spleen and liver. The effect of a tumor on

free drug concentrations was negligible, as observed in plasma.
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Figure 5-4. Measurement of intravenous-administered free cisplatin versus PRINT hydrogel
nanoparticles loaded with cisplatin as platinum (Pt) content in organs with salient immune
cell activity by inductively-coupled plasma mass spectroscopy. There was a significant
increase in initial sequestration of particles in both liver (A) and spleen (B) in tumor-bearing
mice compared to naive mice (* = p < 0.05; one-way ANOVA).

The increased activity at sites that were distal to the tumor prompted investigation of a
possible circulating factor in the plasma responsible for causing the shift in particle
clearance. To test this hypothesis, bone-marrow derived macrophages were incubated in
media spiked with serum collected from naive mice and mice bearing A549 lung, 344SQ
lung, or LKB498 ear tumors in an attempt to reproduce the modulation effect in vitro. After
exchanging the mouse serum-spiked media for fresh media, fluorescent particles were dosed
onto the cells. Figure 5-5 shows a clear difference in the activity of macrophages based on

incubation media. This was represented as the median fluorescence intensity (MFI) per cell;
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as the particles were consistent in composition, the fluorescence level was proportional to the
number of particles. The MFI of particles in each macrophage was significantly higher when
the cells were incubated with serum collected from tumor-bearing mice compared to naive
mice. A slight increase in activity was observed between mice incubated with and without
mouse serum. The in vitro results supported the hypothesis that the difference in particle
recognition seen in the liver and spleen was caused by some plasma resident entity produced

directly or indirectly by the tumor.
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Figure 5-5. In vitro PRINT hydrogel nanoparticle association with macrophages incubated
with serum from naive and tumor-bearing mice. There was a significant increase in the
activity of cells when exposed to serum from tumor-bearing mice compared to naive mice
(**** =p < 0.0001; one-way ANOVA).

Previous work in healthy mice discovered a similar particle clearance difference in strains
with genetically-biased immune function.®® Increased clearance was observed in Th2-biased

mice compared to Thl-biased strains. This study by Jones et al. was the first to report such
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an effect, and the current study revealed a comparable trend based on tumor presence which
is known to alter the status of the immune system from Th1 to Th2.%"%? The quantitative
analysis by ICP-MS further revealed the immune shift was the most prominent in the liver,
where early rapid accumulation was evident in mice with tumors. The slight increase in
sequestration of PRINT hydrogels by the spleen, however, may be attributed to particle
composition. A study by Almeida et al. looked at the distribution of gold nanoparticles
within the spleen of mice with and without subcutaneous tumors and found no difference,
though no other organs were examined.’®” An increase in in vitro macrophage activity led to
the hypothesis that the tumor cells or microenvironment had secreted some factor capable of
skewing phagocytic capacity. The secretion of factors by cancer cells that target
macrophages has been previously documented. Several studies have used extensive cytokine
analysis, immunohistochemisry, and gene amplification to identify the effects of co-culturing
macrophages with cancer cells, however, this work is beyond the scope of the curent

168-170

study.

5.3.2 Analysis of immune cell populations in naive and orthotopic A549 mice

A shift in the status of immune cells in cancer has been well documented, though less is
known about the effect of such polarization on particle behavior. Flow cytommetry was used
to pinpoint the cell populations responsible for increased uptake in the presence of a tumor.
This high-throughput technique can be used to identify cell types based on specific
phenotypic markers via light scattering and fluorescence. Mice with and without A549 lung
tumors were injected with fluorescent PRINT hydrogels, and after two hours organs were
collected and digested into single cell suspensions for analysis. The rationale behind this
time point was the balance between a large difference in organ accumulation and a sufficient
concentration still in circulation. Depicted in Figure 5-6, several differences in association
and MFI were observed. In blood (Figure 5-6A), no significant difference in association was

observed among the cell populations, however, an increase in the MFI of particles in
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monocytes was observed. Lung populations (Figure 5-6B) revealed an increase in
macrophage association and MFI of particles, and a significant increase in the MFI of
particles in dendritic cells (DCs). Analysis of the spleen (Figure 5-6C) showed negligible
differences in association, but an increase in particle MFI for granulocytes. Finally, the liver
(Figure 5-6D) displayed a clear increase in particle association with granulocytes and
macrophages, with the same trend in MFI for those two populations. Similar to the lung, a
marked increase in the particle MFI in DCs was observed. Overall, the macrophage
population was affected most by the presence of a tumor, which manifested as increased

recognition of PRINT hydrogel nanoparticles.
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Figure 5-6. Immune cell distribution of PRINT hydrogel nanoparticles in blood (A), lung
(B), spleen (C), and liver (D). Significant increases in association and MFI were seen for
several populations, including macrophages and dendritic cells in the lung and liver. MFI
median fluorescence intensity. (* = p <0.05, ** = p <0.01, *** = p < 0.001; two-way

