Impact of Tumor Microenvironment on Intratumor Distribution of Liposomes in
Prostate Cancer

by

Ahmed Saad A. Alnaim

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
August 6, 2022

Keywords: Nanoparticles, Liposomes, Prostate Cancer, Tumor Microenvironment,
Cancer-Associated Fibroblasts, Spheroids, Co-culture.

Copyright 2022 by Ahmed Saad A. Alnaim

Approved by

Robert D. Arnold, Chair, Professor of Drug Discovery and Development
Jayachandra Babu Ramapuram, Professor of Drug Discovery and Development
Peter Panizzi, Professor of Drug Discovery and Development
Amit Kumar Mitra, Assistant Professor of Drug Discovery and Development
Allan David, Associate Professor of Chemical Engineering


Ahmed


Abstract

Extensive developments in nanocarrier formulations and their applications in
cancer therapy have occurred in the last few decades. This improvement brought many
FDA-approved liposome nanoparticles (LNPs) and other nanoparticle formulations.
However, it has been established in many clinical studies that the efficacy of these LNPs
has not met the expectations. This unsatisfactory outcome results from the poor
correlation between existing in vitro 2D monolayer culture and that of preclinical and
clinical “human” in vivo models. Solid tumors are made up of cancer cells with various
stromal cells and factors that represent the tumor microenvironment (TME). The presence
of fibroblasts, macrophages, and other stromal cells contributes to the poor distribution
and efficacy of LNPs. Therefore, existing 2D models fail to recapitulate the architecture
and complexity of tumor pathology and do not capture the challenges associated with the
distribution and deposition of nanoparticles and their payloads. Our study uses metastatic
castration-resistant prostate cancer (mCRPC) cells (PC3) that show neuroendocrine
differentiation, which is associated with poor prognosis and survival. Accordingly, our
goal was to develop a 3D multicellular platform that permits the examination of the
impact of the TME on the performance of nanomedicines.

Furthermore, we hypothesize that stromal cells can alter the barrier properties
within the TME and the distribution or uptake of LNPs, specifically cancer-associated
fibroblasts (CAFs). To achieve that, we established a 3D model of prostate cancer with
CAFs that allows visualization of drug distribution and uses flow cytometry to measure
drug uptake. To examine the impact of TME, we developed model conventional and

stealth liposomes similar to clinically approved formulations and stably entrap propidium
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iodide over 72 hours under physiological conditions (37 °C with serum). Moreover, we
have demonstrated that free propidium iodide can be taken up by live cells with
prolonged exposure (>6 hours). In addition, we have determined the effect of CAFs on
distribution and uptake between conventional and PEGylated liposomes in our 3D co-
culture model using flow cytometry. We also acquired scanning fluorescence confocal
microscopy images to confirm our findings in flow results and gain insights into the
spatial distribution throughout different 3D co-cultures. We are using RNA-seq and
immunoblotting to determine the effect of stromal cells, such as fibroblasts, on gene
expression and protein changes in 3D spheroids. Preliminary data suggest that the
inclusion of CAF results in genes associated with the malignant phenotype. In
conclusion, insights into the interplay between LNPs and solid tumors and their
microenvironment can be exploited to optimize and individualize the treatment of

aggressive primary cancers and metastatic disease.
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CHAPTER 1

INTRODUCTION



1.1. Introduction

Prostate cancer (PCa) is the second leading cause of cancer morbidity and mortality in
the U.S.!. The prostate gland is a walnut-sized organ that surrounds the urethra and sits
below the bladder. The prostate gland is a male reproductive system responsible for
producing seminal fluid (Figure 1.1)%3. Benign prostatic hyperplasia (BPH) is an
enlarged prostate gland, and it is common in men over the age of 40. BPH is not
cancerous, but it shows similar symptoms associated with PCa. PCa is often diagnosed by
prostate-specific antigen (PSA) blood test by using prostate biopsy or CT scan.
Inflammation of the prostate gland (prostatitis) is another condition that is not cancerous
but may increase the levels of PSA in the blood. A condition where cells of the prostate
gland look abnormal is called prostatic intraepithelial neoplasia (PIN). The PIN is one of
the symptoms that may indicate PCa®.

There are different types of prostate adenocarcinoma, such as acinar adenocarcinoma,
where the cells line the prostate’s fluid-secreting glands. The acinar adenocarcinoma
starts growing in the periphery of the prostate and may be felt during a digital rectal
exam. This type of cancer increases the levels of the PSA. Another prostate
adenocarcinoma type is prostatic ductal adenocarcinoma (PDA), and this type is rare but
more aggressive than the acinar type. PDA is developed in the cells lining prostate gland
tubes and ducts, and it does not necessarily increase the levels of the PSA. One of the
aggressive types is the neuroendocrine tumor, which does not produce PSA. It develops
in the nerve and gland cells that produce and release hormones into the bloodstream?.

Prostate cancer’s growth is initially hormone-dependent and uses the body’s

androgens. Physiologically, androgen receptors (AR) play a crucial role in maintaining



normal prostate development and homeostasis®. However, in advanced stages, PCa can
survive and develop without needing the body’s androgens, castrate-resistant. At that
stage, developing metastatic castration-resistant PCa (mCRPC) is observed in ~15% of
patients with a poor prognosis with an anticipated mortality rate of 19.5%’. Tumor
metastasis creates a secondary tumor in a different region from the primary tumor, and a
new tumor microenvironment (TME) is developed with various factors. These factors
include immune cells, cancer-associated fibroblasts (CAFs), extracellular matrix (ECM),
and many others, that contribute to the development of tumor growth, resistance, and
spread®. Consequently, there are many gaps in our current understanding of how the TME
affects tumor chemotherapy response.

Treatment strategies for non-metastatic (nm) localized and regional tumors include
active surveillance, also called watchful waiting’. Patients with nmPC can also be treated
with surgical resection (radical prostatectomy), sterilizing radiation, and first-line
androgen deprivation therapy (ADT), such as abiraterone with prednisone with almost a
>99% good prognosis'®. Metastatic (m) tumors that are castration-sensitive (mCSPC) can
be treated with ADT or ADT and chemotherapy. Conventional chemotherapy using
anticancer agents such as docetaxel (DTX) or cabazitaxel (CBZ) is effective in treating
PCa!l. However, despite the effectiveness of the therapeutic intervention, it is anticipated
that ~15% of nmCSPC and mCSPC will develop castration-resistance (CR) and
mCRPC’; then, 2" generation androgen receptor (AR) blocking hormone therapy is used
(e.g., enzalutamide). However, treatment of castration-resistant and metastatic diseases
with 2" generation hormones and chemotherapies eventually leads to drug resistance and

death. At the advanced stage, existing treatment options slightly increase survival (<1



year)!?,

Treatment failure using conventional chemotherapy is primarily associated with high
toxicity, drug resistance, or other pharmacological reasons!2. In contrast, nanoparticles
(NPs) are desired to provide a better delivery system for anticancer drugs.
Nanotechnology is largely attributed to providing advantages in therapeutic applications
such as drug delivery, vaccine development, imaging, and diagnosis. In this review, we
will focus on how NPs contribute to drug delivery in solid tumors. For example, NPs can
improve the efficacy and/or reduce the toxicity of the anticancer agent by improving its
therapeutic index. Simon T. Barry, et. al., showed that Accurin polymeric NPs that
encapsulated an Aurora B kinase inhibitor increased the therapeutic index in-vivo for up
to 96 h after a single dose, which resulted lower toxicity and increased efficacy at half the
dose intensity of the Aurora B kinase inhibitor!3. NPs can also provide targeted delivery
of anticancer drugs in tissue. MM-302 is a HER2-targeted antibody-liposome that
encapsulates doxorubicin, and it is used concomitantly with trastuzumab or trastuzumab
with cyclophosphamide to treat patients with advanced HER2-positive metastatic breast
cancers. This regimen shows promising efficacy and is in phase II of clinical trials!*!>.

Moreover, NPs can enhance stability, circulation half-life, and tumor accumulation of
anticancer agents. Doxil® is a good example, a ‘stealth liposome’ that encapsulates and
precipitates doxorubicin, providing high stability of the doxorubicin and a circulation
half-life of approximately two days!'S. Additionally, NPs can deliver gene therapy. For
example, Atu027 is a liposome conjugated with short interfering RNAs (siRNAs)

targeting endothelia-specifically expressed genes. This formulation is in phase II of



clinical trials and shows significant prolongation of survival in patients with pancreatic
adenocarcinoma!’-!?,

It has been described that when NPs circulate for a long time, it allows these particles
to accumulate passively in the tumor due to permeable tumor vasculature and lack of
efficient lymphatic drainage. This phenomenon is called the enhanced permeability and
retention (EPR) effect?®. However, studies showed that deposition of NPs in the tumor
was limited when they were administered intravenously?!. Even with all their advantages,
the clinical benefit from NPs has not been observed widely in the clinic??. One of the
challenges in optimizing NPs for human clinical use is the lack of clinically relevant
models. Specifically, in vitro and small in vivo human cancer models do not effectively
recapitulate physiological and pharmacological barriers®.

In this dissertation, we sought to overcome the limitations associated with
conventional 2D cell culture systems. Most in-vitro dose-response or chemo activity
studies are conducted in 2D monolayer cell culture of a single cell type and lack
architectural and physiological barriers as in 3D cell culture?*. For example, cell shape
is more natural in 3D cell culture than flat and elongated shape observed in 2D cell
culture systems, and the 3D cell culture contains multiple layers compared to the 2D cell
culture that grow as a monolayer on culture plates®®. Moreover, gradient exposure to
drugs, nutrients, and oxygen in 3D cell culture, whereas 2D cell culture exposure is
uniform?®. 3D cell culture provides other advantages, such as providing well cell
differentiation because of the high cell junctions that allow cell-to-cell communication
through exchange ions, small molecules, and electrical currents, whereas 2D cell culture

has fewer cell junctions?’. Gene and protein expression are also different between 2D and



3D cell cultures. 3D cell cultures have gene and protein levels more similar to those
found in cells in-vivo®3. 3D cell culture, such as spheroids, has an added advantage in that
they can be easily manipulated and have either a simple or complex system such as
incorporating multiple cell types, called the co-culture model®.

A 3D cell culture is a representative tumor model that can better mimic more of the in-
vivo characteristics of the tumor and tumor microenvironment (TME) and provides the
ability to manipulate the tumor composition. We hypothesized that this system would be
better at determining the impact of different factors on NPs, their distribution, drug
release, or their uptake. Therefore, studying each TME factor and establishing their
influence on NPs and payload is essential to optimizing and individualizing the treatment
of aggressive primary cancers and metastatic diseases. In this chapter, we focus on the

need to develop 3D co-culture models that can be used to establish and identify how

TME factors affect NPs uptake and distribution in mCRPC.

1.2. Prostate Cancer (PCa)

Prostate cancer (PCa) is the 2" leading cause of non-cutaneous cancer deaths among
men in the U.S.!3%, Although in the early stages of PCa, where it is localized, there is a
curative therapy, advanced stages, where it is metastasized, consider life-threatening
disease®!. Metastatic spread in PCa is different than other tumors, particularly when it
becomes hormone-independent or castrate-resistant. Androgen receptors (ARs) are
usually the main target when treating metastatic PCa clinically. Since PCa cells are like
normal prostate cells that develop and survive depending on AR signaling; therefore, AR

sensitivity is a significant factor for therapeutic outcomes*?. However, ~15% of the
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patients who receive ADT will develop castration-resistance (CR), which means PCa
cells can still grow and survive even when hormone levels are low. Patients who develop
metastatic castration-resistant PCa (mCRPC) have a poorer prognosis with an estimated
mortality rate of 19.5%?3.

Moreover, <2% of PCa are de novo neuroendocrine prostate cancers (NEPC);
however, 25% of mCRPC exhibit neuroendocrine differentiation (NED)**. There are
many different cell lines for PCa (Table 1.1). PC-3 is a mCRPC cell line derived from
bone metastasis, and it is one of the aggressive cell lines that neither responds to hormone
therapy, nor expresses androgen receptors (AR-)*>. PC-3 cell line also shows NED, which
is associated with poor prognosis and survival**. Therefore, PC-3 is a good candidate for
building a 3D model and identifying how TME factors affect NPs uptake and distribution
in an aggressive mCRPC. Further description of TME and NPs in PCa will be described

in this review.

1.3. Tumor Microenvironment (TME)

Solid tumors consist of parenchyma (cancer cells) and various stromal cells that
contribute to tumor growth, resistance, and metastases. Stromal cells, such as fibroblasts,
endothelial, immune cells, and other cells, play an essential role in affecting treatment
efficacy and outcome?®. Additionally, the presence of different stromal cells has been
shown to contribute to the poor distribution and efficacy of NPs?’-*®. However, most
studies focus on determining drug potency and infrequently consider how the TME
factors affect the drug distribution®*~*!. Therefore, further investigations are needed to

identify their impact on NPs uptake and distribution.



1.3.A. Cancer-Associated Fibroblasts (CAFs)

Normal fibroblasts work as producers of connective tissue such as extracellular matrix
(ECM)*. Following tissue damage, normal fibroblast can be activated and produce a
variety of tissue repair factors*’. Fibroblasts participate in crosstalk with adjacent
epithelial stem cells in normal homeostasis following injury to influence their behavior®.
Following fibroblasts' participation in tissue damage by secreting ECM, fibronectin, and
transforming growth factor-, fibroblasts transition into myofibroblasts (MFBs), which
are highly contractile and induce contraction of the damaged tissue to facilitate wound
closure. After that, they undergo apoptosis*’. Two major proteins secreted by normal and
CAFs are vascular endothelial growth factor (VEGF) and matrix metalloproteinases
(MMPs). These proteins function in the continuous production and remodeling of ECM.
However, one of the distinctions between normal and CAFs is that CAFs are perpetually
activated and do not undergo apoptosis*®. Therefore, as CAFs do not undergo apoptosis,
they continuously produce these proteins and support tumor invasion and progression 7;

1’48, CAFs consider the most

and for this reason, they call tumors ‘wounds that do not hea
effective stromal cells within TME at ECM depositing and remodeling*’, and there are
many gene expression changes and involvement in this process (Figure 1.2).

Many studies have demonstrated that CAFs originated from local fibroblasts that have
been experienced with tumor>°, and this process is called “stromagenesis™!. However,
the primary origin of these fibroblasts can be different, such as bone marrow-derived

mesenchymal stem cells or adipocytes. Studies identified distinct subtypes of CAFs

depending on their marker protein expression®2. Accordingly, this makes CAFs difficult



to define®®. Nevertheless, CAFs do not express makers associated with epithelial,
endothelial, and leukocyte cells; and have a different elongated morphology?*. Table.1.2.
shows some marker changes associated with normal and cancer-associated fibroblasts in
PCa.

Several studies determined that CAFs play a significant role in affecting
chemotherapy outcomes. Chen, et. al., demonstrated that CAFs in liver cancer deter intra-
tumoral drug delivery>. Qin He, et. al., also showed that liposomes got higher uptake in a
pancreatic tumor by targeting autophagy inhibitor hydroxychloroquine, which is
responsible for activating CAFs mediated collagen generation and promotes dense stroma
formation (Figure 1.3)°%. However, CAFs are complex and widely known for their highly
heterogeneous nature. Many factors affect the role of CAFs, including the stage of
cancer’’. Therefore, more exploration is vital to determine the CAFs' effect on LNPs

distribution and uptake in mCRPC.

