The Potential of Cellulose Nanocrystals in the Detection
and Treatment of Cancer

Katelyn Rose Colacino

Dissertation submitted to the faculty of Virginia Tech-Wake Forest School of Biomedical
Engineering and Sciences in partial fulfillment of the requirements for the degree of:

Doctor of Philosophy
in
Biomedical Engineering

Yong Woo Lee (Chair)
Maren Roman
Luke E. K. Achenie
John L. Robertson
M. Nichole Rylander

June 20", 2013
Blacksburg, VA

Keywords: Folate Receptor, Early Cancer Detection, Targeted Drug Delivery,
Irreversible Electroporation

Copyright © 2013 Katelyn Rose Colacino



The Potential of Cellulose Nanocrystals in the Detection
and Treatment of Cancer

Katelyn Rose Colacino

Abstract

Conventional methods of cancer therapy have been severely limited by inefficient delivery of
therapeutic doses without incidence of harsh and toxic side effects in normal tissues.
Consequently, countless new methods for early detection and drug delivery have been
investigated in the area of nanoparticles and hydrogels. Although many of these methods are
promising, the complex nature of cancer increases the difficultly for the development of the
perfect system.

Cellulose nanocrystals (CNCs) have been studied widely for a variety of applications.
Despite their advantages, investigations of their abilities in the biomedical field have not been
explored. The goal of this project is to delve into the potential uses of CNCs in detection,
targeted drug delivery, and potentiation of irreversible electroporation (IRE)-induced cell death
in folate receptor (FR)-positive cancers. To accomplish this task we have prepared stable and
reproducible CNCs from wood pulp via sulfuric acid hydrolysis. Furthermore, we have
functionalized the surface of these nanoparticles and conjugated them with the targeting ligand
folic acid (FA) and the fluorescent imaging agent fluorescein-5’-isothiocyanate (FITC) to create
FITC-CNC-FA. CNCs have also been conjugated with doxorubicin (DOX), a potent
chemotherapeutic (DOX-ALAL-CNC-FA). We have determined FITC-CNC-FA’s and DOX-
ALAL-CNC-FA’s ability to specifically target FR-positive cancer cells in vitro; meanwhile non-
targeted CNCs (FITC-CNC) were shown unable to bind to these cell types. In addition, we have
investigated FITC-CNC-FA’s pharmacokinetic activity in vivo. To properly model the CNC
conjugate’s activity in vivo, a physiologically based pharmacokinetic (PBPK) model has been
constructed.

We have also examined CNCs’ ability to potentiate a new technique for tumor ablation, IRE.
Pre-incubation with FA-conjugated CNCs (CNC-FA) have shown an increase in cytotoxicity in
FR-positive cancer cells induced by IRE. In addition, CNC-FA did not potentiate IRE-induced
cytotoxicity in an FR-negative cancer cell type. For a more comprehensive understanding of

CNC-FA’s ability to potentiate IRE induced cytotoxicity, we optimized a 3D in vitro hydrogel



system. Preliminary data suggest this method of experimentation will be more realistic to in vivo
studies to be completed in the future. Together, these studies showcase CNCs as efficient and

effective nano-carriers in tumor detection and treatment.
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Data shown are mean + SD for each group (n=4) (*p<0.05 vs. free FITC, *p<0.05 vs. FITC-
[0\ L0 T TSRS PRPRORIN 26

Figure 2-7: Effects of endocytosis inhibitors on cellular binding/uptake of FITC-CNC-FA. KB
(A) and MDA-MB-648 (B) cells were pre-treated with PBS, 10 pg/ml chlorpromazine, or 200
MM genistein for 30 min, exposed to FITC-CNC-FA and inhibitors for 2 h, stained with Alexa
Fluor® 594, and imaged using fluorescence microscopy. Representative images showing cell
membrane and bound/uptaken FITC (A-B) (n=4) (Bar: 100 um). Quantitative analysis of
fluorescence intensity normalized against cell membrane area (C). Data shown are mean + SD
for each group (N=4) (*P<0.05 VS. PBS).....ciiiiieiiisis s 27

Figure 2-8: Effects of FITC-CNC-FA on cellular uptake. KB (i-iii) and MDA-MB-468 (iv-vi)
cells were exposed to FITC-CNC-FA for 2 h, stained with Alexa Fluor® 633, and imaged using
confocal microscopy. The left column of images (i, iv) show cell membrane staining, middle
column images show FITC fluorescence, while the right column images show the overlay of the
two channels. Representative images showing cell membrane and bound and uptaken FITC
(NZ4) (BAr: 20 M) .ottt ettt e et e s s e e be e e e sseesteesbeeteenbeenteareenteenteaneenre s 28

Figure 2-9: Effects of free DOX and CNC conjugation on cell viability. KB (A) and MDA-MB-
468 (B) cells were exposed to either free DOX or DOX-ALAL-CNC-FA for 2 h, with or without
a pretreatment of 10 mM free FA for 30 min. Medium was replaced with growth medium for 22
h post treatment. 20 pl of CellTiter-Blue® Cell Viability Assay reagent was added to each well
and incubated for 4 h. Fluorescence was read at Ex/Em: 560/590 nm. Quantitative analysis of
resorufin fluorescence intensity was normalized against cells treated with PBS, while CellTiter-
Blue® reagent mixed with treatment solution was subtracted as background fluorescence. Data
shown are mean + SD for each group (n=4) (*p<0.05 vs. control, *p<0.05 vs. free DOX, 'p<0.05
VS, DOX-ALAL-CNC-FA). oottt sttt sttt ettt neanennas 28

Figure 3-1: Design of the PBPK model used in FITC and CNC conjugate in vivo analysis. Each
organ is designed to have two compartments. Drug settling in the tissue follows Michaelis-

Menten dynamics at the interface between blood available to that organ and the tissue itself. ... 36
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Figure 3-2: Mouse weights over experimental study. KB tumor bearing mice (A) and MDA-MB-
468 tuMOr DEArING MICE (B). ..ccvveieiiieiieeie ettt e e te e s be e saeeneesreenreenee e 38

Figure 3-3: Tumor sizes over experimental study. KB tumor bearing mice (A) and MDA-MB-

468 tUMOT DEANING MICE (B). ..veveveiieiti ittt bbb 39

Figure 3-4: IVIS imaging of mice bearing KB and MDA-MB-468 tumors. Mouse 1 bears a KB
tumor while mice 2-5 bear MDA-MB-468 tumors (counting from left to right). Mice 1, 3, and 5
received a dose of 0.5 mg/kg FITC concentration of FITC-CNC-FA, while mice 2 and 4 received
0.25 mg/kg FITC concentration. A photograph of mice without fluorescence can be seen in (A).
Mice were imaged prior to (B) and 1 (C), 4 (D), 8 (E), and 24 (F) h post injection of targeted
imaging agent, FITC-CNC-FA. Tumors are circled in red in (A). MDA-MB-468 tumors are

difficult to see in (A) due to their size and location (mammary fat pad, not subcutaneous). ....... 40

Figure 3-5: Experimental pharmacokinetic analysis of FITC, FITC-CNC, and FITC-CNC-FA
over 24 h. Each datum represents n=1 to n=3. The graphs depict the blood (A), brain (B), lung
(C), heart (D), liver (E), and kidney (F). In the case of the kidney results past 4 h were

inconclusive and discarded from the results presentation..............cccccovveveiiieiieve e 41

Figure 4-1: Parameter optimization for the potentiation of IRE-induced cytotoxicity with CNC-
FA. KB cells were pre-treated with or without CNC-FA [1 pg/ml]. 80 pulses of the specified
PEF were applied at a frequency of 1 Hz and cell viability was measured with CellTiter-Blue®
Cell Viability Assay Kit. Parameters optimized include pulse length (A), PEF for targeted cell
viability (B), and incubation time with CNC-FA (C). Data shown are mean = SD for each group

(NTA) (FP0.05). ettt bbbt bbbt e e bbbttt 48

Figure 4-2: Effects of CNC-FA on cytotoxicity due to PEF induction. KB cells were pre-treated
with various concentrations of CNC-FA for 10 min prior to PEF application. CellTiter-Blue®
Cell Viability Assay Kit was used to measure viability of cells. A closer look at the PEF 600
V/cm (B) magnifies the significant potentiated effect of CNC-FA on IRE (A). KB cells were also
pre-treated with non-targeted CNC-COOH [1 pg/ml] prior to PEF application of 600 V/cm (B).

FR-negative lung cancer cells, A549 (C), were pre-treated with various concentrations of CNC-
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FA for 10 min prior to PEF application of 600 VV/cm. Data shown are mean + SD for each group
(NTA) (FPK0.05). .ttt ettt ettt b e e bt e b e e R e e st et et benbe bt ereeneene e 50

Figure 4-3: Effects of CNC-FA on IRE-induced cytotoxicity in FR-positive human breast cancer
cells. Optimal PEF selection was based on application of various PEFs alone on MDA-MB-468
cell monolayers (A). MDA-MB-468 cells were pre-treated with various concentrations of CNC-
FA for 20 min prior to PEF application of 500 V/cm (B). CellTiter-Blue® Cell Viability Assay
Kit was used to measure viability of cells. Data shown are mean + SD for each group (n=4)
o005 T OO 51

Figure 4-4: Representative confocal images of CNC-FA bound to KB and MDA-MB-468 cell
membrane. KB (A-C) and MDA-MB-468 (D-F) cells were treated for 10 and 20 min,
respectively, with FITC-CNC-FA, thoroughly washed with HBSS, and fixed in ethanol. Cell
membranes were briefly stained with Concanavalin A Alexa Fluor® 633 and cells were imaged
with a Zeiss LSM 510 confocal microscope. Image cross sections were taken from the bottom
half of the cell at z=3.1 um (KB) and z=8.1 um (MDA-MB-468). Data shown are representative

IMages fOr aCh groUP (NT4). ..cueeee et te e et e e e e s te e teeneesneenre s 52

Figure 4-5: Results of the numerical model (4 orientations) for illustrating the potentiation of
IRE-induced cytotoxicity with CNC-FA. The gray color represents regions of tissue exposed to
an electric field threshold of 600 V/cm or greater that experience non-selective IRE. The black
color represents regions of tissue exposed to an electric field between 550 V/cm and 600 V/cm

that experience cancer cell-specific IRE with the inclusion of CNC-FA. ..o, 52

Figure 4-6: In vivo translational hypothesis. Tumors (A), treated with IRE alone (B), have a
uniform distribution of irreversible electroporation regions (C). To treat the entire tumor you
would have to design the IRE parameters to include a larger region including a substantial
amount of normal tissue. Based on the results presented, if conjugated CNCs are introduced to
the tumor before electroporation (D) we could decrease the PEF applied and would see a less
uniform region of irreversible electroporation with a higher tumor to normal tissue ratio (E). The
dotted lines (C, E) showcase the area treated by IRE alone, while the solid line (E) represents the

additional treatment area seen by pre-treating With CNC-FA. ..o 55
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Figure 5-1: Endocytosis process of folate linked particle. (1) Folate linked particle is introduced
into the tumor microenvironment. (2) Particle binds to the folate receptor and initiates
endocytosis. (3) Particle breaks from folate receptor. Linked material is cleaved from folate or
carrier. (4) Material becomes active within the cell. (5) Receptor is recycled back to the

membrane. Modified with permission from EnNdOCYte INC. ........cccoeviiiiiiiiiiiieiiee e 59

Figure 5-2: Hydrogel orientation for tissue sectioning. (A) Intact hydrogel cut in half to reveal
cross section. (B) hydrogel stood up on cross section and before paraffin embedding. (C) 10 um

slice used IN IMAGING ANAIYSIS. .......ciiiiiiiiiieie bbb 60

Figure 5-3: Hydrogels seeded with various initial cell densities. Hydrogels were seeded with
MDA-MB-468 breast cancer cells for 24 h at the following densities: 5x10° (i, i, iii), 10x10° (iv,
v, vi), and 20x10° (vii, viii, ix) cells/ml. Hydrogels were stained for DAPI (i, iv, vii), to show
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Chapter 1. Introduction

1.1. Problem Statement

In the United States, cancer is the 2" most common cause of death, following heart disease,
and accounts for 1 out of every 4 deaths®. The general population talks about finding the cure to
cancer as if one perfect solution exists. The search for the “magic bullet” in curing cancer has
been elusive due to a number of reasons. Firstly, cancer is a complex consortium of diseases
defined by the ability of abnormal cells to divide uncontrollably and occupy distant organs using

the vasculature and

Sustaining proliferative
signaling

lymphatic systems’.

Resisting e —— Furthermore, there are

cell death suppressors .
innumerable causes and

risk factors for all types of
cancer®. There are six

Inducing Activating invasion major hallmarks of cancer
angiogenesis and metastasis

as seen in Figure 1-1; these

features are key to

Enabling replicative
immortality

understanding not only the
Figure 1-1: The hallmarks of cancer. This was reprinted from Hanahan et al.> complexity of cancer, but
with permission from Elsevier Inc. how 1o overcome it.

A huge effort in the fight against cancer is the development of nanoparticles to effectively
and efficiently deliver agents directly to cancer cells. In 2008 the National Institutes of Health
estimated that the cost of cancer was $201.5 billion®. Furthermore, The National Cancer Institute
budgets over $5.83 billion for their cancer research projects in 2013’. Despite this, there are
currently only a fraction of nanoparticle formulations available in the market, most of which are
untargeted®. There seems to be a gap in knowledge on how to optimize the design of

nanoparticles. The Decuzzi and Ferrari groups have published multiple articles® **

investigating
optimal design of nanoparticle delivery, yet few have implemented their principles. This leads to

particles that may work wonders in vitro but do not translate well in vivo.



1.2. Background

1.2.1. Conventional Cancer Treatments

Conventional methods of cancer therapy have been severely limited by inefficient delivery of
therapeutic doses without incidence of harsh and toxic side effects in normal tissues. This is seen
quite clearly with radiation therapy and chemotherapy’®. Radiation therapy utilizes high doses of
radiation to destroy cancer cells and shrink tumors. This treatment is non-specific, but the beams
can be arranged in such a way where healthy tissue receives lower doses of radiation. When
angled correctly, radiation beams cross where the tumor lies, creating an additive effect at that
specific location. Radiation therapy still has harsh side effects associated with treatment
including diarrhea, fatigue, changes in fertility, nausea and vomiting®®.

Chemotherapy is another common treatment plan for cancer patients. Depending on cancer
type, a cocktail of chemotherapeutics is usually administered intravenously, repeatedly with
recovery periods. Side effects include anemia, bleeding issues, constipation, fatigue, infection,
fertility changes and pain®®. Doxorubicin (DOX), a particularly toxic drug, is a chemotherapeutic
which acts across multiple cancer types by intercalating into DNA and inhibiting cell division.
Though extremely effective for inducing apoptosis in rapidly dividing cells, the free drug has no
specificity and causes harm systemically. Cardiotoxicity is a major concern with this drug which
limits the therapeutic dose to what healthy tissues can tolerate instead of ideal concentrations for
cancer treatment®™*°,

Many external factors including diet, exercise, and tobacco use are known causes of cancer,
yet for the most part, the general population has not changed their habits®. For this reason it is
important to detect cancer early for the best possible rate of survival and increased quality of life.
Some of the more common cancers, such as breast, prostate, and ovarian, have screening
diagnostics to aid in early detection. Contrastively, no routine screening methods exist for the
most deadly cancers, such as lung, pancreatic, and liver; moreover, these cancers show little to

no early symptoms and may become metastasized before it is found®.

1.2.2. Tumor Microenvironment
As shown in Figure 1-1, the tumor microenvironment plays an important role in the
development of cancer. As a tumor grows, it releases growth signals to induce angiogenesis for

better access to oxygen and nutrients. This new vasculature does not form in the same manner as



with healthy cells; branching is excessive, turbid, unorganized, and disproportionate with areas
of blinded vascular endings, lack of a lymphatic system, and inadequate endothelial lining®.
Pericytes and the basement membrane, in which normally provide structure to the vessels, are
abnormal or absent, leading to fenestrae and increased permeability (Figure 1-2)** ?*. Though
meant to provide a highway for nutrients, the tumor forms an irregular vasculature proving
inefficient and unstable. This phenomenon leads to abnormal fluid transport dynamics in what’s
known as the enhanced permeability and retention (EPR) effect. Macromolecular drugs and
nanoparticle tend to accumulate in the tumor tissue compared to normal tissue?.

