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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy, often
asymptomatic and typically diagnosed at advanced stages. At the same time, treatment options
include surgery, radiotherapy, and chemotherapy, only 20% of patients present with surgically
resectable tumors. For most patients, chemotherapy remains the primary therapeutic approach,
with gemcitabine, a nucleoside analog, serving as the standard of care. However, the dense
fibrotic stroma, irregular blood supply, and heterogeneous tumor cell populations present
significant biological and physical barriers, reducing gemcitabine’s efficacy and contributing to
drug resistance. Drug delivery systems have been developed to address these obstacles by
enhancing gemcitabine accumulation at the tumor site, primarily through encapsulation in long-
circulating nanoparticles that exploit the enhanced permeation and retention (EPR) effect.
Nevertheless, the unique architecture of PDAC tumors often limits the success of this strategy,
with poor penetration and low bioactivity of gemcitabine at the tumor site remaining significant
challenges. Additionally, gemcitabine’s physicochemical properties hinder effective nanoparticle
loading, complicating therapeutic outcomes further.

The primary objective of this dissertation is to address two major challenges in drug
delivery for PDAC. First, it aims to develop gemcitabine-loaded nanoparticles that prevent drug
degradation and enhance stability. Second, it aims to design these nanoparticles to be heat-
sensitive, enabling controlled drug release through heat triggering mechanisms.

We first designed and manufactured thermosensitive liposomes using varying ratios of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), optimizing them for minimal drug release at physiological temperature

(37°C). A two-stage hot water bath setup was employed to simulate temperature-induced drug



release. In the first stage, the temperature was rapidly increased, followed by a holding stage at
hyperthermic levels (42°C). This setup demonstrated that the liposomes exhibited fast drug
release at hyperthermia temperatures. Despite successful thermosensitive performance, the
liposomes displayed low encapsulation efficiency, which is consistent with existing literature but
raises concerns about cost-effectiveness.

To address the limitations of nonspecific hyperthermia, we developed a novel
microwave-sensitive microemulsion. Multiple ionic liquids and surfactants were screened to
formulate this system. To improve biocompatibility, DPPC, DSPC, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [amino (polyethylene glycol)-2000] (PEG), and 1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphocholine (Lyso-PC) were incorporated. The final formulation
included 1-butyl-3-methyl imidazolium bromide ionic liquid as the primary component, Tween
80/20 as surfactants, and ethanol-isopropyl myristate with lipids as co-surfactants. Dielectric
measurements confirmed the microemulsion’s microwave sensitivity and further hyperthermia
treatment demonstrated temperature-dependent cytotoxic effects in vitro.

The drug delivery systems developed in this study exhibited negligible drug release at
room temperature and physiological conditions (37°C) while showing effective cytotoxicity
upon heat stimulation. Incorporating lipids and PEG ensured biocompatibility and stability in
suspension, enhancing the potential for clinical application. This proof of concept marks a
significant advancement in targeted drug delivery systems. Future improvements in gemcitabine-
loaded vehicles, particularly those responsive to hyperthermia, could lead to critical clinical

developments in drug delivery and hyperthermia-based treatments for PDAC.
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy, often
asymptomatic and typically diagnosed at advanced stages. At the same time, treatment options
include surgery, radiotherapy, and chemotherapy, only 20% of patients present with surgically
resectable tumors. For most patients, chemotherapy remains the primary therapeutic approach,
with gemcitabine, a nucleoside analog, serving as the standard of care. However, the dense
fibrotic stroma, irregular blood supply, and heterogeneous tumor cell populations present
significant biological and physical barriers, reducing gemcitabine’s efficacy and contributing to
drug resistance. Drug delivery systems have been developed to address these obstacles by
enhancing gemcitabine accumulation at the tumor site, primarily through encapsulation in long-
circulating nanoparticles that exploit the enhanced permeation and retention (EPR) effect.
Nevertheless, the unique architecture of PDAC tumors often limits the success of this strategy,
with poor penetration and low bioactivity of gemcitabine at the tumor site remaining significant
challenges. Additionally, gemcitabine’s physicochemical properties hinder effective nanoparticle
loading, complicating therapeutic outcomes further.

The primary objective of this dissertation is to address two major challenges in drug
delivery for PDAC. First, it aims to develop gemcitabine-loaded nanoparticles that prevent drug
degradation and enhance stability. Second, it aims to design these nanoparticles to be heat-
sensitive, enabling controlled drug release through heat triggering mechanisms.

We first designed and manufactured thermosensitive liposomes using varying ratios of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), optimizing them for minimal drug release at physiological temperature

(37°C). A two-stage hot water bath setup was employed to simulate temperature-induced drug



release. In the first stage, the temperature was rapidly increased, followed by a holding stage at
hyperthermic levels (42°C). This setup demonstrated that the liposomes exhibited fast drug
release at hyperthermia temperatures. Despite successful thermosensitive performance, the
liposomes displayed low encapsulation efficiency, which is consistent with existing literature but
raises concerns about cost-effectiveness.

To address the limitations of nonspecific hyperthermia, we developed a novel
microwave-sensitive microemulsion. Multiple ionic liquids and surfactants were screened to
formulate this system. To improve biocompatibility, DPPC, DSPC, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [amino (polyethylene glycol)-2000] (PEG), and 1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphocholine (Lyso-PC) were incorporated. The final formulation
included 1-butyl-3-methyl imidazolium bromide ionic liquid as the primary component, Tween
80/20 as surfactants, and ethanol-isopropyl myristate with lipids as co-surfactants. Dielectric
measurements confirmed the microemulsion’s microwave sensitivity and further hyperthermia
treatment demonstrated temperature-dependent cytotoxic effects in vitro.

The drug delivery systems developed in this study exhibited negligible drug release at
room temperature and physiological conditions (37°C) while showing effective cytotoxicity
upon heat stimulation. Incorporating lipids and PEG ensured biocompatibility and stability in
suspension, enhancing the potential for clinical application. This proof of concept marks a
significant advancement in targeted drug delivery systems. Future improvements in gemcitabine-
loaded vehicles, particularly those responsive to hyperthermia, could lead to critical clinical

developments in drug delivery and hyperthermia-based treatments for PDAC.
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Chapter 1 - Introduction

Cancer is broadly defined as the uncontrolled and abnormal growth of cells, but its
impact extends beyond the biological domain. While the physical toll on the body is undeniable,
cancer also deeply affects a person's mental and emaotional well-being, creating a ripple effect
that touches not only the patient but also their loved ones, often leading to the disruption of
familial bonds and friendships.®# Cancer's diversity in origin further compounds the
complexities of treatment; cancers arising from different tissues may require distinct therapeutic
approaches, with some forms being more easily treatable than others.> ® However, access to such
treatments is not uniformly available, as socioeconomic disparities play a significant role in
determining the quality and availability of care.” 8 In underprivileged populations, a combination

of limited healthcare access, financial constraints, and deep-seated misinformation often

ingrained in the social fabric exacerbates B “4 CANNABIS OIL |

SHIVAMBU “NECTAR OF LIFE" /’\mf\ZIDG

the problem. The emotional stress CURE CANCER Turmeric
URINE THERAPY FOR m

caused by the disease, coupled with a AVOID SURGERY

AND
CHEMOTHERAPY

general lack of health literacy, frequently =

nnnnnnn

leads patients to fall prey to s , .

o Figure 1.1. Cancer treatment misinformation.
misinformation about so-called Books for sale in the U.S.A.

"alternative treatments” (Figure 1.1). These alternatives, which are often unproven and
ineffective, can drive patients away from medical advice, delaying or derailing potentially life-

saving interventions.® 10



There have been several warnings from the FDA highlighting the risks associated with

unproven cancer therapies.'* Often, a question arises: what does ~ WHEN YOU SEE A CLAIM THAT A
COMMON DRUG OR VITAMIN "KILLS

CANCER CELLS IN A PETRI DISH)

it take to kill cancer? While it is true that many substances can
KEEP IN MIND:

kill cancer cells in a petri dish, these same substances can also

harm healthy tissues within the body, as these two scenarios are

different. Effective cancer drugs, though capable of destroying @

malignant cells, often cause systemic side effects.'> When

analyzing chemotherapy, two key aspects are considered: how

the drug affects the tumor and how the body processes it, which 50 DOES A HANDGUN.
Figure 1.2. Comic

refers to the drug's pharmacokinetics and pharmacodynamics. Figure. Source: xkcd:
Cells

Conventional chemotherapy drugs often face numerous

challenges. They tend to be poorly absorbed and randomly distributed, cause damage to healthy
tissues, and are cleared too quickly.™® * Due to enzymatic degradation, pH imbalances, and
barriers such as mucosal layers, these drugs may take longer to achieve therapeutic effects.* 16
Their immediate bioavailability can also increase toxicity levels in the bloodstream, further
complicating treatment.” Moreover, many promising therapeutic drugs face challenges in
compatibility with the body's environment, whether they are lipophilic or hydrophilic, meaning
they are not soluble or cannot diffuse into the target tissue.'® 1° Drug delivery vehicles have
gained popularity to address these issues. These systems offer controlled release, improved
distribution, and extended circulation time within the body. These advantages allow higher drug
concentrations to be delivered directly to the tumor tissue while reducing interactions with

healthy tissues.


https://xkcd.com/1217/
https://xkcd.com/1217/

Drug delivery systems (DDSs) refer to technological platforms designed to store and
administer drugs effectively within the human body.*® 2° Recently, several novel DDSs have
been developed to offer more convenient, controlled, and targeted drug delivery. Each DDS has
unique characteristics that influence its release rate and mechanism, largely due to variations in
their physical, chemical, and morphological properties.*® 2>:22. Novel approaches for DDS take
advantage of diffusion rate, chemical reaction, solvent interaction, and other stimuli control as
major mechanisms driving drug release. These approaches enhance therapeutic efficacy while
reducing systemic side effects.?*>?® These new advances featured the stimuli triggered release to

the DDS and created the field of nanomedicine.

Lipids and

Medicinal plants: Early Microemulsions: First Smart Drug l)eliv-ery
ions delivery vehicles in t Vehicles: Allow for
treatment options Pill coating: Masked elivery vehicles in the

X nanoscale. spatiotemporal release.
flavor and modified o .

release.

% o
------

e
iy
AR
Spray and Ointments: Spansule technology: Long Circulating
Improved delivery routes for Allowed predetermined drug Nanoparticles: Allowed
enhanced thcfapculic release kinetics. longer systemic
effects. circulation times.

Figure 1.3. Drug Delivery System Evolution. Drug delivery systems aim to improve
the therapeutic effects of drugs while reducing side effects.



1.1. Drug Delivery Systems

Humans and their predecessors likely used medicinal plants for treatments in ancient
times; old, recorded medical documents can be traced to the Ebers Papyrus, dating back to
around 1550 BC, and Mesopotamian tablet clays, 2600 BE.?’ The use of medicinal plants often
lacks consistency, homogeneity, and specificity; thus, there has always been an interest in
improving medication. With the advancement of chemical purification and synthesis, drugs
could be formulated and administrated in controlled dosing, such as infusions, ointments, sprays,
and capsules.?® 2 Efforts continued to improve drug administration and delivery. For example, in
the 10" century, Rhazes and Avicenna introduced gold, silver, and pearl-coated tablets to mask
drug bitterness.'® Further efforts to encapsulate the drugs inadvertently provided gradual,
controlled release of the drug over time. The advancement of DDS has led to innovations such as
polymer conjugates and Spansule technology.®® This technology takes advantage of coating
small granules of the drug being coated with substances that dissolve slowly, facilitating a
dissolution-controlled release (Figure 1.3).