ANOVA)
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The consistent difference in particle recognition by macrophages prompted a more detailed
analysis. Cells can be skewed toward a M1 or M2-like phenotype, with several differences

in properties. M2-like polarization is common in tumor-associated macrophages, but results
from this work revealed there was a difference in non-tumor associated cells as well. Flow
cytommetry was used to identify these subsets based on a difference in the expression of
CD206, or the macrophage mannose receptor (MMR), which is significantly up-regulated in
M2-like macrophages.*’ Representative histograms, displayed in Figure 5-7A, illustrated the
difference in CD206 expression on macrophages. Quantification of this MMR expression
(Figure 5-7B) revealed a shift in the proportion of macrophage subsets in the spleen and
liver of mice with and without A549 lung tumors. In the spleen, the percentage of
macrophages that expressed CD206 increased from 29.6 % in naive mice to 45.8 % in tumor-
bearing mice. The same trend in MMR expression was observed in liver macrophages,
which shifted from 13.7 % to 37.1 % in naive and A549 lung mice, respectively. Overall,
macrophages in the spleen and liver of tumor-bearing mice were skewed toward a M2-like

phenotype. There was no significant difference in populations among the lung macrophages.
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Figure 5-7. Polarization of macrophages in naive and tumor-bearing mice. Representative
flow cytommetry histograms (A) of CD206 expression in macrophages of the liver show an
increase in M2-like phenotype in tumor-bearing mice. A significant increase in the
population of M2-like macrophages (B) was observed in tumor-bearing mice compared to
naive mice. (** = p <0.01, **** = p < 0.0001; two-way ANOVA).
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When the particle association was measured in these two populations, differences were
observed within the organs of naive and tumor-bearing mice. Figure 5-8 displays the
particle association and median fluorescence in M1 and M2-like macrophages, as analyzed
by flow cytommetry. Particles associated more with M1 macrophages in the lung and liver
when a tumor was present compared to the naive mice (Figure 5-8A and C; top). In the
liver, the same trend held for the M2-like population. This was consistent with the overall
increase in macrophage association seen in Figure 5-6B and D. The spleen had no
significant difference in association for either population. Quantification of the median
fluorescence in each organ revealed a more pronounced difference based on either tumor-
presence or subset population. Upon examination of the MFI in M1 macrophages of the lung
and liver, there was a higher number of particles taken up per cell in tumor-bearing mice
(Figure 5-8A and C; bottom). The M2-like macrophages in all three organs were more
active in particle uptake when a tumor was present, as the MFI increased significantly
between the naive and A549 lung mice. When Figures 5-6, 5-7, and 5-8 were interpreted in
tandem, there was an overall observation that all macrophages were more efficient at particle
sequestration, and the M2-like macrophage population was up-regulated in the tumor-bearing
animals and showed increased recognition of particles. The combination of a higher
proportion of the M2-like population in the livers of mice with tumors and an increased
recognition of particles by those same macrophages provided an explanation for the
increased clearance of PRINT hydrogel nanoparticles via rapid accumulation in the liver.
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Figure 5-8. Macrophage subset association of PRINT hydrogel nanoparticles by flow
cytommetry in lung (A), spleen (B), and liver (C) of tumor-bearing and naive mice.
Differences in particle association and MFI were revealed: significant increases in the same
macrophage subset between naive and tumor-bearing mice, and also between different
macrophage subsets within the same mouse model. MFI = median fluorescence intensity. (*
=p<0.05 **=p<0.01, *** =p<0.001, **** = p < 0.0001; two-way ANOVA)

The ability to mimic the difference in particle recognition in vitro in macrophages showed a
serum-resident factor was at least partially responsible for the shift in liver and spleen
sequestration. Literature evidence suggested that the likely scenario was that tumor cell
secretions directly affected the shift in macrophage activity. Previous studies have shown the
ability of cancer cells to polarize macrophages in vitro. In a study by Muller-Quernheim et
al., both the co-culture of tumor cells with macrophages and the treatment of macrophages
with media taken from tumor cell cultures resulted in an increased activity for both M1 and
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M2-like macrophages, with a slight skewing toward a M2-like phenotype.'” Furthermore,
this study used A549 cells, the same line investigated in the work presented here. This work
supported the negligible shift in lung macrophage population proportions displayed in Figure
5-7B. The initial bias toward a M1 phenotype in the liver and spleen is supported by the

genetic strain predisposition of the C57BL/6 background nude mice used for this study.**!"