1.3.B. Endothelial cells (ECs)

In normal condition, endothelial cells (ECs) create a vasculature layer that controls
and maintain nutrient, blood flow, and leukocyte. In tumor conditions, endothelial
dysfunction results from chronic growth factor stimulation and hypoxia; consequently,
tumor blood vessels are irregularly shaped and leaky, and blood flow is abnormal®®.
Studies have demonstrated that these abnormalities cause increased tumor growth and
metastasis®®. Therefore, understanding the role of ECs in cancer is critical to facilitating
the design and development of effective therapies. Shouheng Sun, et. al., formed a 3D

co-culture spheroids of ECs-glioblastoma to investigate iron oxide NPs encapsulating



tumstatin peptides that target tumor vasculatures. Interestingly, the ECs coated the co-
culture spheroids' outer layer, mimicking the in-vivo environment with leaky vasculature.
They also showed that NPs targeted the ECs in the co-culture system, which proves the
targeting ability of the NPs®’.

Another aspect of ECs in cancer is identifying the uptake difference between free and
encapsulated drugs when ECs are co-culture with cancer cells. Agarwal, et. al., designed
a co-culture model of vascularized tumor of MCF-7 cells (human mammary cancer cells)
with ECs and adipose-derived stem cells. They aimed to evaluate the effect of
vascularization on the cancer resistance between free and NP-encapsulated doxorubicin,
and the doxorubicin-encapsulated NPs showed a significant drop in the cancer cells IC-50
compared to the free doxorubicin®!. The scientific output associated with TME is limited,
indicating that the need for more knowledge about their influence is still highly

challenging.

1.3.C. Immune cells

Solid and metastatic tumors are neoplastic cells, ECM, and other stromal cells,
including infiltrated inflammatory immune cells. Cancer-associated inflammation
resulting from stromal cells interactions with cancer cells promotes tumor development,
genomic instability, and improved cancer cell survival. Therefore, chronic inflammation
has been determined as a critical hallmark of cancer®?. For example, 90 - 100% of all
cervical cancers are caused by human papillomaviruses that cause chronic
inflammation®®. Many vital immune cells in cancer include tumor-associated

macrophages (TAMs), natural killer cells, dendritic cells, effector and regulatory T cells,
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and myeloid-derived suppressor cells. TAMs are one of the significant factors in TME
that are initially differentiated from monocytes®®. Macrophages are heterogeneous cell
populations categorized into two subtypes: M1 (usually activated macrophages) and M2
(alternatively activated macrophages)®. M1 macrophages are considered
antitumorigenic, and they produce proinflammatory cytokines such as interferon y (IFN-
v) and interleukin-12 (IL-12), as well as chemokines such as C-X-C motif chemokine
ligands 9 (CXCL9), which they function as killing tumor cells®®. While, M2 macrophages
are considered pro-tumor macrophages, and they produce cytokines, (e.g., IL-6 and IL-
10), chemokines, (e.g., CXCLS), growth factors (e.g., VEGF), and signaling mediators,
(e.g., cyclooxygenase type 2; COX-2), which function as immunosuppressive agents and
promote tumorgensis and metastasis®’.

TAMSs' presence in the cancer tissue is mainly linked with poor prognosis®®. Different
strategies have been applied to tackle TAMs, such as recruitment inhibition of TAMs to
the tumor, reprogramming M2 and converting into M1 macrophages, M2 macrophage
depletion, and CD47-signal-regulatory protein alpha pathway blocking®-"!. Bruno
Sarmento, et. al., demonstrated a 3D multicellular model using a colorectal cancer cell
line with human intestinal fibroblasts and monocytes differentiated into M2
macrophages. This project used NPs loaded with chemotherapeutic Nutlin-3a and
granulocyte-macrophage colony-stimulating factor (GM-CSF). GM-CSF converts M2
into M1 macrophages, which are known as antitumor phenotype’?. Insights into the
interaction between TME factors and tumor cells broaden the field rationale and allow

higher intelligence to tackle these barriers.
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1.3.D. Extracellular matrix (ECM)

One of the significant factors in PCa TME is the extracellular matrix (ECM). It
comprises distinct components, including collagenous and non-collagenous proteins such
as fibronectins, osteonectins, vitronectins, bone sialoproteins, and other proteins’. It has
been proven that ECM plays an essential role in metastatic progression by forming a
breach to the barrier’*. Cancer cells produce multiple proteases and degrading proteins to
facilitate invasion and metastasis’>. Cancer cells experience molecular changes that
regulate their morphology and functionality, epithelial-mesenchymal transition (EMT).
EMT allows the degradation of the intracellular relationship, ECM breakdown, and loss
of adhesive connection by matrix metalloproteinases (MMPs) activity’s7’. MMPs are
zinc-dependent peptidases with a broad affinity to ECM that are responsible for the
degradation of ECMs and promote tumor growth and spread’®. In the delivery system, Ian
F. Tannock, et. al., showed lower drug penetration in a reduced volume of ECM”. On the
other hand, other studies showed that a higher volume of ECM glycoproteins causes high
interstitial fluid pressure, preventing drug penetration into the tumor®®®#!, Therefore,
understanding the complex role of ECM in TME would widen the knowledge to provide

the optimum treatment efficacy.

1.4. Nanoparticles (NPs)

In the last decades, there has been a substantial development in nanotechnology that
led to the development of different NP types with various investigational and clinical
applications. Their size range from 1 to 500 nm, and this wide range is a consequence of

their variety of applications®?. Therefore, NPs can show different properties depending on
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their size and surface modifications®*. The main advantage of nanotechnology is its small
size and large surface area®®. As a drug delivery system, NPs emerged in the
pharmaceutical applications for diagnostic and therapeutic directions. Many examples
include liposomes, solid NPs, nanoemulsions, and polymeric NPs. These pharmaceutical
NPs have different physical and chemical properties, drug loading efficiency, drug
release rate, pharmacokinetics, and toxicity.

Improvement in the application of liposome nanoparticles (LNPs) and other
nanocarriers for cancer therapy has occurred over the last few decades. This advancement
brought many FDA-approved LNPs such as Doxil®, Myocet®, DaunoXome®, Onivyde®,
and many other NPs formulations. In addition to the multiple FDA-approved liposome
formulations, LNPs are clinically relevant, and they have the flexibility to manipulate and
make composite systems which is a promising future®>-*8, Being one of the oldest NPs*
and providing an abundance of promising future, liposomes are a suitable model system
to determine the interplay between LNPs and solid tumors and their microenvironment to
optimize and individualize treatment of aggressive primary cancers and metastatic
diseases such as mCRPC.

Liposomes are vesicular lipid carriers composed of a phospholipid bilayer that can
encapsulate hydrophilic (aqueous core) and lipophilic (lipid bilayer) therapeutic or
diagnostic agents. Liposomes typically include different lipids, cholesterol, and
hydrophilic polymers such as polyethylene glycol (PEG). Until now, liposomes have
been the most successful delivery system due to the ability to manipulate their contents.
Not only that but also their preparation methods depend on many factors such as the

liposome content, the materials’ physicochemical properties, encapsulation efficiency,
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release rate, desired volume, stability, and shelf-life”*. Generally, preparation methods
start by evaporating the organic solvent to acquire the lipids; after that, aqueous media is
added to get lipid dispersion. Finally, the purification of the final product®!.

There are many methods for preparing liposomes, such as hydration of a thin lipid
)2

film methods (Bangham method)®?, reverse-phase evaporation method”, ethanol

9598 The Bangham method is one of the

injection methods®, and many other ones
simplest methods for liposome formation. It involves producing lipid solution (the lipid
dissolved in an organic solvent), followed by the organic solvent removal to form a lipid
film, usually using a rotary evaporator under pressure. Aqueous media, then dispersed
over the lipid film along with agitation to detach the lipids and form the liposome
vesicles®®. The reverse-phase evaporation method is referred to as inverted micelles. It
involves creating water drops that are surrounded by lipid solutions. The technique is
carried out by adding a small amount of the aqueous media followed by sonication to
form inverted micelles. A rotary evaporator is then used to remove the organic solvent
and produce a viscous gel. Finally, more aqueous media is added, and liposome vesicles
will form®. The ethanol injection method involved using a fine needle to inject lipid that
has been dissolved in ethanol into an aqueous media to form liposome vesicles. This
method is simple; however, some lipids have limited solubility in ethanol, which is
inadequate to produce heterogenous liposomes®.

One of the recent methods that received considerable attention is microfluidic devices.
In general, microfluidic devices can produce small liposomes by mixing the lipids

dissolved in an organic solvent and an aqueous solution under a specific flow rate ratio of

the aqueous phase to the organic solvent phase!'®’. This method has no extrusion through
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polycarbonate membranes, sonication, or repetitive freeze and thaw steps; however, flow

101,102 In

condition and diffusive mass transfer control the size and unilamellar vesicles
2021, the FDA approved BNT16b2 and mRNA-1273 produced by Pfizer-BioNTech and
Moderna to prevent severe cases of COVID-19 worldwide. All these vaccines were
produced using the microfluidic devices!'®.

There are various liposome classifications; however, the broadest classification is
conventional, PEGylated, and targeted liposomes. Conventional LNPs represent the first
generation which consists of the lipid bilayer and cholesterol such as Myocet®. Myocet is
a liposome formulation encapsulating doxorubicin, and it has shown better antitumor
efficacy in some clinical trials than the free form of doxorubicin. However, it presented
moderate cardiac toxicity!**!1%°, On the other hand, Doxil® showed significantly reduced
cardiotoxicity!%. PEGylated LNPs are adding hydrophilic polymer polyethylene glycol
(PEG), which serves as a coating over the surface of the liposomes such as Doxil®. PEG
coat provides more advantages such as higher stability and longer circulation half-life.
These advantages are acquired by adding cholesterol and using saturated high-phase

transition lipids. These stable formulations have been called Stealth™

or sterically
stabilized liposomes (SSLs)!?’. Payaningal R. Somanath et al. showed an effective
decrease in the growth of human prostate cells in-vitro and tumor (PC-3) xenograft in-
vivo without toxicity when they used SSLs that encapsulated the p21 activated kinase
inhibitor IPA-31%, Robert D. Arnold, et. al., investigated the effect of repetitive dosing
of i.v. injections in an orthotopic 9L rat brain tumor model of SSL-doxorubicin on plasma

pharmacokinetics and drug distribution, and they found that SSL-doxorubicin increased

deposition in tumor compared to free doxorubicin'?®. Targeted LNPs are designed to
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offer higher potential for site-specific delivery by conjugating ligands such as antibodies
and proteins expressed at the site of disease®®. However, there have been no targeted
LNPs approved by the FDA until this day. There is limited in-vivo performance, and they
cannot achieve their potential as targeted delivery carriers due to the poor knowledge
about their pharmacokinetics and immunogenicity®®. One of the actively targeted
liposomes is MM-302, a doxorubicin-loaded immunoliposome (antibody conjugated
liposomes are called immunoliposomes). MM-302 is being tested in Phase I clinical
trials, and it is targeting human epithermal growth factor receptor-2 (HER-2)''%, The
application of liposomes as a drug delivery system has been applied in cancer therapy and
still promising to overcome the undesired effects and toxicities caused by conventional
chemotherapy.

Conventional cytotoxic chemotherapy, the administration of a free drug in an inactive
vehicle, has commonly accompanied with undesired effects and toxicity because of its
low specificity and high potency. Therefore, NPs are developed to overcome these
problems by reducing the undesired effects and toxicity and providing higher efficacy
outcomes. C. Tendler, et. al., reported that Doxil® reduced doxorubicin-mediated
cardiotoxicity; this is believed to be a result of doxorubicin’s stable entrapment and

limited distribution in cardiac tissue!!!

. LNPs can stably entrap therapeutic agents and
provide long circulation time in the bloodstream. Long circulation time can cause the
particles to extravasate in the leaky vasculature and accumulate into tumor vasculature.
This process follows a specific phenomenon called the enhanced permeability and

retention (EPR) effect'!2. However, it has been established in many clinical studies that

the EPR effect in humans does not appear to be as robust as in small animal xenograft
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104 LIS Deposition of LNPs administered intravenously at the

and orthotopic models
primary tumor is limited and depends on the tumor location and how it is vascularized!!“.
This poor deposition of LNPs results from using inappropriate models that cannot
provide appropriate explanations.

Additionally, as solids tumors composed of different stromal cells that contribute to
tumor development, growth, and metastases, they play an essential role in preventing NPs
from delivering their payload to cancer cells!'®. Identifying NPs uptake and efficacy
within 2D monolayer models has not been predictive of in-vivo response in animal
models of human cancer and the translation to human clinical studies. Therefore, existing
models fail to provide a platform to examine the mechanisms associated with the
distribution, release, and uptake kinetics of NPs and their payloads. To address these

issues, there has been increased research and development of 3D spheroid models that

better represent the complexity of solid tumors.

1.5. 3D Spheroids Model

Solid tumors are composed of cancer cells and immersed in a complex of different
stromal cells and factors that create a unique TME. Using a 2D cell culture model is
incapable of achieving in-vivo structural and organization connectivity, which limits
mimicking many critical properties in cells' behavior, such as their morphology,
differentiation, proliferation, and gene and protein expression!!>. One of the significant
limitations of the 2D cell culture model is the rapid confluence of the cells, which
restricts more prolonged drug exposure. Additionally, most in-vitro dose-response or

chemo activity studies are conducted in 2D monolayer cell culture of a single cell type
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and lack architectural and physiological barriers in 3D tumors!!S. For those reasons,
preclinical studies are being poorly translated. Statistics show that >90% of passed in-
vitro drugs fail to provide desired outcomes in clinical trials, especially those meant for
cancer treatment because the 2D cell culture model insufficiently represents tumor
biology!!”. Moreover, that extensive failure also suggests that animal models cannot

18 The impact

provide representative assessment for drugs meant for clinical application
of 3D architecture on the response of human epidermal growth factor receptor type 2
(HER2) targeting agents (i.e., Trastuzumab, Pertuzumab, and Lapatinib) was determined
by Mina, et. al., using conventional 2D and 3D spheroids!!®. They found that a 3D
environment presented higher sensitivity to those agents due to the inhibition of B1
integrin, a critical mediator of cell-ECM interactions'!’.

3D cell culture can be obtained by different methods depending on cell type and
applications. Nevertheless, there have been some methodologies that have broader
applications than the other ones. For example, Corning's Matrigel® matrix and collagen
(natural ECM-based hydrogels) are using a method known as hydrogels-based (soft-
based) 3D scaffold. Due to hydrogels’ highly porous and hydrated nature, they can
provide higher representative physiology of different cell types, which can apply a wide
range of studies about tumorigenicity and drug discovery and development'?°. Hydrogel-
based 3D scaffold method can be obtained using natural or synthetic hydrogels. Corning
Matrigel® matrix is one of the extensive ECM-based natural hydrogels that have been
used in 3D cell culture in-vitro and in-vivo studies. Matrigel matrix basement has been
used in different studies to identify drug sensitivity, cancer cell motility, and signaling

pathways. M J Bissel, et. al., demonstrated how utilizing the Matrigel matrix enables
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creating an in-vivo like model system using mammary epithelial cells and breast
cancer'?!, Another example of natural hydrogel is Collagen type I, which is found in
stromal compartments and bones. Collagen I basement also provides many exploitable
studies similar to what Matrigel matrix offers'?2. Additionally, hyaluronic acid (HA) is a
popular natural hydrogel used to form 3D cell culture. It can be used with additional
ECM components to improve cell attachment and growth!23,

Synthetic hydrogels are biologically inert and are usually used when natural hydrogels
are unsuitable'?*. One of the synthetic hydrogels examples is Corning PuraMatrix™,
PuraMatrix is a peptide hydrogel that exhibits nanometer-scale fibers and pores, which is
preferable to provide a suitable environment for the cells in the 3D structure. However, it
is necessary to determine the appropriate mixture of bioactive molecules (e.g., growth
factors and ECM proteins) to achieve optimal cell growth and differentiation'?®. Another
basement to obtain a 3D cell culture model is the hard-based polymers. Alvetex® is a
non-degradable inert hard-based polymer that can provide large internal volume space.
Alvetex is polystyrene or polycaprolactone PCL. It is known to be used in 3D cell culture
studies; however, due to some of the challenges, such as not being affected by cytotoxic
compounds, not having biomechanical properties as in soft-based spheroids, and being
highly rigid, a limited number developed into a commercially successful models!26. After
choosing the suitable basement for the 3D scaffold model, there are different techniques
to form the spheroids.