Alec Bangham discovered the first DDS vehicle in the early 1960s while researching the
structure of biological membranes.3! Bangham and his colleagues found that when phospholipids
were dispersed in an aqueous solution, they spontaneously formed small, spherical vesicles, later
known as liposomes. However, it wasn't until the 1970s that Gregory Gregoriadis successfully
demonstrated its ability to encapsulate enzymes and deliver them specifically to the lysosomes of
tissues within the reticuloendothelial system (RES), which includes organs such as the liver,
spleen, and bone marrow.* Since then, liposomes have become a versatile option for drug
delivery systems. Extensive research in their design and synthesis has led to advancements in

their manufacturing and characterization, making the process more efficient and cost-effective.®®



3 Composed of natural or synthetic phospholipids, liposomes exhibit high biocompatibility,
ensuring their safety in medical applications.3* % The growing knowledge surrounding these
delivery vehicles allows researchers to optimize their formulations to improve targeting to

specific tissues of interest and enhance drug loading capacity.36-%
1.2. Tissue of interest: pancreas and PDAC

The pancreas is the largest accessory organ with endocrine and exocrine functions
(Figure 1.4). Located retroperitoneal space with its head nestled in the curve of the duodenum
and the tail extending toward the spleen.*® Anatomically, the pancreas is divided into the head,

neck, body, and tail.*> %! It consists of both exocrine tissue, which includes acinar cells that

Superior Mesenteric Ganglion
Portal Vein 2

Coceliac Ganglia

Aorta
Right 1 :

Major Duodenal Papilla
H Gastroepiploic

‘ Acinar Cells
Duodenum

Major Duodenal Papilla

Figure 1.4. Pancreas Anatomy. Adapted from the pancreas anatomy and histology.* ? The
pancreas lies in a vital region, interacting closely with the nervous, vascular, and endocrine
systems to regulate digestion and metabolism.



produce digestive enzymes, and endocrine tissue, organized into islets of Langerhans that contain
alpha, beta, delta, PP, and epsilon cells responsible for producing various hormones like
glucagon, insulin, somatostatin, pancreatic polypeptide, and ghrelin.*® %2 The pancreas's duct
system comprises the main pancreatic duct (duct of Wirsung), which merges with the common
bile duct to empty into the duodenum, and the accessory pancreatic duct (duct of Santorini),
which may empty separately.*? ** The pancreas receives its blood supply primarily from
branches of the celiac trunk and the superior mesenteric artery. A significant contribution comes
from the splenic artery, which supplies the body and tail of the pancreas through its numerous
small branches. Additionally, the right gastroepiploic artery, a branch of the gastroduodenal
artery, supplies the head of the pancreas. Moreover, sympathetic and parasympathetic
innervation is primarily through the celiac ganglia and the superior mesenteric ganglion.
Sympathetic fibers, originating from the thoracic splanchnic nerves, synapse in the celiac ganglia
and the superior mesenteric ganglion, modulating blood flow and enzyme secretion. The dual
role in digestion and blood sugar regulation makes the pancreas essential for metabolic
homeostasis. Given its crucial functions and location, it is particularly alarming that pancreatic
cancer, an extremely aggressive and often asymptomatic disease in its early stages, can severely
disrupt these processes and pose significant health risks.**

Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent form of pancreatic
cancer; it accounts for 90% of pancreatic cancer cases in the U.S. Accompanied by one of the
lowest 5-year relative survival rates, hovering at approximately 12%.4 According to the National
Cancer Institute, pancreatic cancer in the U.S. constitutes roughly 3% of all cancer cases and
contributes about 7% of all cancer-related deaths, making it the 4th deadliest cancer. In addition,

incidence is predicted to double over the next decade due to increased prevalence of risk factors



such as early onset diabetes, obesity, genetics, and smoking. ¢4° Though the diagnosed median
age is 70, statistics show an increase among the young population, particularly women.> The
asymptomatic nature and lack of early detection methods and effective treatments for PDAC
further compound the problem. Thus, it is poised to become the second deadliest cancer in the
future. °* Although there is a genetic component to PDAC, there is no evidence that screening
high-risk populations offers significant advantages or is cost-effective, as 90% of pancreatic
cancers occur sporadically.>® The tumor cannot be palpable in a physical exam due to the
pancreas's location and the tumor's size; thus, pancreas computer tomography (CT) angiography
and biopsy are used to diagnose and assess the developmental stage.*

The origin and progression of PDAC can be traced back to noninvasive precursor lesions,
which include pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous
neoplasm (IPMN), intraductal tubular-papillary neoplasm (ITPN), and mucinous cystic neoplasm
(MCN).>*% KRAS, CDKN2A, TP53, and SMAD4 drive this process. Their expression varies
with the degree of dysplasia and heavily influences the patient's prognosis. KRAS is the most
common mutated family in human carcinoma cancers, specifically PDAC; it contributes to
initiation, progression, metastases, and therapy resistance. % %

KRAS mutations influence key aspects of metabolism, including glucose, amino acid,
and lipid metabolism. KRAS, or Ki-ras2 Kristen rat sarcoma viral oncogene homolog, encodes a
GTPase transducer protein that relays external signals from the cell membrane to the nucleus. Its
activation overstimulates downstream effector signaling pathways.>® KRAS upregulates glucose
transporters like GLUT1, enhancing glucose uptake and glycolytic flux by increasing key
enzymes.™ It also drives the hexosamine biosynthesis and pentose phosphate pathways,

supporting energy production and redox balance. Likewise, the expression of amino acid



transporters is increased. %% % Finally, the uptake of exogenous fatty acids promotes de novo
fatty acid and cholesterol synthesis and induces lipid droplet accumulation while reducing fatty
acid oxidation, ultimately aiding tumor growth, metastasis, and adaptation to stress.%® All these
changes result in and support macropinocytosis.*

A key characteristic of PDAC is the low cellular density within the primary tumor, which
is attributed to extensive fibrosis driven by cancer-associated fibroblasts (CAFs).®> CAFs play a
crucial role in modulating the tumor microenvironment by contributing significantly to the
deposition of the extracellular matrix (ECM), composed of laminins, fibronectins, collagens, and
hyaluronan.®? © This physical barrier causes desmoplasia-associated hypovascularization related
to tumor immunosuppression and low T-cell infiltration.®* Furthermore, the tumor can recruit
macrophages and block CD4*T cells, reducing the immune response to the tumor.%® Without
effective immune surveillance to target cancer cells, the tumor persists and progresses, resulting
in a critical need for strategies that both enhance drug delivery and restore immune function
within the tumor microenvironment

The interplay between these factors significantly impacts the efficacy and prognosis of
PDAC treatment. The stage of the disease at diagnosis and the tumor's location in the pancreas,
60-70% are found in the exocrine head, are critical for treatment and late-stage symptoms.®
Tumors in this region can lead to biliary blockage, complicating treatment.®” Surgical resection
remains the only potentially curative option, typically followed by adjuvant chemotherapy or
radiotherapy. However, only 20% of patients are present with resectable tumors; the remaining
80% have locally advanced, non-resectable tumors or distant metastases. Surgical treatment of
PDAC is limited by the invasion of nearby tissues, making it difficult to clear surgical margins.®®

% For these patients, systemic chemotherapy becomes the primary treatment, particularly with



nucleoside analog drugs, since they can compete with endogenous nucleoside and thus interfere

with several functions.
1.3. Gemcitabine

Gemocitabine is a nucleoside analog that acts as an antimetabolite (Figure 1.5). This agent
IS a weak base (pKa: 3.6) known as 2’°,2’-difluorodeoxycytidine (dFdC) and is a potent and well-
tolerated chemotherapeutic agent with minimal systemic toxicity due to its swift conversion into
the less potent difluoro-uridine derivative (dFdU), which is rapidly eliminated through renal
clearance. The clearance of gemcitabine is largely influenced by patient age and sex, with
geriatric patients showing lower clearance.”® Notably, females exhibit lower clearance rates and
longer half-lives than males in similar age groups.’® For typical patients receiving short
infusions, gemcitabine half-life ranges from 42 to 94 minutes, while longer infusions result in
significantly increased half-life ranging from 245 to 638 minutes due to a greatly increased
volume of distribution, suggesting that the drug is more widely distributed into tissues

throughout the body.”
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Figure 1.5. Gemcitabine kinetics. Key components include cytidine deaminase,
deoxycytidine kinase, nucleotide monophosphate kinase, nucleotide diphosphate kinase,
and human nucleoside transporters hENT and hCNT. In cancer cells, genetic variations in
membrane transporters, enzymes responsible for gemcitabine activation and deactivation,
and pharmacological targets like ribonucleotide reductase significantly influence the
drug's therapeutic effectiveness.

Gemcitabine is primarily eliminated through the urine. 92% to 98% of the administered
dose is recovered within one week, and gemcitabine and its inactive metabolite dFdU account for
99% of the excreted dose.”® ’* The active metabolite, gemcitabine triphosphate, can be extracted
from peripheral blood mononuclear cells, with a terminal phase half-life ranging from 1.7 to 19.4

hours.”™ The variation in clearance and volume of distribution, influenced by patient-specific
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characteristics and infusion duration, results in changes in the drug’s half-life and plasma
concentrations, necessitating careful consideration of dosing to mitigate adverse effects while
ensuring therapeutic efficacy.

Since gemcitabine is a hydrophilic molecule, it requires transporters to enter the cell,
particularly human equilibrative nucleoside transporters (hRENT) and human concentrative
nucleoside transporters (nCNT).”> Gemcitabine's antitumor mechanism involves arresting the
cell cycle at the S-phase by inhibiting ribonucleotide reductase and DNA synthesis through its
di-and tri-phosphorylated metabolites (dFACDP and dFdCTP).” Once inside the cancer cell,
gemcitabine undergoes initial phosphorylation primarily by deoxycytidine kinase (dCK), with a
lesser contribution from extra-mitochondrial thymidine kinase 2, to form gemcitabine
diphosphate (dFdCDP) and triphosphate (dFdCTP).”

Gemcitabine diphosphate (dFdCDP) inhibits ribonucleotide reductase, an enzyme crucial
for generating deoxynucleoside triphosphates necessary for DNA synthesis.”® This inhibition
results in reduced intracellular concentrations of deoxynucleotides, including dCTP.” " The
reduction in dCTP levels enhances the incorporation of gemcitabine triphosphate (dFdCTP) into
DNA, a process known as self-potentiation. Gemcitabine triphosphate competes with dCTP for
incorporation into the DNA strand, and once incorporated, it allows the addition of only one
more nucleotide before halting further DNA synthesis.”* This premature termination of DNA
synthesis eventually triggers apoptotic cell death. Cytidine deaminase (CDA) is highly expressed
in plasma and liver tissues, further contributing to the challenges of maintaining effective drug

concentrations.’*
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1.4. Resistance to Treatment

A characteristic of PDAC is the development of multidrug resistance, which can be either
intrinsic or acquired, though the underlying mechanisms remain poorly understood. Their unique
tumor microenvironment is a key factor contributing to multidrug and radiotherapy resistance in
solid tumors. Although each cancer architecture type varies, solid tumors are generally
characterized by poor vascularization and extensive fibrosis. This reduces blood flow to the
tumor's inner regions, leading to nutrient deprivation and low oxygen levels. Additionally,
irregular vascularization impairs lymphatic drainage, causing elevated interstitial pressure, low
pH, and a chemically reductive environment. These factors and specific cellular characteristics
contribute to the limited effectiveness of treatments.

Hypoxia in the tumor microenvironment occurs when oxygen levels fall below 5-10 mm
Hg; this occurs due to an imbalance between oxygen supply and consumption caused by the
rapid growth of solid tumors and a poor blood supply.” Hypoxia comes with multiple gene
expressions/adaptations that inactivate apoptosis, such as the increase of anti-apoptotic proteins
(Bcl-XL and FLIP) by PI3K/Akt/NF-kB pathways modulation and the hypoxia-inducible factor-
1 (HIF-1) which both suppresses apoptosis and induces the expression of multidrug resistance 1
(MDR1) genes causing the efflux of drugs.”® ’ Furthermore, the suppression of BNIP3 is
associated with gemcitabine drug resistance.’

Tumor interstitial pressure (TIP) presents a significant physical barrier to PDAC
treatment generated by the lack of functional lymphatic vessels causes this inadequacy, the
presence of a leaky and immature tumor vasculature, excessive (peripheral) angiogenesis, and
interstitial fibrosis.”® Consequently, TIP hinders convection-driven fluid transport within tumors,

resulting in inefficient drug penetration and distribution, compromising the effectiveness of anti-
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cancer therapies.”® 8 The most common cell type in solid fibrotic is cancer-associated fibroblasts
and stellate cells. These cells respond and produce chemical signals that help with growth,
invasion, and drug resistance by metabolizing gemcitabine, leading to reduced drug
concentrations within the tumor microenvironment.81-85

The advanced stage of PDAC by the time of diagnosis affects the delivery of gemcitabine
to the tumor. In addition, gemcitabine faces obstacles in reaching the active site. To tackle these
problems, drug delivery vehicles have been extensively studied, as these vehicles protect

gemcitabine from degradation and clearance while minimizing side effects.
1.5. Nanoparticle-based drug delivery for PDAC

Nanoparticle-based drug delivery systems present a promising approach to overcoming
the challenges of treating PDAC. The mutations within solid tumors and the characteristics of the
tumor microenvironment often led to drug resistance, driven by genetic alterations and the
formation of physical barriers. Nanoparticles offer several advantages in this context, including
high loading capacities, protection from degradation, and reduced clearance from the body. They
also enable targeted delivery and controlled, sustained release of therapeutic agents.

These properties can be further enhanced by manipulating the nanoparticles' size, shape, and

surface characteristics.
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Figure 1.6. Tumor Microenvironment. Various aspects of the PDAC tumor
microenvironment contribute to MDR. PDAC presents periphery leaky blood vessels
and irregular lymph drainage; this provokes poor circulation and increases interstitial
pressure. The cellular components produce chemical messengers that support
metastasis, growth, and MDR. Furthermore, the dense fibrosis dimmished the EPR
effect.