Modulation of organ immune function has been shown previously in several models of
disease or injury. Macrophages at the site of injury were stimulated in a spinal cord injury

I*”® and a drug-induced liver injury model.}™ Similar effects have been shown in

mode
cancer models as well. The tumor microenvironment displays a local Th2-bias, and in some
cases a systemic shift as well.***>"*° Several studies showed the presence of a tumor
activated the M2-like macrophage subset population.™®*" The increased recognition of
PRINT particles by macrophages as a whole, and more specifically by M2-like macrophages,
can be attributed to a tumor-induced modulation of immune function. One possible
explanation is that M2 polarized macrophages have increased phagocytic and scavenging
ability, which resulted in more efficient particle sequestration.'®*"" Finally, this shift in
macrophage activity could explain the large difference in the initial level of PRINT hydrogel
nanoparticles in the liver and plasma. The liver receives nearly two-thirds of the blood
volume per minute and contains over 75 % of the total tissue macrophage population.®** An
increase in the particle affinity of macrophages in the liver would have a dramatic effect, and
this provides an explanation for the striking difference between tumor-bearing and naive

animals.

54  Conclusions
Investigation of the effect of tumor presence on the behavior of PRINT hydrogel

nanoparticles revealed several significant differences. The presence of a tumor caused a shift

in cell population behavior, which resulted rapid clearance of particles from circulation and
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increased rate of accumulation in the liver and spleen. Upon further investigation by flow
cytommetry, macrophages in the lung, spleen, and liver were polarized toward an M2-like
phenotype by the presence of a tumor. Furthermore, these M2-like polarized were more
proficient in particle recognition compared to those with an M1 phenotype.

Future work would involve identification of the specific factor(s) responsible for the shift in
immune cell activity. Mitigation or reversal of the systemic shift could be achieved by
incorporating a scavenging moiety onto the particle to sequester the circulating factor and
reduce immune evasion by the tumor. Applications in immunotherapy would include
utilizing the macrophage affinity for particles to co-opt a change in status. By delivering a

stimulant, the polarization could be reversed to promote an anti-tumor M1 phenotype.
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CHAPTER 6:

Conclusions and Recommendations

9 Scale-up of the PRINT technique to a roll-to-roll (R2R) process afforded accurate and
predictable fabrication of particles. By optimizing the parameters for a continuous
process, the precision and calibration-quality control of PRINT was maintained in
quantities sufficient for pre-clinical studies. Future work would involve equipping the
R2R machine with online film thickness analysis, to allow for “on-the-fly” adjustment for
adaptation to fluctuating environmental conditions that affect particle quality (size and
polydispersity). Additionally, this would allow for more efficient optimization of current
and future geometries that are not currently scaled-up, such as the library of micron-sized
particle molds. Other work may involve development of a patterned cylindrical drum in
lieu of the thin mold currently employed, reducing the cost of fabrication and eschewing
the large material requirement from using hundreds to thousands of linear feet of plastic

per study.

9 Optimization of the surface PEG density and aspect ratio yielded a long circulating
PRINT nanoparticle. Future work is focused on improving pharmacokinetic
parameters—half-life, AUC, clearance—through higher PEGylation densities, smaller
sizes, and incorporation of surface targeting ligands. Specifically, a 55 nm x 70 nm mold
has led to extended circulation times compared to 80 nm x 320 nm particles. Coupled
with a higher surface PEG density, this holds the potential to approach a more ideal
particle. The complex interplay of particle properties has been made evident in the
studies presented within this dissertation. With that in mind, the proposed ideal particle
for a chemotherapeutic application is a targeted, highly PEGylated (> 0.2 PEGs/nm?) 55
nm x 70 nm particle. The composition would include a degradable functionality in the
cross-linker (such as a disulfide bond or silyl ether), and an acid- or reductively-labile

prodrug. Thus, the particle would circulate for an extended period of time, passively
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accumulating in the tumor, before being actively taken up by cancer cells via the
targeting ligand. Once internalized, the reducing environment of the cytoplasm, or the
acidic nature of an endosome, would result in degradation of the particle into
biocompatible monomers and cleavage of the chemotherapeutic into its active form. In
the event the particle is not internalized, the degradable nature of the particle and prodrug
would enable release of the cargo due to the slight decrease in pH of a tumor bed.
Current work within the hydrogel oncology team is focused on this path, and the near
future holds the potential for development of such a particle.