Figure 1-2: Differences between normal and tumor tissue in relation to the enhanced permeability and retention
(EPR) effect. Normal tissue contains tightly connected endothelial cells which prevents the diffusion of the
nanomedicine outside the blood vessel. Tumor tissue contains large fenestration between the endothelial cells
allowing the nanomedicines to reach the matrix and the tumor cells by the EPR effect. Reprinted from Taurin et al.!
with permission from Elsevier.

1.2.3. Folate Receptor

A few of the hallmarks relate to cancer’s ability to evade death and become immortalized.
During this process the cell undergoes phenotypical changes resulting in differing genes and
proteins being expressed; one of which is the overexpression of the folate receptor (FR). The FR
has been observed to be overexpressed in multiple cancer types including breast, ovarian, lung,

kidney, brain, and endometrium®2. The FR has a high affinity for folic acid, however it has

3



quite a low affinity for the most common form of folate in the body, 5-methyltetrahydrofolate.
Healthy tissues require folate to undergo DNA replication yet they rarely express the folate
receptor in large quantities. This is because there are two additional pathways for folate to enter a
cell; the reduced folate carrier (RFC) and the proton-coupled folate transporter, both of which
have a very low affinity for folic acid. The RFC is ubiquitously present in healthy tissues and
explains low expression levels of FR in these sites? .

Unlike most endocytic pathways, the FR endosome does not experience a shift to a low pH.
This is because FR containing endosomes do not traffic to lysosomes, but to recycling receptors
to be sorted and recycled back to the plasma membrane (Figure 1-3). Interesting to note, because
of its high affinity, folic acid remains bound to the FR during the entire endocytic pathway. Due
to the endosome’s lack of acidification (pH of 6.6-6.8), acid-labile linkers will not efficiently

cleave or release drugs bound directly or indirectly to folic acid™.

Folate Receptor Mediated Endocytosis Figure 1-3: Diagrammatic
representation of the folate

receptor mediated endocytosis
AntiCancer Agent pathway. Covalent conjugates
] of drugs, macromolecules, or
imaging agents linked to folic
acid via the vitamin's y-
carboxyl group bind to the
folate receptor with equal
il affinity to free folic acid
i1 (KD~50 pM). Following
endocytosis and  vesicular
trafficking, much of the
material is released into the
cell cytoplasm. The unligated
folate receptor may then
recycle to the cell surface.
Reprinted from Wang et al.’
with permission from Elsevier.

Folate Targeting Agent

Folate g
Recaptor .

1.2.4. Nanoparticles

Paul Ehrlich envisioned antibodies in search of toxins as “magic bullets” over a century ago
(Figure 1-4). His efforts led to the findings of two “magic bullet” drugs in combat against
malaria and sleeping sickness*'. This ideal has given hope to many researchers in their search for
treatments and cures for thousands of diseases. In the realm of cancer, the term “magic bullet”

has been largely associated with targeted drug delivery via cancer-specific receptors. There has



been a heavy focus on chemotherapeutics being modified to selectively target cancer cells using
various nano-carriers including liposomes, hydrogels, proteins, metals, polymers, dendrimers,
micelles, and ceramics®2. Currently there are about two dozen nano-delivery systems in clinical
use while even more are in clinical trials**. Though many have great potential and have advanced
cancer treatment in many ways, not one can be considered a “magic bullet.” Cancer is a large
group of complex diseases and these nano-carriers all have advantages and disadvantages in each
case.

Over the past few decades, innumerous amounts of nanoparticles have emerged as potential

carriers for drugs in cancer and other applications. Carbon nanoparticles are most commonly

Figure 1-4: A primary goal of
drug development is to design
‘magic bullets,” compounds
that selectively target only one
of a closely related family of
proteins.  Reprinted  from
Kritzer®, with permission from
Nature Publishing Group.

high aspect ratio sheets of grapheme folded to form a tube; however they can range in shape,
style and architecture from fullerenes, to multi-walled tubes, to nanohorns. One of the most
popular nanomaterials for targeted drug delivery is graphene in the form of single and multi-
walled nanotubes, horns, and spheres®*®. A major concern with this class of nanoparticles is
their inherent hydrophobicity. Furthermore, these particles are not metabolized or degraded and
tend to accumulate in the body. The surface of carbon nanoparticles can be modified to increase
hydrophilicity yet the accumulation obstacle still poses a challenge. Lastly the aspect ratio of
nanotube is dramatically high. These particles can range in length into the micron range while
having a width of 1-2 nm. This aspect ratio makes it difficult if not impossible for the particles to

be endocytosis by target tissues** * (Figure 1-5).



Figure 1-5: Controlling cell uptake by using particles with different shapes: ovoidal and spherical particles are more
easily internalized compared to elongated particles laying parallel to the cell membrane. High aspect nanoparticles
in receptor-mediated endocytosis are not preferential for uptake. Reprinted from Decuzzi et al.* with permission
from Springer New York LLC.

Liposomes, usually spherical in shape, are engineered vesicles made up of a lipid bilayer.
Normally they encapsulate a drug or delivery agent in their center and have moieties attached to
their surface for targeting and biocompatibility®’. Despite their versatility, their production costs
can be quite high; they have short half-lives and comparatively low stability, and most are non-
soluble. An additional concern with these types of nanoparticles is their retention and release
properties of encapsulated drug. Leakage and fusion are both possible and unintended side
effects®” %,

Increased circulation time by evading phagocytosis to more effectively reach the target tissue
depends on the nanoparticles’ size, shape, surface, and stiffness™ *°. Carriers should be
composed of natural compounds and exhibit a neutral and hydrophilic surface. These properties
describe a class of natural polymers known as polysaccharides to which cellulose nanocrystals
(CNCs) belong®. According to Decuzzi et al.', a nanoparticle’s shape is very important in drug
delivery via circulation. They explain that nano-sized non-spherical particles tend to be pushed
towards the vascular walls in laminar flow. This is why platelets are normally found in this
region, while red blood cells are almost nonexistent. From this we can conclude that CNCs have
a superior shape in circulation to reach targeted tissues through fenestrations.

On the opposite end of the spectrum, particles too small in size incur additional obstacles.
There is an entire field dedicated to nanotoxicology and studying the differences between bulk
materials and their nanosized counterparts*™ 2. According to Alkilany et al.**, gold nanoparticles
of sizes under a diameter of 5 nm, display chemical reactivity, while bulk gold is chemically
inert; this is due to nanoparticles greater surface area per mass property. Furthermore,
nanoparticles of various materials have been shown to collect in lung tissue and evade the

alveolar macrophages, a key defense mechanism in the lungs**. It is important to understand that



there are mechanical and chemical differences between different sized particles of the same

substance as to not assume a non-toxic nature based on material.

1.2.5. Cellulose Nanocrystals OH

CNCs are composed of an abundant, benign polymer | 0 HO oH ot
and show promise in being a desirable nano-carrier for [HO o © O
imaging probes and drugs®. In effect, there is a plentiful OH

resource of generating CNCs with low cost. Cellulose

(Figure 1-6), a starting material for the production of fe'ﬁﬂfﬁse 16 Molecular - structure  of
CNCs, can be degraded by reactive oxygen and nitrogen species, such as those used by
phagocytes to break down phagocytosed materials®. Therefore, CNCs are not expected to
accumulate permanently in mononuclear phagocytic system organs. Most importantly, cellulose
is considered non-toxic and biocompatible, and it does not cause an inflammatory response in the
body*® #". Lastly, the use of polymeric nanoparticles in vivo requires them to be hydrophilic with
a pH close to physiological values*, which are properties of CNCs.

It has been known that acid hydrolysis of native cellulose fibers produces highly stable
agqueous suspensions of CNCs*® *°. CNCs have large specific surface areas, and high strength
and stiffness, making them viable candidates for a wide variety of applications®'. However, the
potential use of CNCs as targeted drug delivery carriers has not been investigated. A number of
chemical and physical features have been presented by previous studies demonstrating CNCs as
promising candidates for biomedical applications. For example, CNCs have a size range between
50 and 200 nm with the majority of the rod-like particles between 100 and 150 nm long. This is
too large to be freely filtered by the renal system and yet small enough to delay clearance by the
mononuclear phagocytotic system®2. In addition, CNCs are composed of polysaccharide
molecules making them hydrophilic which is expected to increase the life of CNCs in the blood
stream seeing as the surface impedes adsorption of opsonin proteins, a critical step before
phagocytosis. Therefore, CNCs are expected to have an inherent prolonged blood circulation
half-life as compared to hydrophobic particles®®. The surface of CNCs is abundant with hydroxyl
groups. These groups are easily converted to functional groups for conjugation such as carboxyl

groups for covalent and non-covalent binding of targeting and/or drug moieties to the surface*
54



1.2.6. Irreversible Electroporation

Irreversible electroporation (IRE) is a non-thermal, focal ablation technique, which exposes
cells to electric pulses to increase the permeability of the plasma membrane past the point of
recovery®. This technique is especially useful in tumors that are inoperable due to their
positioning near sensitive structures™. IRE damages the cell membrane of living cells, but it does
not cause harm to the supporting stroma, including major blood vessels and extracellular matrix,
in close proximity®” *%. The exact mechanism at the membrane scale is still under scrutiny.
However the general consensus is that electroporation creates nano-scale pores in the plasma
membrane (Figure 1-7). Electroporation can be reversible (below threshold) temporarily
generating pores in the plasma membrane, or irreversible (above threshold) where pores are high
in number or permanent disrupting the cell’s homeostasis inducing cell death®. These reversible
and irreversible zones are clearly defined regions of tissue with a sharp distinction between them.
Like all techniques, IRE exhibits some disadvantages; it requires intense electric fields which can
be painful at the localized site, and affect distant tissues, stimulating involuntary muscle

contractions and cardiac arrhythmias®® ®*.

Figure 1-7: Pore-formation at poles
of cell caused by reversible
electroporation. This method can be
used to introduce small molecules
that would not normally be allowed
~  to cross the membrane. With high

Before Pulse After Pulse

During E-field

Cell membrane

Cell "heals" with
gene/drug inside

Introduce
genes/drugs

Electric field induces a

- electric field application the cell may

not be able to recover causing
irreversible electroporation and cell
death. Reprinted with permission
from Harvard Apparatus.

voltage across cell
membrane

1.3. Hypothesis and Specific Objectives

The proposed set of studies is a collaborative effort between a polymer chemistry lab (Dr.
Roman) and two biomedical engineering groups (Drs. Lee and Davalos) to assess the potential of
CNCs as a novel carrier system for targeted imaging and drug delivery applications in FR-
positive cancer cells. CNCs are rod-like polysaccharide-based nanoparticles, obtained by
chemical degradation of purified cellulose starting materials, such as cotton or bleached wood

pulp. Their advantageous chemical, physico-chemical, and mechanical properties have made



CNCs attractable for a wide range of potential applications®" *>. CNCs are particularly suitable
for applications in the pharmaceutical and medical field due to their non-toxic nature and the
biocompatibility of cellulose®. Although CNCs have promising attributes, their potential as
carriers in imaging and targeted drug delivery applications have not fully been explored.

Previous studies indicate that CNCs are non-toxic to a number of different cell types®* *2. For
cellular binding/uptake studies, there are developed chemical methods for fluorescent labeling of
CNCs*” 2 and conjugation of the targeting ligand folic acid (FA). FA has a high affinity and
specificity for the FR which is highly overexpressed in most cancer cells®*?®. The majority of
normal tissue types obtain folate derivatives through the RFC which has a low affinity for FA®
® Our studies demonstrated that FA conjugation to fluorescently labeled CNCs increased
binding and uptake of the nanoparticles in FR-positive cancer cells. Targeted CNCs conjugated
with doxorubicin, a potent chemotherapeutic, (DOX-ALAL-CNC-FA), also selectively bind to
the folate receptor and effectively deliver DOX to cancer cells inducing cell death. The apparent
lack of cytotoxicity and potentially high cell targeting ability of CNCs suggest they possess
benefits over current nanoscale carrier systems, which suffer from toxicity or low stability.

IRE, a non-thermal, focal ablation technique, exposes cells to electric pulses to increase the
permeability of the plasma membrane past the point of recovery®. While IRE affects the cell
membrane of living cells, it does not cause damage to the supporting stroma, including major
blood vessels and extracellular matrix in the vicinity®” *®. This enables the treatment of tumors
that are normally considered surgically inoperable due to their close proximity to these sensitive
structures. The main drawback of this technique is its uniform distribution® ®. Human tumors
are for the most part non-uniform® ®”. They have branches of cancerous tissue which protrude
from the main body of the tumor. To ensure complete eradication of tumor tissue via IRE, a large
amount of the healthy tissue within the target region will also be subjected to necrosis. CNCs can
be designed to accumulate at a target tissue, giving the ability to tune the electrical properties at
the site of electroporation. This flexibility decreases the uniformity of IRE and can potentially
spare normal tissue in the immediate vicinity of the tumor.

Our main hypothesis is CNCs, modified with a targeting ligand, have the ability to image,
deliver chemotherapeutics, and potentiate IRE-induced cytotoxicity in human cancer. This

hypothesis has been investigated through four specific objectives:



Hypothesis
Cellulose nanocrystals, modified with a targeting ligand,
have the ability to image, deliver chemotherapeutics, and
potentiate IRE-induced cytotoxicity in human cancer.

Specific Objective 1
Fluorescently labeled and
chemotherapeutic loaded CNCs
conjugated with folic acid
selectively target folate receptor-
positive cancer cells in vitro.

Specific Objective 3
CNCs conjugated with folic acid
selectively target folate receptor-
positive cancer cells to potentiate

IRE-induced cytotoxicity.

Specific Objective 4
Specific Objective 2 Hydrogels are a more intricate 3D in vitro
Fluorescently labeled CNCs conjugated model for assessing CNCs conjugated with
with folic acid selectively target folate folic acid ability to selectively target folate
receptor-positive cancer cells in vivo. receptor-positive cancer cells to potentiate
IRE-induced cytotoxicity.

1. FITC or DOX attached CNCs conjugated with folic acid selectively target folate
receptor-positive cancer cells in vitro: Assess the potential of CNCs as a novel
carrier system for cancer imaging applications. Conjugating CNCs with the targeting
ligand FA and fluorescently labeling with fluorescein-5’-isothiocyanate (FITC) was
observed to be selectively bound or uptaken into FR-positive cancer cells.
Conjugating CNCs with the targeting ligand FA and chemotherapeutic DOX was
observed to selectively target FR-positive cancer cells and induce cell death. These
conclusions were observed through a series of experiments investigating cellular
binding and uptake assays, competitive assays with FA, as well as cell viability
assays in FR-positive cancer cell types (KB and MDA-MB-468).

2. Fluorescently labeled CNCs conjugated with folic acid selectively target folate
receptor-positive cancer cells in vivo: Assess the imaging abilities of FITC-labeled
CNC-FA conjugates in vivo. Pharmacokinetic analysis in vivo and through
mathematical modeling has been completed. Preliminary data has been collected in
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human breast cancer xenografted athymic nude mice. Successful completion of this
specific objective will lead to development of targeted delivery systems of imaging
agents in vivo as well as preclinical trials of early detection of FR-positive cancers.

3. CNCs conjugated with folic acid selectively target folate receptor-positive cancer
cells to potentiate IRE-induced cytotoxicity: Assess the potential of CNCs
conjugated with FA to potentiate IRE-induced cytotoxicity in FR-positive cell types.
This was observed by comparing IRE-induced cytotoxicity with IRE + CNC-FA-
induced cytotoxicity in FR-positive and FR-negative cancer cells.

4. Hydrogels are a more intricate 3D in vitro model for assessing CNCs conjugated
with folic acid ability to selectively target folate receptor-positive cancer cells to
potentiate IRE-induced cytotoxicity: Develop and fully optimize a hydrogel model
for investigating CNC-FA’s ability to potentiate IRE-induced cytotoxicity. Hydrogel
parameters have been assessed in preliminary experiments. We plan to continue

experimentation in the future.

1.4. Scientific Merit and Clinical Significance

While previous groups have investigated various materials and strategies for nanoparticle-
mediated delivery in cancer, few have begun clinical trials, while even fewer have reached the
market. Many formations suffer from toxicity and poor translation to in vivo models.
Understanding the tumor microenvironment as well as the physical and chemical properties of a
nanocarrier, more effective cancer detection methods and therapies can be developed and
implemented.