Technical methods of spheroid formation include pellet culture, hanging drop,
cultivation of molded lozenges, liquid overlay, and spinner culture. Every method

provides a variety of advantages and disadvantages. Pellet culture is meant to use a
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centrifugal force to obtain the cells in the bottom of a conical tube. This technique is
suitable for maximizing cell-to-cell adhesion and studying cell differentiation, though
centrifugation might cause shear stress that can damage the cells!?’. Hanging drops is one
of the commonly used techniques that form spheroids using surface tension and
gravitational force, and the drop volume and suspension density can control the size of
the spheroids. Hanging drops is preferred for its low cost and the ability to produce a
large number of spheroids!?®. The cultivation of molded lozenges is a technique that uses
non-adhesive gel prepared in molds, and it forces cells to aggregate by continuous
agitation. In this technique, spheroids size can increase without restrictions as in the
hanging drops technique!?. Liquid overlay follows the static suspension technique,
which is cells spontaneously form spheroids by preventing cells from attaching to the
surfaces coated with agarose gel or pHEMA. Static suspension is a simple method that
provides heterogeneous spheroids in size and shape and allows easy monitoring of
spheroids growing in 96-well plate!3°. The spinner culture technique uses a stirring bar in
centrifugal flask bioreactor containers. This technique has many disadvantages, such as
the speed of the stirring has to be controlled as high-speed affects spheroids and might
dissociate them if the cells are not highly adhesive, and low speed would make the cells
sink in the bottom. Spheroids' size also depends on the container size, and it is not easy to
monitor the spheroids’ formation as in other techniques'®!. Spheroids can be made with
different basement structures and can be formed by various techniques; therefore,
studying tumors, TME, drug activities, and all the other related studies are accessible and

achievable.
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3D cell culture is a representative tumor model that can mimic the in-vivo tumors and
provide the ability to manipulate the tumor contents to determine each TME factors
impact on the NPs and their payload uptake and distribution!32. Therefore, studying each
of the TME factors to establish their influence on NPs and payload is essential to
optimize and individualize the treatment of aggressive primary cancers and metastatic
diseases. In this review, we focused on the need for developing a 3D cell culture model
that can establish and identify how TME factors, especially cancer-associated fibroblasts

(CAFs), affect NPs uptake and distribution.

21



Androgen

PCa cell lines Source e s References
sensitivity
LNCap Metastatic lymph node lesion Yes 133
of human prostate cancer
Vertebral bone metastasis
VCAP from a patient with hormone- Yes 134
refractory prostate cancer
29RV] Human PCq that was ser1a1ly Yes 135
propagated in xenograft mice
MDA-PCa-2b Bone metastasis Yes 136
RCTTT/E Radical prostatectomy Yes 137
specimen
Derivative subline of LNCap,
C4-9B which is isolated from the Yes 138
supraclavicular lymph node of
a 50-year-old Caucasian male
DU145 Brain metastasis No 139
PC3 Bone metastasis No 33
PC3-M Bone metastasis No 140

Table 1.1. Prostate cancer (PCa) cell lines, source, and androgen sensitivity.
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Protein Name Expression in CAFs vs. Normal Fibroblasts Reference

a-smooth actin Upregulated 141
Asporin Upregulated 142
Caveolin-1 Downregulated 143
Collagen Type-I Upregulated 144
Fibronectin Upregulated 143
Integrin-ou1 Upregulated 145
Tenascin Upregulated 141
Vimentin Upregulated 145

Table 1.2. The table report some of the gene expression changes between CAFs
and Normal fibroblasts in prostate cancer.
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1.6 Figure Legends

Figure 1.1 Prostate gland anatomy. Anterior-posterior body axis representation of
prostate gland Anatomy. Different colors of highlighted zones. Histology (Hematoxylin
and Eosin (H&E) staining) of normal (left) and PCa (right). Scale bars: 50 um.

Figure 1.2 PCa progression and tumor-stroma interactions. In normal conditions, prostate
epithelial cells are organized, the underlying stroma is separated by the basement
membrane from the basal and luminal cells, and the stroma has fibroblasts (expressing
vimentin) and smooth muscle cells (expressing a-SMA, calponin, and desmin) that
interact with epithelial to maintain tissue homeostasis, smooth muscle differentiation and
inhibit epithelial cell proliferation. Increased luminal cell proliferation might consider a
tumor-initiating event and potentially lead to the development of high-grade prostatic
intraepithelial neoplasia (PIN). In this condition, smooth muscle cells are lower, and
myofibroblasts (MFBs) are increased in presence. MFBs, extracellular matrix (ECM)
component deposition, and TNC secretion increase by epithelial cells' release of TGFf
ligands, Kallikrein-related peptidase-4 (KLK4), extracellular vesicles (EVs), and other
factors. When the basal cell layer is disrupted, PCa is ready for invasiveness. When
fibroblasts and MFBs acquire pro-tumorigenic properties in primary PCa, they are
defined as cancer-associated fibroblasts (CAFs). Marker expression is explained between
normal and reactive stroma. CAFs communication with the PCa cells through the release
of factors such as IL-6, IL-8, TGF, VEGF, and GDF15, stimulate tumor growth,
angiogenesis, and progression. CAFs' interaction with PCa cells promotes their invasion
by inducing epithelial-to-mesenchymal transition (EMT).

Figure 1.3 Targeting Evaluation in in-vitro pancreatic 3D spheroids. CFPE-labeled

liposome nanoparticles uptake in BxPC-3/NIH 3T3 tumor spheroids. PEG-Lip is
PEGylated liposomes. TR-Lip is a targeting peptide liposomes. Scale bar: 100 um.
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MATERIALS AND METHODS
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2.1 Chemicals and Reagents

Cell Culture: Fetal bovine serum (FBS) and trypsin (0.25% w/v) were purchased from
Hyclone (Thermo Fisher Scientific Inc. Rockford, IL). F-12K Nutrient Mixture Medium
(Kaighn's Mod.) was purchased from ATCC (Manassas, VA). Dulbecco’s Modified
Eagle’s Medium (DMEM), Matrigel® Matrix low concentration (#356237), and Calcein
AM were purchased from Corning (Manassas, VA). Trypan blue solution (0.4% w/v) was
purchased from Cell Gro (Herndon, VA). Dimethyl sulfoxide (DMSO) was obtained from
EMD Millipore Corporation (Darmstadt, Germany). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), propidium iodide (PI) (Figure 2.1), and phosphate-

buffered saline (PBS) were purchased from Sigma-Aldrich Inc. (St. Louis, MO).

Liposome formulations: Distearoylphosphatidylcholine (DSPC) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2,000] (DSPE-
PEG-2,000), and cholesterol were purchased from Avanti Polar Lipids Inc (Alabaster,
USA) (Figure 2.2), chloroform was purchased from Avantor (Center Valley, PA), absolute
ethanol (>99% v/v) was purchased from COPTEC (King of Prussia, PA), and dialysis

membranes were purchased from Fisher Scientific (Pittsburgh, PA).

Flow cytometry: Antibody EpCAM Alexa Fluor® 647 Conjugate (5447) and Ghost
Dye™ Red 780 (18452) were purchased from Cell Signaling Technology (Danvers, MA),
Accumax was purchased from Innovative Cell Technologies (San Diego, CA), beads and
Fc block were purchased from BD Biosciences (San Jose, CA), and FLOWMI™ cell
strainers were purchased from SP-Bel-Art (Wayne, NJ). All glass and plastic ware were

purchased from VWR (Radnor, PA).
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Confocal imaging: Hoechst 33342 dye was purchased from Enzo Life Sciences
(Farmingdale, NY), and CoverWell™ Imaging Chambers were purchased from Electron

Microscopy Sciences (Hatfield, PA).

mRNA sequencing (RNA-seq): RNA Stabilization Reagent (Qiagen RNAlater™) was
purchased for cell pellets preservation for future RNA isolation. QIAshredder and RNeasy
kit (Qiagen) was purchased for RNA isolation. RNA quantification was performed by using
Nanodrop-8000 spectrophotometer (Thermo Scientific, USA), Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA), and Agilent 2100 Bioanalyzer (Applied Biosystems,
Carlsbad, CA, USA). RNA-seq libraries were constructed using [llumina TruSeq RNA

Sample Preparation kit v2.

2.2 Cell Lines and Cell Culture

The human adenocarcinoma PCa cell line (PC-3) was obtained from American Type
Culture Collection (ATCC, Rockville, MD). The PC-3 cell line that stably expresses
enhanced GFP (eGFP-PC-3) was purchased from Perkin Elmer Life Sciences. The human
bone marrow fibroblast cell line (HS-5) was gifted by our collaborator Dr. Amit Kumar
Mitra, Auburn University. The cell lines were authenticated at the source and tested
randomly at regular intervals for tissue specimen provenance and cell lineage (detect
contaminants, including extraneous tissue or mixed cell populations) at the AU Center
for Pharmacogenomics and Single-Cell Omics (AUPharmGx) using GenePrint 24
System (Promega). PC-3 cells were maintained in 10% (v/v) fetal bovine serum (FBS)

supplemented in F-12K and HS-5 in Dulbecco’s Modified Eagle’s Medium (DMEM).
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Conditioned Culture Medium (CCM): The CCM was prepared by growing PC-3
cells in ten 175 cm? flasks in complete growth media (F-12K). When cells reached about
90% confluence, they were washed with 1X PBS twice and incubated with 24 mL of
serum-free DMEM. After 24 h, CCM was collected in 50 mL conical tubes, centrifuged
for 10 min at 1,000rcf, and passed through a 0.22 um filter to eliminate debris and cell
floaters. Then, 10% (v/v) FBS was added to the CCM and used in further subcultures
with HS-5 to convert into CAFs!.

Generation of Cancer-Associated Fibroblasts (CAFs): HS-5 cells were not able to
grow well in F-12K media, and PC-3 cells were not able to grow well in DMEM media.
Hence, all experiments requiring incubation of HS-5 cells with PC-3 cells CCM and F-
12K were used in the same ratio. Further, CAFs were generated by culturing HS-5 cells
in a conditioned culture medium (CCM, described earlier)!. All cells were maintained at
37°C, 21% Oz, and 5% CO; in a humidified cell culture chamber (Heracell™ VIOS 160i
COz; Thermo Scientific™) and passaged when they reached 80-90% confluence. The cells
were passaged every 2 to 3 days in order to maintain them in a logarithmic growth phase.
To confirm healthy growth, cell viability was measured using Countess Automated Cell
Counter (Bio-Rad TC10™ Automated Cell Counter) and using a hematocytometer
(Bright-Line, Horsham, PA), a cell line with >95% viability was used for further

experiments.

2.3 3D Spheroid Preparation (Mono-Cellular; PC-3 and Multicellular Co-culture;

PC-3+CAFs)
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Cells were maintained in culture as described above. At the time of passage, multiple
flasks were passaged to maintain them in a logarithmic growth phase and provide enough
cells to form spheroids (5,000 cells/spheroid). Cell viability was determined after a
sample was stained with trypan blue and counted using a hematocytometer (Bright-Line,
Horsham, PA). The cell viability was over 95% to proceed with the experiment.
Spheroids were prepared using a liquid-overlay culture?. Briefly, a cell suspension in ice-
cold complete growth media (F-12K for the PC-3 cells and CCM (described earlier) for
the CAFs cells) and (2.5% v/v) Matrigel was made at the concentration 5,000 cells/100 pl
for spheroid formation. The plates used were 96-well poly HEMA coated. Poly HEMA
was made at 1.2% (w/v) in 95% (v/v) ethanol in stirring condition at 60 °C overnight. 96
well-plates (round bottom) were kept heated at 60 °C during the coating experiment in a
sterile condition (Class II, Type A2 Biosafety Cabinet). A 60 pl volume of poly HEMA
was added onto each well until dry (~1 h)®. The cell suspension (PC-3 alone or PC-3
with CAFs (co-culture) was plated at 100 puL per well (5,000 total cells, when co-culture
1:1 ratio was applied (2,500 cells/cell type)) (Table 2.1). In co-culture, each cell type
suspension was prepared separately, and cells were added in a random sequence (CAFs
then PC-3 or PC-3 then CAFs). The 60 inner wells of 96 well poly HEMA coated plates
were used for spheroid formation. The plate was centrifuged at 1,000 rcf for 10 min at 4
°C and placed into a humidified cell incubator at 37 °C, 21% O and 5% COx. Spheroids
were formed overnight (within 24 h), but studies were not initiated for at least 2 days of

growth (allowed to stabilize for 1-2 days prior to initiating drug treatment).
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2.4 Preparations of PI-liposomes

Liposomes were prepared using the thin-film hydration method followed by freeze-
thaw and a hand extrusion process*>. Briefly, phospholipids, cholesterol, and/or DSPE-
PEG-2,000 were dissolved in chloroform and mixed together (total phospholipid is 10
mM) in a glass Pyrex test-tube or round bottom flask and dried under vacuum at 65 °C
(water bath) for 25 min using a rotary evaporator (Biichi Labortechnik AG, Postlfach,
Switzerland) to form a thin film. The thin film was hydrated using a previously prepared
1 mM PI solution. The formulation was heated above the phase transition of the primary
lipid using a water bath at 65 °C and vortexed intermittently for 1 h to allow the thin film
to detach and form multilamellar vesicles. The formulation then underwent seven freeze-
thaw cycles using liquid nitrogen and a 65 °C water bath to result in unilamellar vesicles.
Desired particle size was achieved by extrusion (n =10) through double-stacked laser-
etched 100 nm polycarbonate membranes (Whatman, Sigma-Aldrich Inc., St. Louis, MO)
using a Liposofast (Avestin Inc., Ottawa, Ontario, Canada) hand extruder at 65 °C. Free,
unencapsulated, PI was removed after the formulation was transferred into a dialysis bag
and placed in a glass beaker with cold 10% (w/v) sucrose. The beaker was placed in a
cold room (4 °C) on a stir plate at low speed, and the dialysate was exchanged three times
(at approx. 1, 4, and 24 hr). The resultant liposome sample was stored at 4 °C and

protected from light.