Through its ability to independently alter variables, PRINT successfully tuned the
characteristics of a particle individually to provide the best balance between loading,
release, and circulation time of cisplatin (Table 6-1). The resulting formulation, PRINT-
Platin, showed similar cytotoxicity and release profiles to Nanoplatin, but failed to show
efficacy. In light of the results, reformulation in the form of a prodrug or altered
complexation chemistry may result in improved anti-tumor effects. One such endeavor
would involve complexation of a carboxyethyl acrylate monomer with cis-
diaminedichloroplatinum(l1) before preparation of the pre-particle solution. This would
allow for in situ incorporation of drug into the hydrogel particles during fabrication.
Additionally, an electron-withdrawing functionality—such as a benzyl group—could be
incorporated between the acrylate and carboxyl groups, to reduce the ligand binding
energy to platinum. This would improve the release profile of cisplatin from the particle
matrix at milder conditions to improve efficacy and cytotoxicity. Benefits from these
modifications would include higher drug loading, tunable drug concentration within the
particle matrix, and increased circulation time with concurrent improved tumor

accumulation by way of higher surface PEGylation.
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Table 6-1. Overview of cisplatin-based nanoparticle platforms in various stages of clinical

trials, including PRINT-Platin. Data compiled from Refs.

Status

Platform

Cisplatin loading
(Y wiw)

Loading method

Release (t,5, h)

Surface Chemistry

Size

Circulation t,, (h)

Dose Schedule

PRINT-Platin

Pre-clinical

PEG Hydrogel

16

Complex with
carboxylate

~24

PEGylated

80 nm x 320 nm

15.5

Once weekly x 6
(NSCLC, ovarian)

NanoCarrier Nanoplatin

(NC-6004)

Phase I/II

Polymeric micelle

39

Complex with glutamic acid

(carboxylate)

~120

None

30 nm

6.43 (rat)

Every other day for 5 days

(colon)

82-88

Regulon
Lipoplatin

Phase III
Liposome
9.8 (w/w Cis:lipid)
Encapsulation
Unknown
PEGylated
110 nm
7.14 (rat)

Once weekly x 4
(breast/prostrate)

Alza
(SPI-077)

Phase II
Liposome
1.4 (w/w Cis:lipid)
Encapsulation
Plasma Stable
PEGylated
110 nm

16

Weekly or bi-
weekly x 3 doses
(colon/Lewis lung)

PLGA-b-PEG
(pro-drug)

Pre-clinical
Co-polymer
3
Encapsulation

17

PSMA-capped
PEGylation

150 nm
4.3

Twice weekly x 4
weeks (prostate)

1 Systematic investigation of a tumor-induced shift in PRINT hydrogel nanoparticle

circulation behavior and immune cell distribution provided an alternative theory for a

lack of efficacy seen in therapeutic studies. The increased recognition in a tumor model

resulted in faster clearance and sequestration of PRINT-Platin, thus decreasing tumor

accumulation. Future work would involve identification of the specific factor(s)

responsible for the shift through the use of enzyme-linked cytokine analysis with

enzyme-linked immunosorbent assays (ELISA), molecular classification via mass

spectroscopy, and protein expression identification by rt-PCR. The goal is two-fold: add

to the knowledge base of cancer biology and provide a potential therapeutic target for

immunotherapy. For instance, the effect may be counteracted by loading particles with a

scavenger receptor for the species of interest. Alternatively, the macrophage affinity for

PRINT hydrogels could be co-opted to reverse polarization of the cells back to a M1
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phenotype, thus providing anti-cancer activity indirectly. As M2-like macrophages
correlate with a poor prognosis, this application would be of particular interest to late-
stage or refractory tumors. Overall, this study revealed an interesting phenomenon
between cancer-related immune function and nanoparticle behavior. Many interesting
applications exist in the realm of nanomedicine, but it is important to understand the
model of interest in order to effectively and appropriately utilize particle-based

technologies.
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Appendix A:

Flow cytommetry gating schemes

S8C-A

5
10" Monocytes
i ns
=
5 4] Matrophages
oW
P E
b
=4
B
= w0 o
% 3
=] Granulocyles
oo 125
0”4 e
T Y Ty ey T
BT 0 w0t 1w0° RS 0° 10 10°
Comp-PE-A CD11c Comp-PE-Cy5-A: Gr-1

250K 7] 5
10
E Beells

200K ] @

Single Cells 8 ma N

I 150K ] < 1
& s
@ 5

W

100K ] & w0 g
&

£ 3
3

50K 7] o g

4 non-B cell ymphocyles
a4 37
° T T T T T L] | h
T ™ R T
] 50K 100K 150K 200K 280K 3 3 4 5
FECA -10 0 m. 10
Comp-Pacific Blue-A : CD45

€D11b high
o 7
=
S w4
% -
&
=3
2
s
b1 10°
& 3
£
o o9
10’ 4

103 10‘ 105
Comp-PE-AZ CD11c

Figure A-1. Flow cytommetry gating schemes for identification of immune cell populations.
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Figure A-2. Flow cytommetry gating scheme for separation of macrophage populations into

M1 and M2-like subsets.
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