This study examines the potential of cellulose nanocrystals to act as a non-toxic nanocarrier
of imaging agents and chemotherapeutics, which can be modified for targeting purposes. This
project utilizes interdisciplinary tactics to develop, characterize, and implement our

nanoparticles. This work is the basis of a new nanocarrier to be used in clinical trials.
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2.1. Abstract

The potential of cellulose nanocrystals (CNCs) as a nanocarrier for chemotherapeutics and
imaging agents was investigated. Cellulose was broken down through sulfuric acid hydrolysis to
form CNCs in the nanometer range. Folic acid was used as a targeting ligand and is attached to
the surface of the CNCs. For imaging purposes, the CNCs were conjugated with fluorescein-5’-
isothiocyanate (FITC). Alternatively, doxorubicin (DOX) was conjugated to the CNC surface via
peptidase linker for targeted drug delivery. The particles were characterized by atomic force
microscopy, dynamic light scattering, and ultraviolet spectroscopy. Both CNC conjugates (FITC-
CNC-FA and DOX-ALAL-CNC-FA) showed selective targeting to folate receptor positive

cancer cells, which offers a promising and potential avenue in cancer imaging and treatment.
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2.2. Introduction

One of the most appealing applications of nanotechnology is specialized delivery is
accomplished using novel systems in which selective targeting agents, therapeutic drugs, and
imaging probes are conjugated to the surface or encapsulated within the particle®® 3% % % |n
addition, cancer imaging through multiple receptor targeting sites has been an attractive
approach for the early detection of cancer in recent years’®. Many factors are involved in
designing the ideal nano-carrier system for such imaging probes. One must consider optimizing
parameters, such as particle shape, size, surface, cytotoxicity, and circulation time. Decuzzi et
al. investigated optimal size and shape of nanoparticles to increase circulation time and
accumulation at tumor sites. Particles that are spherically shaped were shown to be inefficient,
since they tend to flow towards the center of blood vessels with laminar flow; while irregularly
shaped or high aspect ratio nanoparticles tend to be pushed to the walls of blood vessels, similar
to platelets. This increases the likelihood of nanoparticles entering tumor tissues through
fenestrations in the vasculature'® **,

Cellulose nanocrystals (CNCs) are rod-shaped particles ranging in length from 50-200 nm
and in width of 4-5 nm. This aspect ratio increases fenestration penetration compared to

spherical particles, which many carriers are by design (liposomes™”®, metals

76, 77
)

74, 75’ and

dendrimers 3 Furthermore, it has been observed that this size range is expected to be too
large for quick renal clearance, yet small enough to evade the mononuclear phagocytic system®.
However, due to their rod-like shape, it is possible for CNCs to orient themselves to pass through
glomerular fenestrations in the kidney’. The starting material, cellulose, is extremely abundant
in nature, with low cost and high strength properties®* °* #. The surface of CNCs contains
multiple hydroxyl groups which are amendable to functionalized groups for ligand targeting,
labeling of image probes, and drug conjugating.

The folate receptor (FR) has been observed to be overexpressed on the plasma membrane of
many cancer cell types, including breast, ovarian, lung, kidney, brain, and endometrium;
meanwhile, normal tissues seldom express the FR?*?%, Folic acid (FA) is commonly used as a
ligand for the FR due to its” high affinity. Furthermore, the hydrophilic and anionic nature of FA
at physiologic pH precludes their passive diffusion through the plasma membrane. FA is a key
vitamin for cell division and is needed by all cells to proliferate. However, the most common and

biologically active form of folate is 5-methyltetrahydrofolate, not folic acid, which has means of
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entering cells other than the FR, such as the reduced folate carrier (RFC) and the proton-coupled
folate transporter® ®*. Overexpression of the FR is essential for rapidly dividing cells, which is
evident in cancer cells.

Conventional methods of cancer therapy have been severely limited by inefficient delivery of
therapeutic doses without incidence of harsh and toxic side effects in normal tissues. This is seen
quite clearly with chemotherapy™. Depending on cancer type, a cocktail of chemotherapeutics is
usually administered intravenously, repeatedly with recovery periods. Side effects include
anemia, bleeding issues, constipation, fatigue, infection, fertility changes and pain®®.
Doxorubicin, a particularly toxic drug, is a chemotherapeutic which acts across multiple cancer
types by intercalating into DNA and inhibiting cell division. Though extremely effective for
inducing apoptosis in rapidly dividing cells, the free drug has no specificity and causes harm
systemically. Cardiotoxicity is a major concern with this drug which limits the therapeutic dose
to what healthy tissues can tolerate instead of ideal concentrations for cancer treatment’™°.

In this study, we assessed the potential of CNCs as a novel carrier system for cancer imaging
and treatment applications. Conjugating CNCs with the targeting ligand FA and fluorescently
labeling with fluorescein-5’-isothiocyanate (FITC) was observed to be selectively bound/uptaken
into FR-positive cancer cells. In addition, when DOX was attached to CNCs in place of FITC,
these conjugates induced cytotoxicity equal to and greater than DOX alone. This was observed
through a series of experiments including cellular binding and uptake assays, as well as cell
viability assays in FR-positive cell types (KB and MDA-MB-468).

2.3. Materials and Methods

2.3.1. Materials

Dissolving-grade softwood sulfite pulp (Temalfa 93A-A) was kindly provided by Tembec,
Inc. (Montréal, QC, CA). FITC, FA, genistein, doxorubicin, and dimethylsulfoxide were
purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Chlorpromazine was
purchased from MP Biomedicals (Santa Ana, CA, USA). Folate-free RPMI 1640 medium,
medium 200, low serum growth supplement, Concanavalin A Alexa Fluor® 594 and 633
conjugates, and donkey anti-goat Alexa Fluor® 488 were purchased from Invitrogen Corp.
(Carlsbad, CA, USA). Goat poly IgG FR-a and goat non IgG primary antibodies and bovine
serum albumin (BSA) were purchased from Santa Cruz Biotech (Santa Cruz, CA, USA).
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Antibiotics (penicillin and streptomycin) and fetal bovine serum (FBS) were purchased from
Mediatech, Inc. (Manassas, VA, USA). Spectra/Por dialysis tubes were purchased from
Spectrum Lans (Rancho Dominguez, CA, USA). RNeasy Mini Kit was purchased from Qiagen
(Valencia, CA, USA) according to the protocol of the manufacturer. Reverse Transcription
System and CellTiter-Blue® Cell Viability Assay Kit were purchased from Promega (Madison,
WI, USA). TagMan® Universal PCR Master Mix, gene-specific TagMan® PCR probes and
primers were purchased from Applied Biosystems (Carlsbad, CA, USA). VECTASHIELD®
HardSet Mounting Media with and without DAPI were purchased from Vector Labs
(Burlingame, CA, USA). Attachment factor solution (AFS) was purchased from Cell
Applications (San Diego, CA, USA). The human cancer cell lines KB, and MDA-MB-468 were
purchased from American Type Culture Collection (Manassas, VA, USA) while human aortic
endothelial cells (HAEC) were purchased from Invitrogen Corp. (Carlsbad, CA, USA).

Remaining reagents and supplies were purchased from Fisher Scientific (Pittsburgh, PA, USA).

2.3.2. Instrumentation

Sonication was performed with an ultrasonic processor (Sonics & Materials Inc., Newton,
CT, USA). CNC characterization data was observed using a Malvern Zetasizer NanoZS particle
analyzer and Zetasizer Nano 4.2 software (Malvern Instruments Ltd., Malvern, UK). Atomic
force microscopy (AFM) images were produced with an AFM equipped with an Olympus
AC160TS tip (Olympus AC160TS, nominal tip radius < 10nm, spring constant 42 N/m) (Asylum
Research, Santa Barbara, CA, USA). PCR results were observed and analyzed using a 7300
Real-time PCR System and 7300 Real-time PCR System Sequence Detection Software v1.2.3
(Applied Biosystems, Carlsbad, CA, USA). Fluorescence images were taken with a Leica
AF6000 fluorescent microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA). Confocal
images were taken with a Zeiss LSM 510 Laser Scanning Microscope purchased from Carl Zeiss
Microscopy LLC. (Thornwood, NY, USA). Cytotoxicity measurements were taken with a

SpectraMax M2e microplate reader (Molecular Devices, Sunnyvale, CA).

2.3.3. CNC preparation

CNC suspension was prepared using sulfuric acid hydrolysis. Bleached softwood pulp was
milled through a Wiley Mini Mill with a 60-mesh screen. 64 wt.% sulfuric acid (acid to pulp
ratio 10 ml:1 g) was preheated to 45°C and mixed with the pulp. The hydrolysis reaction started
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immediately with vigorous stirring for 1 h. The reaction was then quenched by a 10 fold dilution
in ultra-pure deionized cool water and centrifuged at 4,550 x g for 10 min. The supernatant,
which contains excess sulfuric acid, was removed and the pellet was washed with water before
centrifugation once more. The resulting ivory colored gel was transferred to dialysis tubes with a
molecular weight cut off of 12,000 — 14,000 and dialyzed against deionized water until the pH of
the water stabilized to a near neutral pH (~6). The resulting suspension was sonicated using an
ultrasonic processor (Model VC505) once at 200 Watts for 10 min, then centrifuged at 4,550 x g

for 10 min to remove large particles.

2.3.4. Synthesis of CNC-NH,

The amount of epichlorohydrin (ECH) and ammonia were in excess for CNC surface OH
groups. 500 g of 3.44 wt.% CNC suspension was put into a 1,000 ml flask and cooled in an ice-
water bath. 40 ml of 50% (w/v) NaOH aqueous solution was added slowly to the reaction flask
under stirring. Next, 27.0 g of ECH was charged into the reaction flask with a fast stirring speed
(around 500 rpm). The reaction mixture was heated to 60°C for 6 h. The reaction was stopped
and the liquid mixture was transferred to a Spectra/Por dialyzing tube which was dialyzed
against deionized water until pH reached around 12. After dialysis, the CNC suspension was
transferred into a 1,000 ml flask and mounted with a mechanical stirrer. 90 ml of ammonia was
added into the reaction flask under slow stirring. The reaction mixture was then heated to 60°C
for 6 h. The reaction was stopped and immediately transferred into Spectra/Por dialyzing tubes to
be dialyzed again. This time, the dialysis continued until the mixture was a stable pH. After
dialysis, the suspension was cooled and sonicated in an ice-water bath at 150 watts for 10 min.
The suspension was centrifuged at 4,550 x g for 12 min to remove aggregated larger particles;
the supernatant was then collected. The gravimetric method®™ was used to conclude a

concentration of 2.01wt%.

2.3.5. Synthesis of FITC-CNC

The reaction was designed as 1:1 molar ratio for CNC surface OH groups to FITC. Buffer
solution was made by mixing 41.1 g sucrose, 0.76 g of ethylene glycol tetraacetic acid (EGTA),
3.52 g of NaCl, 7.64 g of Na;B4O7-10H,0, and 240 ml of deionized water. All further reactions
were protected from light with aluminum foil to not photo-bleach fluorescent molecules. 2.0 g of

FITC was charged into an Erlenmeyer flask with 240 ml of buffer solution under stirring and
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cooled by ice-water bath. Then, 50.0 g of 2.01 wt.% CNC-NH, suspension was added. After 4 h,
an additional 140 ml of buffer solution was charged in to the reaction flask to completely
dissolve the FITC. The reaction ran over night and was then stopped. The mixture was
transferred into dialyzing tubes and dialyzed against deionized water until most of the free FITC
was no longer in the dialyzing medium. The FITC-CNC suspension was collected and cooled to
4°C. The suspension was then sonicated at 200 Watts for 10 min in cool conditions. The
sonicated suspension was centrifuged once at 4,550 x g for 12 min. The supernatant was further
dialyzed two additional days until FITC was no longer detectable via absorbance peaks during a
UV/Vis spectrum analysis. The weight concentration (wt.%) of the final FITC-CNC suspension
was measured gravimetrically, which was 0.07 wt.%. FITC labeling ratio to CNC was measured

and calculated by UV/Vis spectra.

2.3.6. Synthesis of FITC-CNC-FA

The reaction was designed as 3:1 molar ratio for CNC surface OH groups to FA. FA 0.12g
(0.26 mmol) was charged into a reaction beaker with 20 ml of pH 7.2 PBS under stirring. Then
0.054 g of 1-ethyl-3-(3-dimethylaminopropyl)carbodimide (EDC) and 0.061 g N-
hydroxysuccinimide (NHS) were added to the reaction mixture. The pH of reaction mixture was
checked and adjusted to achieve a neutral pH with 0.02 M NaOH. 150.0 g of 0.1 wt.% FITC-
CNC suspension was charged into the reaction beaker; the pH of the reaction mixture was
checked and adjusted to neutral once more. The reaction was stirred at the room temperature for
40 h. After the reaction completed, the mixture was charged into a dialysis tube and dialyzed
against deionized water until the media was mostly cleared of free FA. Then the FITC-CNC-FA
suspension was transferred into a wide-mouth plastic jar and put into a refrigerator for 2 h to
cool. The suspension was sonicated for 10 min at 200 Watts in an ice-water bath. After
sonication, the suspension was centrifuged at 4,550 x g for 12 min to collect the supernatant,
which was then dialyzed against deionized water again until there was no FA in the media
detectable by UV/Vis spectrum analysis. The final clear yellow suspension was collected and
stored at 4°C. The concentration was measured gravimetrically and was determined to be 0.08

wt.%. The complete synthesis scheme of CNC conjugates is described in Figure 2-1.

17



P o o
| CNC J . &/\CI NaOH
& T
O
| CNC | + NH;+ H0 NaOH

O HO o NH
L 1 I * Ho EDC/NHS-Sulfo
o] S on ———

HO o] O
Pee,

o N mn Ho0 O ’OH
ﬁ HN

S

Hoj)

OH O
1 |

| CNC |

HN"O
OH
o}
|

Figure 2-1: Synthetic scheme for preparation of FITC-
CNC-FA. First the CNC surface was modified for the
attachment of FITC. Next FITC was conjugated to the
surface followed by FA.

2.3.7. Synthesis of TEMPO-oxidized
CNCs

CNCs were oxidation to produce CNC-
COOH via modified TEMPO-NaBr-NaOCI
method®?. 2.0 g of freeze-dried CNCs were
pretreated with a 20% of NaOH solution for 1
h, and washed with DI water. The suspension
was then added to TEMPO (80 mg) and NaBr
(0.96 g) directly and kept at 30 °C, while 60
ml of 4% NaClO solution was slowly added
under stirring. During the reaction, pH was
monitored and adjusted with NaOH solution
to keep pH slightly above 10. After 4 h, the
reaction was quenched with addition of 1 ml
of methanol. Then the solution was dialyzed
against DI water until the pH of media was
stable. The suspension was sonicated in an
ice-water bath for 10 min and dialyzed for an

additional day.

2.3.8. Synthesis of DOX with linker
42 mg of t-Boc-ALAL, 25 mg of DCC,
and 14 mg of NHS were dissolved in 5 ml of

anhydrous DMSO under stirring for 90 min.

50 mg of DOX.HCI was then added; the reaction was protected from light under stirring at room

temperature for 48 hr. 2 ml trifluoracetyl acid (TFA) was added. After 30 min, the reaction

mixture was transferred to a rotational evaporator and dried under vacuum.

2.3.9. Synthesis of FA-CONH-C,H4-NH,

0.88 g of folic acid was dissolved in 60 ml DMSO at 50 °C, and 0.49 g of NN’-
dicyclohexylcarbodiimide (DCC) and 0.46 g of NHS was added under stirring. After 4 h, 2 ml of

ethylenediamine (excess) and was kept under stirring for 48 h, at RT. 200-300 ml of acetal nitrile
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(CH3CN) was added to precipitate the final yellow product, which was collected by filtration

under vacuum.

2.3.10. Synthesis of DOX-ALAL-CNC-FA

113 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (0.55 mmol) and 119 mg
of sulfo-NHS (0.55 mmol) were added to CNC-COOH (33.5 g, 1.11 wt.%, containing 0.5 mmol
COOH) to activate the CNC-COOH. pH was adjusted to 7 and remained stirring for 2 h at RT.
DOX-ALAL (0.086 mmol) was added for 24 h, and the suspension was transferred to a dialysis
tube and dialyzed against DI water for 2 days. 113 mg of EDC and 119 mg of sulfo-NHS was
added for 2 h. FA-CONH-C,H4-NH; (4 mmol) was then added and kept under stirring for 24 h.
Then suspension was purified fully through dialysis against DI water until no UV/vis absorption

peaks from folic acid or doxorubicin was detected within the dialysis medium (Figure 2-2).