Although nanoparticles are larger than free drug molecules and can face difficulties in
extravasating from healthy capillary beds, their prolonged circulation times, combined with the
leaky vasculature typical of solid tumors, facilitate their accumulation in the tumor region
(Figure 1.6). This phenomenon, known as the enhanced permeability and retention (EPR) effect,
allows for more effective drug concentration at the tumor site, thereby improving therapeutic
outcomes while minimizing systemic toxicity.®® Nevertheless, the EPR effect only favors
concentration in the periphery of the tumor and cannot reach the core of the tumor. Furthermore,

the poor lymph drainage results in high interstitial fluid pressure, causing passive diffusion out of
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the tumor; in addition, the lack of blood flow to the area and desmoplasia further diminish the
EPR effect in PDAC cases.®” Various strategies can be employed to modify the tumor
microenvironment to enhance the EPR effect and improve nanoparticle-based drug delivery,
increase tumor blood flow to improve nanoparticle access, reduce the stroma to reduce physical
barriers, and eliminate cancer cells to diminish their role as a barrier. Hyperthermia has gained
significant attention to achieving these modifications. By raising the temperature of the tumor
tissue, hyperthermia can increase blood flow, enhance vascular permeability, and disrupt the

tumor stroma, thereby improving the delivery and retention of nanoparticle-based therapeutics.
1.6. Hyperthermia

Hyperthermia is an adjuvant anticancer treatment that uses temperatures above the
physiological optimal level (37°C) without causing tissue ablation. It can be applied locally,
regionally, or to the whole body.% The concept of hyperthermia as a therapeutic approach can be
traced back to ancient Egypt. The Edwin Smith papyrus describes a treatment called “fire drill,”
where a stick was rapidly rotated to generate heat, which was then applied to a breast cancer
lesion.® This early method reflects the long history of using heat to treat disease. Hippocrates,
often called the "Father of Medicine," echoed this sentiment: "Those who cannot be cured by
medicine can be cured by surgery. Those who cannot be cured by surgery can be cured by fire
[hyperthermia]. Those who cannot be cured by fire are indeed incurable.” %

In more modern times, Dr. Wilhelm Busch, a German surgeon in the 19th century,

observed in 1866 that cancer patients who developed high fevers after infections, particularly
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Figure 1.7. Hyperthermia Effects. Hyperthermia has additive effects and
synergistic effects.

erysipelas (a bacterial skin infection), experienced tumor regression or remission.®* Busch's
findings laid the groundwork for using hyperthermia and fever-inducing therapies in cancer
treatment. This discovery later influenced Dr. William Coley, who developed Coley's toxins in
the late 19th century. Coley’s approach used bacterial toxins to stimulate the immune system and
induce fever, aiming to shrink tumors, marking an early form of immunotherapy.®?> Though clear
advantages have been observed with hyperthermia and treatments, the mechanisms by which
heat induces its anti-cancer effects remained relatively unknown for many years. Today, we are
beginning to understand that the effects of heat on cancer are highly complex. Research shows
that hyperthermia can influence tumor homeostasis. Heat can affect cancer cell metabolism,
disrupt the tumor microenvironment, and sensitize cancer cells to treatments like chemotherapy
and radiation.®

Mild hyperthermia is a multifaceted adjuvant cancer treatment that activates biologically

relevant mechanisms without directly causing cytotoxicity.** * Typically applied locally;

16



hyperthermia is primarily used to enhance the effectiveness of radiotherapy and/or
chemotherapy, particularly in patients with recurrent cancers who have undergone extensive
prior treatments (Figure 1.7). Hyperthermia is an efficient tool for enhancing the EPR effect by
improving tumor blood flow and vascular permeability, lowering interstitial pressure, and
disrupting the structure of the ECM.® In cancer tissues, angiogenesis is accelerated, leading to
higher proliferation and motility rates of endothelial cells in the cancer vasculature than normal
endothelial cells.®® The immediate effect of hyperthermia on blood flow involves vasodilation of
blood vessels in the tumor and adjacent normal tissues and a reduction in blood viscosity.%® The
sustained improvement in blood flow is attributed to the persistent decrease in TIP, which
relieves pressure on tumor blood vessels and enables better blood flow, thus improving drug
delivery.®” Several studies have established that mild thermal stress can effectively regulate the
immune response through dendritic cell (DC) activities, crucial in managing infections and
tumor growth. *® Thermal stress makes the tumor cells visible to immune cells by causing release
of damage associated molecular patterns (DAMPs) while enhancing their activity by producing
chemical messengers.® Furthermore, hyperthermia treatments have been shown to affect DNA
by disrupting DNA reparation enzymes and causing oxidative stress, which results from higher
oxygen levels.1

Nanoparticles can be effectively utilized alongside hyperthermia in two primary ways: as
enhancers or as drug carriers. Firstly, nanoparticles can interact synergistically with the
hyperthermic medium as enhancers, allowing for targeted heating of specific regions of interest

within a tumor (Figure 1.8). This interaction amplifies hyperthermia's thermal effects, improving
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Figure 1.8. Nanoparticles and
hyperthermia. Nanoparticles can be
designed to interact with the desired
radiation to generate heat. Nevertheless,
microwaves rely on water interaction to
produce heat.

the tumor microenvironment over time. This
approach prolongs the therapeutic effect and
enhances drug accumulation at the tumor site
due to the EPR effect, often augmented by hyperthermia. By utilizing nanoparticles to
encapsulate chemotherapeutic agents, clinicians can achieve a more effective and targeted
delivery system that releases drugs at optimal times and concentrations, particularly when
combined with localized hyperthermic treatment.

Hyperthermia can be induced by ultrasound, magnetic, infrared (IR), and microwave
radiation, each with its benefits and drawbacks. Ultrasound can penetrate deep into tissues, is

non-invasive, non-ionizing, cost-effective, and can be combined with imaging. Its targeting can
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be enhanced using hollow nanoparticles that collapse and generate heat when stimulated with
ultrasound.%* 192 Magnetic hyperthermia is also non-invasive, reaches deep tissues, and can be
combined with MRI imaging. It can be enhanced with magnetic nanoparticles that convert
magnetic frequencies into heat. However, these nanoparticles often require contrast agents,
which can be toxic and expensive.1%1% On the other hand, IR hyperthermia cannot reach deep
tumors but can be combined with nanoparticles tagged with photoreceptors, improving
specificity.% Finally, microwaves can penetrate tissues, but invasive approaches may be needed
for deeper tumors. The relatively small antennas provide uniform heating, though microwaves
are difficult to combine with imaging, and there are no known enhancing nanoparticles for this
approach.

Microwave-induced hyperthermia is an innovative cancer treatment technique that uses
microwave energy (434-2450 MHz) to heat tumor tissues, raising their temperature to 40-43°C
selectively.1%” 198 Thijs heat can directly damage cancer cells and induce apoptosis while also
enhancing the efficacy of other treatments like chemotherapy and radiation. The approach is non-
invasive or minimally invasive, capable of targeting deep-seated tumors, and offers reduced
toxicity to healthy tissues compared to conventional treatments. While clinical trials have
demonstrated its potential in cancers such as breast, cervical, and brain tumors, challenges
remain in optimizing energy delivery, improving real-time temperature monitoring, and
enhancing treatment precision.®® Current research focuses on refining treatment protocols,
exploring the use of nanoparticles to boost heating efficiency, and conducting larger clinical

trials to establish its safety and effectiveness.°
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As previously mentioned, hyperthermia can trigger intravascular drug release, a concept
that involves activating nanoparticles to release their therapeutic payload directly within the
bloodstream of a heated tumor. This results in a high local concentration of the drug in the
tumor's vascular network. From there, the free drug rapidly diffuses into the tumor's interstitial
space, driven by concentration gradients, enabling deep penetration into the tumor tissue. This is
particularly beneficial for targeting hypoxic regions of the tumor, which are notoriously difficult

to treat due to their poor oxygenation and limited drug accessibility.
1.7. Liposomes

Liposomes are spherical nanoparticles mainly consisting of phospholipids, featuring an
aqueous inner aqueous core and an outer bilayer membrane.3! They offer lipophilic and
hydrophilic solubility, enzymatic and proteomic degradation of the payload, reduction of
nonspecific side effects, readily chemical modification, and biocompatibility.*'* They can be
classified by size, lipid composition, and lamellarity. The shape of a liposome is largely
determined by the type of lipid used in its formulation, as different lipid combinations lead to
various structural conformations. Liposomes can be tailored into different shapes and sizes
depending on their intended function, ranging from monolayer to bilayer and even multilayer
structures.®* Additionally, they can be engineered to respond to environmental factors like
temperature or pH, allowing for targeted release of their contents at specific sites.'? 113

Since their discovery in the 1960s, they have been heavily commercialized and utilized
for the delivery of drugs to nucleic acid and other proteins.'* Conventional liposomes enable
drug encapsulation, helping reduce their clearance from the body. However, the
reticuloendothelial system (RES) can still recognize liposomes as foreign substances through the

action of opsonin, proteins that tag them for destruction, ultimately leading to their

20



destruction.!®® Thus, polyethylene glycol (PEG) was introduced as a steric stabilizer, preventing
the RES from recognizing liposomes. This gave rise to long-circulating liposomes that, with
prolonged circulation times, can passively extravasate from the blood vessels into the tumor
regions and concentrate (EPR effect).!'® However, PDAC is characterized by extensive fibrosis
and hypovasculature, which diminishes the effect of EPR. These factors challenge nanoparticle
delivery to the tumor because even if the liposomes are retained in the interstitial space, the PEG
prevents interaction with the tumor cell. To overcome this, there have been advancements in the
design of liposomes due to their surface functionalization and the lipids used to improve
liposome internalization and drug release.*” These modifications make liposomes sensitive to
the TME feature; however, due to the heterogeneous nature of the TME, they provide
uncontrollable release. Thus, more work is needed when it comes to designing and
manufacturing liposomes.

As mentioned, liposomes can carry hydrophobic drugs within their bilayer membrane or
hydrophilic drugs in their aqueous core. The retention of hydrophilic drugs depends on their
charged state, as charged molecules are more likely to be retained within the liposomes. In
contrast, uncharged molecules can more easily pass through the membrane; there are two major
liposome manufacturing methods: passive and active loading.! Passive loading involves
incorporating a drug during the liposome formation process by mixing it with the lipids as they
are hydrated to form liposomes. This method is most suitable for water-soluble drugs dissolved
in the aqueous phase during liposome formation. However, trapping efficiencies are usually low,
ranging between 10-50%?3 118118 Although passive loading is a simple and straightforward
technique, it typically results in lower drug encapsulation than active loading. Active loading

involves incorporating a drug into preformed liposomes, utilizing a transmembrane pH gradient
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or ion gradient to drive drug uptake. This highly efficient method results in high intraliposomal
drug concentrations and is most effective for weakly basic, ionizable drugs.

Common techniques include pH gradient loading, ammonium sulfate, and ion gradient
loading (Figure 1.9).12% 121 Active loading allows for higher drug-to-lipid ratios compared to
passive loading, and the drug can be loaded immediately before use, enhancing stability during
storage.'? It is generally preferred for ionizable drugs due to its much higher encapsulation
efficiency. However, passive loading may be necessary for non-ionizable or highly hydrophobic
drugs that cannot be actively loaded. Ultimately, the choice of method depends on the

physicochemical properties of the specific drug being encapsulated.
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Figure 1.9. pH gradient loading.
round-bottom flask. This lipid film is
hydrated with an aqueous buffer solution, forming multilamellar vesicles (MLVs). MLVs
undergo size and lamellarity reduction through sonication, heat extrusion through polycarbonate
membranes, or high-pressure homogenization. Drug Loading occurs during two different stages

depending on the technique. In passive loading, the drug is incorporated during the hydration

step, mixed with the aqueous buffer used to hydrate the lipid film. On the other hand, active
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loading is performed after the liposomes are formed, using methods like the pH gradient,
ammonium sulfate gradient, or ion gradient techniques.

Purification and Characterization are essential to remove unencapsulated drugs and any
residual organic solvents. Purification methods such as dialysis, column chromatography, or
tangential flow filtration are commonly used. The final liposome formulation is then
characterized by particle size, distribution, and zeta potential to ensure proper formulation.

Gemcitabine (pKa of 3.6) requires a significantly lower pH than other drugs to be

efficiently retained within the liposomes under normal physiological conditions. Thus, both
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Figure 1.10. Liposome manufacturing. Passive loading is a widely used technique for
encapsulating drugs in liposomes. This method first forms a lipid film by evaporating organic
solvents from a lipid mixture. The dry film is then hydrated with an aqueous solution, causing the
lipids to self-assemble into liposomes. The size and lamellarity of the liposomes are fine-tuned
through extrusion, where the suspension is passed through membranes of defined pore sizes.
Finally, the liposomes are purified by column chromatography to remove unencapsulated
compounds, ensuring a homogenous and stable formulation.

passive and active methods can load gemcitabine into the liposomes. Nevertheless, the low pKa
of gemcitabine limits the ionization in the relatively acidic agueous compartment of liposomes
(Figure 1.9). Gemcitabine liposomal formulations showcase a low encapsulation rate compared
to other drugs. Efforts have been made to enhance the retention of gemcitabine in liposomes by
incorporating derivatives, prodrugs, chelation, or modifying solvents. However, these

modifications can alter the release profile of gemcitabine, and the prolonged circulation of
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nanoparticles may lead to their accumulation in non-target tissues, potentially reducing the drug's
efficacy and increasing off-target effects.

To further increase the targeting capacity of the liposomes, novel systems were
developed by using heat to trigger the release of the payload in a specific area. This mechanism
depends on the thermotropic phase transition of phospholipids, where, upon heat stimulation,
they go from an ordered gel state to a disordered crystal state. The mismatches of the acyl chain
create release pockets from which gemcitabine can be released. This approach tackles the slow
release of gemcitabine from accumulated nanoparticles. However, gemcitabine remains with
poor loading efficiency due to the pH-dependent lipophilicity of gemcitabine. Thus, new
nanoparticles can be formulated to modify retention, release, and even trigger sensitivity.

1.9. Microemulsions

Microemulsions (MEs) have emerged as promising drug delivery systems. MEs are
thermodynamically stable, optically isotropic liquid solutions composed of oil, water,
surfactants, and co-surfactants.*?? With droplet sizes ranging from 10 to 300 nm, these systems
exhibit unique properties that make them potential carriers for drug delivery; as small
nanoparticles can undergo renal clearance, and larger nanoparticles tend to be up taken by
phagocytes * 2% The small droplet size and low surface tension contribute to their high

absorption and permeation, ensuring efficient encapsulation and transport of the drug.