2.5 Liposome Characterization
Total phospholipid was quantified using Bartlett inorganic phosphate assay®’. In brief,

blocks were heated 180-200 °C before placing the disposable culture tubes (20 x 150
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mm). All samples were used in triplicate. Control samples were used with serial
concentrations of phosphate solution (0.13, 0.0975, 0.062, 0.0325 umol, and no
phosphate). A volume of 400 pl of 10N H2SOy4 (sulfuric acid) solution was added to each
tube and heated for 1 h at 180-200 °C. Tubes, then, were removed and cooled to room
temperature. 100 pul of 30% (v/v) H20 (hydrogen peroxide) was added to each tube,
vortexed after each addition, and heated for about 1 h or until all peroxide had been
digested (peroxide digestion test is using semi-quantitative test strips from Quantofix,
Macherey-Angel, Germany). The tubes, then, were removed and cooled to room
temperature. A water bath was heated to a rolling boil (100 °C) while waiting for the
tubes to cool. The tubes were boiled for 7-10 min, then removed and cooled to room
temperature. A 150 pl sample was pipetted from each tube into a 96 well-plate. The
absorbance for each well was obtained at 830 nm using SpectraMax iD3 multimode plate
reader with SoftMax Pro 7.1 software.

Liposome size of distribution, electrophoretic mobility, and zeta potential were
measured using Dynamic Light Scattering (DLS) (Nano-ZS, Malvern Instrument Inc.,
Westborough, MA) with Zetasizer 7.12 software. In brief, all samples were collected
immediately after the dialysis step. Liposome suspensions were vortexed, pipetted 10 uL
into 2 mL microcentrifuge tubes (cent. tube), 1 mL of deionized water was added to the
cent. tube, vortexed, and the suspension was loaded into DTS1070 capillary cell obtained
from Malvern Instrument Inc., Westborough, MA. The size of distribution,
electrophoretic mobility, and zeta potential were measured using the same sample in the
capillary cell. The size of distribution was measured first, and the results were expressed

in intensity and volume-weighted measurements. When DLS is used to measure the size
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of distribution, the first parameter it measures is the intensity distribution, which is
measured according to the scattering intensity of each particle fraction or family, and
other parameters are acquired using different equations depending on the polydispersity
index (PDI). The DLS, then, measures the volume of distribution, which assumes a
spherical mass of material®. Later, electrophoretic mobility and zeta potential were
measured.

PI loading in liposomes was determined experimentally. There is no published
protocol to quantify PI dissolved in pure ethanol, which liposomes were dissolved in to
release the encapsulated P1°; therefore, we developed a method to identify PI maximum
absorbance and the limit of quantification (LOQ). In brief, standards were prepared by
dissolving free PI in ethanol (1 mM) and sonicated for 10 min. When a clear solution was
obtained, serial concentrations of PI were prepared (500, 250, 125, 62.5, 31.25, 15.62,
7.8,3.9, 1.9, 0.9, and 0 mM pure ethanol) in the same solvent (pure ethanol). Samples
were analyzed by transferring 150 pl of each concentration into 96 well-plate. The
absorbance spectrum was run using one of the PI samples diluted in ethanol from 400 to
1,000 nm to identify the maximum absorbance; then, all other PI samples were also run
from 400 to 600 nm using SpectraMax iD3 plate reader with SoftMax Pro 7.1 software.
A standard curve was obtained to identify the LOQ and the CV% (coefficient of
variation) using the same plate reader.

A sample of PI and PI-free liposomes at the same lipid concentrations were added to
pure ethanol (dilution of liposomes in pure ethanol, 1 in 5 ratio (v/v)), sonicated for 1 h or
until a clear solution was obtained. When a clear solution was obtained, 150 ul aliquot

was pipetted into a well of a 96 well-plate. The absorbance of each well was determined
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using a plate reader, and the PI concentration was quantified by comparing the

absorbance for each sample to the standard curve.

The Pl-recovery % was calculated as follows:

Final PI conccentration

PI — Recovery (%) = x 100
y (%) Initial PI concentration

The encapsulation efficiency (EE) was calculated as follows:

Final lipid concentration Initial lipid concentration

Final PI concentration / Initial PI concentration

2.6 PI-Liposome Stability

Leakage of PI from liposomes was determined in serum-supplemented media at 37 °C
to simulate biological conditions. Studies were conducted immediately after PI-liposome
preparation. Initial samples were collected immediately after dialysis and before
beginning experiments and considered to have 100% encapsulated PI concentration at
time 0. Formulations were then loaded into new dialysis bags and immersed in 37 °C
DMEM without phenol red to avoid interference in sample readings, supplemented with
10% FBS, and placed on a stir plate with a stir bar (low speed). Samples (50ul) were
collected from dialysis bags at different time points (5, 24, 48, and 72 h), and media was
changed at every time point to retain the “sink condition”. Absorbance intensity of PI was

measured as described above, 2.5 Liposome Characterization.

56



2.7 In-vitro Cytotoxicity (MTT)

The cytotoxicity of liposomes and free PI on PC-3 cells was determined by measuring
mitochondrial enzyme activity (MTT)!%!!, MTT is a tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, and it is a colorimetric assay
meant to measure cellular metabolic activity by the cleavage of tetrazolium ring by
dehydrogenases in active mitochondria of living cells'?. In brief, a stock solution of MTT
was prepared (13.2mM in 1X PBS). After PC-3 cells were passaged, cells were collected
and evaluated with viability >95% using trypan blue (described earlier) to proceed with
the experiment. Cells were seeded (5,000 cells/well) in 96 well-plates. When cells
reached ~90% confluence, washed with 1X PBS three times, liposomes and free PI were
added (100pl total volume per well) in different concentrations (Liposomes; Lipid at 5,
2.5,1.25,0.625, and 0.3125 uM, and free PI at 125, 62.5, 31.25, 15.6, 7.8, and 3.9 uM)
with complete growth media (F-12K) and incubated for 48 h. After 48 h, 10 ul of the
MTT solution was added (final concentration 0.5 mg/ml) over each well and incubated
for 2 h at 37 °C. After 2 h, reagents were aspirated from all wells, and 200 pl of DMSO
was added to each well. Absorbance was measured at 544 nm using the plate reader, as
described above. Untreated (control) cells were considered 100% as no cytotoxicity
effect!!"13, Three studies (n=3) were performed with a total of 4 replicates for each
concentration of lipid studied, and three studies (n=3) were performed with 8 replicates

for each concentration of free PI studied’>.
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2.8 Qualitative Uptake of PI-liposomes and Free PI via Live Cell Microscopy

2D monolayer cell culture: PC-3 cells were collected after passaging, and a viability
test using trypan blue was measured (>95% cell viability to proceed with the experiment,
describe earlier). 1ml of cells were seeded at 1.5x10° cells/ml onto a 24 glass-bottom
opaque cell culture plate until they reached ~90% confluence. Cells were washed with 1X
PBS two times, then PI-liposomes and free PI were dosed (10 uM PI final concentration)
and incubated over different time points (6, 12, 24, and 48 h). Cells were washed with 1X
PBS two times; then, Calcein AM was added to wells for the overall concentration of 3
uM with complete growth media for 30 min to stain live cells. Cells were washed and

incubated with ice-cold 1X PBS for imaging.

3D mono-culture spheroids: PC-3 spheroids were prepared as described above, 2.3
3D spheroid preparation. PI-liposomes and free PI were dosed after days of the
spheroids’ growth and incubated for 48 h. Then, the same process was proceeded as in
2D monolayer cell culture samples (n =3 wells/group). Three areas with approximately
equal cell densities were identified in each well, and images were captured with an
Agilent Cytation5 digital cell imaging system (BioTek, USA) using a 4X objective. A
Texas Red (559-34 ex, 630-69 em, and 585 DM pass band) filter was used to capture the
image. Images were analyzed using ImagelJ software https://imagej.nih.gov/ij/ in a
double-blind manner. The cellular uptake was visualized as red for PI staining through
the laser channel Texas red with 20X power lenses. Once PI is bound to nucleic acids, its
basic fluorescence is enhanced 20- to 30-fold and can be detected using fluorescence

measurements’?.
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2.9 Uptake of PI-liposomes and Free PI in 3D Spheroids via Confocal Imaging

Spheroids were prepared with PC-3 cells expressing enhanced GFP + CAFs (no tag)
and grown for nine days (n =3 wells/group) as described earlier. PI-liposomes and free PI
were dosed (10 uM PI final concentration) at 2 and 7 days after initiation of growth and
incubated for 48 h. At the completion of the study, all cells were stained with Hoechst
33342 (blue) dye (10 uM, for 1h), so CAFs could be estimated by fluorescence imaging
[Total Cells (blue) — GFP tag PC-3 Cells (green)]. Each spheroid (control vs. treated) was
placed on a CoverWell™ Imaging chamber which is designed to stabilize and support
thick and free-floating specimens for confocal microscopy imaging. Individual images
and Z-stacks were obtained using Nikon Eclipse C1 2000-E confocal microscope with
Nikon EZ-C1 3.91 software that has 5 filter cubes. The lasers used were DAPI (404nm),
FITC (488nm), and TRITC (561nm). Images were captured using 10X power lenses.
When Z-stacks were acquired, top and bottom layers of spheroids were identified
manually, and the gap between two subsequent was ~0.45um. In brief, PC-3 GFP (green)
transfected cells and all cells (blue) were acquired via confocal fluorescence imaging. Fiji
Image] version 2.3.0 software (https://imagej.net/software/fiji/) was used to analyze and
count cells. The analysis started by choosing the channels colors used in the images,
channels were split, a layer was selected, a threshold was applied to separate cells from
background pixels, a watershed was applied to split cells, and an automated count was
applied to count the cells. PC-3 GFP (green) cells were subtracted from Hoechst 33342

(blue) dye after analysis.
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2.10 Uptake of PI-liposomes and Free PI Uptake and 3D Spheroid via Flow

Cytometry

2D monolayer cell culture: cells were seeded in 24 well plates until they reached
~90% confluence (n =3 wells/group) as described earlier. Cells were washed with 1X
PBS, then PI-liposomes and free PI were dosed (10 uM PI final concentration) and
incubated over different time points (24 and 48h). Cells were washed with 1X PBS; then
Calcein AM was added to overall wells at 3 uM for 30 min to stain live cells. Cells were
detached from the plate using trypsin and pelleted using the centrifuge 400xg for 10 min.
Pellets were rewashed with PBS. All samples were filtered to prevent clogging using
FLOWMI cell strainers (SP-Bel-Art, Wayne, NJ) right before analysis using BD Accuri
C6 Plus flow cytometry and BD Accuri™ C6 Plus version 1.0.27.1 software. The BD
Accuri C6 Plus Flow Cytometer has two excitation lasers (488 and 640 nm) and 4
emission detection filters. Live cell populations were gated by the FITC channel (filter
533/30 nm), selecting for Calcein AM fluorescence. Then, PI uptake was measured using
the PerCP channel (filter 610/20 borrowed from Flow Cytometry Laboratory, College of
Veterinary Medicine, Auburn University, AL).

3D mono-culture spheroids: spheroids were prepared and grown for two days, as
described earlier. A total of 12 spheroids for each group were dosed with PI-liposomes
and free PI (10 uM PI final concentration) and incubated over different time points (6,
12, 24, and 48 h) (n =3/cohort). Each group of 12 spheroids was collected in 1.8 mL
microcentrifuge tubes, pelleted, washed with PBS, and Calcein AM was added (3 uM for
30 min) to stain live cells. Spheroids were washed with PBS and then dissociated by

adding 600 pL of Accumax (0.5 to 1 h in a shaker at room temperature). Mechanical
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dissociation was also achieved using 1,000 pL pipette microtips. Another 600 puL of 10%
(v/v) FBS supplemented F-12K media was added to the cell suspension to deactivate the
Accumax effect. Cells were pelleted, washed, and incubated with PBS. All samples were
filtered using FLOWMI cell strainer immediately before analysis using BD Accuri C6
Plus Flow Cytometer, as described above. All samples and controls are described in
Table 2.2.

3D co-culture spheroids: spheroids were prepared and grown for nine days, as
described above. A total of twenty spheroids for each group were dosed with PI-
liposomes and free PI (10 uM PI final concentration) at different time points (after 2 and
7 days of growth) and incubated for 48 h (n =3/cohort). Each group of 20 spheroids was
collected into 1.8 mL microcentrifuge tubes, pelleted, washed with 1X PBS, and
dissociated with the addition of 600 pL of Accumax (0.5 to 1 h at room temperature).
Mechanical dissociation was also achieved using 1,000 pL pipette microtips. Another
600 uL of 10% (v/v) FBS supplemented F-12K media was added to the cell suspension to
deactivate the Accumax effect. Cells were pelleted, washed with 1X PBS followed by
incubation with a mixture of a blocking [2.5% (v/v) of Fc blocker 0.5% (w/v) bovine
serum albumin (BSA)] buffer to eliminate nonspecific antibody binding staining. Fc
blocker was added to samples (100 pL, 20 min at room temperature). Cells were
pelleted, and ghost dye (GD) red (ex/em 633/780 nm) was added to desired samples (500
pL, 0.1% (v/v) of GD in staining/antibody diluting buffer- 0.5% (w/v) BSA, 30 min at 4
°C, protected from light). Cells were pelleted, washed, and EpCAM Alexa Fluor® 647
conjugate was added to desired samples (100 pL, 1% (v/v) of EpCAM in

staining/antibody diluting buffer - 0.5% (w/v) BSA, 1 h at 4 °C, protected from light).
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Samples were washed, then filtered using a FLOWMI cell strainer right before analysis
using CytoFLEX LX Flow Cytometer. The CytoFLEX LX flow cytometry has 6 lasers
(375, 405, 488, 561, 638, and 808 nm) and 21 fluorescent color channels. All samples

and controls are described in Table 2.3. Flow Cytometry data were analyzed by FlowJo

version 10.8.1 software https://www.flowjo.com/. Samples were analyzed by gating live

cell populations using the APCA750 channel for ghost dye. Populations were split
between +ve EpCAM and -ve EpCAM using the APC660 channel, then PI uptake was
identified by each population using the mCHERRY 610 channel. Unstained samples were

used to identify the right gating regions and differentiate them from the stained samples.

2.11 Tumor mRNA Sequencing (RNA-seq)

RNA isolation: 2D PC-3 cells, 3D PC-3 spheroids, and 3D multicellular co-culture
spheroids PC-3+CAF were harvested, and cell pellets were collected after cell
dissociation (described earlier). Cell pellets were washed with 1X PBS and stored in
RNA stabilization reagent (Qiagen RNAlater™) at -80 °C. RNA stabilization is an
absolute prerequisite for reliable gene expression analysis. Immediate stabilization of
RNA in biological samples is necessary because, directly after harvesting the samples,
changes in the gene expression pattern occur due to specific and nonspecific RNA
degradation and transcriptional induction. Such changes need to be avoided for all
reliable quantitative gene expression analyses, such as quantitative RT-PCR and RNAseq
technologies. High-quality RNA was extracted using QIAshredder and RNeasy kit
(Qiagen) according to the manufacturer’s protocol'>. Samples were first lysed and
homogenized in the presence of a highly denaturing guanidine-thiocyanate—containing
buffer, which immediately inactivates RNAses to ensure purification of intact RNA.
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Ethanol was added to provide appropriate binding conditions, and the sample was then
applied to an RNeasy Mini spin column, where the total RNA bound to the membrane
and contaminants were washed away. High-quality RNA was then eluted in 30—100 pL
of elution buffer. With the RNeasy procedure, all RNA molecules longer than 200
nucleotides were purified. The procedure provides enrichment for mRNA since most
RNAs <200 nucleotides (such as 5.8S rRNA, 5S rRNA, and tRNAs, which comprise 15—
20% of total RNA) are selectively excluded'>.