2.3.11. Atomic force microscopy (AFM)

The suspensions were diluted to 0.001 wt.% and sonicated at 150 Watts for 3 min, then were
directly dropped on a freshly peeled smooth mica surface and dried in ambient conditions. Later,
the samples were scanned by AFM equipped with an Olympus AC160TS tip (nominal tip radius
< 10nm, spring constant 42 N/m) in intermittent contact mode in ambient conditions. Height,
amplitude, and phase images were collected as 5x5 um scan size (512 scans, and 512

points/scan) for comparison and analysis.

2.3.12. Dynamic light scattering (DLYS)

DLS measurements were conducted with a Malvern Zetasizer NanoZS particle analyzer
(Malvern Instruments Ltd., Malvern, UK) at a wavelength of 633 nm from a 4.0 mW, solid-state
He-Ne laser at a scattering angle of 173° at 25 + 0.1°C. All samples were prepared in 0.01 wt.%
concentration with deionized water. DLS was completed with clear disposable plastic cells
(Malvern). Average diameters were calculated from the autocorrelation function using Malvern’s

Zetasizer Nano 4.2 software.

2.3.13. Zeta potential
The zeta potential was measured by electrophoresis coupled with laser Doppler velocimetry
using a Malvern Zetasizer NanoZS instrument. All samples were measured at 0.01 wt.% shortly

after sonication in a water bath (output: 100 Watts).
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2.3.14. Cell culture

Figure 2-2: Synthetic scheme for the
preparation of DOX-ALAL-CNC-FA
scheme. CNCs were first TEMPO-
oxidized (A). Next DOX-ALAL was
conjugated to the carboxyl group on
CNC surface (B). FA-CONH-C,H,-
NH, was then added to the CNC
surface to complete the DOX-ALAL-
CNC-FA targeted chemotherapeutic
nanoparticle (C).

HAEC were grown in Medium 200 supplemented with low serum growth supplement. KB
and MDA-MB-468 cells were grown in folate-free RPMI 1640 medium supplemented with 10%

FBS. Cells were grown at 37°C and 5% CO,. All experiments were conducted in basal medium.

2.3.15. Real-time reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA from HAEC, KB and MDA-MB-468 cells was isolated and purified using
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the protocol of the manufacturer.
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Quantitative real-time RT-PCR using TagMan® probes and primers were used for gene
expression analyses as described previously®. Amplification of individual genes was performed
with Applied Biosystems 7300 real-time PCR system using TagMan® Universal PCR Master
Mix and a standard thermal cycler protocol. TagMan® Gene Expression Assay Reagents for
human FR-a and GAPDH were used for specific probes and primers of PCR amplifications.
Cycle threshold cycle (CT) was determined, and relative quantification was calculated by the

comparative CT method as described previously®.

2.3.16. Fluorescence microscopy

HAEC, KB, and MDA-MB-468 cells were seeded on to Lab-Tek™ Chamber Slide™
systems coated with AFS and grown to confluency. Before imaging, cells were washed and
mounted with VECTASHIELD® HardSet Mounting Medium with or without DAPI. Images
were obtained with a Leica AF6000. A quantitative comparison of experimental groups was
conducted by measuring the total fluorescence intensity normalized by cell area using ImagelJ
software (National Institutes of Health, Bethesda, MD).

2.3.17. Immunofluorescent staining

Cells were washed and fixed with 4% paraformaldehyde for 15 min. Cells were again
washed and blocked with 3% BSA for 1 h. Cells were then treated with 4 pg/ml goat poly 1gG
FR-a primary antibody or goat non IgG antibody in 1% BSA solution overnight at 4°C. Cells
were thoroughly washed and treated with 2 pg/ml donkey anti-goat Alexa Fluor® 488 in 1%
BSA solution for 2 h at room temperature.

2.3.18. Binding/uptake assay

Cells were incubated with FITC, FITC-CNC, or FITC-CNC-FA at a FITC concentration of 5
pg/ml for 2 h. Cells were washed twice with PBS and the plasma membranes were briefly
stained with 50 ng/pl of Concanavalin A Alexa Fluor® 594 for 2 min. Cells were then fixed with
cold ethanol for 1 h.

2.3.19. Free folate inhibition assay
Cells were incubated with FITC-CNC-FA at a FITC concentration of 5 pg/ml containing 0,

5, 10, or 25 mM FA for 2 h. Cells were washed twice with PBS and the plasma membranes were
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briefly stained with 50 ng/pl of Concanavalin A Alexa Fluor® 594 for 2 min. Cells were then
fixed with cold ethanol for 1 h.

2.3.20. Binding/uptake mechanism assay

Cells were pretreated with PBS, 5 pg/ml chlorpromazine, or 200 uM genistein for 30 min.
The medium was replaced with FITC-CNC-FA at a FITC concentration of 5 pg/ml containing
PBS, 5 pg/ml chlorpromazine (clathrin inhibitor), or 200 UM genistein (caveolae inhibitor) for 2
h. Cells were washed twice with PBS and the plasma membranes were briefly stained with 50
ng/ul of Concanavalin A Alexa Fluor 594® for 2 min. Cells were then fixed with cold ethanol for
1h.

2.3.21. Confocal microscopy

KB and MDA-MB-468 cells were seeded onto round coverslips coated with AFS and
allowed to grow for 24 h at 37°C. Cells were incubated with FITC, FITC-CNC, or FITC-CNC-
FA at a FITC concentration of 5 pug/ml for 2 h. Cells were washed twice with PBS and the
plasma membranes were briefly stained with 50 ng/pl of Concanavalin A Alexa Fluor® 633 for 2
min. Cells were then fixed with cold ethanol for 1 h, washed twice with PBS, and mounted with
VECTASHIELD® HardSet Mounting Medium. Images were obtained using a Zeiss LSM 510
Laser Scanning Microscope equipped with argon and helium-neon lasers. Images were analyzed

using ZEN 2011 blue edition software (Carl Zeiss, Oberkochen, Germany).

2.3.22. Cell viability assay

KB and MDA-MB-468 cells seeded onto 96-well plates and incubated for 24 h. They were
treated with various concentrations of DOX and DOX-ALAL-CNC-FA for 2 h, with or without a
pre-treatment of 10 mM free FA for 30 min. Treatment medium was washed away and replaced
with growth medium for an additional 22 h. 20 pl of CellTiter-Blue® Cell Viability Assay
reagent was added to each well and incubated for 4 h. Fluorescence intensity was read with a

SpectraMax M2e microplate reader at EX/Em: 560/590 nm.

2.3.23. Statistical analysis
All statistical analysis of data was performed using SigmaPlot 11 (SPSS Inc., Chicago, IL).

One-way analysis of variance (ANOVA) was used to compare mean responses among the
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treatments. For each endpoint, the treatment means were compared using the Holm-Sidak

method. Statistical probability of p < 0.05 was considered significant.
2.4. Results

2.4.1. Characterization

AFM images conclude CNCs to be an average length of 125 + 75 nm and width of 4.5 £ 0.5
nm. Figure 2-3 is a qualitative analysis demonstrating the average size of CNC conjugates is
larger than CNCs. Quantitative studies via DLS and zeta potential analysis revealed CNCs and
CNC conjugates have a hydrodynamic radius between 80 and 180 nm and an overall negative
surface charge. FITC-CNC contains 7.4 wt.% of FITC, while FITC-CNC-FA contains 3.7 wt.%
of FITC and 22.9 wt.% of FA. Additionally, DOX-ALAL-CNC-FA contains 6.8 wt.% of DOX
and 8.9 wt.% of FA (Table 2-1).

Table 2-1. Characterization data of CNCs and CNC conjugates.

Samples Hydrodynamic Zeta Potential CNC FITC DOX FA
P Radius (hm/PDI)! (mV)? (Wt.9%) | (wt.9%) | (wt.%) | (wt.%)

CNCs 81/0.23 —47(x2.4) 100.0 - - -
CNC-NH, 161/0.35 —26(x1.7) 100.0 - - -
FITC-CNC 138/0.36 -37(x8.1) 92.6 7.4 - -
FITC-CNC-FA 177/0.24 —-40(%4.0) 73.4 3.7 - 22.9
DOX-ALAL-

CNC-EA 177/0.48 -0.14(+0.074) 84.3 - 6.8 8.9

2.4.2. Folate receptor expression

Real-time RT-PCR and immunofluorescent staining revealed KB and MDA-MB-468 cells
express significantly higher levels of FR-a mRNA and protein expression, respectively. It was
observed that KB cells express FR-o mRNA over 8 million fold as HAEC, while MDA-MB-468
cells express over 7 thousand fold higher levels than HAEC (Figure 2-4A). Protein expression, as
seen in Figure 2-4B, demonstrates similar results. Little to no expression of FR-a protein was
detected in HAEC; however KB and MDA-MB-468 cells express significantly higher protein

expression levels of FR-a.

! PDI: polydispersity index
2 Data shown is mean + standard deviation.
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2.4.3. Cellular binding/uptake assays

FR-positive cancer cells incubated with non-targeted free FITC and FITC-CNC exhibited

little to no binding/uptake of these particles; however those incubated with targeted FITC-CNC-

FA demonstrated significant binding/uptake of the particles (Figure 2-6). To confirm the

targeting specificity of FITC-CNC-FA, they were placed in competition with increasing amounts

of free FA to KB cells. As the free FA concentration increases to 25 mM, decreasing amounts of

FITC-CNC-FA were observed bound/uptaken
into KB cells (Figure 2-5). Furthermore, the
mechanism in which mediated endocytosis of
the FR was investigated. KB and MDA-MB-
468 cells pre-treated with a clathrin inhibitor
reduction of the
binding/uptake FITC-CNC-FA.
Binding/uptake of FITC-CNC-FA was also
significantly reduced by a caveolae inhibitor
in MDA-MB-468 cells. This suggests the
mechanism mediating endocytosis is cell

showed  significant

of

dependent and non-exclusive. KB and MDA-
MB-468 cells exhibited mostly clathrin-
mediated endocytosis of the FR. Interestingly,
MDA-MB-468 also significantly rely on
caveolae-mediated endocytosis of the FR
(Figure 2-7).
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Figure 2-4: Expression levels of FR-o in HAEC, KB, and
MDA-MB-468 cells. FR-o mRNA expression levels were
determined by real-time RT-PCR (A). Data shown are
mean = SD for each group (n=4) (*p<0.05 vs. HAEC).

FR-a protein expression levels were qualitatively
confirmed by immunofluorescent staining (B). Data
shown are representative images for each group (n=4)
(Bar: 250 pm).
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Figure 2-6: Effects of free FITC (i-iii), FITC-CNC (iv-vi), and FITC-CNC-FA (vii-ix) on cellular
binding/uptake. KB (A) and MDA-MB-468 (B) cells were exposed to either free FITC or FITC conjugates for 2
h, stained with Alexa Fluor® 594, and imaged using fluorescence microscopy. Representative images showing
cell membrane (i, iv, vii), bound/uptaken FITC (ii, v, viii), and overlay images (iii, vi, ix), (A-B) (n=4) (Bar: 100
um). Quantitative analysis of bound/uptaken particles represented by relative fluorescence intensity normalized
against cell membrane area (C). Data shown are representative images for each group (n=4) (Bar: 100 um). Data
shown are mean + SD for each group (n=4) (*p<0.05 vs. free FITC, p<0.05 vs. FITC-CNC).
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A (S Momdrane)  (BindingiUptake) Overlay To confirm FITC-CNC-FA particles are
A R being uptaken into FR-positive cancer cells,
z-stacks of KB and MDA-MB-468 incubated
with free FITC or FITC conjugates were
investigated under confocal microscopy.
When looking at an internal slice of the cell
(Figure 2-8), not only is FITC-CNC-FA
bound to the membrane of FR-positive cells,
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Lastly chemotherapeutic loaded cellulose
nanocrystals (DOX-ALAL-CNC-FA) were
synthesized to observe the cytotoxic
selectivity. In KB cells (Figure 2-9A), DOX-
ALAL-CNC-FA were significantly better at
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Figure 2-7: Effects of endocytosis inhibitors on cellular binding/uptake of FITC-CNC-FA. KB (A) and MDA-MB-
648 (B) cells were pre-treated with PBS, 10 pg/ml chlorpromazine, or 200 UM genistein for 30 min, exposed to
FITC-CNC-FA and inhibitors for 2 h, stained with Alexa Fluor® 594, and imaged using fluorescence microscopy.
Representative images showing cell membrane and bound/uptaken FITC (A-B) (n=4) (Bar: 100 um). Quantitative
analysis of fluorescence intensity normalized against cell membrane area (C). Data shown are mean + SD for each
group (n=4) (*p<0.05 vs. PBS).
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Figure 2-8: Effects of FITC-CNC-FA on cellular
uptake. KB (i-iii) and MDA-MB-468 (iv-vi) cells
were exposed to FITC-CNC-FA for 2 h, stained with
Alexa Fluor® 633, and imaged using confocal
microscopy. The left column of images (i, iv) show
cell membrane staining, middle column images show
FITC fluorescence, while the right column images
show the overlay of the two channels. Representative
images showing cell membrane and bound and
uptaken FITC (n=4) (Bar: 20 um)

2.5. Discussion

Advancements in the biomedical field
have led to the formation of countless nano
delivery vehicles. CNCs present
characteristics in which they are showcased
as an excellent choice as a nanocarrier. The
starting material, cellulose, is one of the
most abundant natural resources on the
planet. Their shape lends them to be
preferential for cellular uptake, their size
increases circulation time, and their surface
is abundant in easily modifiable hydroxyl
groups for conjugating moieties®. The
observations in this study demonstrate the
potential of CNCs as novel nanocarriers for
imaging agents and chemotherapeutics to
selectively bind to and be uptaken by FR-

positive cancer cells.

Figure 2-9: Effects of free DOX and CNC conjugation on cell viability. KB (A) and MDA-MB-468 (B) cells were
exposed to either free DOX or DOX-ALAL-CNC-FA for 2 h, with or without a pretreatment of 10 mM free FA
for 30 min. Medium was replaced with growth medium for 22 h post treatment. 20 ul of CellTiter-Blue® Cell
Viability Assay reagent was added to each well and incubated for 4 h. Fluorescence was read at Ex/Em: 560/590
nm. Quantitative analysis of resorufin fluorescence intensity was normalized against cells treated with PBS, while
CellTiter-Blue® reagent mixed with treatment solution was subtracted as background fluorescence. Data shown are
mean + SD for each group (n=4) (*p<0.05 vs. control, “p<0.05 vs. free DOX, 'p<0.05 vs. DOX-ALAL-CNC-FA).
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The selectivity of FITC-CNC-FA is ideal for uptake in FR-positive cells for imaging
purposes, as there is no significant uptake observed with free FITC or FITC-CNC particles.
Furthermore, the slight decrease in binding/uptake of FITC-CNC compared with free FITC can
be attributed to particle size and surface charge. FITC-CNC particles are significantly larger than
FITC molecules with an overall negative surface charge, giving them the inability to freely
diffuse across the cell membrane.

When FITC-CNC-FA is inhibited by free FA there is a dose-dependent decrease in
binding/uptake of FITC-CNC-FA to the FR. Although many studies have shown that 1 mM of
free FA is a sufficient amount to inhibit binding of their FA targeted particle384'87, Nukolova et
al.%® describe similar findings to ours with their folate-decorated nanogels. Our targeted
nanoparticles show a much higher binding affinity than free FA which has a binding constant
between 0.01 and 1 nM®. This can be very beneficial in vivo; since our particles have a higher
affinity for the folate receptor, it is more likely that these particles will bind to FR-positive cell
types efficiently instead of heavily competing with free FA already in circulation.

The endocytotic pathway via FR is known to be mediated by two proteins, clathrin and
caveolin®. Our results suggest the FR is mainly dependent on clathrin-mediated endocytosis;
however caveolae-mediated endocytosis plays a significant role in MDA-MB-468 cells. There
have been many articles on both sides observing one particular cell type is dependent on clathrin
while another is dependent on caveolin for FR endocytosis, suggesting that this dependency is
clearly dependent on cell type™ .

Fluorescence microscopy has a large limitation in that images are two-dimensional. To
further investigate whether FITC-CNC-FA is only binding to the plasma membrane or if uptake
can be observed, we employed confocal microscopy. These results demonstrate that not only are
the targeted particles binding to the cell membrane, they are being uptaken in both FR-positive
cell types tested. These results show great promise in continuing investigations of CNCs ability
as an imaging carrier for the detection of FR-positive cancer in vivo.