24



//
//

[ [
- A

(((t&)) (a»>

Oil and Co-surfactant Surfactant Addition Water Addition Excess Reagent
Mixing Removal

Figure 1.11. Microemulsion manufacturing. Spontaneous microemulsion is a simple
manufacturing process. It relies on combining hydrophilic and hydrophobic phases and
mixing them; then, the surfactant is added to create microemulsions. Column
chromatography is used to remove excess surfactants.

Hoard and Schulman first observed the formation of MEs in 1943 by titrating a milky
emulsion with hexanol.*?> MEs comprise three components: surfactant, co-surfactant, and
solvents (hydrophilic, hydrophobic, or both).1?* 12 Since their discovery, microemulsions have
developed mainly for transdermal or oral drug delivery. The two most common microemulsion
systems are oil-in-water (O/W) MEs and water-in-oil (W/O) MEs, which allow versatile drug
incorporation.'?® Nevertheless, they can incorporate substances other than oil and water due to
their versatility. Unlike liposomes, MEs are composed of a single-layer membrane with an
aqueous or oil core, which allows various drugs to be loaded.

Using a low-shear reverse micellar method, Sarma and collaborators designed insulin-
encapsulated microemulsions to maintain the insulin structure.*?” The formulation included
triacetin as the oil phase, insulin solution as the aqueous phase, didodecyldimethylammonium
bromide as the surfactant, and propylene glycol as the co-surfactant. The study found that these

MEs enhanced the oral bioavailability of insulin and slightly lowered blood glucose levels in

diabetic rats. Oral administration has been found to benefit greatly from the use of
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microemulsions. Water-in-oil (W/O) microemulsions improve oral bioavailability by offering
protection against enzymatic degradation and modifying the fluidity of the mucosal membrane.
For example, an in vitro study showed that a peptide incorporated into a W/O microemulsion
was safeguarded from enzymatic degradation. Additionally, when the HIV transactivator protein
TAT was delivered orally using a W/O microemulsion, it demonstrated a longer half-life than the
free form of the drug.'?

Due to the wide range of available ingredients, the selection and compatibility of
components in a microemulsion system are critical. These choices depend on factors such as the
drug’s physicochemical properties, the stability of the system, and the intended route of
administration. Common methods for manufacturing microemulsions include the Phase
Inversion Temperature method, spontaneous emulsification, and ultrasound-assisted
emulsification (Figure 1.11).12° Typically, the process involves blending the oil, surfactant, and
co-surfactant, then gradually adding the aqueous phase with heating, cooling, or
ultrasound adjustments to optimize the formulation. The characterization is like those of
liposomes mentioned above.

An advantage of MEs over liposomes for cancer treatment is that they allow for a wider
administration route, as MEs tend to be more resistant to non-aqueous environments. However,
unlike liposomes, the components of MEs tend not to be biocompatible, and certain solvents of

interest are found difficult to include in the formulation.
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2.1 Abstract

Treatment of pancreatic ductal adenocarcinoma with gemcitabine is limited by an increased
desmoplasia, poor vascularization, and short plasma half-life. Heat-sensitive liposomes modified
by polyethylene glycol (PEG; PEGylated liposomes) can increase plasma stability, reduce
clearance, and decrease side effects. Nevertheless, translation of heat-sensitive liposomes to the
clinic has been hindered by the low loading efficiency of gemcitabine and by the difficulty of
inducing hyperthermia in vivo. This study was designed to investigate the effect of phospholipid
content on the stability of liposomes at 37 °C and their release under hyperthermia conditions;
this was accomplished by employing a two-stage heating approach. First the liposomes were
heated at a fast rate, then they were transferred to a holding bath. Thermosensitive liposomes
formulated with DPPC: DSPC: PEG2k (80:15:5, mole%) exhibited minimal release of
carboxyfluorescein at 37°C over 30 min, indicating stability under physiological conditions.
However, upon exposure to hyperthermic conditions (43 °C and 45 °C), these liposomes
demonstrated a rapid and significant release of their encapsulated content. The encapsulation
efficiency for gemcitabine was calculated at 16.9%. Additionally, fluorescent analysis during the

removal of unencapsulated gemcitabine revealed an increase in pH. In vitro tests with BXPC3
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and KPC cell models showed that these thermosensitive liposomes induced a heat-dependent
cytotoxic effect comparable to free gemcitabine at temperatures above 41 °C. This study
highlights the effectiveness of the heating mechanism and cell models in understanding the
current challenges in developing gemcitabine-loaded heat-sensitive liposomes.

Keywords: liposomes, thermosensitive, controlled release, gemcitabine, pancreatic cancer

2.2. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent form of pancreatic
cancer in the U.S. Its incidence continues to rise nationwide, accompanied by one of the lowest
5-year relative survival rates, hovering at approximately 10% 6 130-132 According to the National
Cancer Institute, pancreatic cancer in the U.S. constitutes roughly 3% of all cancer cases and
contributes about 7% of all cancer-related deaths, making it the 4th deadliest cancer. Due to
shifting demographics of aging, diabetes, and obesity, the incidence of PDAC is projected to
double over the next decade.®® The problem is further compounded by the lack of early detection
methods and effective treatments for PDAC. Thus, it is poised to become the second deadliest
cancer in the future 56 133 134

The efficacy and prognosis of PDAC treatment are largely dependent upon the disease’s
stage at the time of diagnosis and location in the pancreas, with 65% being located in the head of
the pancreas.®®® 1® The only potentially curative therapy available is surgical resection, followed
by adjuvant chemotherapy or radiotherapy.**® However, only 20% of PDAC patients present
with resectable tumors, whereas 80% exhibit locally advanced, non-resectable tumors or distant
metastases.®” In cases where resection is not feasible or borderline resectability presents,

systemic chemotherapy emerges as the primary treatment approach. This includes the
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administration of gemcitabine and capecitabine (nucleoside analogs) or 5-fluorouracil
(pyrimidine analog).t38 13°

Gemcitabine is a chemotherapy drug that acts as an antimetabolite. Free gemcitabine is a
weak base (pKa: 3.6) also known as 2’,2"-difluorodeoxycytidine (dFdC) and serves as a potent
and well-tolerated chemotherapeutic agent.'*° Its minimal systemic toxicity stems from its swift
conversion into the less potent difluoro-uridine derivative (dFdU), which is rapidly eliminated
through renal processes, giving gemcitabine a plasma half-life of approximately 15 min 13 141,142
The antitumor mechanism of action relies on the arrest of the cell cycle at the S-phase by
inhibiting ribonucleotide reductase and DNA synthesis through the di- and tri-phosphorylated
metabolites (dAFACDP and dFdCTP), respectively.*® Nevertheless, due to fast clearance and
degradation, high and frequent doses are required to achieve therapeutic effects, leading to an
increase in adverse side effects 143

Liposomes are spherical nanoparticles mainly consisting of phospholipids, featuring an
aqueous inner core and an outer bilayer membrane.1#4146 Their exceptional biocompatibility and
versatility in fabrication render them highly effective delivery vehicles for drugs.'” Gemcitabine
loading depends on the acidity of the liposome inner core, which protonates and positively
charges gemcitabine, preventing it from crossing out of the lipid bilayer.®® With a pKa of 3.6,
gemcitabine requires a significantly lower pH compared to other drugs to be efficiently retained
within the liposomes under normal physiological conditions. Thus, the increase of intraliposomal
pH during processing could result in loss of gemcitabine and poor encapsulation efficiency.

Coating liposomes with polyethylene glycol (PEG) prevents plasma clearance by the
reticuloendothelial system.14* 148. 149 pEGy/lated liposomes show an increase in passive targeting

due to longer circulation times; liposomes can infiltrate the interstitial space around the tumor
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due to leaky blood vessels and faulty lymph drainage (enhanced permeation and retention
effect).116 1°0. 151 Nonetheless, in highly desmoplastic tumors such as those found in pancreatic
cancer, this effect is diminished due to physical barriers, such as fibrosis and positive interstitial
pressure, which limit the number of molecules that can reach the tumor cells.'® 152 Therefore,
exogenous stimuli such as heat (hyperthermia) have been used to increase permeability of the
tumor fibrosis and induce angiogenesis; these effects favor the infiltration of particles and
molecules to the tumor cells.153-1%

Mild hyperthermia (defined as tissue temperatures of 41-44 °C) increases blood
perfusion and tumor permeability. The increased permeability can lead to the extravasation and
retention of liposomes within the tumor region.**® Similarly, hyperthermia induces the
production of heat shock proteins due to heat stress. These proteins activate antigen-presenting
cells, initiating an immune response to the tumor. % 15718 Degpite the improved accumulation of
liposomes accomplished by hyperthermia, gemcitabine is not biologically available because its
slow release from the carrier keeps the concentrations below the effective dosage.**
Thermosensitive liposomes (TSLs) possess the capability to release encapsulated drugs in
response to increases in temperature; this release is made possible by the reversible thermotropic
transition properties of phospholipids.%% 11 The increase in temperature induces transition of the
phospholipid phase from an ordered state to a disordered state, allowing the release of the
payload.'®! Furthermore, the use of phospholipids with different transition temperatures allows
researchers to shift the release temperature of liposomes, depending on the fractional percentages
and transition temperatures of the phospholipids used.®? The trigger release of TSLs occurs
exclusively in tumor blood vessels where heat is applied, with minimal drug uptake by the tumor

at normal temperatures.'®® The combination of TSLs and hyperthermia offers control of
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gemcitabine’s spatiotemporal release such that higher drug concentrations are released from the
TSLs in the hyperthermic region.

Here, we propose to enhance gemcitabine’s targeting capabilities by encapsulating it in
thermosensitive liposomes for more focused spatial-temporal release. In this study, we
developed and characterized gemcitabine-loaded TSLs. We explored their behavior in pancreatic
cancer cell models, particularly assessing how their cytotoxic effects vary with changes in
temperature. This research aims to give insight into the potential of these liposomes for targeted

use in pancreatic cancer treatment.

2.3. Materials and Methods

2.3.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; 850355); 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC; 850365); and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt; PEG2k;
880160) were purchased from Avanti Polar Lipids, Alabaster, AL. Oregon Green ™ 514
Carboxylic Acid, Succinimidyl Ester (06139), and 5(6)-carboxyfluorescein (404105000) were
purchased from Thermo Fisher Scientific, Waltham, MA, USA . Gemcitabine hydrochloride
(G0367) was purchased from TCI America, Portland, OR, USA. Dulbecco’s Phosphate Buffered
Saline (PBS) (D8537) and RPMI-1640 medium (R8758) were purchased from Sigma Aldrich,
St. Louis, MO, USA. Dulbecco’s Modified Eagle’'s Medium—high glucose (D6429) and dimethyl
sulfoxide (D128) were purchased from Fisher Scientific, Hampton, NH, USA. T-thermocouple
(30AC8642) was purchased from Omega Engineering, Norwalk, CT, USA. MTT reagent

(M922050) was purchased from RPI Corp., Mount Prospect, IL, USA.
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2.3.2. Carboxyfluorescein Thermosensitive Liposome Manufacturing and Release

Temperature-sensitive liposomes (TSLs) were prepared by thin-film hydration followed
by freeze-thaw cycling and heat extrusion at 50 °C. Phosphatidyl liposomes were composed of
DPPC: DSPC: PEG2k with DSPC-PEG set at 5 mol% and DPPC = 100-X -5(PEG), DSPC = X;
X: 30, 25, 20, 15, 10, or 5 mol%. Formulations are referred to by the percentage of DPPC in the
formulation.

A hydrating solution of 50 mM carboxyfluorescein (CF) was prepared using a 250 mM
sodium chloride base solution, followed with pH adjustment to physiological pH (7.4) using 0.1
M NaOH. Lipids at the selected ratios were mixed in chloroform to create a homogenous mixture
and chloroform was slowly evaporated by air flush and heat cycles to create a thin lipid film in a
20 mL crystal vial. Next, the hydrating solution and the lipid film were heated up to 45 °C and
the mix was vortexed to induce lipid film disruption and liposomal formation until no lipid
residuals were seen on the vial. Subsequently, the lipid mix was subjected to 10 freeze-thaw
cycles using liquid nitrogen and a 45 °C hot water bath; this was followed by 10 cycles of heat
extrusion at 50 °C through a polycarbonate membrane with a 100 nm pore diameter.
Unencapsulated CF was removed by using a 20 cm % 1 cm chromatography column filled with
Sephadex G-50 resin equilibrated with 1x PBS. Fractions containing CF-loaded liposomes were
collected for later analysis.

CF-loaded liposomes were prepared as described above and each of the solutions was
standardized to set the fluorescence within the linear range (5-12 mM CF) by diluting with PBS.
A total of 100 uL of the liposome solution was then added to a well in a 96-well plate. To
measure the temperature in real time, a 96-well plate was equipped with four T-type

thermocouples and attached to a TCO08 data logger. Two hot water baths were set up, one at 55
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°C for temperature ramp-up and another for temperature holding (37, 42, and 45 °C). The
liposomes were placed in the ramp-up bath until the desired temperature was reached, as
measured by the thermocouple plate, and then transferred to the holding water bath. The plates
were kept in the holding water bath for a set amount of time and then transferred to an ice-cold
bath to prevent further CF release.