The effects of delivery system exposure on gene expression in PC-3 cell lines (2D and
3D) and multicellular co-culture PC-3+CAF were assessed using next-generation RNA
sequencing of 2D PC-3 cells, 3D PC-3 spheroids, and 3D multicellular co-culture
spheroid PC-3+CAF followed by conventional and PEGylated liposomes without PI
incubation for 48h. Cells were harvested, and high-quality RNA will be extracted using
QIAshredder and RNeasy kit (Qiagen) according to the manufacturer’s protocol as
described earlier'.

RNA Quantification: RNA concentration and integrity were assessed using
Nanodrop-8000 spectrophotometer (Thermo Scientific, USA), Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, CA, USA), and Agilent 2100 Bioanalyzer (Applied Biosystems,
Carlsbad, CA, USA) and stored at -80 °C. An RNA integrity number (RIN; ratio of
28S:18S ribosomal RNA) threshold >8 was applied!>:16,

mRNA sequencing: RNA-seq libraries were constructed using [llumina TruSeq RNA
Sample Preparation kit v2. Libraries were then size-selected to generate inserts of

~200 bp, and RNA sequencing was performed on Illumina's NovaSeq platform using a
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150bp paired-end protocol with a depth of > 20 million reads per sample. Average quality
scores were thoroughly above Q30 for all libraries in both R1 and R2'%.

RNAseq data analysis: RNA-seq data (described above) was pre-processed and
normalized, and differential expression (DE) analysis was performed using a command-
line-based analysis pipeline (DEseq2 and edgeR) and Partek Flow software (Partek, Inc,
USA). Quality control (QC) check on the RNA-seq raw reads was performed using the
FastQC tool, followed by read-trimming to remove base positions that have a low median
(or bottom quartile) score. STAR Aligner tool mapped processed RNA-seq reads to the
hg38 human genome build. Next, read counts were CPM-normalized, and then we used
GSA (Gene-specific analysis) based on limma trend, that applies an empirical Bayesian
method, to perform differential gene expression analysis between groups and detect the
DE genes. Genes with mean fold-change >|1| and p<0.05 were considered as the
threshold for reporting significant differential gene expression. Heatmaps were generated
using unsupervised hierarchical clustering (HC) analysis based on the differentially

expressed genes (DEGs)".

2.12 Statistical Analysis

All statistical analyses were performed using GraphPad Prism (version 5.0). A two-
way ANOVA and multiple comparisons post-test were used for confocal imaging and
flow cytometry results. Any difference with a P-value < 0.05 was considered statistically
significant. All images were analyzed by ImageJ software, all confocal images were

analyzed by Fiji ImageJ, and flow cytometry data were analyzed by FlowJo version

10.8.1 software!>15,
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Ratio

Spheroids Cells Media
(cell:cell)
Mono-culture PC-3 F-12K 1
Co-culture PC-3 + CAFs F-12K + CCM 1:1

Table 2.1. Types of spheroids used in all experiments with cells, media, and ratio

specifications.
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Sample Calcein AM Free PI | PI-Conventional | PI-Pegylated
Control B -~ _ _
Calcein AM Yes _ _ B
Free PI B Yes _ _
cszfiﬁ IA+M Yes Yes - -
Prammion | v ] e _

Table 2.2 2D monolayer cell culture and 3D monocellular spheroid samples tested by

flow cytometry.
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Sample

GD

EpCAM

Free PI

PI-
Conventional

PI-
PEGylated

Control co-culture
spheroids

Ghost Dye (GD)

Yes

EpCAM

Yes

GD + EpCAM

Yes

Yes

Free PI

Yes

Free PI + GD
+EpCAM

Yes

Yes

Yes

PI-conventional

Yes

PI-conventional +
GD + EpCAM

Yes

Yes

Yes

PI-PEGylated

Yes

PI-PEGylated +
GD + EpCAM

Yes

Yes

Yes

Table 2.3. 3D co-culture spheroids tested by flow cytometry.
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2.13 Figures Legends

Figure 2.1. Structure of Propidium Iodide

PI (dark red solid) is a fluorescent intercalating agent that can be used to stain cells and
nucleic acids., molecular weight 668.4, hydrogen bond donor count 2, hydrogen bond

acceptor count 4, and rotatable bond count is 7.

Figure 2.2. Liposome Phospholipids and Cholesterol structures.
DSPC is Distearoylphosphatidylcholine. DSPE-mPEG-2000 is 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2,000].
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Figure 2.1
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CHAPTER 3

RESULTS
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3.1 PI-Liposomes Characterizations
3.1. A. PI Loading in Liposomes:

The optimal loading concentration of PI was determined colorimetrically. PI was
loaded into liposome formulations at 1, 0.5, and 0.25 mM concentrations to 10 mM
phospholipid. An absorbance spectrum of PI diluted in PI was run with a wide range of
400 to 1,000 nm to identify the maximum absorbance (Figure 3.1). Another absorbance
spectrum was run using different PI concentrations and identified the lower limit of
detection (LOD) of PI (3.9 uM) (Figure 3.2). The overall linear range of the assay was
0.97 to 500 uM, linear (r?) = 0.999, limit of quantification (LOQ) of the PI is 7.8 uM,
with +/-10% accuracy and CV% <15% (Table 3.1). The concentration of PI in each
liposome formulation was determined by constructing a standard curve of PI dissolved in
absolute ethanol (>99% v/v) and measuring the absorbance at 545 nm (Figure 3.3). It was
noted that PI concentrations of 0.25 mM were below the LOQ, so it was not considered.
At PI loading of 1 and 0.5 mM, the percent recovery was ~12% for the conventional and
PEGylated liposomes (Table 3.2). Moreover, the encapsulation efficiency (EE) for the 1
mM PI was 8.3 + 2.429% with final PI:lipid (mole ratio) 0.12:10, and the EE for the 0.5
mM PI was 10.18 £+ 4.63% with final PI:lipid (mole ratio) 0.06:10. Therefore, based on
the mole basis ratio, 1 mM of PI was used for further experiments.

3.1. B. Liposome Size Distributions, Zeta Potentials, and Electrophoretic Mobility:
The effect of PI on size distribution, zeta potential, and electrophoretic mobility of
conventional and PEGylated liposomes was determined. Utilizing the thin-film hydration
method produced liposome formulations with narrow size distributions. Figure 3.4 shows

the difference between the Conventional and PEGylated liposomes with and without PI
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and compares intensity and volume size distribution measurements. The conventional
liposomes with and without PI intensity and volume size distributions were 120-140 nm
and 105-125 nm, respectively. The PEGylated liposomes with and without PI intensity
and volume size distributions were 125-145 nm and 110-130 nm, respectively. When
liposomes were loaded with PI, they did not show a consistent increase in the size
distribution compared to the liposomes that have no PI.

The zeta potential of the liposome formulations was measured to determine the charge
and potential impact of stability in solution. The zeta potential for the conventional
liposomes with and without the PI were in the same range of 20 + 2 mV, and the
PEGylated liposomes with and without the PI were in the same range of -28 + 2 mV. The
zeta potential was not showing a consistent effect after loading PI into the liposomes.
Moreover, the PEGylated liposomes are showing higher zeta potential compared to the
conventional liposomes; which means that the PEG increased the stability of the
PEGylated liposomes.

Figure 3.5 compares between the liposomes' zeta potential with and without the PI. The
results showed that the PI did not affect the zeta potential in a consistent manner, where
sometimes it gave the same value and other times higher or lower values; however, the all
values are consistent in the same range (conventional liposomes are 20 + 2 mV,
PEGylated liposomes are -28 + 2 mV). We compared the stability of the conventional
and PEGylated liposomes after 72 h exposure to biological conditions (serum-
supplemented media at 37°C). In Figure 3.6 the results showed no difference between the
liposomes when loaded with PI or not; therefore, we only reported the difference in

stability between the conventional and PEGylated liposomes in general. Electrophoretic
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mobility measures the charges of the particles. The conventional liposomes’ charge was
1.5 £0.15 umem/Vs and the PEGylated liposomes’ charge was -2 £ 0.15 pmcem/Vs.
Table 3.3 compares the liposome formulations’ size distributions, zeta potentials, and
electrophoretic mobility before and after 72 h exposure to biological conditions. The
intensity size distributions of the conventional liposomes after 72 h increased by 22%,
whereas the PEGylated liposome size increased by 0.6%. The zeta potentials for the
conventional liposomes changed from 20 + 2 to -4.5 + 2.6 mV, whereas the PEGylated
liposomes changed from -29 + 2 to -19.4 + 2 mV. The conventional liposomes'
electrophoretic mobility was 1.5 £+ 0.15 and changed to -0.3 + 0.25 umem/Vs, whereas
the PEGylated liposomes' electrophoretic mobility was -2 + 0.15 and changed to -1.5 +
0.2 umem/Vs.
3.2 PI Stability in Liposomes

To evaluate the PI stability in the conventional-PI and PEGylated-PI liposomes, they
were tested in biological conditions (serum-supplemented media at 37°C) for 72 h.
Samples were collected at different time points (0, 5, 24, 48, and 72 h). The 0 time-point
samples were collected immediately before the stability experiments started. We
considered the 0 time-point as 100% encapsulated PI. A free PI sample was included in
the experiments to examine its leakage from the dialysis bags. We observed that 100% of
the free PI leaked out after 5 h (the first time-point after we started the stability studies).
When samples were collected (50 ul) from the dialysis bags, they were dissolved in pure
ethanol (total volume 250 pl) and analyzed to identify PI concentrations, as described

earlier.
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The results showed a gradual release (15%) of the PI from the conventional-PI
liposomes over 72 h. . The PEGylated-PI liposomes showed an initial release of 15% of
the PI over the 5 h (the first time-point), but further PI release over the 72 hours was not
observed (Figure 3.7). Overall, the conventional-PI and PEGylated-PI liposomes showed
stability of 85% of the encapsulated PI until 72 h at 37 °C and in the presence of serum.
3.3 In-vitro Cytotoxicity (MTT)

To determine the cytotoxicity of the formulations (free PI, conventional-PI liposomes,
and PEGylated-PI liposomes) used in our studies, we measured mitochondrial enzyme
activity (MTT)!-3. The assay measures the cellular metabolic activity by the cleavage of
tetrazolium ring by dehydrogenases in active mitochondria of living cells!.

Propidium iodide (PI): PI is a stain used commonly to identify dead cells. PI is
widely known to cross only damaged cell membranes; however, we demonstrated it was
able to cross intact cells membrane upon incubation for longer time periods (>6 h). We
determined the effect of free PI on the in-vifro metabolic activity of PC-3 cells following
48 h exposure to different PI concentrations (125, 62.5, 31.25, 15.6, 7.8, and 3.9 uM). A
concentration response curve was prepared and showed that little to no toxicity was seen
by 10 uM up to 15 uM and above that we saw increasing toxicity, as shown in Figure
3.8. The goal of using PI in this project was to understand liposome uptake and intra-
tumor distribution within cancer cells. To minimize the potential for cellular toxicity
mediated by PI, a concentration of 10 uM was used in further experiments.

Liposomes: The cytotoxicity of empty liposomes (without PI) was also measured
using MTT. The effect of liposomes on the in-vitro growth of PC-3 cells following 48 h

exposure to different lipid concentrations (5, 2.5, 1.25, 0.625, and 0.3125 mM) was
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determined. The results showed no evidence of cytotoxicity (alteration in MTT staining)
following incubation with conventional and the PEGylated liposomes for 48 h, as shown
in Figure 3.9.
3.4 Qualitative Uptake of PI-liposomes and Free PI via Live-Cell Microscopy

The aim of the microscopic evaluation was to visualize distribution. To demonstrate
that PI can be used to visualize liposome uptake, we exposed cells to 10 uM free PI for
24 h, and we were able to capture the PI (red color) with a Texas red laser (596/615
ex/em) in live cells and co-staining live cells with 3 uM of Calcein AM 30 min before the
images were taken (Figure 3.10). Calcein AM fluorescence was captured using a FITC
laser (490/525 ex/em). A Cytation™5 cell imaging Multi-Mode Reader was used to
capture the images.

2D monolayer cell culture: The uptake of PI was determined after the exposure of
free PI, conventional-PI, and PEGylated-PI (PI final concentration was 10 uM) at 6, 12,
24, and 48 h. Images are shown in a bright field (BF) with Texas red (TR) to better
visualize the PI, pseudocolored a red color. TR images are showing only the PI channel.
FITC images are merged with BF and TR to show the uptake in live cells, as described
earlier. Evidence of free PI uptake was observed after 6 h exposure, which increased over
time, as shown in Figure 3.11. The conventional PI-liposomes showed low uptake of PI
in all-time points observed, as shown in Figure 3.12. The PEGylated liposomes showed
uptake at 48 h, as shown in Figure 3.13.

3D mono-culture spheroids: We compared the uptake of PI-liposomes and free PI in
2D monolayer cell culture model, to a more physiologically relevant 3D mono-culture

spheroid model. Spheroids were grown for 2 days before the treatment was added. Free
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PI, conventional-PI, and PEGylated-PI were dosed at the same final PI concentrations as
in the 2D monolayer cell culture experiments. The images were captured after different
time points (6, 12, 24, and 48 h). Free PI showed uptake at 6 h and further time points, as
shown in Figure 3.14. The conventional liposomes showed no uptake at all-time points,
as shown in Figure 3.15. The PEGylated liposomes showed higher uptake at 48 h than the
conventional liposomes, as shown in Figure 3.16. As we visualized the PI in those
images, we followed up these experiments with Flow cytometry to quantify the PI
uptake.
3.5 3D Spheroids Growth via Confocal Imaging

3D mono-culture and co-culture spheroids' growth was evaluated using confocal
imaging. The mono-culture spheroids were growing uncontrollably and fast, reaching
30,000 cells by count after 9 days, as shown in Figure 3.17. On the other hand, the co-
culture spheroids were growing slowly and resembling solid tumors, and they reached a
maximum of 8,000 cells by count after 9 days, as shown in Figures 3.18 and 3.19. One of
the comparisons was the size change between mono-culture and co-culture spheroids
after 2 and 7 days of growth. The mono-culture spheroids were significantly larger than
the co-culture spheroids, as shown in Figure 3.20.
3.6 PI-liposomes and Free PI Uptake via Confocal Imaging

Scanning fluorescence confocal microscopy offers more advantages over conventional
fluorescence and brightfield imaging, including control depth of field, reduction of
background, and the ability to collect Z-stack sections from 3D objects*. Therefore, we
used confocal imaging microscopy to better visualize the 3D spheroids and identify the

uptake in different regions of the spheroids. To capture the images using confocal
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microscopy, we used PC-3 cells that constitutively express enhanced green fluorescence
protein (eGPF)>. CAFs were not tagged with any fluorescent probe; thus, we used
Hoechst 33342 dye, which stains all cells’ nuclei and has been used in the literature for
staining and evaluating 3D spheroids using confocal imaging®.

The uptake of PI-liposomes and free PI in 3D spheroids was measured in two regions
(surface or tumor periphery and the center) to gain insights into how distribution and
uptake can be altered spatially within a tumor spheroid. After two and seven days of the
spheroid growth, free PI, conventional-PI, and PEGylated-PI (PI final concentration is 10
uM) were incubated with the spheroids for 48 h. At completion of the study, Hoechst
33342 dye was incubated with the 3D co-culture spheroids at a final concentration of 10
uM for 1 h.