There is one major change in design between CNCs tagged with FITC for imaging and those
loaded with DOX for drug delivery. DOX does not become actively cytotoxic without being
cleaved from the particle®. This obstacle was not present during the imaging part of the study
since FITC fluorescence was not hindering when attached to the CNC surface. Many foreign

objects that are taken into the cell are transferred to lysosomes, where the pH is relatively acidic
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to the outside environment®™. After binding to the FR the endocytosis process engulfs the
receptor and attached particle, but does not travel to a lysosome. Instead the endocytotic vesicle
dissociates the receptor from the attached ligand and recycles the receptor back to the membrane.
The pH in these vesicles unfortunately does not change much; therefore we could not rely on a
pH cleavable linker®. In lieu, we chose to use a peptidase-liable linker (Ala-Leu-Ala-Leu)* to
develop the final product, DOX-ALAL-CNC-FA. This linker is ideal for cleavage in FR
endosomes because it is easily cleaved by a number of enzymes including cathepsin B3 ¥".
Moving forward with this study involves in vivo experimentation. Many challenges come
into play here. Not only do we need to worry about which cells uptake our particles, we need to
efficiently deliver our particles to the specific location where a tumor is present and travel
through the vasculature. Furthermore the particles need to evade the macrophage and renal

clearance systems long enough to optimize the efficacy of the nanoparticle delivery.

2.6. Conclusion

CNCs can be successfully prepared via sulfuric acid hydrolysis. Furthermore their surface
easily allows for modification with moiety attachment. We have demonstrated that once
conjugated with FA, CNCs are selectively uptaken by the FR. When additional moieties are
attached, CNCs can actively deliver imaging agents and chemotherapeutics to FR-positive cancer

cells and effectively release the chemotherapeutic for active cytotoxicity in the latter case.
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3.1. Abstract

In vivo pharmacokinetic analysis of cellulose nanocrystals (CNCs) as nanocarriers for
imaging agents was investigated. Cellulose was broken down through sulfuric acid hydrolysis to
form CNCs in the nanometer range. Folic acid was used as a targeting ligand and was attached to
the surface of the CNCs; while fluorescein-5’-isothiocyanate (FITC) was used as a fluorescent
imaging agent. CNC conjugates were injected into BALB/c mice via tail vein and the animals
were euthanized 1, 4, 8, and 24 h post treatment. Blood and various organs were harvested and
analyzed for clearance of FITC. Additionally, tumor bearing nude mice were injected with CNC
conjugates and imaged using live techniques at the same time points. Mice exhibited no signs of
toxicity during experimentation. Data collected was used to validate a physiologically based
pharmacokinetic model to more finely predict the life cycle of CNC conjugates within the

mouse.
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3.2. Introduction

Breast cancer is the most common type of cancer and the second leading cause of cancer
death in women in the USA®. It has been shown that most breast cancer cells up-regulate the FR
expression compared to normal epithelial cells®. Furthermore, Hartmann et al.** provide
evidence of strong correlations between FR overexpression in breast cancer and its reoccurrence,
and overexpressed FR has been shown in lung, ovarian, colorectal and kidney cancers®®?’. As
cancer matures into the late stages, survival rate decreases drastically. For patients diagnosed
with stage | breast cancer, the 5-year survival rate is about 88%; meanwhile patients with stage
IV breast cancer have their survival rate cut down to 15%. In lung cancer, patients diagnosed
early on, with stage | have a 52% 5-year survival rate. Adversely, stage IV diagnosed patients
have less than 3% chance of surviving past 5 years'® **. Early detection could lead to decreased
morbidity rates and a higher quality of life for cancer patients, in effect of less aggressive
treatment regimens than in later stages of cancer.

Due to rapid development of screening methods, breast cancer and ovarian cancer early
detection in women has dramatically improved ™. Still, effective screening methods for most
cancers do not exist, and the disease goes unnoticed until it becomes symptomatic in late stages.
Strategies used to diagnose symptomatic cancer, including MRI, PET, and X-ray, can be used as
screening methods, however the cost of running an MRI is extremely high and continued
exposure radiation in PET and X-ray scans increases the risk of developing cancer and becomes
a problem of risk vs. benefit'®. Targeted nanoparticles can be used to more accurately map
breast and ovarian cancers, and have the potential to be used as an early detection tool for FR-
positive cancers lacking screening methods, such as lung and brain.

The complexity between a drug conjugate and the body cannot fully be understood with
experimentation alone. Models provide valuable insight into the pharmacodynamics and kinetics
of a system. More specifically, physiologically based pharmacokinetic (PBPK) models can be
used to determine the life cycle of a drug introduced into the body’s system. Factors such as
flow, metabolism, clearance, and settling rates can be predicted and determined by PBPK
models. Furthermore, these models can be well validated with data from small animal models.
These two systems, PBPK and small animal models, complement each other in elucidating the

interactions between drug and body system'%% 1%,
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As a continuation of the in vitro studies completed with FITC-labeled CNC conjugates, this
study focuses on the in vivo imaging abilities and pharmacokinetic effects FITC-CNC-FA
nanoparticles. Specifically, tumor bearing mice were administered FITC-CNC-FA conjugates
and are imaged using a non-invasive in vivo imaging system. Furthermore, non-tumor bearing
mice were administered free FITC and CNC conjugates to determine the pharmacokinetic

effects.

3.3. Materials and Methods

All animal experiments have been approved by the Institutional Animal Care and Use
Committee at Virginia Tech and were performed in accordance with the Guide for the Care and

Use of Laboratory Animals published by the US National Institutes of Health.

3.3.1. Animal models

Four- to six-week-old female nude mice (Nu/Nu Nude Mouse, Crl:NU-Foxnlnu) were
purchased from Charles River Laboratories (Wilmington, MA, USA). Additionally, female
BALB/c mice were purchased from Harlan Sprague-Dawley (Indianapolis, IN, USA) for the
purpose of pharmacokinetic analysis. Animals were maintained under environmentally
controlled conditions and subjected to a 12 h light/dark cycle with food and water ad libitum.
Normal mouse diets contain high amounts of folic acid which brings folate serum levels
dramatically higher than that of humans. They were fed a low folate diet, Folic Acid Deficient
Diet (TD.00434; Harlan Laboratories, Madison, WI, USA), for 2 weeks prior to the injection of
tumor cells or CNC conjugates, and for the remainder of the investigation to decrease folate

levels to around 25 nM, resembling normal human levels (9-14 nM)2 1%,

3.3.2. In vivo tumor models

Female nude mice were subcutaneously inoculated in the right dorsal media area or right
mammary fat pad, with FR-positive 1x10° KB or 5x10° MDA-MB-468 cancer cells,
respectively'® 7. Prior to tumor cell injection, mice were anesthetized via inhalant isoflurane.
Tumors were allowed to grow until they reached a size between 70 and 100 mm?®. Tumors were
measured with calipers and the size was determined by the equation ¥%xLxW? *°. Mouse general
health was monitored every other day by examining body weight, tumor size and ability to reach

food and water.
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3.3.3. Invivo optical imaging of FITC conjugates

Mice bearing tumors were treated with FITC-CNC-FA and imaged at 4 different time points.
There was an additional control group treated with PBS and sacrificed at the final time point.
Concentrations used were based on the amount of FITC in each treatment group. Based on
preliminary experimentation, the concentration used was 0.5 mg/kg; since the average mouse
weight was 20 g, each mouse received up to 0.5 mg/kg total FITC. Treatment was administered
once via 100 pl tail vein injection and in vivo imaging occurred at 1, 4, 8 and 24 h post-
treatment. Animals were anesthetized by XGI-8 Gas Anesthesia System that delivers inhalant
isoflurane through a 5-port anesthesia manifold housed in the 1VIS-200 (Caliper Life Sciences,
Hopkinton, MA, USA) chamber and imaged using the GFP excitation and emission filters. This
system is designed specifically for small animal, real-time, non-invasive fluorescent imaging.
Quantitative data for tumor fluorescence was obtained by manually drawing a region of interest
around the tumor’s visible margins, and calculating the weighted percentage of fluorescence

against fluorescent intensity throughout the mouse and background™®.

3.3.4. Biodistribution of FITC-CNC-FA in tumor models

The following analysis was described by Gabizon et al.*® Immediately following imaging,
mice were anesthetized with inhalant isoflurane for cardiac puncture; blood was collected,
aliquoted, frozen and stored at -80°C. After thawing frozen blood, 100 pl of blood was added to
1.9 ml acidified ethanol giving a final dilution of 1:20 (v/v) and incubated at 4°C for 24 h
protected from light. In addition, various tissues (liver, spleen, heart, lungs, kidneys, and tumor)
were collected to determine the amount of FITC which has accumulated in each organ. Half of
each tissue was weighed and added to acidified ethanol to create a 1:10 (v/v) dilution; they were
then homogenized using a Power Gen 125 Homogenizer (Fisher Scientific, Pittsburgh, PA,
USA) and incubated at 4°C for 24 h protected from light. Digested tissue and blood samples
were centrifuged at 20,000 g for 20 min at 4°C to collect supernatant. The rate of disappearance
or clearance of FITC was determined by measuring fluorescence using a SpectraMax Mz2e
microplate reader (Molecular Devices, Sunnyvale, CA, USA). The concentration of FITC from
each time point was calculated using a calibration curve with free FITC in whole blood. The
control mice plasma were used as a baseline of the autofluorescence of blood®.
The other half of each tissue was rinsed, embedded in CRYO-OCT compound (Andwin

Scientific Tissue-Tek, Tryon, NC, USA), and stored at -80°C until further processing. 20 um
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thick slices of tissue were fixed to glass slides, mounted with VECTASHIELD® HardSet
Mounting Medium with DAPI (Vector Labs, Burlingame, CA, USA) and imaged with a Leica
DMI 6000 fluorescent microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA).

3.3.5. Pharmacokinetic model in vivo

Female BALB/c mice were broken into 3 treatment groups and 4 time points. Treatment
groups include free FITC, FITC-CNC, and FITC-CNC-FA; concentrations were based on the
amount of FITC in each treatment group; 0.5 mg/kg. There was one set of control mice that was
injected with PBS and sacrificed at the last time point. Treatment was administered once via 100
pl tail vein injection. Mice were anesthetized by inhalant isoflurane for blood collection via
cardiac puncture at 1, 4, 8, and 24 h time points. Blood and tissue samples were analyzed as
described in Section 3.3.4.

3.3.6. Physiologically based pharmacokinetic (PBPK) model

To accurately model the life cycle of FITC and CNC conjugates within the mouse, a PBPK
model was developed. The aim of this modeling study is to develop a PBPK model, calibrated
and validated with experimental data, to predict the time-dependent circulation and settling of
FITC-CNC-FA in mice. This model is heavily based on the combination of four models
proposed by Reisfeld et al.'®, Evjen et al.'®, Kona et al.%, and Jones et al.'®. The model

compartmental design is shown in Figure 3-1.
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A number of assumptions can be made to simplify the model without drastically affecting the
output. We first assume that there is no free FITC in circulation; this assumption is fairly
reasonable considering no free FITC was detectably cleaved from FITC-CNC-FA particles in
vitro (Chapter 2). The use of tissue homogenates in the previous experiment is appropriate for
use in this modeling approach because compartments will be assumed to be “well mixed” and
homogenous with respect to drug concentration. This is in contrast to studies of drug activity and
efficacy, in which results derived from these types of samples could be misleading or
erroneous™™®. In addition, we assume a flow-limited mass transfer in which the blood will be in
quick equilibrium with the tissue upon entering that tissue.

Following are the governing equations for intravenous injections of FITC-CNC-FA. Each
compartment has a mass balance for the injected drug. The mass balance for all organs excluding

the lung, blood, kidney and liver is seen in Equations 1 and 2:

1

d(Corgan)
Vorgan% = Qorgan(CAB - Corgan) - Vorgan <

Vmax * Corgan )
Kmax + Corgan
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d(Corgan tissue) _ Vmax * Corgan

Vorgan tissue dt

K C - CLRorgan * Corgan tissue
max T organ

where C is the concentration of drug available in the blood of the organ, Q is the blood flow to
the organ, and Vis the volume of the organ. Cy,gqn tissue COrresponds to the concentration of
drug settling in each organ and follows Michaelis-Menten Kinetics. CLR,, 44, is the clearance
rate of the drug within the tissue via metabolism, lymphatic clearance, or other mechanism. The
Michaelis-Menten parameters reflect the expression levels of the FR. Quick dynamics resemble
more FR expression in that organ as seen in some normal tissues (brain, heart) and FR-positive

tumors. Organ flows are fractions of cardiac output (QC) which was scaled to body weight of
103

mice™". The mass balance of drug in the lung (Cy,,,4) is governed by Equations 3 and 4:
3
d(Clung) Vmax * Clung
Vigng ————= = Cor —C _ _max “iung
lung dt Qlung( VB lung) Kmax + Clung
4

% d(Clung tissue) _ Vmax * Clung
lung tissue -
g dt Kmax + Clung

- CLRlung * Clung tissue
The concentration of FITC-CNC-FA in the venous blood is given by Equation 5:

5

d(Cys)
VVB volume dt = Z (Qorgan(corgan - CVB)) - VBDecay * CVB
organs

where Cyp is the mass of the venous blood and VBp,,,, is the rate at which FITC-CNC-FA is
being cleared from the blood by the lymphatic and mononuclear phagocytic systems.

The governing equation for mass balance in arterial blood (C45) is given by Equation 6:

Vag votume —22 = Quung * (Cung — Caz)**  ADD  CLEARANCE  EQUATION!

The kidneys and liver have an extra clearance term due to excretion and filtration, respectively.

These terms are described in Equations 7 and will be subtracted from Equation 1:
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Ekidney * Ckidney
Fliver * Cliver
where Ey;qney, is the rate of drug excretion by the kidney and Fj;y,, is the rate of drug filtration
by the liver.

Using these equations, parameters provided by literature'%® 104 109

, and parameters from our
pharmacokinetic studies we will be able to accurately predict where FITC-CNC-FA will settle
and clear from the body based on user input of dosage and frequency. This model was built in
the MATLAB program (MathWorks, Natick, MA, USA) for its benefits in compartmental

modeling.
3.4. Results

3.4.1. Invivo imaging studies

Throughout the study mice maintained their health. Their weights (Figure 3-2) stayed
consistent overall and their activity level was unchanged. KB tumors rapidly grew and reached
the desired minimum size for the experimental study. MDA-MB-468 tumors grew more slowly
and most did not reach the desired minimum experimental size over 1 month (Figure 3-3). We
chose to treat tumors once they reached desired size or in the case of MDA-MB-468 tumors at
the end of 1 month.
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Figure 3-2: Mouse weights over experimental study. KB tumor bearing mice (A) and MDA-MB-468 tumor bearing
mice (B).

38



A 800 B 140

—e— KB1 —e— MDAT1
—-0—- KB2 . —-0—- MDA2 *
--v— KB3 120 {—-w—- MDA3
600l & KB4 & MDA4
- KB5 100 4~ MDAS
--0-- KB6 --0-—- MDA6
o - KB7 o o 4- MDA7
15 O KB8 / E g ] © MDA8
£ / £
£ 400 1—.a—- kB9 - . E —-A—- MDA9 ;
2 --v-— KB10 j7 g ek Tur Size ]
» ®-- KB11 ¥ e » ¥
g Winirum Turror Side ”D . (‘05
E 200 e E 404
= Dy = e
/ ; 5 \ G i |
et 7 ﬁu b
0 [ = o
0 1 8% ‘,,,, 5 sl cok oo ',,o o
T r : r r : : - : - - :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Day Day

Figure 3-3: Tumor sizes over experimental study. KB tumor bearing mice (A) and MDA-MB-468 tumor bearing
mice (B).

The highest concentration injected (0.5 mg/kg FITC) of FITC-CNC-FA was the only
noticeable concentration able to be detected using the IVIS. Most KB tumor bearing mice did not
show any targeted imaging due to missteps in tail vein injections and concentrations
administered. Due to difficulties in tail vein injection, much of the injected dose of FITC-CNC-
FA either was extravasated in the tail or not fully administered. Mice bearing MDA-MB-468
tumors were more successful in tail vein injection attempts. As seen in Figure 3-4, most of the
injection for mice 1 and 4 did not enter the blood stream and was cleared relatively quickly from
the tail. Mice 2, 3 and 5 show that most of the injection entered the blood stream (1 h post
injection) and the CNC conjugate aggregated at the tumor site. In mice 3 and 5 (0.5 mg/kg
FITC), accumulation at the tumor site was noticeable 4 h post injection while in mouse 2 (0.25

mg/kg FITC), it took 8 h for the nanoparticles to noticeably accumulate at the tumor site.