Plates were exposed to the holding temperature for 2, 5, 10, 15, 20, 25, or 30 min; the
baseline is the fluorescence of the liposomes at room temperature. Fluorescence was read using
Spectramax i3x.

2.3.3. Gemcitabine-Loaded Thermosensitive Liposome Manufacturing and Release

The liposome DPPC fraction that showed no significant release for 30 min at 37 °C was
used for succeeding studies. A 2.5 mg/mL gemcitabine hydrochloride solution was prepared with
250 mM sodium chloride solution, and pH was adjusted to 2.8 with 0.1 M NaOH. The lipid film
formation was created as described above. Lipid films were hydrated with the gemcitabine
solution at 45 °C with vigorous mixing for 5 min to form gemcitabine liposomes. Freeze—thaw
and heat extrusion cycles were performed as described above.

To evaluate gemcitabine loading in liposomes and the efficiency of drug release at
various times and temperatures, several 100 puL aliquots were taken and diluted 10 times in 1X
PBS: (1) a sample of liposomes after the freeze—thaw and heat extrusion cycles was kept to
determine encapsulation efficiency; (I1) a sample of Gemcitabine-loaded liposomes was kept at
37 °C for 30 min to measure base release of gemcitabine; (IIT) 0.1% Triton™ X-100 was added
to liposomes at 60 °C for 30 min to quantify the total amount of gemcitabine in the final solution
(TX-100); and (IV) samples heated at various temps with gentle mixing for 30 min to assess the

release of gemcitabine from liposomes. A sample of liposomes was also added to 10%

33



FBS/DMEM media to assess its stability in serum. Treated solutions were passed through
Amicon® Ultra spin filters (7kD MWCO) at 10,000 rpm at 4 °C for 15 min to extract free
gemcitabine. A standard curve was created by dissolving gemcitabine in PBS. The absorbance at
270 nm of the resulting filtrate was measured in triplicate using a NanoDrop Spectrophotometer,
and gemcitabine concentration in each liposome formulation was determined by interpolation to
standard curves created for gemcitabine. Sample 111 was used to adjust the concentration of
encapsulated gemcitabine to 250 uM, which was used for cell treatments.
2.3.4. Intraliposomal pH Measurements

The changes in intraliposomal pH are hypothesized to directly affect the gemcitabine
retention. Oregon Green 514 was used to measure pH changes in the liposomes during
preparation. This experiment was adapted from the work of DiCiccio [41]. A calibration curve
was constructed by creating Oregon Green in DI water solutions at various pHs with a
concentration of 34 uM Oregon Green; 150 pL of the Oregon Green solutions was added to a
lipid film. The fluorescence of the solutions was measured with a SpectraMax i3X with an
excitation wavelength of 488 nm; emission spectra were recorded from 513 nm to 700 nm.
Spectra were normalized by dividing the respective wavelength fluorescence values by the
fluorescence at peak emission (523 nm) to determine a pH-dependent emission peak. The
emission intensity ratio of 523 nm/558 nm was then plotted against pH to produce a standard
curve.

To measure pH changes in liposomes during processing, liposomes were prepared as
described above using a hydration solution of 2.5 mg/mL gemcitabine (pH 3.2) with 34 uM
Oregon Green 514. Free gemcitabine/Oregon Green was removed using the Sephadex G-50 resin

column chromatography method described above. The liposomal mixture emission spectrum was
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read before and after column chromatography purification. Then, the results were compared to

the calibration curve described above to determine the pH inside the liposomes.

2.3.5. Cell Culture
KPC cells were
cultured in T25 flasks in
Dulbecco’s Modified
Eagle medium (DMEM)
supplemented with 10%
fetal bovine serum (FBS)
and 1% penicillin-
streptomycin. BXPC3
cells were cultured in T75
flasks in RPMI-1640
supplemented with 10%
FBS and 1% penicillin-
streptomycin. All cells

were kept at 37°Cina

B) Ramp-Up Hot Water Bath

B

—

4(
't

£~

(A) Regulatory Hot Water Bath

Figure 2.1. *Hyperthermia induction setup to improve the
heating protocol and reduce the undesired release, a ramp-up water
bath is used to increase the temperature at a rapid rate (B). The
temperature of the cell is correlated to a homologous plate equipped
with four thermocouples (C). Once the desired temperature is
reached, the plates are transferred to the regulatory bath (A).

*Developed by Dr. Anna Bottiglieri and Dr. Faraz Chamani

humidified 5% CO: incubator. Both cell lines were allowed to reach 90% confluency before

being seeded into 96-well plates for experimental procedures. KPC cells were seeded at a density

of 25,000 cells/cm2 and BXPC3 cells were seeded at 50,000 cells/cm2.

2.3.6. Cell Hyperthermia Treatment

The 96-well plates seeded with KPC or BXxPC3 cells were prepared as described above. A

two-water bath setup was used; the temperature changes were measured with a 96-well plate
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equipped with several T-thermocouples (Figure 2.1).1%4 First, a 55 °C water bath was used to
rapidly increase the temperature to the desired set point. Once the desired temperature was
reached, the 96-well plates were transferred to a second water bath set to the temperature desired
for holding (37, 39, 41, 43, or 45 °C. The plate was divided into negative control (no treatment),
positive control (unencapsulated gemcitabine), and experimental (encapsulated gemcitabine)
groups (9 wells per group). Free gemcitabine or gemcitabine-TSLs (250 uM of gemcitabine)
were added to DMEM or RPMI with no FBS or antibiotics for cell treatment. The probe plate
and the cell-containing plate were placed in the 55 °C bath until the target temperature was
reached, and then both plates were transferred to the temperature-holding bath. Plates were held
in the holding bath for 20 min and then were removed from the water baths. Immediately, the
media on the plates was removed and replaced with fresh 10% FBS-containing media. The plates
were then returned to the incubator at standard environments (37 °C, 5% CQO2, 95 % humidity).
After 24 h, the plates were treated with 100 pL of 0.5 mg/mL MTT reagent for 3 hrs. Then, 125
uL of DMSO was added to dissolve the MTT crystals formed, and the plates were incubated for
another 2 h. The absorbance of the wells was then read at 570 nm with a reference at 650 nm
using a BioTek Synergy™ H1 hybrid multi-mode microplate reader.
2.3.7. Statistical Analysis

Statistical analysis was conducted in GraphPad Prism 10. Two-way ANOVA with a
Tukey’s multiple comparison test was used with a < 0.05. The Tukey p values are adjusted based

on the number of replicates (see each analysis).
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2.5. Results

2.5.1. Liposome Characterization

Particle size and zeta potential S )
Table 2.1. Size distribution and zeta potential for

in CF-loaded liposomes showed no ~ CF-loaded liposomes.

DPPC Content Size (nm) PDI Z-Potential

clear differences in hydrodynamic (mV)
65% 125.7+25 0.058 £ 0.010 -1.89

. . 70% 1233 +3.1 0.092 = 0.022 231
size (HS), ranging from 114 nm to 75% 119.1 3.6 0.040 £ 0.009 217
30% 1147 £35 0.083 £0.013 182

126 nm (Table 2.1). The TEM images 85% 1248 =34 0.049 = 0.027 224
90% 1248 +32 0.052 = 0.024 -1.97

show a narrow size distribution

(Figure 2.2). Likewise,
gemcitabine-loaded
thermosensitive liposomes
had an HS of 120 + 8 nm.
Zeta potentials for CF-
loaded and gemcitabine-

loaded liposomes were

approximately -2.1 £ 0.21

mV (Table 2.1). Figure 2.2. TEM image of synthesized liposomes.

2.5.2. Liposome Stability

The stability of the liposomes was measured by finding the rate of release of CF from
liposomes with different DPPC ratios over time; the fluorescence reading of each TSL prep at
room temperature was used as the baseline fluorescence. The maximum release was determined

by lysing the TSLs with 10% Triton-X. The baseline was subtracted from all fluorescence
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measurements. Then, the percentage release was calculated as the ratio of Triton-X to each
temperature-dependent fluorescence measurement. Analysis showed the 80% DPPC liposomes
to be the most stable with non-significant change in release percentage during 30 min at 37 °C
(Figure 2.3A). The 80% DPPC liposomes were selected for later experiments. To determine
whether the liposomes showed heat-dependent release, liposomes were exposed to constant-
temperature baths and CF release was measured. The 80% DPPC liposomes loaded with CF
demonstrated a trend toward maximal release at 43 °C with a maximum percent release of 53%
(Figure 2.3B). There is a decrease in fluorescence at 45 °C; this change can be attributed to
evaporation from the well and condensation into the plate lid; this causes the concentration of CF
to increase due to the reduction of volume. At higher concentrations, CF self-quenches,

effectively reducing fluorescence.

(A) (B)
37 °C Temperature-Dependent Release 80% DPPC
40 60+ .
mm 90 2 min
30 85 I [ W I 5 min
3 80 3 404 [ 10 min
© © I ] .
o i 75 @ [ 15 min
g 20 o) I
x 70 v 20 min
= = 201 {
104 | 1ol i 65 25 min
il G 1141 30 min
LR LT LT R 1
0 T T T T T T T T 0 T T T
2 5 10 15 20 25 30 45 43 37
Time (min) Temperature (°C)

Figure 2.3. Release of CF as a function of time and temperature. (A) Release of CF at
37 °C versus time. (B) Temperature-dependent CF release from 80% DPPC fraction
liposomes.

38



2.5.3. Encapsulation Efficiency
Gemcitabine encapsulation efficiency for gemcitabine-loaded liposomes was determined.

The Equation (1) for calculating encapsulation efficiency, EE, is:

5 —F
Bl = x 100
Equation 1
(A) Gemcitabine Release (B) 20 min Release
-+ 43
80+ 80
- 37
60 -+~ 10% FBS/DMEM at RT 60
Q 2]
(=2} (=]
8 404 £ 404
c c
S 8
5 20 S 204
o o
0 0 1T L1 I I I
10 20 30 40 38 40 42 44 46
-20- Time (min) -20-  Temperature (°C)

Figure 2.4. Gemcitabine release. Gemcitabine release is temperature-dependent (A).
Gemcitabine-loaded TSLs under normal vs. hyperthermia conditions for 20 min (B).

where S is the initial gemcitabine concentration in the loading buffer and F is the final
concentration in the loading buffer after loading. The loading efficiency measured for the
gemcitabine-loaded liposomes was 16.9% + 2%. Gemcitabine-loaded liposomes were also stable
at 37 °C for 30 min and in 10% FBS/DMEM media, as determined by percentage release versus
time (Figure 2.4A). The maximum release temperature was determined to be between 41 °C and

42 °C (Figure 2.4B).
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To assess the encapsulation efficiency of gemcitabine relative to pH, changes in

intraliposomal pH were determined by
Table 2.2. Liposome pH

measuring the fluorescence shifts of Oregon Pre-Column [Post.Column

Green. First, normalization against fluorescence 523/558 1.5 2.3

Calculated pH 3.2 4.2

at 523 nm of pH-dependent fluorescence showed

Normalized Fluorescence at 523 nm pH-Dependent Fluorescence

1.5
— 21 3.0 5
R“=0.9959
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Figure 2.5. Oregon Green pH determination. (A) Normalization of signal to remove
concentration variation. (B) pH vs. ratio plot. (C) pH-fluorescence linear range. (D)
Calculated protonation percentages of gem.

a pH-dependent peak at 558 nm (green arrow, Figure 2.5A). A ratio between the pH-independent
peak (red arrow) and the pH-dependent peak (green arrow) is plotted against pH, yielding a

sigmoidal curve (Figure 2.5B). This yielded a fluorescence linear range between a pH of 3.2 and
4.3 (Figure 16C). Finally, the expected protonation percentage was calculated and plotted against

pH values (Figure 2.5D). Using the fluorometric ratio calculation previously set, intraliposomal
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pH was calculated (Table 2.2). The 80% DPPC liposomal formulation shows a change of pH
values after liposomes were processed with the Sephadex 50G resin chromatography column.

2.5.4. In Vitro Viability Studies
In vitro cytotoxicity assays were conducted with two cell line models (BXPC3 and KPC) using
liposomal gemcitabine or a free gemcitabine concentration of 250 uM, simultaneous

hyperthermia treatment (39, 41, 43, and 45 °C), and a treatment time of 20 min. In the KPC cell

Control e Control
® ontro
(A) KPC (B) BXPC3 * Free
e Free Li |
. . + Liposoma
150 A A + Liposomal 1509 «x - P
ns R KEEE R & okl
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37 39 41 43 45 37 39 41 43 45
Temperature (°C) Temperature (°C)

Figure 2.6. ns: P >0.05; *: P <0.05; ** :P <0.01; ***: P <0.001; ****: P <0.0001.
MTT cytotoxicity studies. (A) KPC cell line. (B) BXPC3 cell line.

model (Figure 2.6A), a 37 °C control shows no significant difference when compared to the
liposomal gemcitabine (p > 0.05), while there is a decline in cell viability of free gemcitabine
against the untreated control (p < 0.05). When the temperature is increased to 41 °C, liposomal
gemcitabine and free gemcitabine present no significant difference (p > 0.05), while the control
group differs from the liposomal gemcitabine group (p > 0.05). On the other hand, the BXxPC3
model (Figure 2.6B) shows significant differences amongst the three groups at any temperature;

nevertheless, a similar temperature-dependent trend can be observed (Figure 2.6B).
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2.6. Discussion

This study shows that gemcitabine-loaded thermosensitive liposomes that have transition
temperatures in the mild hyperthermia range can be synthesized; this can be achieved by varying
the fraction of phospholipids with different transition temperatures. The liposomes can be used to
reduce off-target side effects and to narrow the treatment area to any hyperthermic region. These
two characteristics allow the treatment of pancreatic cancer while sparing healthy tissue.