Surface Uptake: When the formulations were dosed after 2 days of spheroid growth,
the free PI, conventional-PI liposomes, and PEGylated-PI liposomes showed significantly
(P<0.05) greater uptake in 3D mono-culture (PC-3) spheroids (mean = SEM = 10500 +
764, 2430 + 233, 2200 £ 115, respectively) compared to the 3D co-culture (PC-3 +
CAFs) spheroids (mean = SEM = 5070. + 348, 600 + 153, 933 + 88.2, respectively).
When the formulations were dosed after 7 days of spheroid growth, the free PI and
conventional-PI liposomes also showed significantly (P<0.05) higher uptake in the 3D
mono-culture spheroids (mean £ SEM = 10700 + 882, 2230 £ 176, respectively)
compared to the 3D co-culture spheroids (mean + SEM = 54667 + 290.59, 566.667 +
291, respectively). The PEGylated liposomes showed higher uptake in the 3D mono-
culture spheroids (mean + SEM = 3070 £ 145) compared to the 3D co-culture spheroids

(mean = SEM = 1730 £ 120) but it was not significant.. The results showed the same
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pattern of having higher uptake in the 3D mono-culture spheroids compared to the 3D co-
culture spheroids after 2 and 7 days of the spheroids’ growth (Figures 3.21).

Center Uptake: The uptake of PI in the center of the spheroid after 2 days of growth
showed significantly higher uptake of the PEGylated liposomes in the 3D mono-culture
(PC-3) spheroids (mean + SEM = 3070 + 120) compared to the 3D co-culture (PC-3 +
CAFs) spheroids (mean = SEM = 1230 + 145), the free PI showed a little higher uptake
in the 3D mono-culture spheroids (mean + SEM = 5170 £ 145) compared to the 3D co-
culture spheroids (mean + SEM = 4570 + 233) but not significant, and the conventional-
PI liposomes showed almost similar uptake between the 3D mono-culture and co-culture
spheroids (mean £ SEM = 1170 + 145, 1200 + 173, respectively). The uptake after 7 days
of the spheroids’ growth of the free PI showed no significant difference between the 3D
mono-culture and co-culture spheroids (mean + SEM = 7470 £ 433, 5970 + 895,
respectively), the conventional-PI showed no significant difference between the 3D
mono-culture and co-culture spheroids (mean = SEM = 1870 + 88.2, 1030 + 88.2,
respectively), and the PEGylated-PI showed no significant difference between the 3D
mono-culture and co-culture spheroids (mean = SEM = 3770 £ 145, 2130 £ 176,
respectively) (Figure 3.22).

3.7 PI-Liposomes and Free PI Uptake via Flow Cytometry

Flow cytometry is a technique that works by the light scattering and fluorescence
emission as the specific fluorescent probe-labeled cells pass through a laser beam. It
provides a multi-parametric analysis of cell populations at the single-cell level’. The PC-

3 cells used in these experiments were not GFP tagged.
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Identifying the uptake in 2D monolayer cell culture: Calcein AM was used at 3 uM
final concentration for 30 min to capture live cell populations and measured using the
FITC fluorochrome (filter 533/30). The PI uptake was captured using PerCP
fluorochrome (filter 610/20). The analysis was acquired using BD Accuri C6 Plus Flow
Cytometer, and data were analyzed as recommended by the manufacturer using the BD
Accuri™ C6 Plus version 1.0.27.1 software.

We determined the uptake of the free PI in live cells by incubating the free PI in
different concentrations (20, 10, 5, 2.5, 1.25, and 0.62 pM), and the samples were
collected after 24 and 48 h exposure. The results showed that the PI is concentration and
time-dependent, as shown in Figure 3.23. The PI concentrations of 5 uM and higher
presented significant (P<0.05) uptake when incubated with the cells after 24 and 48 h.

Identifying the uptake in 3D Mono-Culture Spheroids: 3D mono-culture (PC-3)
spheroids were dissociated and incubated with Calcein AM at a final concentration of 3
uM for 30 min to capture live cell populations at the FITC fluorochrome (filter 533/30).
The PI uptake was captured using PerCP fluorochrome (filter 610/20). The analysis was
acquired using BD Accuri C6 Plus flow cytometry, and data were analyzed using BD
Accuri™ C6 Plus version 1.0.27.1 software.

Identifying the uptake in 3D co-culture spheroids: in Figure 3.24, we used the 3D
co-culture (PC-3 + CAFs) spheroids and we showed all the markers expressions in PC-3
and CAFs cells. EpCAM antibody showed as a specific marker for PC-3 cells. The results
showed 97.5% of the PC-3 cells stained with EpCAM, whereas the CAFs cells showed

only 6.3% of EpCAM stain.
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One of the standardization assays was choosing the right blocking buffer to avoid non-
specific binding. FBS (fetal bovine serum) blocker buffer helps to minimize the non-
specific binding of antibodies ®. Fc blocker buffer minimizes non-specific binding by
blocking the Fc receptors found on the cells’. In Figure 3.25, we showed the difference
between using FBS and Fc blocking buffers. Both buffers were diluted in 0.5% (w/v)
BSA buffer. The FBS buffer concentration was 10% (v/v) of FBS in 0.5% (w/v) bovine
serum albumin (BSA). The Fc blocker buffer concentration was 2.5% (v/v) of Fc blocker
in 0.5% (w/v) bovine serum albumin (BSA). Both buffers were incubated with the cells
for 20 min at room temperature. The results showed that the Fc blocking buffer provides
higher blocking than the FBS. The antibody used in this experiment was the EpCAM
marker.

In the 3D co-culture (PC-3 + CAFs) spheroids flow cytometry experiments, we used
Ghost dye (GD) red (ex/em 633/780 nm) to exclude dead cells populations from the live
cells populations. GD was added to desired samples (500 pL, 0.1% (v/v) of GD in
staining/antibody diluting buffer- 0.5% (w/v) BSA, 30 min at 4 °C, protected from light).
We also used the EpCAM antibody. EpCAM Alexa Fluor® 647 conjugate was added to
desired samples (100 pL, 1% (v/v) of EpCAM in staining/antibody diluting buffer - 0.5%
(w/v) BSA, 1 h at 4 °C, protected from light).

A gating strategy was provided to validate how the results were analyzed in Figure
3.26. EpCAM +ve was considered PC-3, and EpCAM -ve was considered CAFs and PC-
3 with -ve EpCAM marker.

The target determination in our project is to identify the difference in the uptake of the

liposome nanoparticles between the 2D monolayer culture, 3D mono-culture, and 3D co-
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culture. Therefore, we compared the uptake of the free PI, conventional-PI liposomes,
and PEGylated-PI liposomes between all the models in our project.

Dosing the formulations after 2 days of the spheroids’ growth and identifying
their uptake: after growing the 3D mono-culture (PC-3) and co-culture (PC-3 + CAFs)
spheroids for two days and when the 2D monolayer cells were ~90% confluent, we
incubated the free PI, conventional-PI liposomes, and PEGylated-PI liposomes at a final
PI concentration of 10 pM for 48 h. In Figure 3.27, we showed significantly (P<0.05)
lower uptake of the PEGylated-PI liposomes in the 3D mono-culture and 3D co-culture
compared to the 2D monolayer culture model. There was no significant difference
between the 3D mono-culture and 3D co-culture with the PEGylated-PI liposomes, and
there was no significant difference between all kinds of culture models with the
conventional-PI liposomes. The free PI uptake was significantly (£<0.05) lower in the 3D
co-culture model compared to the 2D monolayer culture and 3D mono-culture.

Dosing the formulations after 7 days of the spheroids’ growth and identifying
their uptake: since the 2D monolayer (PC-3) culture model cannot grow for 7 days
because of their fast confluence, we excluded that model from these experiments. We
incubated the free PI, conventional-PI liposomes, and PEGylated-PI liposomes at a final
PI concentration of 10 uM for 48 h. In Figure 3.28, we identified the difference in the
uptake between the 3D mono-culture (PC-3) and 3D co-culture (PC-3 + CAFs) after
growing the spheroids for seven days. After seven days, the PEGylated-PI liposomes
significantly (P<0.05) showed lower uptake in the 3D co-culture compared to the 3D
mono-culture. The free PI showed significantly (P<0.05) reduced uptake in the 3D co-

culture than in the 3D mono-culture. The conventional-PI liposomes showed greater
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uptake in the 3D co-culture compared to the 3D mono-culture, but it was not statistically
significant.

Identifying the uptake between the 3D co-culture spheroids populations: The 3D
co-culture spheroids model has PC-3 and CAFs cells. We have used the EpCAM marker
more specific to the PC-3 cells. Therefore, we identified the uptake between the PC-3
cells and the other populations (CAFs and EpCAM —ve PC-3). In Figure 3.29, the uptake
of PI was measured after two and seven days of spheroids' growth. After two days of the
spheroids’ growth, the uptake was generally higher in the CAFs and EpCAM —ve PC3
cells populations, but the PEGylated liposomes had a significantly (P<0.05) greater
uptake in the CAFs and EpCAM -ve PC-3 cells populations than EpCAM +ve PC3 cells
populations. After seven days of the spheroids’ growth, the uptake showed more in the
EpCAM +ve PC-3 cells populations, which is the opposite of the two days. The only
significant difference was the PEGylated-PI liposomes that showed greater uptake in the
EpCAM +ve PC-3 cells.

3.8 3D Co-culture Spheroids Growth Change in (1:1) PC-3 and CAFs via Flow
Cytometry

The growth difference between PC-3 and CAFs in co-culture was analyzed using flow
cytometry. The gating strategy proceeded as described earlier but without considering the
PI uptake gate because it was not dosed in the spheroids in these experiments. The
growth was evaluated on days 0, 2, 4, 7, and 9 (day 0 was assessed to confirm the 1:1
ratio of PC-3 and CAFs). There was a significant (P<0.05) difference between CAFs and

EpCAM -ve PC-3 cells populations and the other group (EpCAM +ve) after 4, 7, and 9
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days of spheroid growth. We observed that the longer the co-culture spheroids grew, the
lower the EpCAM +ve population percentage, as shown in Figure 3.30.
3.9 2D Monolayer Model RNA Sequencing Analysis

PC-3 2D cell line RNA sequencing was performed to identify baseline gene
expression signature. Baseline Gene Expression Profile (GEP) identified DEGs for PC-3.
Further, the top 100 (FDR<0.05, P<0.5) DEGs for PC-3 were the majority of EMT and
Matrix metalloproteinase (MMPs) markers such as Vimentin/VIM, Hyaluronan
Synthase-3/HAS3, S100 Calcium Binding Protein A6/S100A6, Epithelial Cell Adhesion
Molecule EPCAM, Annexin A2/ANXA2, Annexin A2 Pseudogene-2/ANXA2P2, Lysyl
Oxidase Like 2- LOXL2, Annexin A3/ ANXA3, Transforming Growth Factor Beta
Receptor 2- TGFBR2, AHNAK Nucleoprotein 2- AHNAK?2, Transforming Growth
Factor Beta 1-TGFBI1, Ubiquitin C-Terminal Hydrolase L1- UCHL1, CD55, CD44,
CD109. Fascin Actin-Bundling Protein-1/FSCNI, a taxane-resistant gene, was also
identified as the top DEG for PC-3 2D model subtypes (Table 3.4).
3.10 3D RNA sequencing analysis

PC-3 mono-culture 3D RNA sequencing was performed to identify the gene
expression fold changes for top EMT and MMP markers compared with the PC-3 2D
monolayer cell line model (Figure 3.31). Top DEGs for PC-3 3D was also the majority of
EMT, cancer pathway hallmark genes, and matrix metalloproteinase (MMPs) markers
such as vimentin (VIM), hyaluronan synthase-3 (HAS3,) S100 calcium binding protein
A6 (S100A6), epithelial cell adhesion molecule (EPCAM), annexin A2 (ANXA?2),
annexin A2 pseudogene-2 (ANXA2P2), lysyl oxidase like 2 (LOXL2), Annexin A3

(ANXA3), transforming growth factor beta receptor 2 (TGFBR2), AHNAK
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nucleoprotein 2 (AHNAK?2), transforming growth factor beta 1 (TGFB1), ubiquitin C-
terminal hydrolase L1 (UCHLT1), CD55, CD44, CD109. Fascin actin-bundling protein-1
(FSCN1), a taxane-resistant gene, was also identified as the top DEG for PC-3 2D model
subtypes (Table 3.5). DEGs including CD55, VIM, CD44, HAS3, EPCAM, ANXA3,
LOXL2, CD109, TGFBR2, AHNAK?2, and ANXA2 were upregulated compared to initial
(0 days) 3D spheroids with three days 3D spheroids and seven days 3D spheroids.
Further, MMPs and their activating factors such as MMP1, MMP13, MMP14, MMP15,
MMP16, plasminogen activator, urokinase (PLAU), and other cancer hallmark genes Fos
proto-oncogene, AP-1 transcription factor subunit (FOS), P21 (CDKNA1), and vascular
endothelial growth factor A (VEGFA) were also expressed differentially in PC-3 2 days
3D spheroid vs. 7 days 3D spheroid (Figure 3.32).
3.11 2D vs. 3D RNA Sequencing Analysis

PC-3 2D vs. 3D mono-culture spheroid analysis identified that a majority of known
EMT markers were upregulated in the 3D spheroid model compared to the 2D cell line
culture. S100A6, HAS3, CD44, LOXL2, ANXA2P2, ANXA2, EPCAM were
upregulated 1.46, 2.78, 1.99, 2.06, 1.35, and 1.24, respectively (P<0.05) (Table 3.6).
Further, the Taxane-resistance gene FSCN1 was upregulated 2.51-fold in the 3D spheroid

compared to the 2D PC-3 model (Table 3.6).
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PI (uM) Absorptions (OD) Mean SD CV% LOQ

0.97 0.005 | 0.004 [ 0.002 0.00 0.001 39.250 | -9.04

1.95 0.010 | 0.009 [ 0.007 0.01 0.002 22.434 | 131.35

3.9 0.016 | 0.011 | 0.011 0.01 0.003 20.341 | 120.56

7.8 0.018 | 0.020 | 0.018 0.02 0.001 7.47 100.5

15.6 0.030 | 0.037 | 0.031 0.03 0.004 12.2 97.5

31.3 0.059 | 0.073 | 0.059 0.06 0.008 12.8 100
62.5 0.113 | 0.145 | 0.135 0.13 0.017 12.7 107
125 0.214 | 0.273 | 0.228 0.24 0.031 13.1 98.7
250 0.442 | 0.546 | 0.457 0.48 0.057 11.7 100
500 0.993 | 0.947 | 0.945 0.96 0.027 2.8 100

Table 3.1 Propidium iodide (PI) quantification assay using standard curve to identify
LOQ (limit of quantification) of the PI with +/-10% accuracy and CV% (coefficient

of variation) of <15%. SD, standard deviation.
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PI Loading Concentration (mM) 1 0.5 0.25
Lipid Concentration (mM) 10 10 10
PI-Recovery % 12+3 12+3 B?IOW .
Detection Limit
Lipil‘,’rgl;’;‘:;t‘i‘gf(t:g;;)‘ft“ 10+ 1 1041 1041
Final PI: Lipid (mole basis) 0.12:10 0.06:10 _
Encapsulation Efficiency % 8.69+2.42 | 10.18+4.63