3.4.2. Pharmacokinetic analysis

FITC and CNC conjugates were nearly cleared from circulation 24 h post injection (Figure
3-5). Considering the blood concentration fold induction reaches over 5 for CNC conjugates,
while the FITC fold induction barely reaches 3, more CNC conjugate mass remained in
circulation over time. This is most likely due to the larger size of CNC conjugates compared with
the small molecule FITC. Although the trends in each organ show some settling in the early time
points, the fold induction of the drug concentration never reaches above 1.5. The kidney, which
acts as a filter for the blood, is one of the few organs in which the cells normally express the

folate receptor in small quantities; in Figure 3-5, we can observe all three variables injected seem

39



to accumulate here. In most other organs we can see a declining amount of the variables after 24

h, indicating clearance through the lymphatic or other system.

%108

EFRSIEREy

Figure 3-4: IVIS imaging of mice bearing KB and MDA-MB-468 tumors. Mouse 1 bears a KB tumor while mice 2-
5 bear MDA-MB-468 tumors (counting from left to right). Mice 1, 3, and 5 received a dose of 0.5 mg/kg FITC
concentration of FITC-CNC-FA, while mice 2 and 4 received 0.25 mg/kg FITC concentration. A photograph of
mice without fluorescence can be seen in (A). Mice were imaged prior to (B) and 1 (C), 4 (D), 8 (E), and 24 (F) h
post injection of targeted imaging agent, FITC-CNC-FA. Tumors are circled in red in (A). MDA-MB-468 tumors
are difficult to see in (A) due to their size and location (mammary fat pad, not subcutaneous).
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Figure 3-5: Experimental pharmacokinetic analysis of

FITC, FITC-CNC, and FITC-CNC-FA over 24 h. Each

datum represents n=1 to n=3. The graphs depict the blood (A), brain (B), lung (C), heart (D), liver (E), and kidney
(F). In the case of the kidney results past 4 h were inconclusive and discarded from the results presentation.
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3.5. Discussion

The amount of mice per group in these experiments was lower than estimated. According to
power calculations and sample size analysis completed with SigmaStat 3.5 statistical software
(Systat Software, Inc., Richmond, CA, USA), the number of animals to be used for significant
difference verification is much higher. Based on inputs (minimum detectable difference in
means: 35%; expected standard deviation: 20%; number of groups: 25 for pharmacokinetics, 4
for antitumor activity; desired power: 80%; 0=0.050), we need at least 16 and 9 animals in each
group for pharmacokinetic analysis and in vivo tumor imaging, respectively. Continuing these
studies with more mice would strengthen the findings in this study and give a more thorough
analysis of the pharmacokinetic effects.

The concentration of FITC-CNC-FA used in the imaging part of this study contains much

less FITC then suggested by previous reports™

. Though we were able to detect some
aggregation of nanoparticles within the tumor model at the tumor site, a higher FITC
concentration would increase contrast. To achieve this a few options exist; during synthesis of
the CNC conjugate it may be possible to increase the amount of NH, groups on the modified
CNC surface, or modify the reactive end of FITC prior to conjugate to make it more reactive
with carboxyl groups on a TEMPO oxidized CNC, a method similarly seen with DOX-ALAL-
CNC-FA synthesis. Furthermore, changing the cellulose source, such as bacterial or tunicin
cellulose, would drastically help in changing the aspect ratio™* **3. Moreover, the synthesis and
sterilization process of FITC-CNC-FA decreases the stock concentration; high centrifugation
makes it possible to re-concentrate the solution allowing for a higher maximum dose for tumor
bearing mice.

In addition, we assume accumulation at the target tissue through fenestrations in the tumor
vasculature. The vascular nature in tumors is erratic and leaky; the high pressure levels seen in
these sites, decrease blood flow and drainage''*. Based on these facts, our particles will have to
circulate the body multiple times before accumulation becomes significant. This is why

increased circulation time is so important.
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4.1. Abstract

Cellulose nanocrystals are rod-shaped, crystalline nanoparticles that have shown promise for
a number of industrial applications for their unique chemical and physical properties. However,
investigations of their abilities in the biomedical field are limited. The goal of this study is to
show the potential use of folic acid-conjugated cellulose nanocrystals in the potentiation of
irreversible electroporation-induced cell death in folate receptor-positive cancers. After
optimizing pulse parameters, we have shown cellulose nanocrystals’ ability to potentiate a new
technique for tumor ablation, irreversible electroporation. Pre-incubation with folic acid-
conjugated cellulose nanocrystals has shown an increase in cytotoxicity induced by irreversible
electroporation in folate receptor-positive cancer cells. In addition, folic acid-conjugated
cellulose nanocrystals did not potentiate irreversible electroporation-induced cytotoxicity in a
folate receptor-negative cancer cell type. Without changing irreversible electroporation
parameters it is possible to increase the cytotoxic effect on folate receptor-positive cancer cells

while not causing further damage to healthy tissue.
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4.2. Introduction

Cancer is a class of diseases which varies widely from type to type, making multiple
treatment options limited to certain forms. Conventional cancer therapies, including
chemotherapy, radiation therapy, and surgery, have serious side effects which harm normal
tissue in addition to the tumors. In recent years, a new type of therapy was developed, promising
minimally invasive localized treatment of cancerous tissue, with little to no side effects®® > 1,
Irreversible electroporation (IRE), a non-thermal focal ablation technique, exposes cells to
electric pulses to increase the permeability of the plasma membrane past the point of recovery®.
While IRE affects the cell membrane of living cells, it does not cause damage to the supporting
stroma in the vicinity, including major blood vessels, nerves, and extracellular matrices®” *. This
enables the treatment of tumors that are normally considered surgically inoperable due to their
close proximity to these sensitive structures. Another important feature of IRE is the high degree
of control over the regions of tissue that experience irreversible, lethal electroporation and sub-
lethal doses, made possible by careful selection of the electric field distribution and visualization

in real-time on multiple imagining platforms, such as ultrasound**’.

At the membrane scale, the exact mechanisms behind IRE are not fully understood*® .
When cells experience short and intense electrical pulses, there are position-dependent changes
in the transmembrane potential that vary based on the cell radius and intensity of the electric
field'?®. What remains unclear is the nature of the structural changes in the lipid bilayer that
occur as a result of the induced transmembrane potential. The general consensus is the
generation of small pores which, if plentiful or large enough, can permanently disrupt the cell’s
homeostasis and induce cell death'®'. One challenge associated with IRE is that all cells, healthy
or cancerous, are subject to structural changes if their transmembrane potential is raised above a
critical threshold. However, we hypothesize that the selectivity of IRE can be potentiated through
the use of cellulose nanocrystals (CNCs) functionalized to selectively target cancer cells.
Nanoparticles can be designed to accumulate at a target tissue, enabling an increase in the
treatment volume at the site of electroporation. To serve in this function, nanoparticles should be
thermally and chemically stable, insulative, and noncytotoxic. The first group to utilize
nanoparticles in combination with IRE demonstrated that boron nitride nanotubes (BNNTS)
could potentiate IRE-induced cytotoxicity by lowering the required electric field for treatment®.

Little is known about the biological effects of BNNTSs, but studies have shown them to be
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remarkably cytotoxic*®® 2. As Raffa et al.?® explain, their cytotoxicity is highly dependent on
BNNT production methods and final aspect ratio of the particles. Even with ideal properties,
BNNTSs have been shown to be noncytotoxic only below a concentration of 500 ng/ml.

CNCs share most of the advantages of BNNTSs, including their insulative properties™**.
Furthermore, CNCs have been shown to be noncytotoxic to a multitude of cell types at
concentrations as high as 50 pg/ml®** °. CNCs are rod-shaped particles which are relatively
simple and inexpensive to produce, and their size is readily controlled via sulfuric acid
hydrolysis® %2 Additionally, CNCs possess an abundance of hydroxyl groups which are easily
converted to functional groups to conjugate drugs, imaging labels, and targeting ligands, such as
folic acid. It is widely known that many cancer cells over express the folate receptor (FR) which
has a high affinity for folic acid (FA)*® > 8" 126127 By exploiting this fact we can produce
particles which target specific areas.

In this study, we demonstrated the ability of FA-conjugated CNCs (CNC-FA) to significantly
potentiate the cytotoxicity of IRE on cancer cells. Specifically, key IRE parameters were
optimized to elucidate the maximum potentiation effect of conjugated CNCs. Sensitive
parameters of IRE include cell radius, pulse duration and intensity®; two of which are easily
modified. In addition, parameters pertaining to CNC-FA must be evaluated, including
concentration and incubation time before electroporation. The optimal incubation time coincides
with a peak in membrane bound CNCs, prior to the completion of endocytosis. While some pulse

65, 128-130 "the pulse length was optimized with

parameters were chosen according to the literature
nanoparticle pretreatment while a number of pulsed electric fields (PEFs) were tested across FR-

negative and FR-positive cancer cell types.
4.3. Materials and Methods

4.3.1. Materials

Dissolving-grade softwood sulfite pulp (Temalfa 93A-A) was provided by Tembec, Inc.
(Montreal, QC, CA). Fluorescein-5’-isothiocyanate (FITC), FA, and dimethylsulfoxide were
purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Folate free RPMI 1640 and
Concanavalin A Alexa Fluor® 633 conjugate were purchased from Invitrogen Corp. (Carlsbad,
CA, USA). Antibiotics (penicillin and streptomycin) and fetal bovine serum (FBS) were
purchased from Mediatech, Inc. (Manassas, VA, USA). The human cancer cell lines KB, A549,
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and MDA-MB-468 were purchased from the American Type Culture Collection (Manassas, VA,
USA). The ECM 830 Electro Square Porator was purchased from Harvard Apparatus Inc.
(Holliston, MA, USA). The Luxtron m3300 fiber optic temperature kit was purchased from
LumaSense (Santa Clara, CA, USA). CellTiter-Blue® Cell Viability Assay Kit was purchased
from Promega (Madison, WI, USA). VECTASHIELD® mounting medium was purchased from
Vector Labs (Burlingame, CA, USA). Attachment factor solution (AFS) was purchased from
Cell Applications (San Diego, CA, USA).

4.3.2. Nanoparticle formulation and characterization

CNCs were prepared as previously described® via sulfuric acid hydrolysis of dissolving-
grade softwood pulp and dialyzed against deionized water. Hydroxyl groups on the CNC surface
were partially converted to carboxyl groups (CNC-COOH). More detailed information on the
preparation and characterization of nanoparticles can be found in Dong et al®’. FA was
conjugated to carboxyl groups via amide bonds (CNC-FA). For imaging studies, CNC-FA was
labeled with the fluorescent molecule FITC to create FITC-CNC-FA. Determined by dynamic
light scattering, the CNCs had a hydrodynamic diameter of 75 nm (data not shown). The percent
weight of FA to CNC-FA was 22.9%.

4.3.3. Cell culture

All cell lines were grown in folate free-RPMI 1640 supplemented with 10% FBS and
containing 100 1U/ml penicillin and 100 pg/ml streptomycin. Cells were grown at 37°C and 5%
CO.. All experiments were conducted in folate free-RPMI 1640 basal medium.

4.3.4. IRE parameter optimization and CNC-FA potentiated IRE

250 pl of KB, A549, or MDA-MB468 cells were seeded into 48-well plates at 2x10° cells/ml
and allowed to grow for 24 h to create a confluent monolayer. Growth medium was replaced by
basal medium with or without CNC-FA (1 ng/ml — 10 pg/ml) and incubated for up to 1 h before
application of IRE. IRE was applied using custom plate electrodes made to fit a standard 48-well
plate. Specifically, the plates were machined from stainless steel to be 6 mm wide and placed 0.8
cm apart. The pulse repetition rate (1 Hz) and pulse number (80) were held constant, while the
applied voltage and pulse duration were varied between treatment groups. Following treatment,

CellTiter-Blue® reagent was added to each well and incubated for 4 h at 37°C. Cell viability was
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measured with a SpectraMax M2e microplate reader (Molecular Devices, Sunnyvale, CA, USA)
at Ex/Em: 560/590 nm.

4.3.5. Confocal microscopy

1 ml of KB or MDA-MB-468 cells were seeded onto round coverslips coated with AFS at a
concentration of 2x10° cells/ml. Cells were incubated at 37°C for 24 h. Cells were treated with
FITC-CNC-FA for 10 and 20 min, respectively, washed thoroughly with HBSS and fixed with
ethanol for 1 h at room temperature. Cell membranes were stained with 50 ng/pl of
Concanavalin A Alexa Fluor® 633 for 2 min. Cells were then washed with PBS and mounted
onto glass slides with VECTASHIELD® mounting medium. Confocal images were taken with a
Zeiss LSM 510 purchased from Carl Zeiss Microscopy LLC. (Thornwood, NY, USA). Images
were processed using ZEN software (Carl Zeiss Microscopy LLC., Thornwood, NY, USA).

4.3.6. Numerical modeling

A three-dimensional finite element model was constructed using a commercial software
package (COMSOL Multiphysics 4.2a, Burlington, MA, USA) to illustrate the clinical benefit of
incorporating CNCs into IRE protocols. The methods for calculating the electric field
distribution are similar to those found in previous reports™" *3 for the treatment of liver tissue.
Briefly, the electric field (E) distribution was obtained by solving the governing equation (-
V-(o4E) = 0) with a dynamic electric conductivity function (o4 = o(|E[)). The dynamic
conductivity function describes how electroporation occurring at the cell scale affects the bulk
tissue conductivity as a function of the field magnitude. It was defined as a Heaviside step
function with a continuous second derivate that transitions from 0.067 S/m to 0.241 S/m over a
range of electric fields (500 V/cm to 800 V/cm'*?). The electrodes (1.0 cm spacing, 1.0 mm
diameter) were modeled as needles with blunted tips projecting 1 cm out of an insulative sheath
inserted into the center of the tissue domain (15 cm cube). To reduce computational burden, the
physical electrode domains were removed from the geometry by subtracting them from the tissue
domain to reduce the number of elements. Electric potential boundary conditions of 2000 V and
0 V were applied along the exposed surfaces of the energized and grounded electrodes,
respectively. All remaining boundaries were treated as insulation. An extra fine mesh was used
that resulted in 951364 elements and less than 1% difference in field at the center of the domain

upon successive refinements.
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Figure 4-1: Parameter optimization for the potentiation of IRE-induced cytotoxicity with CNC-FA. KB cells were
pre-treated with or without CNC-FA [1 pg/ml]. 80 pulses of the specified PEF were applied at a frequency of 1 Hz
and cell viability was measured with CellTiter-Blue® Cell Viability Assay Kit. Parameters optimized include pulse
length (A), PEF for targeted cell viability (B), and incubation time with CNC-FA (C). Data shown are mean + SD
for each group (n=4) (*p<0.05).
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temperature and remained at or below 39°C. Therefore 200 us was chosen as the optimal pulse
length for all subsequent experiments. Figure 4-1B demonstrates that a PEF of 600 V/cm
resulted in a desired cell viability of ~70% (about half way between maximum and minimum cell
viability from IRE alone)™*; while an incubation time of 10 min with CNC-FA caused a
significant decrease in cell viability compared to IRE alone (Figure 4-1C). A cell viability of
70% from IRE alone is desirable to observe the maximum potentiation effect which can be seen
in Table 4-1.

Table 4-1: Effects of CNC-FA on IRE-induced cytotoxicity in KB cells. Data shown are mean + SD for each group
(n=4).