The lipid fractions used in this study yield liposomes of similar sizes and dispersity
indexes (Figure 2.2 and Table 2.1). Thus, size was not a factor when choosing the DPPC fraction
to be used in later studies. Similarly, the Z-potential of the liposomes was similar due to the same
proportion of PEG (5% mol) being used in all formulations (Table 2.1). It is widely known that
the temperature-dependent release of drugs from thermosensitive liposomes depends on the
transition temperature of the lipids being used. The transition temperature of DPPC is 41 °C,
while that of DSPC is 55 °C.1%2 Nevertheless, due to the geometrical interactions of the
phospholipids, liposomes can burst release at temperatures below the lowest transition
temperature. This is demonstrated with the 75% DPPC fraction in Figure 2.3A, which shows a
large release variability at 37 °C. In addition, since the term “transition temperature” refers to the
temperature where the membrane is most permeable %, some release can be expected from all
formulations at temperatures below the membrane transition temperature. Thus, despite most of
the DPPC fractions demonstrating some release at 37 °C, the 80% fraction was chosen after
statistical analysis showed no significant release changes over time (Figure 2.3B).

Typically, liposomal cargo loading is done using hydrating solutions at physiological pH
because the molecules of interest have a pKa larger than 7.4. However, because gemcitabine

must be charged to be entrapped within the liposomes, the pH needs to be lowered to increase the
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protonation of gemcitabine, and the resultant percentage of molecules entrapped. First, we added
the gemcitabine to the hydrating solution while keeping the pH low in order to trap the
gemcitabine molecules after liposome formulation. Encapsulation efficiency was used to assess
the amount of gemcitabine entrapped by measuring the starting concentration of gemcitabine and
the concentration after heat extrusion (Equation (1)). Usually, the release profile graph of a TSL
shows a decrease in release after the phase transition temperature is reached.®> However, due to
the low concentration of gemcitabine used in our experiments, the low gemcitabine gradient
across the liposomal gradient prevents the burst release of gemcitabine, causing a continued
increase in release, as seen in Figure 2.4A, B. As mentioned, poor loading efficiency has
characterized liposomal formulations of gemcitabine. Though the loading methods can improve
loading efficiency, we hypothesize that the proton concentration is high at the hydration step and
later increases during chromatography (Table 2.2). The reduction in concentration of both
protons and payload (gemcitabine/Oregon Green) during the chromatography step can cause
changes in absorbance and fluorescence. The use of a ratiometric graph allows us to overcome
the loss of Oregon Green molecules (Figure 2.5A). Then, by using the lowest pH value within
the linear range of a pH against fluorescence graph 3.2 (Figure 2.5B, C), we assess the pH after
liposomal purification (Table 2.2). Figure 2.5D predicts the protonation percentage of
gemcitabine at a given pH. The protonation percentage can then be inferred to be the maximal
amount of gemcitabine that can be kept inside a liposome. When comparing the protonation
percentage at the calculated pH from Table 2.2, the expected protonation and the loading
efficiency are close values. In short, we learned that there is a difference between pH pre- and

post-column chromatography for unencapsulated gemcitabine.
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Two cell lines, BXPC3 and KPC, were used to evaluate the killing capacities of
gemcitabine in a temperature-dependent manner. An ideal gemcitabine-loaded TSL would have
no effect on cell viability at temperatures below hyperthermia regardless of exposure time, thus
maintaining viability like the negative control group. However, upon heat stimulation, the release
of gemcitabine from liposomes would be expected to have effects like those of the free
gemcitabine treatment. We compared the cytotoxic effect of gemcitabine-loaded TSLs against
that of free gemcitabine. Hence, we limited the exposure of the cells to gem formulations to 20
min. Several studies use exposures of over 12 h, which does not emulate the conditions of the
drug in the body, since gemcitabine has such a short plasma half-life.13 4% Only the KPC cell
line demonstrated a response to liposomal treatment similar to that expected of an ideal TSL. In
addition, there are marked growth differences between the two cell lines. KPC cells are
characterized by their high growth rate, while BXPC3 cells tend to reach confluency at a slower
rate.%® 167 These metabolic states could strongly affect the response to chemotherapeutic agents,
precluding correct release—cytotoxicity correlation comparisons. It is worth noting that
pancreatic cancer is protected by physical barriers (fibrosis and hypovasculature), so that drug
delivery depends mostly on the peripheral circulation of the tumor.167- 168

2.7. Conclusions

Gemcitabine-containing liposomes were successfully synthesized and were stable at
temperatures below 41 °C but quickly released their contents above 43 °C. These liposomes may
be able to be used in combination hyperthermia—gemcitabine treatments to increase delivery to

the tumor while reducing systemic exposure to gemcitabine.
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Chapter 3 - Microwave-triggered lipid-surfactant Stabilized Ionic

Liquid Microemulsion for Gemcitabine Delivery.
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3.1. ABSTRACT:

The treatment of

pancreatic ductal

adenocarcinoma (PDAC)
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Figure 3.1. Graphical abstract.
vascularization, and

heterogeneous cell population, which impede drug delivery and contribute to resistance against

therapies like gemcitabine. This study investigates the development of a microwave-sensitive,

45



lipid-stabilized ionic liquid microemulsion system to improve gemcitabine delivery to PDAC.
First, gemcitabine solubility was determined in different imidazolium-based ionic liquids and
water. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC); 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC); and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy
(polyethylene glycol)-2000] (PEG), 16:0 Lyso-PC were added to the microemulsion formulation,
yielding nanoparticles with a consistent size (~120 nm). Dielectric properties studies suggested
microwave sensitivity of ionic liquid and microemulsions. In vitro, cytotoxicity assays using the
KPC cell line showed hyperthermia-dependent toxicity of micro-emulsified gemcitabine, with
significantly higher cytotoxicity at hyperthermic temperatures (42°C) compared to standard
conditions (37°C). These results highlight the potential of this microemulsion system, which
combines the solubilizing capability of ionic liquids (IL) and the advantages of localized
hyperthermia, as a promising approach to address the challenges of PDAC treatment and enhance

therapeutic outcomes.

3.2. Introduction:

Effective treatment of PDAC faces significant obstacles, aside from late diagnosis.®® 1¢°
The dense stromal environment, poor vascularization, and heterogeneous cell populations create
significant barriers for therapy, contributing to intrinsic and acquired resistance to treatments like
gemcitabine, a first-line therapy for non-resectable PDAC."%172 Despite its widespread use,
gemcitabine's efficacy is considered to be limited by to its poor accumulation at the tumor site,
which is caused by PDAC-asscociated desmoplasia and reduced vascular supply.t’® This,
combined with gemcitabine’s administration via intravenous (IV) infusion, leads to off-target

toxicity and frequent dosing, which can result in severe side effects.}’* 1" Therefore, innovative
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drug delivery systems that overcome these obstacles and enhance therapeutic outcomes are
crucial.
Gemcitabine, a nucleoside analog antimetabolite, arrests DNA synthesis, leading to apoptosis.'4°
However, its short plasma half-life, which can range from 1.7 to 19 hours depending on patient
factors, necessitates frequent administration, increasing the likelihood of systemic toxicity.
Nanoparticle-based drug delivery systems offer a promising solution to the challenges faced in
treating PDAC by leveraging the enhanced permeability and retention (EPR) effect, which
allows for better accumulation of chemotherapeutic agents at the tumor site while minimizing
off-target effects.™> 176 177 Additionally, nanoparticles can be engineered with surface
modifications that ease targeted delivery to cancer cells, improving the treatment's efficacy.’®
The ability to encapsulate drugs within nanoparticles also protects them from premature
degradation.t’® 180

Microemulsions, which are thermodynamically stable colloids composed of oil, water,
surfactant, and cosurfactant, have emerged as a versatile platform for drug delivery due to their
solubility, scalability, and ease of production.?? 18 Recent advances have seen the use of ionic
liquids, a class of poorly coordinated salts with low melting points, in drug delivery.'8-184 Jonic
liquids offer several advantages, including dissolving a wide range of drugs.*® lonic-liquid-
based microemulsions are particularly interesting for transdermal delivery, and they have shown
promise in improving drug solubility and stability.18% 18

An exciting application of these systems is in conjunction with microwave-induced mild
hyperthermia (MHT). lonic liquids possess strong dielectric properties that enable them to
respond to microwave stimuli generating heat.’®” MHT can increase tumor permeability by

enhancing blood flow and vascular permeability, promoting nanoparticle extravasation into the
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tumor microenvironment.'8 Due to their nonionizing nature and ability to penetrate deep tissues,
microwaves offer a practical and efficient method for inducing localized hyperthermia in cancer
treatment. 1%’

This study explores the development of microwave-sensitive, lipid-saturated-stabilized
ionic liquid microemulsion for gemcitabine delivery. We began by evaluating the gemcitabine
solubility in various imidazolium-based ionic liquids. Next, surfactants and co-surfactants were
screened, incorporating lipids to stabilize the microemulsion. Microemulsion morphology and
stability, as well as the dielectric properties, were characterized to confirm microwave
sensitivity. In vitro cytotoxicity studies with KPC cells assessed drug delivery efficiency,
comparing encapsulated and unencapsulated gemcitabine under standard and hyperthermic
conditions. Together, these findings establish a novel drug delivery platform that addresses the
limitations of current drug delivery systems by combining the solubilizing capacity of ionic
liquids, their microwave sensitivity, the stabilizing effects of lipid-surfactant systems, and
hyperthermia as trigger release.

3.3. Results and Discussion

The alkylation reaction successfully synthesized 1-butyl-3-methylimidazolium bromide.
Unreacted reagents were successfully removed by ethyl acetate precipitation of the product. *H
and 3C NMR confirmed a highly pure product, with spectra analyzed using MestreNova 15.0.1.
The observed peaks corresponded to the predicted frequencies based on the compound's structure
(Supplementary Information, S1).

Bromobutane *H NMR (400 MHz, CHLOROFORM-d) & ppm 0.92 (t, J=7.46 Hz, 3 H) 1.45 (dq,
J=14.92,7.46 Hz, 2 H) 1.78 - 1.87 (m, 2 H) 3.39 (t, J=6.78 Hz, 2 H); °C NMR (101 MHz,

CHLOROFORM-d) 8 ppm 13.13 (s, 1 C) 21.31 (s, 1 C) 33.45 (s, 1 C) 34.80 (s, 1 C).
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Methyl-Imidazole *H NMR (400 MHz, DEUTERIUM OXIDE) § ppm 3.42 (s, 7 H) 6.77 (s, 2 H)
6.82 (s, 2 H) 7.32 (s, 2 H); 3C NMR (101 MHz, DEUTERIUM OXIDE) & ppm 32.78 (s, 1 C)
121.11 (s, 1 C) 127.45 (s, 1 C) 138.24 (s, 1 C)

1-Butyl-3-methylimidazolium Bromide *H NMR (400 MHz, DEUTERIUM OXIDE) & ppm 0.90
(t, J=7.46 Hz, 1 H) 1.31 (dq, J=14.92, 7.46 Hz, 2 H) 1.80 - 1.90 (m, 2 H) 3.91 (s, 3 H) 4. 21 (t,

J=7.29 Hz, 2 H) 7.46 (d, J=2.03 Hz, 1 H) 7.52 (d, J=2.03

Gemcitabine Calibration Curve

Hz, 1 H) 8.77 (s, 1 H); 3C NMR (101 MHz, 207

1.5+

DEUTERIUM OXIDE) & ppm 12.93 (s, 1 C) 18.92 (s, 1

1.0+

0.5+

C) 31.42 (s, 1 C) 36.00 (s, 1 C) 49.41 (s, 1 C) 122.98 (dd,

Absorbance A.U

0.0 5> T T 1

0.2 0.4 0.6
J=124.98, 4.36 Hz, 2 C) 135.93 (S, 1 C) -0.5- Concentration (mg/mL)
. . el e e e Goodness of Fit
To assess gemcitabine’s solubility in ionic liquids, Rsquared | 0.9990
Syx 0.01916
Equation | Y = 3.693°X - 0.007792 |

we tested two candidates: 1-butyl-3-methylimidazolium
Figure 3.2. Gemcitabine calibration
bromide (Br-IL) and 1-butyl-3-methylimidazolium curve for ionic liquid mixtures.
hexafluorophosphate (FsP-IL). The ionic liquids were saturated with gemcitabine to determine
the maximum solubility. A methanol/water solution allowed the separation of the gemcitabine,
yielding a usable calibration curve (Figure 3.2). Br-1L was selected due to its established
biocompatibility and widespread use in biomedical applications, while FsP-IL was chosen for its
commercial availability.8% 18 Br-IL significantly outperformed FeP-1L, achieving a gemcitabine
solubility of 92.42 mg/mL compared to only 1.1 mg/mL for FeP-IL. Gemcitabine’s solubility in

deionized water was 70.91 mg/mL (Table 3.1). Br-IL was selected for subsequent experiments

based on its superior solubility and favorable biocompatibility.
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Table 3.1. The concentration of gemcitabine in To determine the optimal
saturated solutions.