Table 3.2. Propidium iodide (PI) loading concentrations, Lipid concentration at the

preparation, PI-recovery %, Lipid concentration after the preparation, final PI: Lipid

(mole basis), and encapsulation efficiency %. Conventional and PEGylated liposomes

showed similar results (mean + SD).
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Size Distribution

Electrophoretic

Zeta Potential

Formulation Mobility
(nm) (umem/Vs) (mV)
Time Point Zero 72 h Pdl Zero 72 h Zero 72 h
Conventional | 105-125 | +22% | <0.1 | 1.5+£0.15 | -0.3+£0.25 | 20+2 -4.5+£2.6
PEGylated | 110-130 | +0.6% | <O0.1 -240.15 | -1.5+0.2 | -2942 -19.4+2

Table 3.3. Liposome formulations’ volume weighted size distribution, electrophoretic

mobility, and zeta potential stability after 72 h in biological conditions (serum-

supplemented media at 37 °C), mean + SD.
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P-value (PC-3 - FDR step up Ratio (PC-3 | Fold change ;J? ;\]/[;)m(lll, g:g: LS Mean (PC-3-
Gene symbol Gene name 3D vs. PC-3- 2D) (PC-3-3Dvs. | -3Dvs.PC-| (PC-3-3D 3D vs. PC-3- 2D) (PC-3-3D
PC-3-2D) 3-2D) vs. PC3- 2D) 2D) vs. PC-3- 2D)
ENSG00000075618 FSCN1 4.04E-65 1.56E-62 2.51E+00 2.51 1.21E+03 4.81E+02
ENSG00000197956 S100A6 7.41E-46 2.04E-43 1.46E+00 1.46 3.46E+03 2.37E+03
ENSG00000103044 HAS3 7.67E-40 1.85E-37 2.78E+00 2.78 6.31E+02 2.27E+02
ENSG00000185567 AHNAK?2 3.11E-22 3.60E-20 4.54E-01 -2.20 2.19E+02 4.83E+02
ENSG00000026508 CD44 6.98E-14 431E-12 1.99E+00 1.99 3.55E+02 1.78E+02
ENSG00000026025 VIM 3.63E-05 6.68E-04 8.08E-01 -1.24 6.79E+02 8.40E+02
ENSG00000134013 LOXL2 3.85E-05 7.04E-04 2.06E+00 2.06 9.96E+01 4.84E+01
ENSG00000231991 ANXA2P2 1.03E-04 1.67E-03 1.35E+00 1.35 4.02E+02 2.99E+02
ENSG00000182718 ANXA2 2.18E-04 3.21E-03 1.24E+00 1.24 6.62E+02 5.34E+02
ENSG00000138772 ANXA3 1.86E-03 2.00E-02 5.67E-01 -1.76 4.72E+01 8.32E+01
ENSG00000156535 CD109 2.82E-02 1.79E-01 7.61E-01 -1.31 1.14E+02 1.50E+02
ENSG00000119888 EPCAM 3.52E-02 2.10E-01 1.27E+00 1.27 1.78E+02 1.41E+02
ENSG00000163513 TGFBR2 6.08E-02 3.09E-01 7.53E-01 -1.33 7.69E+01 1.02E+02
ENSG00000105329 TGFB1 7.09E-02 3.44E-01 8.26E-01 -1.21 1.64E+02 1.98E+02
ENSG00000196352 CD55 7.03E-01 9.99E-01 9.64E-01 -1.04 2.15E+02 2.23E+02

Table 3.4. RNA sequencing analysis for PC-3 2D.

The results included top DEGs for the PC-3 2D model.
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P-value (CTRL -control P-value (CTRL - | Fold change (CTRL -
Gn?ll)el spheroid day 3 vs. day FOldhd;aflng;CgR: ;lc;n(t);m control spheroid | control spheroid day
Symbo 0) spheroid day 5 vs. day day 7 vs. day 0) 7 vs. day 0)
CD55 1.72E-03 1.33 1.89E-01 1.13E+00
VIM 2.65E-03 1.16 7.16E-02 1.10E+00
CD44 2.05E-02 -1.19 5.56E-01 1.04E+00
HAS3 1.39E-01 1.08 7.80E-09 1.34E+00
EPCAM 1.64E-01 -1.16 7.36E-01 -1.04E+00
ANXA3 1.98E-01 1.28 5.75E-01 1.12E+00
LOXL2 3.97E-01 1.12 4.38E-02 1.30E+00
CD109 4.65E-01 -1.10 3.29E-01 1.13E+00
TGFBR2 4.69E-01 1.11 3.07E-01 1.16E+00
AHNAK?2 8.44E-01 -1.02 4.68E-03 1.28E+00
ANXA2 8.65E-01 1.01 1.83E-01 -1.08E+00

Table 3.5. RNA sequencing analysis for PC-3 3D mono-cellular spheroid model.

The result included top DEGs for the 3D model
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Gene

P-value (PC-3 - 3D vs. PC-3-

Fold change (PC-3 - 3D vs. PC-3-

name 2D) 2D)
FSCN1 4.04E-65 2.51
S100A6 7.41E-46 1.46
HAS3 7.67E-40 2.78
CD44 6.98E-14 1.99
LOXIL2 3.85E-05 2.06
ANXA2P2 1.03E-04 1.35
ANXA2 2.18E-04 1.24
EPCAM 3.52E-02 1.27

Table 3.6. RNA sequencing analysis for PC-3 2D vs. PC-3 3D spheroid
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3.12 Figure legends

Figure 3.1 A wide range absorbance spectrum of PI dissolved in pure ethanol to identify

the maximum absorbance. A 15.6 uM of PI was used.

Figure 3.2 Absorbance spectrum of PI dissolved in pure ethanol. Different PI
concentrations were used (500, 250, 125, 62.5, 31.25, 15.6, 7.8, 3.9, 1.95, and 0.97 uM).
Figure 3.3 Standard curve of free PI dissolved in pure ethanol. This figure represent the
values calculated in table 3.1. The R? is the proportion of the variance in a regression. y
represents any of the PI concentrations (LM), and x represents the absorbance (OD) of

that specific PI concentration. 0.0019 is the slope and 0.0037 is the intercept. n=3.

Figure 3.4 Liposome size distribution comparisons between intensity and volume
weighted with narrow (<0.1) polydispersity index (PDI) measurements. A) Conventional
liposomes without PI. B) Conventional-PI liposomes. C) PEGylated liposomes without
PI. D) PEGylated-PI liposomes. The left-sided figures show the size distributions by the

intensity, and the right-sided figures show the size distributions by volume.

Figure 3.5 Liposome zeta potential comparisons between the formulations with and
without the PI. A) Conventional liposomes. B) PEGylated liposomes. The standard
deviation shows the no significant difference between the formulations with or without

the PI.

Figure 3.6 Zeta Potential and stability of Conventional and PEGylated liposomes after 72

h exposure in biological conditions, serum-supplemented media at 37°C. A) Represents
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the conventional PI liposomes before and after stability studies. B) Represents the

PEGylated PI liposomes before and after stability studies.

Figure 3.7 Propidium iodide (PI) stability in liposomes exposed to biological conditions
(serum-supplemented media at 37°C) for 72 h. Samples considered 100% encapsulating
PI at time 0 were collected after 5, 24, 48, and 72 h exposure. The PEGylated liposomes
showed reduced PI encapsulation after 5 hours for 15%, but the PI concentration was
stable until the end of the experiments. The conventional liposomes showed gradual

leakage of PI, but it had not exceeded 15% at the end of the experiments.

Figure 3.8 Propidium iodide (PI) cytotoxicity effect over PC-3 cell line. In-vitro effect of
PI on the growth of PC-3 cells following 48h of different PI concentrations (125, 62.5,
31.25, 15.6, 7.8, and 3.9 uM) using mitochondrial activity (3-(4, 5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide or MTT assay. Results showed that little to no toxicity

was identified at 10 uM up to 15 uM.

Figure 3.9 Conventional and PEGylated liposomes cytotoxicity effect over PC-3 cell
line. In-vitro effect of liposomes on the growth of PC-3 cells following 48h of different
lipid concentrations (5, 2.5, 1.25, 0.625, and 0.3125 mM) using mitochondrial activity (3-
(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT assay. Results

showed that liposome formulations are not toxic.

Figure 3.10 Propidium iodide (PI) uptake in live cells. Cells were incubated with 10 uM
of free PI for 24 h, and it was captured using a Texas Red laser (596/615

excitation/emission). 30 min before imaging, cells were stained with 3 uM of Calcein

96



AM to identify live cells. Calcein AM was captured using a FITC laser (490/525

excitation/emission). Red is for PI. Green is for Calcein AM. Scale bar: 100 um.

Figure 3.11 Free PI uptake in 2D monolayer PC-3 cells. 10 uM of PI was dosed over PC-
3 cells and measured the uptake following different time points (6, 12, 24, and 48h) using
fluorescence imaging with a Cytation5 multimode reader. BF is a Bright Field. TR is a
Texas Red, and it represents PI uptake (red). FITC shows Calcein AM dye (green), and it
stains live cells. The uptake increases with prolonged exposure to the free PI and starts

after 12h.

Figure 3.12 PI-Conventional liposomes uptake in 2D monolayer PC-3 cells. 10 uM of PI
was dosed over PC-3 cells and its uptake was measured at 6, 12, 24, and 48 h by
fluorescence imaging. BF is a Bright Field. TR is a Texas Red, and it shows PI uptake
(red). FITC shows Calcein AM dye (green), and it stains live cells. No uptake of the

conventional-PI liposomes was visualized.

Figure 3.13 PI-PEGylated liposomes uptake in 2D monolayer PC-3 cells. 10 uM of PI
was dosed over PC-3 cells and its uptake was measured at 6, 12, 24, and 48 h using
fluorescence imaging. BF is a Bright Field. TR is a Texas Red, and it shows PI uptake
(red). FITC shows Calcein AM dye (green), and it stains live cells. The uptake can be

visualized after 48 h exposure to the PEGylated-PI liposomes.

Figure 3.14 Free PI uptake in 3D mono-culture PC-3 cells. 10 uM of PI was dosed over
PC-3 cells and its uptake was measured at 6, 12, 24, and 48 h using fluorescence imaging.

BF is a Bright Field. TR is a Texas Red, and it shows PI uptake (red). FITC shows
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Calcein AM dye (green), and it stains live cells. The uptake of the free PI can be

visualized after 6 h, which increases with further time points.

Figure 3.15 PI-Conventional liposomes uptake in 3D mono-culture PC-3 cells. 10 uM of
PI was dosed over PC-3 cells and measured the uptake following different time points (6,
12, 24, and 48h) using Cytation5 imaging. BF is a Bright Field. TR is a Texas Red, and it
shows PI uptake (red). FITC shows Calcein AM dye (green), and it stains live cells.

There is no visualized uptake of the conventional-PI liposomes.

Figure 3.16 PI-PEGylated liposomes uptake in 3D mono-culture PC-3 cells. 10 uM of PI
was dosed over PC-3 cells and measured the uptake following different time points (6,
12, 24, and 48h) using Cytation5 imaging. BF is a Bright Field. TR is a Texas Red, and it
shows PI uptake (red). FITC shows Calcein AM dye (green), and it stains live cells. The

uptake of the PEGylated-PI liposomes can be visualized after 48h.

Figure 3.17 Growth change within 3D mono-culture PC-3 cells. 3D spheroids of PC-3
cells were grown, and cell counts were identified at different time points (2, 4, 7, and 9
days) using confocal imaging. PC-3 cells were eGFP. The 3D mono-culture spheroids

show a continuous growth.

Figure 3.18 Surface growth change within 3D co-culture (1:1) PC-3 and CAFs cells. 3D
co-culture spheroids were grown, and cell counts were identified at different time points
(2, 4,7, and 9 days) using confocal imaging. PC-3 cells were GFP transfected. CAFs

cells had no fluorescent, so all cells were stained with Hoechst 33342 dye to be able to

98



capture CAFs. Later at analysis, the eGFP cells (PC-3) number was deducted from the

total cells number to get CAFs’ number.

Figure 3.19 Center growth change within 3D co-culture (1:1) PC-3 and CAFs cells. 3D
co-culture spheroids were grown, and cell counts were identified at different time points
(2,4, 7, and 9 days) using confocal imaging. PC-3 cells were GFP transfected. CAFs
cells had no fluorescence, so all cells were stained with Hoechst 33342 dye to be able to
capture CAFs. Later at analysis, the eGFP expressing PC-3 cell number was deducted
from the total cells number to get CAFs’ number. There was no significant growth

difference between CAFs and PC-3 cells.

Figure 3.20 Growth comparison between mono-culture (PC-3) spheroids and co-culture
[(1:1) PC-3 and CAFs] spheroids. A) The figure compares mono-culture and co-culture
after 2 and 7 days. B) The images compare mono-culture and co-culture, captured after 2
days of growth. C) The images compare mono-culture and co-culture; they were captured
after 7 days of growth. The size of the spheroids was identified by confocal imaging. A
significant (P<0.05) growth difference between mono-culture and co-culture spheroids.

Scale bar: 300 um.

Figure 3.21 Surface uptake of free PI, Conventional-PI, and PEGylated-PI in 3D mono-
culture and co-culture spheroids. After 2 and 7 days of the spheroids’ growth, the
formulations were dosed, and the formulations were incubated with spheroids for 48 h.
The results were acquired using confocal imaging and analyzed by Fiji ImagelJ version
2.3.0 software. A) Spheroids grown for 2 days. B) Spheroids grown for 7 days. PC-3 cells

stably expressed eGFP. 3D co-culture spheroids nuclei stained with Hoechst 33342 dye,
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including the CAFs. A significant difference (P<0.05) between the 3D mono-culture and
co-culture in the free PI and the conventional-PI liposomes after 2 and 7 days of spheroid
growth was observed. There was greater uptake of the PEGylated liposomes in the 3D
mono-culture spheroids after 2 and 7 days of the spheroids’ growth, but was only

significant after 2 days of the spheroids growth.

Figure 3.22 Center uptake of free PI, Conventional-PI, and PEGylated-PI in 3D mono-
culture and co-culture spheroids. After 2 and 7 days of the spheroids’ growth, the
formulations were dosed, and the formulations were incubated with spheroids for 48h.
The results were acquired using confocal imaging and analyzed by Fiji ImagelJ version
2.3.0 software. A) The spheroids were grown for 2 days. B) The spheroids were grown
for 7 days. PC-3 cells stably expressed eGFP. 3D co-culture spheroids were stained with
Hoechst 33342 dye to stain all cells’ nuclei, including the CAFs. A significant (P<0.05)
difference between the 3D mono-culture and co-culture spheroids in the PEGylated-PI

liposomes after 2 days of the spheroids’ growth.

Figure 3.23 Serial concentrations uptake free PI over different time points in a 2D
monolayer of PC-3 cells. The cells were stained with different concentrations (20, 10, 5,
2.5, 1.25, and 0.62 uM) of free PI, and the uptake was identified after 24 and 48h of
exposure. PC-3 cells were not GFP transfected. Calcein AM was used to capture live cell

populations. The uptake of the free PI is time and concentration-dependent.

Figure 3.24 Antibody markers expression in PC-3 and CAFs cells. All marker
expressions are identified by comparing unstained with stained populations. a-SMA is an

intracellular marker; CD44, CD133, and EpCAM are cellular surface markers. EpCAM
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antibody showed as a specific marker for PC-3 cells. 97.5% of the PC-3 cells stained with

EpCAM, whereas the CAFs cells showed only 6.3% of EpCAM stain.