PEF# (V/cm) 0 250 450 600 700 850

0 1000 + 04 994 + 06 935 + 18 " 664 + 27 ° 360 + 1.7 "~ 160 + 35~

1 988 + 13 975+ 08 T 964 + 13 T 603 £+ 18 T 378 + 31~ 278 + 30 1
ng/ml 10 983 £+ 15 969 + 16 7 954 + 11 ° 515 + 28 7 356 + 28 ° 188 %+ 1.1 °

100 975 + 17 968 + 09 T 958 + 1.1 ° 528 + 3.7 T 387 + 32 ° 222 % 42 °

CNC-FAS

1 996 + 15 963 + 12 °T 899 + 28 ° 560 + 3.2 T 301 + 31 7T 148 + 15 °

pg/mi
10 1002 £+ 21 964 + 20 T 920 + 25 ° 570 + 13 7 345 + 05~ 155 £ 13 °

“significant vs. control  Tsignificant vs. PEF alone  *pulse electric field  Scellulose nanocrystal—folic acid

4.4.2. CNC-FA potentiated IRE

Treatment of KB cells with various concentrations of CNC-FA prior to PEF application
showed significantly higher cytotoxicity compared to IRE alone at a number of different PEFs.
All concentrations of CNC-FA (1 ng/ml — 10 pg/ml) tested, significantly potentiated IRE (Table
4-1and Figure 4-2A). It was concluded that a concentration of 1 pg/ml is the best concentration
tested to observe the potentiation effect across multiple PEFs in KB cells. In contrast, treatment
of KB cells with non-targeted nanoparticles (CNC-COOH) at 1 pg/ml did not show any
significant difference in cytotoxicity compared to IRE alone (Figure 4-2B). Furthermore,
treatment of FR-negative cancer cells (A549) with CNC-FA, under the same conditions used for

KB cells, also caused no significant increase in cytotoxicity (Figure 4-2C).
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Figure 4-2: Effects of CNC-FA on cytotoxicity due
to PEF induction. KB cells were pre-treated with
various concentrations of CNC-FA for 10 min prior
to PEF application. CellTiter-Blue® Cell Viability
Assay Kit was used to measure viability of cells. A
closer look at the PEF 600 V/cm (B) magnifies the
significant potentiated effect of CNC-FA on IRE (A).
KB cells were also pre-treated with non-targeted
CNC-COOH [1 pg/ml] prior to PEF application of
600 V/cm (B). FR-negative lung cancer cells, A549
(C), were pre-treated with various concentrations of
CNC-FA for 10 min prior to PEF application of 600
V/cm. Data shown are mean £ SD for each group
(n=4) (*p<0.05).

FR-positive breast cancer cells, MDA-
MB-468, further confirmed the results seen
with KB cells. As shown in Figure 4-3A,
the optimal PEF for this cell type was 500
V/cm to achieve ~70% cell viability. The
largest increase in cytotoxicity due to CNC-
FA was observed when nanoparticle
incubation time was 20 min (data not
shown). At 500 V/cm, all concentrations of
CNC-FA (1 ng/ml — 10 pg/ml) tested
exerted  significant  potentiation  of
cytotoxicity when compared to IRE alone
(Figure 4-3B). It was concluded that a
concentration of 1 and 10 pg/ml are the best
concentrations tested to observe the

potentiation effect in MDA-MB-468 cells.

4.4.3. Confocal microscopy
Confocal microscopy

determines that FITC-labeled CNC-FA

imaging

particles are only binding to the cell

membrane of KB and MDA-MB-468 cells after 10 and 20 min. respectively (Figure 4-4). There
IS not yet internalization of the particles as seen in Figure 4-4. Complete internalization by KB



and MDA-MB-468 cells has been observed after 1 h of exposure to FITC-CNC-FA particles
(data not shown). Non-targeted entities (FITC and FITC-CNC) did not show any significant

binding or uptake for exposure times up to 2 h (data not shown).
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Figure 4-3: Effects of CNC-FA on IRE-induced cytotoxicity in FR-positive human breast cancer cells.
Optimal PEF selection was based on application of various PEFs alone on MDA-MB-468 cell monolayers
(A). MDA-MB-468 cells were pre-treated with various concentrations of CNC-FA for 20 min prior to PEF
application of 500 V/cm (B). CellTiter-Blue® Cell Viability Assay Kit was used to measure viability of cells.
Data shown are mean + SD for each group (n=4) (*p<0.05).

4.4.4. Numerical modeling

The results from the finite element model of a clinical IRE scenario are shown in Figure 4-5.
For illustrative purposes, it is assumed that the electric field threshold for cell death without
CNC-FA is 600 V/cm in liver tissue™*, which is shown in gray. From the in vitro results, it was
estimated that the greatest difference in electric field strength required to achieve a specific
reduction in viability was 50 V/cm between the KB cells treated without CNC-FA and with
CNC-FA at concentration of 10 ng/ml. Although 1 pg/ml of CNC-FA is considered the best
concentration across multiple PEFs, at 600 V/cm it was observed that 10 ng/ml created the
largest potentiation effect. This 50 VV/cm reduction is shown on the tissue-scale model by the 550
V/cm contour, which is encompassed by the black region. These results suggest that upon in vivo
translation, the inclusion of CNC-FA could expand the overall treatment volume from 3 cm?® to 4
cm®. Further, within the expanded treatment volume, only cancer cells with bound CNC-FA
would be subject to IRE, and the healthy cells would be spared. This would be suitable for

treating locally infiltrative disease extending up to 2 mm beyond the tumor margin.
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Figure 4-4: Representative confocal images of CNC-FA bound to KB and MDA-MB-468 cell membrane. KB (A-
C) and MDA-MB-468 (D-F) cells were treated for 10 and 20 min, respectively, with FITC-CNC-FA, thoroughly
washed with HBSS, and fixed in ethanol. Cell membranes were briefly stained with Concanavalin A Alexa Fluor®
633 and cells were imaged with a Zeiss LSM 510 confocal microscope. Image cross sections were taken from the
bottom half of the cell at z=3.1 um (KB) and z=8.1 um (MDA-MB-468). Data shown are representative images for

_

Figure 4-5: Results of the
numerical model (4 orientations)
for illustrating the potentiation of
IRE-induced cytotoxicity with

A & CNC-FA. The gray color
1 represents regions of tissue
Y exposed to an electric field

threshold of 600 V/cm or greater
that experience non-selective
IRE. The black color represents
regions of tissue exposed to an
electric field between 550 V/cm
and 600 V/cm that experience
cancer cell-specific IRE with the
inclusion of CNC-FA.
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4.4.5. Discussion

The present study demonstrates the advantages of selectively enhancing electroporation-
based therapies applied to cancer cell monolayers, via targeted nanoparticles. Without changing
IRE parameters it is possible to increase the cytotoxic effect on FR-positive cancer cells while
not causing further damage to healthy tissue (Figure 4-2 and Figure 4-3). In addition to providing
a degree of selectivity to IRE, nanoparticles can reduce the required voltage to mitigate thermal

13> and muscle contractions®. As described in Raffa et al.®®, it is important to take note of

effects
the size of particles used for this purpose. BNNTSs cytotoxicity depends on their aspect ratio and
overall length; BNNTs over 10 um can induce cytotoxicity to a variety of cell types on their

68. 122 Rod-like CNCs are similar in shape to BNNTSs, however their aspect ratio is

own
drastically smaller with an average length between 100 and 150 nm and an average width
between 4.5 and 5 nm depending on the cellulose source and hydrolysis conditions®’. It is
possible to increase the aspect ratio of CNCs by decreasing the hydrolysis time, which may lead
to larger potentiation effects. Care must be taken to see if larger aspect ratios of CNCs cause
cytotoxicity.

The mechanism of nanoparticle potentiation of IRE-induced cytotoxicity was not
investigated in this study. However, mechanistic theories of electroporation have been discussed
for over thirty years with the most likely scenario being the production of nanoscale pores. Three
cytotoxicity mechanisms induced from these pores have frequently been proposed. Nanoscale
pores may significantly disrupt the cell’s homeostasis inducing necrosis, cell contents may
continuously leak out through long lasting pores, or reactive oxygen species may be generated in
association with increased membrane permeability™® ***'*_In addition, the mechanism of how
CNC-FA binds and is uptaken into FR-positive cell types has been studied (unpublished works).
When CNC-FA binds to the FR on the plasma membrane, endocytosis is initiated. It may be that
this process makes the plasma membrane more vulnerable to electroporation-induced pores and
provokes necrosis with no changes to IRE parameters. The idea that membrane defects facilitate
electroporation via water penetration is in agreement with molecular dynamics simulations™.
Once the particles are endocytosed they most likely no longer have an effect on the plasma
membrane. It is also noteworthy to mention studies by Habibi et al.'® and Csoka et al.'**. CNCs

have been shown to align perpendicular to an applied electric field, which may cause insulative
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behavior that would increase the electric field strength at the poles of the cell. This may also play
a role in potentiation™*”.

The up-regulation of FR expression has been reported in many types of cancers including
breast, ovarian, lung, kidney, brain, and endometrium®?. On the other hand, the FR is seldom
expressed in normal tissues with the exceptions of the kidneys, placenta, and salivary gland64' 84,
141 Since FR overexpression is generally present in many cancer types, CNC-FA-mediated
potentiation of cytotoxicity induced by IRE can be applied to multiple treatment regimes. Garcia

et al.%®

conducted a form of IRE in canine patients diagnosed with intracranial malignant
gliomas. To completely eradicate the cancer, adjuvant radiation therapy was added to the
treatment regime; however, radiation therapy has serious and undesirable side effects. CNC-FA
has the potential to replace or diminish the amount of radiation needed for complete remission.

Decreasing the amount of normal tissue being treated irreversibly with electroporation
without decreasing the percentage of tumor being eradicated has vast clinical importance. An in
vivo translational model is showcased in Figure 4-6. If this concept is fully translational, brain
tumor patients, for example, would be able to have an inoperable tumor treated completely
without the aid of radiation or traditional chemotherapy. Furthermore, harsh side effects
associated with radiation and chemotherapy will not be experienced by the patient, improving
their quality of life. According to the numerical model, lowering the IRE threshold by 50 V/cm
would extend the treatment margin by 2 mm, allowing for a substantial volume of infiltrative
diseased tissue to be treated without damaging the surrounding healthy cells. This 50 V/cm
difference is based on experiments in 2D monolayers, and it is possible that the difference would
be larger in 3D, possibly extending the zone of selective cell death.

Future work will include testing potentiation in a 3D mock tumor tissue. Arena et al.'*
recently published a high order in vitro model for designing and testing IRE protocols in more
realistic tumor environments. A number of unknown parameters need to be optimized before
animal models are subjected to testing; transport of CNC-FA through extracellular matrix
remains unclear, as well as timing between nanoparticle introduction and PEF application.
Electroporation in tissue is also much more complex. There have been studies in recent years
successfully mapping the techniques and theory necessary, yet adding another layer such as
nanoparticle potentiation may drastically change electroporation techniques for the better. This

should be well investigated before in vivo testing begins.
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Figure 4-6: In vivo translational hypothesis. Tumors (A), treated with IRE alone (B), have a uniform distribution of
irreversible electroporation regions (C). To treat the entire tumor you would have to design the IRE parameters to
include a larger region including a substantial amount of normal tissue. Based on the results presented, if conjugated
CNCs are introduced to the tumor before electroporation (D) we could decrease the PEF applied and would see a
less uniform region of irreversible electroporation with a higher tumor to normal tissue ratio (E). The dotted lines
(C, E) showcase the area treated by IRE alone, while the solid line (E) represents the additional treatment area seen
by pre-treating with CNC-FA.

In conclusion, the data presented demonstrates that noncytotoxic CNC-FA is bound to the
receptor on the cell membrane of FR-positive cancer cells and significantly increases the
cytotoxic effect of IRE. From this we conclude that a lower PEF can be applied to tumor cells to
achieve the same cytotoxicity when pre-treated with CNC-FA. Since these particles selectively
bind to FR-positive cancer cells, it suggests that only FR-positive cells will see an increase in
cytotoxicity. This would imply that the treated region would not have to be uniform in shape,

sparing normal tissue.
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5.1. Abstract

To develop new delivery systems and strategies, scientists turn to 2D in vitro and small
animal models for testing. The differences between these two stages are vast and an intermediate
step is available. Collagen | hydrogels present realistic mechanical properties in a 3D in vitro
setting, allowing for more accurate cell-cell and cell-extracellular matrix interactions. In this
study, we tailored an established hydrogel model for future investigations of fluorescently
labeled, folate conjugated cellulose nanocrystals (FITC-CNC-FA) ability to potentiate
irreversible electroporation. Parameters including hydrogel thickness, seeding cell density, cell
incubation time, and FITC-CNC-FA diffusion characteristics were investigated. This model can

more accurately predict FITC-CNC-FA and IRE effects in vivo, as compared with a 2D system.
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5.2. Introduction

The most common way cancer research is conducted in vitro, is within two-dimensional (2D)
cell systems (Petri dishes, glass slides, and well plates to name a few). For a group studying the
effects of a novel therapeutic on cancer progression, the natural progression after successful in
vitro experimentation, is the use of small animal models. As a result of the vast differences in
microenvironment, protein expression and cell-extracellular matrix (ECM) interactions, there are
quite a few iterations between in vivo experimentation and tweaking of the original therapeutic
system. This can be avoided with the use of three-dimensional (3D) in vitro tumor models.
Though no one system has become the gold standard in this application, Szot et al.*** have
shown great progression in the development of a 3D in vitro tumor model. They use type |
collagen to create hydrogels as effective biomimetic scaffolds for tumor growth and
proliferation. Collagen | hydrogels accessibility, biocompatibility, and non-toxicity render them
appropriate representations of the tumor extracellular matrix**%. In addition to their compatibility
with cancer cells, collagen hydrogels also accurately depict the pre-vascularized tumor matrix
with regards to stiffness, structure, and remodeling potential, leading to proliferation, migration,
and infiltration'*. Furthermore, there are many factors of small animal models that cannot be as
easily controlled as in vitro. The combination of improved cell-cell and cell-ECM interactions
seen in hydrogel models, showcases their valuable nature as an effective intermediate step
between 2D experimentation, and small animal models, saving time, mice, and money**.

Though the mechanism of IRE induced cytotoxicity is not clearly understood, it is widely
believed excessive amounts of nanopores are formed in the cell membrane due the changes in
cell membrane potential (Figure 1-7), from which homeostasis is no longer balanced and the cell
cannot recover from the damage. If the electric field is weaker, cells can undergo reversible
electroporation in which the amount of nanopores is few enough to ensure recovery of
homeostasis. When examining IRE in a 2D model vs. 3D, the properties and parameters change

drastically*®

. Though IRE parameter translations can be made between the two systems through
mathematical modeling, the effects on cells cannot be accurately predicted and need to be tested
before continuing into animal models.

The folate receptor (FR) is well known to be overexpressed in various cancer cell lines,
helping to contribute to the cells’ rapid growth. When compared to healthy tissue, as seen in

Chapter 2, cancer cells can exhibit up 8x10° fold higher FR expression levels. More specifically,
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the FR has a great affinity for the folic acid (FA); and when attached to cellulose nanocrystals
(CNCs) as carriers, selectively bind and become endocytosed by FR-positive cancer cells
(Chapter 2, Figure 5-1). CNCs have been shown to align perpendicular to an applied electric
field, which may cause a stronger insulative behavior that would increase the electric field
strength at the poles of the cell; which may also play a role in potentiation'?*. Capitalizing on this
information, renders folate-conjugated particles as attractive vehicles for targeted cancer
treatment. The aim of this study is to tailor a 3D in vitro hydrogel model for continued
investigation of CNC-FA’s ability to potentiate IRE-induced cytotoxicity (Chapter 4). Hydrogel
and cell seeding parameters were examined along with the permeation time of fluorescein-5’-
isothiocyanate labeled CNC-FA (FITC-CNC-FA) within a cell seeded hydrogel. Fruits of this

study will further be used to evaluate IRE parameters for optimal potentiation with CNC-FAs.

Figure 5-1: Endocytosis process of
folate linked particle. (1) Folate
linked particle is introduced into the
tumor microenvironment. (2) Particle
binds to the folate receptor and
initiates endocytosis. (3) Particle
breaks from folate receptor. Linked
material is cleaved from folate or
carrier. (4) Material becomes active
within the cell. (5) Receptor is
recycled back to the membrane.
Modified with permission from
Endocyte Inc.

5.3. Materials and Methods

5.3.1. Materials

Dissolving-grade softwood sulfite pulp (Temalfa 93A-A) was kindly provided by Tembec,
Inc. (Montréal, QC, CA). FITC, FA, and Dulbecco’s Modified Eagle Medium were purchased
from Sigma-Aldrich Corporation (St. Louis, MO, USA). Folate-free RPMI 1640 medium, goat
anti-rabbit Alexa Fluor® 555 (21429) secondary antibody, and Concanavalin A Alexa Fluor® 594
and 633 conjugates were purchased from Invitrogen Corp. (Carlsbad, CA, USA). Rabbit cleaved
caspase-3 primary antibody was purchased from Cell Signaling (Danvers, MA, USA).
Antibiotics (penicillin and streptomycin) and fetal bovine serum (FBS) were purchased from
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Mediatech, Inc. (Manassas, VA, USA). Spectra/Por dialysis tubes were purchased from
Spectrum Lans (Rancho Dominguez, CA, USA). The human cancer cell line, MDA-MB-468,
was purchased from American Type Culture Collection (Manassas, VA, USA). ProLong® Gold
Antifade Reagent with DAPI was purchased from Life Technologies (Carlsbad, CA, USA). Rat
collagen type I was kindly donated from Dr. Rafael Davalos’s lab (Blacksburg, VA, USA).