surfactant mixture to make ionic liquid-
Saturated | Saturated | Saturated

Water F,P-IL Br-IL . . .
core microemulsion soluble in water,

Concentration
70.91+1.48 | 1.10£0.32 | 92.42+1.55 . . .
(mg/mL) multiple nonionic surfactants with

varying hydrophilic-lipophilic balance (HLB) values were evaluated. Tween (80 and 20) and
Span (80 and 20) were combined in 2:1 (80:20) ratios (referred to as SurMix), with ethanol
selected as a co-surfactant due to its lipid-
dissolving properties and emulsification potential

with isopropyl myristate (IPM). A 1:1 IPM/Br-

fsiot, sl IJ
pan 80 (2)

pan 20 (1) |

1‘

{

| SateT . !
Tween 80(2) Span 80 (2) S
Span 20 (1) Tween 20 (1) S,
:
|

IL mixture was emulsified using these nonionic

IL/TPM Microemulsion

surfactants. As shown in Figure 3.3A, all

combinations successfully produced IL/IPM

Aqueous
Transfer

microemulsion identified as a transparent single-
phase mixture. However, water solubility is

crucial for IV delivery. Figure 3.3B illustrates

IL/Water
Microemulsion

Figure 3.3. Surfactant screening for water

microemulsions, forming a double-phase transfer of microemulsions. (A) shows that all
surfactant mixtures can form II/IPM

solution. The IL/IPM microemulsion acts as a microemulsions. (B) Water was added for
microemulsion transfer. (C) Tween 80-based

gel in water, but it can become water-suspended  surfactant mixtures show single-phase

microemulsion suspension.

the addition of water to the IL/IPM

over time. Tween surfactants pose a high HLB,
meaning that they favor W/O microemulsion. Thus, Figure 3.3C shows that Tween 80-based
microemulsions can transition to water as a single-phase solution. This contrasts with Span

surfactant, which possesses a low HLB and forms a two-phase solution in water.®® In addition,
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the surfactant mixture must be incorporated into the IPM-IL mixture dropwise to enable the
formation of an IL/O microemulsion that can successfully transition into water; if they are added
out of order, water transition is not viable and insoluble gels are formed. Thus, the Tween

80/Tween 20 (2:1) surfactant mix was used for subsequent experiments.

Microemulsion 100

A)

0 7 ——— 0 ? .
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 & 90 100 0 10 20 30 40 50 60 70 BO €0 100
Br-IL BrL BrIL

Figure 3.4 Pseudo ternary phase diagrams. (A) shows IPM with no phospholipid added. (B)
DPPC, DPSC, and Lyso-lipid were added to increase biocompatibility. (C) It shows that PEG
reduced the need for a surfactant mix.

To understand the microemulsion formation and size tuning process, all SurMix were used to
emulsify Br-IL and IPM (alone) at concentrations from 0% to 100% at 10% increments. Using
DLS measurements, no apparent trend was observed within the individual SurMix. Nevertheless,

Table 3.2. Size distributions of Table 3.2 shows that Tween80/Tween20 produced
microemulsions in water suspension.

microemulsions with sizes within the range for ideal
SurMix Mean Size Range
Tween80/Tween20 187.7033 128.7-271.6 drug delivery.
Tween80/Span20 25.16533 | 29748173 To analyze the effects of adding lipids and PEG to
Span80/Tween20 108.2356 67.18-153.5
the formulation, pseudo-ternary phase diagrams
Span80/Span20 824.0733 274.6-2198

were constructed. Using Br-1L, Tween80/Tween20, and multiple IPM formulations. This also
permits the mapping of concentrations where microemulsion is permitted. Figure 3.4A depicts
the microemulsion region for IPM without phospholipids (PL), whereas Figure 3.4B includes the

PL mixture. The microemulsion formation area changed when PEG was added to the IPM
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mixture (Figure 3.4C); only concentrations of IL-Br over 30% show the formation of
microemulsions. Despite this, all phase diagrams exhibit broad microemulsion regions,
underscoring the strong potential for formulation. Nevertheless, the smooth transition and
consistent formation of nanoparticles in water are more optimal and reproducible when the
surfactant mixture is closer to the interphase line. Excess surfactant can be challenging to remove
from the microemulsion solution. Thus, 85% Br-IL was chosen to maximize the ionic liquid in
the formulation.

To show the microwave

A)q Solvents' Loss of Tan & l§) DI-Water v. 85% Br-IL ME
sensitivity of Br-1L compared to foic Liuid = v
84 DI water 0.30 ME i
- - - " —(l')):;;;:lms 0.25 4 ,/
water and how this is incorporated ‘ s
E‘ El._u— ' _/"'
into microemulsion, the complex " " //
3 0.10 M,M'\
Y
permittivity was measured. Br-1L 1o ﬁ.m
to deionized (DI) water, 0.9% e
C Concentration Dependent Loss of Tan &
saline solution, and DMEM to )
mimic the range of solvents
: : &
encountered in practical T
; . . . 0.0468 o l
applications. The dielectric loss =
‘ . 0.0465 ; é é ‘;
tangent () is defined as the ratio of Diluion Factor

Figure 3.5. Loss of tangent analysis. (A) comparison of
dielectric properties of solvents. (B) Microemulsion has more
sensitivity than water. (C) Microemulsions show a
concentration-dependent microwave sensitivity.

the imaginary part (€”’) to the real
part (&’) of the complex
permittivity, reflecting the material’s ability to generate heat when an electric field is applied. A

higher 6 indicates a greater capacity to convert microwave energy into heat. For instance, water's

52



dipole moment allows it to absorb microwaves efficiently, a property commonly exploited in
household microwave cooking.

Figure 3.5A presents DI water as the baseline (red line), with the addition of 0.9% sodium
chloride (green line) leading to an increased  value, attributed to the strong dielectric properties
of sodium and chloride ions. In contrast, DMEM lowers the 6 values, likely due to
macromolecules exhibiting poor dielectric properties. Pure Br-IL significantly increases 6 values,
with saturation occurring at frequencies above 1,990 MHz. A comparison between a
concentrated 85% Br-IL microemulsion (ME) and DI water (Figure 3.5B) reveals that ME more

efficiently converts microwave energy into heat than DI water. While the tan § value of the ME
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Figure 3.6. TEM and NTA analysis. A) TEM of IMP/PL microemulsion shows a circular
morphology and narrow size distribution; B) shows the size distribution with NTA; C) shows the
size distribution of the TEM micrographs*. D) shows that PEG-containing microemulsions have
a narrow size distribution and circular morphology; E) demonstrates the NTA size distribution;
F) shows the size distribution from the TEM micrographs*.

*imageJ was used to measure particle size.
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is lower overall than that of 0.9% saline, this is likely due to the compartmentalization of Br-IL
within the microemulsion and the solvation effect of NaCl in water, which enhances dipole
interactions. Figure
3.5C highlights the concentration-dependent changes in tan ¢ values at 912 MHz, a frequency
range frequently employed for microwave heating in laboratory experiments.®

We used nanoparticle tracking analysis (NTA) and transmission electron microscopy
(TEM) to determine the microemulsions' size and morphology. The interaction between 2%
uranyl acetate and the phospholipids in the membrane produced a dark contrast, allowing for
detailed visualization. The TEM could not visualize microemulsions with only IPM. Figure 3.6A
shows IPM(PL) microemulsions, revealing a uniform size distribution (Figures 3.6B-C) and
confirming the presence of lipids in the outer membrane. Figure 3.6B shows a hydration radius
of 120 nm. PEG was added to the PL formulation to enhance shelf-life stability, as temperatures
below 4°C tend to destabilize microemulsion. The lipid-stabilized microemulsion zeta potential
average is -7.15 +/- 0.08 mV, while the microemulsion with no lipids is -6.92 +/- 0.79 mV.
Considering the broader size distribution of IPM-only microemulsion and zeta potential
similarities, we hypothesized that the Tween 80 molecules entrapped IPM/ethanol from the IPM
mixtures. Thus, yielding more stable lipid-containing microemulsions while keeping a similar
surface charge explains the smooth transition of the microemulsion to water. Furthermore, as
Tween 80 molecules are larger than PEG molecules, surface charge contributions come from

Tween 80.
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Since microemulsions are formed in the IPM phase, the Epr ®)
stability of the microemulsion during the water transition

step needs to be determined (e.g., to determine if the core

flips out, causing the release of the payload). To further

investigate the transfer of microemulsions from the

— ————

IL/IPM phase to the aqueous phase, 5(6)- : ——

Figure 3.7. Water transfer of CF
microemulsions. (A)
Microemulsion suspension in
water. (B) Lysed microemulsion

(e.g., when loaded in microemulsion), CF undergoes self- with ethanol.

carboxyfluorescein (CF) was dissolved in Br-1L (10%

w/w), and MEs were prepared. At high concentrations

guenching, showing an orange-based color. In contrast, at

lower concentrations (e.g., when released from the microemulsion and diluted in the medium), it
exhibits a bright neon green color. Figure 3.7A shows the microemulsions in the aqueous phase
with an orange hue. In contrast, Figure 3.7B displays a similar sample of CF-containing Br-IL
lysed with an ethanol solution, characterized by CF’s fluorescent green color. This observation
confirms that the core of the microemulsion contains Br-1L and effectively limits the exposure of
the dissolved molecules to the aqueous environment. In addition, this suggests that
microemulsions do not undergo any catastrophic morphological changes that cause release of
payload when water transfer occurs.

Next, microemulsions were made with gemcitabine-saturated Br-1L for cytotoxicity studies.
Unlike CF, high concentrations of gemcitabine were detected in the water supernatant after
removing unencapsulated gemcitabine and excess surfactants. This indicates that gemcitabine

can transfer from the ionic liquid to water during processing. This effect is attributed to
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gemcitabine’s low lipophilicity; therefore, to improve entrapment, gemcitabine derivatives with
higher lipophilicity could be used to improve loading efficiency.'4°

Microemulsions are widely recognized for their ability to deliver drugs topically into deep tissue
layers. However, PDAC cannot be targeted via transdermal delivery, highlighting the need for
microemulsion to form a stable water solution for intravenous administration. Since
hyperthermia has been shown to enhance drug delivery to PDAC, this study explored the
combined effects of microemulsions and hyperthermia on PDAC cells. In vitro cytotoxicity
assays were performed using the KPC murine PDAC cell line to assess the efficacy of micro-
emulsified gemcitabine and free gemcitabine (100 puM) under standard (37°C) and hyperthermic
(42°C) conditions, with each treatment lasting 20 minutes.

As shown in Figure 3.8, the negative control groups at both 37°C and 42°C exhibited similar
levels of cell viability, indicating that hyperthermia alone did not cause significant cell death in
the absence of gemcitabine. This suggests that the mild elevation in temperature was insufficient

to impact cell viability. When treated with free gemcitabine,
Temperature-Dependent Toxicity

the cytotoxicity levels at both 37°C and 42°C were e
* ¥k k
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. - . N Figure 3.8. Cytotoxicity of
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gemcitabine at the same temperature. This pronounced decrease in cell viability at 42°C suggests
a temperature-dependent enhancement of the cytotoxic effects of micro-emulsified gemcitabine.
This study demonstrates the potential to treat PDAC with gemcitabine using an innovative
delivery system consisting of a microwave-sensitive, lipid-surfactant stabilized ionic liquid
microemulsion. 1-Butyl-3-methylimidazolium as the ionic liquid significantly enhanced
gemcitabine solubility, outperforming conventional solvents such as water. Additionally, the
dielectric properties of microemulsion show promising efficient microwave-induced
hyperthermia.

Overall, DPPC, DSPC, and Lyso- PC, with PEG incorporation, improved shelf-life and
preserved functionality during storage and treatment. Notably, hyperthermia significantly
amplified the cytotoxic effect of encapsulated gemcitabine in PDAC cells, particularly at
elevated temperatures, indicating a synergistic effect between localized heating and drug
efficacy.

3.4. Materials and Methods
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC); and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy
(polyethylene glycol)-2000] (ammonium salt; PEG2Kk), and 16:0 Lyso-PC were purchased from
Avanti Polar Lipids, Alabaster, AL. Gemcitabine hydrochloride was purchased from TCI
America, Portland, OR. Dulbecco’s Phosphate Buffered Saline (PBS) was purchased from Sigma
Aldrich, St. Louis, MO. Chloroform-d and deuterium oxide were purchased from
Thermoscientific, Fair Lawn, NJ. Polyoxymethylene sorbitan ester surfactants Tween® 20,
Tween® 80, and sorbitan ester Span® 80 and Span® 20 were bought from Sigma-Aldrich, St.

Louis, MO. Methyl-butyl imidazolium hexafluorophosphate. 1-Butyl-3-methylimidazolium
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hexafluorophosphate,1-Methyl imidazole, and Bromobutane were purchased from Sigma
Aldrich, St. Louis, MO. The KPC cell model was a gift from the Troyer lab.

Software used: Origin2024b, MastreNova 15.0.1, GraphPad Prism 10, ImageJ

3.4.1. 1-Butyl-3-methylimidazolium bromide synthesis

The synthesis of the Br-IL was conducted by adding 70 mL acetonitrile to a three-neck round
bottom flask heated to 70 °C for five minutes, then 5.16 mL bromobutane (6.55 g, 47.8 mmol,
Aldrich) and N-methyl imidazole (3.18 mL, 39.9 mmol, Aldrich) were added to the flask. The
mixture was refluxed at 80 °C for five hours. After the reaction, the mixture was cooled to room
temperature and thin-layer chromatography was used to check the reaction progress. Excess
acetonitrile was removed by rotavapor, and the product was washed three times with ethyl
acetate. Pale-yellow oil was produced with a yield of 75%. *C and *H NMR were carried out
with 400 MHz Avance Neo Bruker NMR. Methyl imidazolium and the ionic liquid product were
dissolved in D20, and Bromobutane was dissolved in CDCls.

3.4.2. Gemcitabine Solubility Studies

Saturated 1-Butyl-3-methylimidazolium bromide, 1-Butyl-3-methylimidazolium
hexafluorophosphate, and deionized water were prepared by adding excess gemcitabine
hydrochloride; the mixtures were stirred at 39 °C for 48 hours. Afterward, the undissolved
gemcitabine was separated by decantation. A calibration curve was prepared by dissolving
gemcitabine in a 2:1 water-methanol solution, and UV absorption was measured using a
NanoDrop 8000 spectrophotomter (ThermoFisher, Waltham, MA) at a wavelength of 272 nm. A

reference solution was prepared by dissolving each ionic liquid at the same concentration as its
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saturated counterpart. Both solutions were diluted until no ionic liquid contribution was detected
at 272 nm.

3.4.2. Dielectric Measurements

A probe connected to an Agilent network analyzer (Agilent Technologies, Inc., Santa Clara, CA)
measures the imaginary part of the complex permittivity (¢”’) and the real part of the complex
permittivity (€). The instrument was calibrated with air and DI water. The frequencies 0.6 GHz
to 6 GHz were used to obtain the €” and ¢’ values. DI water, 0.9% saline, and DMEM were
controls, and pure ionic liquid and microemulsions were set as analytes of interest. The loss of
tangent was calculated by finding the ratio of €” over €’. The results were graphed using
Origin2024 software.

3.4.3. Surfactant and Co-surfactant Screening

Mixtures of Tween 80, Tween 20, Span 80, and Span 20 were screened for their ability to
emulsify 1-Butyl-3-methylimidazolium bromide. Likewise, propylene glycol and ethanol were
screened for their ability to emulsify IPM, DPPC, DSPC, and Lyso PC. Various surfactant
mixtures (SurMix) were then prepared in a 2:1 ratio: Tween 80/Tween 20, Tween 80/Span 20,
Span 80/Tween 20, and Span 80/Span 20. Br-IL was mixed with IPM in a 1:1 ratio, and the
SurMix was added dropwise to the BrIL-IPM mixture while vortexing. The microemulsion
formation was confirmed when the mixture became a single-phase clear solution.

These Surmix and IPM alone were used to make Br-IL microemulsions. In short, Br-IL was
added to IPM at concentrations from 0% to 100% w/w. The SurMix were added until
microemulsion formation was observed (clear mixture), and then they were transferred to water,
size distribution was measured by ZetaSizer Nano ZSP (Malvern Panalytical, Westborough,

MA).
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A phospholipid-containing solution was prepared. In short, 2.4 mL DPPC in chloroform (20
mg/mL), 2.4 mL DSPC in chloroform (20 mg/mL), and 200 pL Lyso-lipid in chloroform (20
mg/mL) were mixed. The chloroform was evaporated using a rotavapor, followed by filtered air
flushing cycles. 0.833 mL ethanol was added to the dried lipid film, followed by 4.167 mL IPM.
This mixture was referred to as IPM(PL) and was characterized by gelatinous consistency at RT.
PEG was added to the phospholipid mixture to improve microemulsion stability, 0.905 mL
DPPC in chloroform (20 mg/mL), 0.905 mL DSPC in chloroform (20 mg/mL), 0.094 mL Lyso-
lipid in chloroform (20 mg/mL), and .094 mL PEG chloroform (20 mg/mL) were mixed. The
chloroform was evaporated using a rotavapor followed by filtered air flushing cycles. To this
dried lipid film, 0.333 mL ethanol was added, followed by 1.667 mL IPM, to make the mixture
designated IPM (PEG/PL) in this report.

IPM, IPM(PL), and IPM(PEG/PL) were used as co-surfactants. The ionic liquid was added to the
IPM mixture in 10% increments, ranging from 0 to 100%. Subsequently, Tween 80/Tween 20,
mixture was added dropwise until a single-phase clear solution was achieved, indicating the
formation of a microemulsion. The mass of the surfactant mixture required to reach this point
was recorded, after which an excess amount of the surfactant mixture was added.

3.4.4. Morphology Analysis

Using nano-tracking analysis, microemulsion size was measured on a NanoSight LM10 with a
405 nm laser module (Malvern Panalytical, Westborough, MA). Microemulsion zeta potential
was calculated using the ZetaSizer Nano ZSP (Malvern Panalytical, Westborough, MA) for
dynamic light scattering. The University of Kansas MAI conducted TEM in a Hitachi

Transmission Electron Microscope (Model H-8100). In short, a 10 uL sample was added to a
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grid and stained with a 2% uranyl acetate solution. ImageJ software analyzed the ME size
distribution data from the TEM images.

To obtain a deeper insight into the morphology of microemulsions, 5(6) carboxyfluorescein was
dissolved in Br-1L in a 10% w/w ratio. Then, a microemulsion was created to see if the CF was
retained during water transfer.

3.4.5. Cytotoxicity Studies

KPC cells were cultured in T25 flasks in Dulbecco's Modified Eagle medium (DMEM)
supplemented with 10% Fetal bovine serum (FBS); they were incubated under standard
conditions (humidified 5% COz2 incubator at 37°C). The cell culture was allowed to reach 90%
confluency before being seeded into 96-well plates for experimental procedures. KPC cells were
seeded at a density of 20,000 cells per cm?. The experiment included three groups: negative
control (no treatment), positive control (unencapsulated gemcitabine), and experimental
(encapsulated gemcitabine). The free gemcitabine and micro emulsified-gemcitabine (both at
100 pM gemcitabine) were added to 10% FBS-DMEM media for treatment. For MHT treatment,
a two-water-bath system was employed, and temperature changes were monitored using T-
thermocouples placed in a 96-well plate, as previously described. '8 The plated cells were first
placed in a 55°C water bath to rapidly raise the temperature to the target set point. Once the
desired temperature was reached, the plates were moved to a second water bath set to either 37°C
or 41°C for temperature maintenance for 20 minutes. After treatment, the media in each well was
aspirated and replaced with 100 uL per well of fresh DMEM containing 10% FBS, and the plates
were returned to the incubator. After 24 hours, an MTT assay was done to assess cytotoxicity.
For the MTT assay, the medium was aspirated and replaced with 100 uL of MTT reagent (0.5

mg/mL), incubated for 7 hours. 125 pL of an SDS-based solubilization agent was added to

61



dissolve the resultant formazan crystals, followed by five additional hours of incubation in the
incubator. Absorbance was measured at 570 nm, with a reference at 650 nm, using a BioTek
SynergyTM H1 hybrid multi-mode microplate reader (Agilent Technologies, Inc., Santa Clara,
CA).

Results are presented as mean + SD, with multiple replicates being run in parallel. Statistical
comparisons were performed using one-way and two-way ANOVA in GraphPad Prism 10. The

P-value style chosen was GP.
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Chapter 4 - Summary and Future Outlook

Lipid-based nanoparticles present exciting opportunities due to their colloidal stability,
biocompatibility, scalability, ability to encapsulate hydrophobic and hydrophilic drugs, and
potential for chemical modifications to enhance targeting. This dissertation focuses on two heat-
responsive drug delivery systems, liposomes and microemulsions, designed to overcome the
physical and biological barriers in PDAC treatment and improve drug delivery. The primary goal
was to address two key challenges: (1) preventing premature gemcitabine release at storage and
physiological temperatures and (2) triggering release through heat. Thermosensitive liposomes
(TSLs) were engineered with optimized phospholipid compositions, achieving stability at 37°C
and rapid release at 42°C (Chapter 2). Although these TSLs showed promising in vitro results,
gemcitabine loading and microwave sensitivity challenges persisted. An ionic liquid-based
microemulsion was developed (Chapter 3), combining transdermal delivery principles with
phospholipid stabilization to enhance biocompatibility and heat responsiveness. Both systems
demonstrated colloidal stability at 37°C and triggered release at 42°C.

Through these projects, we identified the phospholipid mixtures that provided the most
stable liposome formulations at room temperature, improving formulation reliability. Monitoring
liposome pH changes allowed us to uncover mechanisms contributing to gemcitabine
degradation, offering valuable insights into drug stability and release dynamics. A two-step
hyperthermia induction process, using a ramp-up followed by a maintenance water bath,
improved thermal precision and better simulating clinical treatment conditions. Additionally, the
scalability of the manufacturing process opens new possibilities for broader applications in drug
delivery and commercial production. In the microemulsion project, we demonstrated the ionic

liquid’s ability to dissolve gemcitabine and characterized its dielectric properties, confirming its
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ability to generate heat under microwave exposure. Phospholipids were successfully
incorporated into the microemulsion membrane, while the ionic liquid remained localized at the
core, validating the system’s heat sensitivity and potential for temperature-responsive drug
release.

Both projects also faced limitations. In the liposome system, low gemcitabine
encapsulation efficiency due to pH sensitivity impacted cost-effectiveness, and passive cellular
uptake made it difficult to distinguish heat-triggered release from diffusion. Furthermore, the
system’s reliance on water heating, with limited NaCl content due to isotonic constraints,
reduced its heat transmission capacity. Future efforts will explore using glycosylated lipids for
membrane stabilization and gemcitabine derivatives with higher pKa values to improve
encapsulation. In the microemulsion project, gemcitabine leakage during water transfer and
excess surfactant destabilized colloidal suspensions, while centrifugation and chromatography
limited production scalability. Future work will involve testing phospholipids of varying chain
lengths to protect the ionic liquid core better, using gemcitabine derivatives to enhance retention,
and studying the direct effects of microwaves on microemulsions. Optimizing solvent systems to
separate surfactants from ionic liquids will also improve formulation efficiency.

Both systems would benefit from in vivo studies using animal models to compare the
concentration of gemcitabine delivered to tumor sites. Studies include three animal groups with
BXPC3 tumor xenograft: a negative control group (no treatment), a positive control group
(treated with free gemcitabine), and an experimental group, treated with (liposomal or
microemulsion gemcitabine formulation. For TSL all three groups would receive hyperthermia
treatment using a dermic thermocouple in the tumor area. Then the liver function, tumor size,

and gemcitabine metabolites are compared. These tests will allow us to demonstrate the targeting
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capabilities of TLS by showing tumor size reduction while liver function is maintained. For the
microemulsions, a microwave antenna will be used for hyperthermia induction, here, four groups
are treated, the positive and negative control, the treatment groups are a TSL and microemulsion
gemcitabine. This set up allows us to compare the sensitivity of microemulsion to microwaves
and compare it to TSL. Additionally, future research could explore combinations of gemcitabine
with other chemotherapy agents or derivatives with slight modifications in lipophilicity to
enhance retention, making these approaches more cost-effective. While scalable manufacturing
has been demonstrated, addressing gemcitabine loss during formulation will be critical for
clinical translation. This work offers important insights into the design and performance of lipid-
based drug delivery systems, highlighting their potential to synergize with hyperthermia while

paving the way for future innovations in drug delivery technology.
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Appendix A - NMR Analysis

Appendix Figure A. *H of 1-Methyl-imidazole
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Appendix Figure A.3 'H of Bromobutane
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Appendix Figure A.6 *C of 1-Methyl-imidazole
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Appendix Figure A.5 13C of 1-Butyl-3-Methylimidazolium Bromide
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Appendix B - List of Abbreviations

Pancreatic Ductal Adenocarcinoma PDAC
2',2'-Difluorodeoxycytidine dFdC
Difluoro-Uridine Derivative dFdU
Polyethylene Glycol PEG
Thermosensitive Liposomes TSL
Fetal Bovine Serum FBS
Dulbecco’s Modified Eagle Medium DMEM
Lipophilic Hydrophilic Balance HLB
1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine DPPC
1,2-Distearoyl-sn-Glycero-3-Phosphocholine DSPC
1,2-Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine-N-[Methoxy (Polyethylene Glycol)-2000] PEG2k
Mild Hyperthermia MHT
Intravenous v
Isopropyl Myristate IPM
Water-in-Oil wW/O
Ionic Liquid IL
Oil-in-Water o/w
Deionized D)
Microemulsion ME
Nano Tracking Analysis NTA
Transmission Electron Microscopy TEM
Phospholipid PL
1-Butyl-3-Methylimidazolium Bromide Br-1L
1-Butyl-3-Methylimidazolium Hexafluorophosphate F6P-1L
Nanotechnology Innovation Center of Kansas State NICKS
Carboxyfluorescein CF
Phosphate Buffered Saline PBS
Roswell Park Memorial Institute Medium RPMI
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT
Thermosensitive Liposomes TSLs
Hydrodynamic Size HS
Polydispersity Index PDI
Encapsulation Efficiency EE
Dimethyl Sulfoxide DMSO
Enhanced Permeation and Retention EPR
Triton™ X-100 TX-100
Molecular Weight Cut-Off MWCO
Thermocouple Data Logger TCO8
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