Remaining reagents and supplies were purchased from Fisher Scientific (Pittsburgh, PA, USA).

5.3.2. Synthesis of FITC-CNC-FA

The same procedures were used as described in Chapter 2. Briefly, CNC suspension was
prepared using sulfuric acid hydrolysis, dialyzed against deionized water, and brought to a
neutral pH, using bleached softwood pulp. The resulting suspension was sonicated using an
ultrasonic processor (Model VC505) once at 200 Watts for 10 min, then centrifuged at 4,550 x g
for 10 min to remove large particles. Hydroxyl groups on the CNC surface were converted to
carboxyl groups for moiety conjugation. FITC was first conjugated to the CNC surface followed
by FA. The reaction scheme can be seen in Figure 2-1. Characterization of particles can be seen
in Table 2-1

5.3.3. Cell culture

MDA-MB-468 cells were grown in folate free-RPMI
1640 supplemented with 10% FBS and containing 100
IU/ml penicillin and 100 pg/ml streptomycin. Cells were
grown at 37°C and 5% CO,. All experiments were
conducted in folate free-RPMI 1640 basal medium.

5.3.4. Collagen I hydrogels

Collagen I hydrogel-based in vitro tumor models were

142

developed as described previously™. Briefly, Sprague

Dawley rat tail tendons were dissolved in 10 mM HCI under

agitation overnight, the suspension was centrifuged at Figure 5-2: Hydrogel orientation for
tissue sectioning. (A) Intact hydrogel
cut in half to reveal cross section. (B)
hydrogel stood up on cross section and
before paraffin embedding. (C) 10 um

solution was calculated using dry-weight measurements, and slice used in imaging analysis.

22,500 x g for 45 min, and the supernatant containing the

collagen | was decanted. The concentration of the collagen |

the solution was sterilized by layering chloroform beneath the collagen I for 24 h. A neutralizing
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buffer containing 10x DMEM, 1 M NaOH, and distilled water was used to resuspend a pellet of
MDA-MB468 cells. The cell suspension was then gently mixed on ice with an appropriate
volume of collagen | to achieve a concentration of 8 mg/ml. This concentration supplies a matrix
stiffness similar to those found in in vivo tumors'. The suspension was pipetted into 10 mm
diameter cylindrical molds and allowed to set for a 20 min polymerization period at 37°C. The
molds were removed, and the hydrogels were cultured in growth media until experimentation.
Following experimentation, hydrogels were fixed and embedded in paraffin, sectioned, and

prepared as described previously™*. Figure 5-2 describes the orientation of tissue section slices.

5.3.5. Fluorescence microscopy

Paraffin hydrogel slices were fixed to glass slides before the removal of paraffin with xylene.
For cell membrane staining, hydrogel sections were incubated with 50 ng/ul of Concanavalin A
Alexa Fluor® 594 for 2 min and washed with PBS. Staining for apoptosis was performed by
permeabilizing with 0.5% Triton X-100, blocking with 3% bovine serum albumin, and
incubating with cleaved caspase-3 primary antibody (1:100 dilution) and Alexa Fluor® 555
secondary antibody (1:200 dilution), according to manufacturer’s suggestions. Before imaging,
sections were mounted with ProLong® Gold Antifade Reagent with DAPI. Images were obtained
with a Leica AF6000 fluorescent microscope (Leica Microsystems Inc., Buffalo Grove, IL,
USA).

5.3.6. Hydrogel parameter optimization

Parameters optimized included hydrogel thickness, cell density, and cell incubation time. To
optimize hydrogel thickness, the diameter of each hydrogel was fixed to 10 mm and four
volumes were tested: 150, 185, 200, and 235 pl, corresponding to heights of 1.91, 2.36, 2.55, and
3.00 mm respectively, and incubated for 3 days prior to fixation. To limit cell death before
experimentation, three cell densities were tested; 5, 10, and 20 million cells/ml were incubated in
hydrogels for 1 day. To achieve a confluent cell density of living cells within the hydrogels,
incubation period with cells prior to experimentation was also investigated. 200 ul hydrogel
solutions were prepared and incubated for 1, 2, and 3 days at a cell density of 1x10° cells/ml
prior to fixation. Lastly, MDA-MB-468 containing hydrogels were treated with 10 pg/ml of
FITC-CNC-FA (suspended in folate-free RPMI basal medium) and incubated varying amounts

of time. The total incubation time between cell seeding and hydrogel fixation was 3 days.
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5.4. Preliminary Results

5.4.1. Hydrogel height

Four hydrogel heights were investigated ranging from 1.91 mm to 3 mm. The shortest
hydrogels did not polymerize well and were too fragile to be analyzed further. When comparing
the remaining height variations, the 2.55 mm hydrogel was the thickest while being able to
preserve cell density across the entire hydrogel. In the 3 mm hydrogel, cells were seen to migrate
to the top of the hydrogel with more frequency creating an inner layer of hydrogel with little to
no viable cells (data not shown).

5.4.2. Hydrogel cell seeding conditions

Moving forward, three cell density seeding conditions were tested; 5x10° 10x10° and
20x10° cell/ml. As seen in Figure 5-3 after 1 day of incubation, the highest cell density showed
drastically higher cleaved caspase-3 expression, equating to lower cell viability. The lowest and
middle cell densities showed very similar cell viability, yet the middle cell density logically
demonstrates a higher amount of cells per hydrogel. Therefore we concluded that 10x10° cells/ml
was a suitable density for further experimentation.

After cell seeding, cell-cell communications and cell-ECM interactions are desired. For this
to occur, cells need to freely migrate and display elongated morphologies; extending the amount
of incubation time gives them this opportunity**°. Comparing the one-to-three day incubation
time, we observed little differences in the cell viability, yet saw an increase in cell number and
noticed cells migrating toward the surfaces of the hydrogel to gain access to more nutrients (data

not shown).

5.4.3. FITC-CNC-FA permeation and binding

Now that we have a more optimized 3D model for our MDA-MB-468 cells, we can test
permeation of FITC-CNC-FA nanoparticles in the cell seeded hydrogel. 2.55 mm tall, cell
seeded hydrogels were incubated for 3 days with 10x10° cells/ml. Growth medium was replaced
with basal medium containing 10 pg/ml FITC concentration of FITC-CNC-FA at seven different
time points; 20 and 40 min, 1, 2, 4, 8, and 24 h prior to the end of the 3 day cell incubation
period. Diffusion of FITC-CNC-FA after 4 h reached a steady state; looking at Figure 5-4, we
can determine that full diffusion of FITC-CNC-FA occurs between the 40 min and 1 h mark.
According to Chapter 4, the ideal pairing of nanoparticles and IRE to reach maximum
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Alexa Fluor 555
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..

potentiation effects is when
the  nanoparticles  first
initiate endocytosis. Adding
in IRE, would best be suited
between the 40 and 60 min

mark because of this.

Figure 5-3: Hydrogels seeded
with various initial cell densities.
Hydrogels were seeded with
MDA-MB-468 breast cancer cells
for 24 h at the following
densities: 5x10° (i, i, iii), 10x10°
(iv, v, vi), and 20x10° (vii, viii,
ix) cells/ml. Hydrogels were
stained for DAPI (i, iv, vii), to
show nucleic acids, and Alexa
Fluor® 555 (ii, v, viii), to show
cleaved caspase-3 protein
staining. The third column (iii, vi,
ix) shows an overlay of the two
channels. (Bar: 750 pm)



DAP| . FITC
(Nucleic Acid) (FITC-CNC-FA) Overlay

40 min

Figure 5-4: Hydrogels seeded with various initial cell densities. Hydrogels were seeded with MDA-MB-468 breast
cancer cells for 3 days. FITC-CNC-FA was added at 40 min (i-iii) and 1 h (iv-vi), prior to being fixed. Hydrogels
were stained for DAPI (i, iv, vii), to show nucleic acids. FITC (ii, v, viii) shows CNC conjugate binding/diffusion

in hydrogel. The third column (iii, vi, iX) shows an overlay of the two channels. (Bar: 500 pum)
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5.5. Discussion

Much of this work has been qualitative to this point and there are many aspects of 3D
modeling we did not investigate. Countless groups dedicate their research to making 3D models
the new gold standard for simulating in vivo studies'®. They focus on design, stiffness, and
structure of ECM materials, monitor the cell-cell and cell-ECM interactions by analyzing gene
and protein expression, and compare cell phenotypes between the in vitro and in vivo models™"
9 These aspects are pivotal to understanding the model that you are using and accurately
describe the interactions between cells and varying stimuli (novel drug molecules, carriers, or
angiogenesis). The intent of this study was to tailor the 3D hydrogel model to MDA-MB-468
breast cancer cells for future use in irreversible electroporation (IRE) and CNC-FA studies. The
results from this study provide insight into the basic design, but since each experiment included
groups of n=1, no statistical analysis could be completed, as well as a determination of
significance.

Future experiments involving this model, involve a continuation of Chapter 4. In Figure 4-6,
we propose an in vivo translation of the experiments conducted in 2D. To investigate this
hypothesis, 3D hydrogels will be used to observe the CNC-FA potentiation effects of IRE-
induced cytotoxicity. From Chapter 4 above, we observed these effects at optimal parameters. As
previously stated, IRE effects are drastically different from a 2D to a 3D approach. Depending
on the material, the amount of voltage needed to induce the same effect in 3D is much higher
than in 2D™. Combining the results from this study and the previous one, we hope to observe
the same effects in hydrogels so we can continue experimentation in vivo.

Described previously (Chapter 4), the ultimate goal is to marry the timing of initiation of
CNC-FA endocytosis and the start of IRE. Particle size and shape greatly influence receptor
mediated endocytosis* °®. As a troubleshooting mechanism, the aspect ratio of the CNC
conjugate can be increased or decreased by adjusting the exposure time of cellulose to the
sulfuric acid hydrolysis procedure or by changing the source of cellulose (bacterial or tunicin
cellulose). Larger aspect ratio particles may increase the potentiation effects due to the higher
difficulty of the cell to endocytose completely (Figure 1-5). We could capitalize on the point
where CNC-FA binds to the cell membrane by increasing the time before being entirely taken in

or released®.
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Chapter 6. Conclusions and Future Work

6.1. Summary and Conclusions

The literature is full of studies trying to discover the magic bullet for cancer therapy all of
which have advantages and disadvantages. While there are many nano-carriers being studied,

1%0 \We have demonstrated

only one other group has published studies using CNCs as carriers
development of stable and reproducible CNCs with multiple conjugations for use in cancer
detection and treatment. Furthermore we have shown potentiating effect of CNC conjugates on
cytotoxicity induced by IRE. Since cellulose nanocrystals are so versatile and abundant in nature,
avenues of its potential are endless.

In “Cellulose Nanocrystals Conjugated with Folic Acid Selectively Target Folate Receptor
Positive Cancer Cells” we examined the modification of CNCs and its transformation into a
targeting molecule for imaging and chemotherapeutic delivery. Specifically, CNCs are rod-
shaped nanocrystals with a diameter of about 4-5 nm and an average length between 100-150
nm. Their surface is abundant with hydroxyl groups, which were converted to amine and
carboxyl groups for the conjugation of FITC, DOX-ALAL, and FA.

We continued these studies in “Pharmacokinetic Analysis of Cellulose Nanocrystals
Conjugated with Folic Acid for use in Selectively Targeting Folate Receptor Positive Tumors.”
According to this study, pharmacokinetic analysis demonstrates that FITC-CNC-FA show little
to no apparent toxicity in tumor bearing nude mice and non-tumor bearing BALB/c mice.
Furthermore, these nanoparticles were imaged non-invasively in live mice aggregating at the
xenografted tumor site. Lastly, a PBPK model was developed that accurately depicts the life
cycle of FITC-CNC-FA particles and settling properties in the body. Though, further work needs
to be completed for a full understanding of how these particles interact with the body, this study
shows promise in FITC-CNC-FA’s ability in the early detection of FR-positive cancer.

For Chapter 4, “Folate-Attached Cellulose Nanocrystals Potentiate Irreversible
Electroporation-Induced Cytotoxicity in Cancer Cells,” CNC-FAs were investigated for their
abilities to potentiate IRE-induced cytotoxic effects. We optimized the IRE parameters in vitro to
maximize the potentiation effect and compared cells treated with IRE alone with CNC-FA +
IRE. For FR-positive KB and MDA-MB-468 cancer cells, we observed a dose and time-
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dependent increase in CNC-FA potentiated IRE-induced cytotoxicity, while no significant
difference was observed in FR-negative A549 cells or with untargeted CNCs (CNC-COOH).
Lastly, in Chapter 5, “Three Dimensional in vitro Tumor Model: Folic Acid Conjugated
Cellulose Nanocrystals Binding and Uptake Ability to Folate Receptor Positive Cancer Cells,”
we developed an in vitro experimental model to further examine effects of CNC-FA on IRE-
induced cytotoxicity in a 3D hydrogel environment. We optimized hydrogel thickness, cell
seeding density, and cell incubation time to achieve a more realistic in vitro tumor model.
Furthermore we tested the permeation time of FITC-CNC-FA within the hydrogel. These
preliminary studies can increase our understanding of the potentiation effect of CNC-FA on IRE-
induced cytotoxicity, while sparing time and money before going further into small animal

models.
6.2. Future Directions

6.2.1. DOX-ALAL-CNC-FA invivo

After completion of FITC-CNC-FA in vivo analysis, attention can be turned to DOX-ALAL-
CNC-FA characteristics in vivo. Pharmacokinetic investigation can be conducted in the same
manner as FITC-CNC-FA. Due to DOX’s inherent cardiotoxicity, these CNC conjugates will
have to be monitored more closely for side effects and toxicity. In tumor bearing mice DOX-
ALAL-CNC-FA’s efficacy in treating FR-positive cancer can be compared to free DOX dosing
regimens. The main hypothesis to be tested is “DOX-ALA-CNC-FA effectively reduce FR-
positive tumor size with significantly less side effects when compared to free DOX.” Our PBPK
model can be slightly modified to handle multiple drug bolus injections and
increasing/decreasing tumor volumes. This work has the potential to yield scientifically and

translationally significant data to be used in future clinical trials.

6.2.2. CNC-FA + IRE investigations in a 3D hydrogel in vitro model

Chapter 5 sets the stage for CNC-FA’s potentiation of IRE-induced cytotoxicity in a 3D
setting. To continue this study, IRE parameters will be further translated into a 3D environment.
Cells will be seeded into hydrogels and pre-treated with fluorescently labeled CNC-FA prior to
IRE treatment. LIVE/DEAD assays and confocal microscopy will elucidate the changes in

treatment region between FR-positive and FR-negative cell types. Furthermore a co-culture of
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FR-positive and FR-negative cells can be tested in the same fashion. This study will enhance

results seen in Chapter 4 and confirm or reject the hypothesis stated in Figure 4-6.

6.2.3. Multistage nanoparticles

Nanoparticle delivery occurs in stages and for optimization purposes should be broken up
into these stages rather than lumped together. For instance, parameters such as evading the
immune system and increasing circulation time vary from optimal parameters for cellular uptake.
Decuzzi et al. 1 14 151 describe the synthesis of multistage nanoparticles to cater to these
issues. They have created a two stage system which enables a more personalized targeting
strategy. Firstly they create nanoparticles that are optimized in size and shape solely for cellular
uptake by cancer cells. Next they encapsulate these particles within a disk-like silica
microparticles constructed solely to evade filtration and increase time circulation. These
microparticles are designed to trigger release of the nanoparticles when in the presence of
diseased vasculature as seen in the cancer microenvironment. This type of tailored drug delivery
can be modified for CNC delivery as well, increasing efficacy and efficiency of our nanoparticle

system.
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Appendix A: Code for PBPK model developed in Chapter 3.

The current state of the model is experiencing an implementation issue and will be resolved
before the submission of this ETD. Currently added is the code in its current state. This section

will be revised before submission.
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