Figure 3.25 The effect of FBS blocking buffer vs Fc blocking buffer. Both buffers were
diluted in 0.5% BSA buffer. Both buffers are incubated with the cells for 20 min at room
temperature. The FBS buffer concentration was 10% (v/v) of FBS in 0.5% (w/v) bovine
serum albumin (BSA). The Fc blocker buffer concentration was 2.5% (v/v) of Fc blocker
in 0.5% (w/v) bovine serum albumin (BSA). A and B represent the 10% FBS blocking
buffer. C and D represent the Fc blocking buffer. PC-3 cells are in A and C. CAFs are in
B and D. The Fc blocking buffer shows better blocking of non-specific binding than the

FBS blocking buffer. The antibody used in this experiment was the EpCAM marker.

Figure 3.26 Gating strategy depicting how samples were analyzed using FlowJo
software. The samples were stained with Ghost Dye to exclude dead cells. EpCAM was
used to stain PC-3 cells. PI was used to identify the uptake of the free PI or the PI-

liposomes.

Figure 3.27 Free PI and PI-liposomes uptake in PC-3 cells in 2D monolayer culture, 3D
mono-culture, and 3D co-culture after 2 days of growth. The cells were incubated with
free PI, conventional PI liposomes, and PEGylated PI liposomes for 48h. The uptake was
identified using flow cytometry. The PC-3 cells used were wild, not expressing eGFP. In
2D monolayer culture and 3D mono-culture, Calcein AM was used to capture live cell
populations. In 3D co-culture, PC-3 cells were captured using EpCAM antibody, and the

dead cells were excluded using Ghost Dye. The figure shows significantly (P<0.05)
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lower uptake of the free PI and the PEGylated liposomes in the 3D co-culture compared

to the 2D monolayer and 3D mono-culture. *Baseline is corrected to unstained controls.

Figure 3.28 Free PI and PI-liposomes uptake in PC-3 cells in 3D mono-culture and 3D
co-culture after 7 days of growth. The cells were incubated with free PI, conventional PI
liposomes, and PEGylated PI liposomes for 48 h. The uptake was identified using flow
cytometry. The PC-3 cells used were not GFP transfected. In the 3D mono-culture,
Calcein AM was used to capture live cell populations. In the 3D co-culture, PC-3 cells
were captured using EpCAM antibody, and the dead cells were excluded using Ghost
Dye. The figure shows significantly (P<0.05) reduced uptake of free PI and the
PEGylated liposomes in the 3D co-culture compared to the 3D mono-culture. *Baseline

1s corrected to unstained controls.

Figure 3.29 Free PI and PI-liposomes uptake in co-culture (1:1) PC-3 and CAFs
spheroids. The uptake was determined using flow cytometry. The samples were stained
with EpCAM antibody that binds PC-3 cells’ surfaces. A) The spheroids were grown for
two days before adding the formulations. The PEGylated PI liposomes showed
significantly (P<0.05) lower uptake in the EpCAM +ve PC-3 cells. B) The spheroids
were grown seven days before the formulations were added. The PEGylated liposomes
showed higher uptake in the EpCAM +ve PC-3 cells. *Baseline is corrected to unstained

controls.

Figure 3.30 Growth change within 3D co-culture (1:1) PC-3 and CAFs cells. Spheroids’
growth change compared between EpCAM +ve and EpCAM —ve populations at different

time points (0, 2, 4, 7, and 9 days) using flow cytometry. A) Shows a significant (P<0.05)
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reduction of the EpCAM +ve population, representing PC-3 cells after 4 days, and the
further time points, the greater the significant (P<0.05) difference. B) The EpCAM gating

of data using FlowJo software. *Baseline is corrected to unstained controls.

Figure 3.31 HeatMap represented Differentially Expressed Gene Signature (DEGs) for
PC-3 3D mono-culture spheroid (P<0.05) for 0 days, 3 days, and 7 days. EMT markers

were identified as top markers for 3D spheroids.

Figure 3.32 HeatMap represented Differentially Expressed Gene Signature (DEGs) for
MMPs and cancer hallmark genes for PC-3 3D mono-culture spheroid (P<0.05) for 0

days, 3 days, and 7 days.
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4.1 Discussion

There has been a number of clinically approved nano products since the 1990s. While
they have shown clinical utility, their overall promise has not been fully realized. While
there has been an exponential growth in the numbers and types of nanoparticles that are
being prepared, there are still fundamental gaps in knowledge related to how they
accumulate and distribute within solid tumors, and how the tumor microenvironment can
alter their performance.

Our goal was to gain insights into the role of the nanoparticle and not a specific
anticancer drug. In these studies, we were not interested in looking at cytotoxic effects on
the cancer cells, rather, we desired to use a fluorescent dye that is relatively not toxic, at
least at the concentration we used in these studies. We also aimed to provide a stable
entrapment of the fluorescent dye in the formulations, so we could anticipate the
distribution and uptake of those formulations. Further, we investigated a fluorescent dye
that if it released from the formulations, it cannot be easily taken up by the cells. Earlier,
our lab and others have encapsulated and used 6-carboxyfluorescein (6-CF) as a probe
within liposome!; however, when 6-CF is released it is taken up by cells quickly, and it
showed concentration and environment effects. While its release has been used as a
marker of liposome membrane integrity, its ability to track the intracellular uptake of
liposomes was limited.

Propidium iodide (PI) is a red fluorescent dye that binds to DNA, and it is widely
described in the literature as a probe that cannot passively cross intact cell membranes,
and for that reason, it only stains dead cells that have compromised cell membrane?. We

hypothesized that PI could be used to track the intracellular distribution of liposomes. If a
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liposome membrane was compromised, for example, degraded by enzymes or proteins
secreted by cancer cells or in the tumor microenviomrent®, and PI was released, then, we
believed the PI would not cross live cells’ membrane and no intercellular PI staining
would be observed in live cells. If PI staining was observed in live cells, this would
suggest that liposomes were taken up into the cells as a whole and intact particles, and
later they degraded and released the PI inside the live cells.

To verify the PI's ability to be used in our study, we determined its cytotoxicity in the
PC-3 cells using the MTT assay. In our study, after 48 h of the incubating different
concentration of the PI, we found that up to 15 pM of the PI there was no change in MTT
staining, but higher concentrations decreased the MTT staining suggesting the presence
of toxicity. Based on these data, we choose to use a concentration of 10 uM PI that was
not toxic when it was incubated for 48 h in PC-3 cells. Furthermore, we wanted to verify
that our empty (drug free) liposomes were not introducing any toxicity when dosed over
the cells for 48 h. Based on the MTT assay and examining high and low concentrations of
our liposome formulations, we did not observe any cytotoxicity.

Ethanol is an organic solvent and known to dissolve lipids in liposomes at
concentrations over 50-60%?*. We have used pure ethanol to dissolve liposomes and
release the PI so we can quantify its concentration. We determined that it can take up to
an hour and may require sonication to fully dissolve the lipids and yield a clear solution.
We added 200 pl of ethanol to 50 pl of liposomes with PI and liposomes free of PI to
ensure the lipids do not interfere with the readings. This resulted in a final alcohol
concentration of 80% (v/v) with 10 mM of lipid. While PI has been used widely as a

live/dead stain, there were no assays that described its quantification in organic solvents,
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such as absolute alcohol. Though we had a clear solution to quantify the PI concentration,
we had to develop a method to quantify the PI in ethanol and demonstrate that lipids in
the sample would not interfere with the assay. Accordingly, we dissolved different high
to low PI concentrations in ethanol and determined the excitation and emission using a
SpectraMax iD3 plate reader with SoftMax Pro 7.1 software. The results showed that the
PI excitation/emission maxima were obtained at 545/650 nm. Additionally, we showed
the overall linear range of the assay and identified the limit of quantification (LOQ) of
the Pl is 7.8 uM, with +/-10% accuracy and CV% <15%. We used the assay to optimize
PI-liposome formulations. We examined the recovery and EE of PI in a conventional and
PEGylated liposome formulation. First, we loaded different concentrations of the PI into
the liposomes using the aqueous capture method. The results showed that the PI-recovery
% was similar (12+3%) when we loaded 1 and 0.5 mM of the PI. This means that 1 mM
of the PI resulted in 0.12 mM, and 0.5 mM of the PI resulted in 0.6 mM. Moreover, the
encapsulation efficiency (EE) was 8.3+2.42% for 1 mM PI and 10.18+4.63% for the 0.5
mM; therefore, as the EE is too low, we preferred to use the higher PI concentration (1
mM). We desired to use higher concentrations of the PI, but the PI solubility is very low
(1 mg/ml = 1.5 mM) in normal saline (0.9 % NaCl). We also tried lower concentrations,
but they were below the LOQ. The goal is to enable detecting the PI uptake when the
liposomes are taken up. Our study showed that the free PI is significantly (P<0.05) taken
up by the cells at the concentration 5 uM after 24 and 48 h. Since the encapsulated PI (10
uM) leaks at most 15%, it would not significantly be quantified as uptake in the cells.
Therefore, identifying the PI inside the cells when encapsulated in liposomes, means that

the liposomes were taken up and released >5 pM of the encapsulated PI in the cells.
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After verifying the PI and the liposomes’ non-toxicity at the concentrations we used in
our study and knowing how much PI we can encapsulate in the liposomes, we studied the
PI stability in the liposomes when exposed to biological conditions (serum-supplemented
media at 37°C) for 72 h. Jan Karlsen et al. introduced the dialysis method to study the
drug release from liposomes in 1995, called fractional dialysis®. Prior to beginning the
stability experiments we determined we were not able to measure leaked, free PI in the
dialysate, because it was below the LOQ for our assay. Therefore, we adapted the assay
and measure the change in PI from within the dialysis bags due to leakage. We collected
samples at different time points, and the first time point after the study started was at 5 h.
We used one of the controls as a free PI in the dialysis bags, and we could not detect any
PI in the bag after the first time point (5 h), meaning that the PI could leak from the
dialysis bags if released from the liposomes. The study showed that the conventional and
the PEGylated liposomes stably entrapped the PI, and the total leak of the PI after 72 h
did not exceed 15%. This suggests that if the formulations were dosed with PI final
concentration at 10 pM, it would leak only 1.5 uM at maximum release cases. As we
described earlier, the lowest concentration of the PI that can show significant uptake in
the cells is 5 pM; accordingly, if we see the uptake of the PI that is encapsulated in
liposomes, this indicates that the formulations are taken up by the cells and released the
PIL.

While the uptake of PI is generally thought to only occur in dead cells, we conducted a
variety of control studies in our system. Unfortunately, when we incubated the free PI
with the cells, we showed that the free PI (at what concentration) is taken up by live cells

when incubated for more than 6 h. While the goal of this research was not to delineate the
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mechanism of PI uptake, Marlon J. Hinner, et. al., has described how small molecules
are able to traverse the cell membrane, as non-specific internalization of fluid occurs in
all cells, called pinocytosis®. However, since our formulations stably entrapped the PI, it
was possible to consider using the free PI as a positive control for internalizing the dye
after 48 h exposure.

Liposome characterization assays are essential to demonstrate our ability to
reproducibly prepare different liposomes formulations. Characteristics, such as size
distributions, zeta potentials, electrophoretic mobility (charge), and phosphate
concentration were used after each liposome preparation.

The size distributions of the liposomes were measured using the dynamic light
scattering (DLS), which measures the size distribution of the nanoparticles based on
time-dependent intensity fluctuations in scattered laser light. It calculates the particle’s
size according to the rate of fluctuation of scatted light intensity, where the small
particles diffuse more rapidly than large particles’. Different parameters can be acquired
from the DLS to express the size distribution of the NPs, such as intensity and volume.
However, it has been known that when the polydispersity index (PDI) is narrow (<0.1);
then, both parameters (intensity and volume) would be close to each other because the
samples are monodisperse®. Our study showed that the conventional liposome size
distribution by volume was 105-125 nm, and the PEGylated liposomes were 110-130 nm.
These sizes are important because they provide an advantage of EPR and re similar to
those that clinically used.

The zeta potential of the NPs is an important parameter since it shows the stability of

the particles in a suspension. The zeta potential depends on the particle’s charge
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(electrophoretic mobility), which is the potential difference between the stationary layer
(dispersion medium attached to dispersion particles) and the mobile dispersion medium®.
The higher charge values (> 30 or < -30), the lower particles coalescence. Our
formulations showed -29+2 mV for the PEGylated liposomes and 20+2 mV for the
conventional liposomes, meaning we expected higher stability of the PEGylated
liposomes than the conventional liposomes. The reason behind having the higher stability
of the PEGylated liposomes has the PEG chain that reduces the interactions between the
surfaces. Andreas et al. explained how the high zeta potential brought more stability and
showed how the PEG increased stability to the NPs!?, The electrophoretic mobility is the
particles’ response to the applied electrical field (anions move toward the positively
charged anode, cations move toward the negatively charged anode, and neutral species
remain stationary) and, therefore, it can express the particles' actual charge!!. The
PEGylated liposomes charge showed as -2+0.15 umcm/Vs, and the conventional
liposomes charge showed as 1.5+£0.15 umcm/Vs. The net negative charge in the
PEGylated liposomes is due to the conjugation of PEG-DSPE [10 mole percent (based on
lipid)] to DSPC.

Further, we performed stability studies of the formulations after 72 h exposure to
biological conditions (serum-supplemented media at 37°C). We found that the
conventional liposomes’ size distributions increased by around 22%, the charge was
changed from 1.5+0.15 to -0.3+0.25 umcm/Vs and the zeta potential dropped from 20+2
to -4.5+2.6 mV. On the other hand, the PEGylated liposomes showed greater stability

where their size distributions increased only 0.6%, the charge changed from -2+0.15 to -

1.5+0.2 pmem/Vs and the zeta potential dropped from -29+2 to -19.4+2 mV. As the
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conventional liposomes exposed higher changes in their characteristics, such as the high
increase of size and reduce of zeta potential, it indicated that the particles are not stable in
the solution compared to the PEGylated liposomes, which they exposed lower changes.

Recent studies demonstrate that the tumor microenvironment (TME) plays an
important role in altering the barrier properties of solid tumors that affect the therapeutic
response!2. TME comprises different stromal cells (CAFs, immune cells, endothelial cells
(ECs), etc.) and extracellular matrix (ECM) components (growth factors, cytokines,
hormones, etc.)!?. All these components surround the tumor cells and support their
progression and metastasis. All stromal cells are not malignant; however, due to their
interactions with the cancer cells, they acquire protumor functionality'4.

CAFs are one of the major stromal cells that provide many protumor functionalities to
the tumor, such as increased tumor growth by changing metabolic effects (lactate,
alanine, and aspartate shuttling and amino acid depletion), increased cancer cells invasion
by remodeling the matrix (matrix crosslinking, proteolysis, force-mediated matrix
remodeling, and matrix production), and involved in macrophage and endothelial
crosstalk through the secretion of soluble factors (exosomes and vascular endothelial
growth factor (VEGF))!°. All these functionalities that are mediated by CAFs can
contribute to the failure of NPs and their payloads from effectively reaching and acting
on cancer cells!®.

One challenge in accessing effect of nanoparticles and TME is the diversity of cell
types. Here we chose to use flow cytometry because it is capable of measuring multiple
markers in a large number of cells rapidly. Furthermore, specificity can be achieved by

using labeled antibodies that are specifically generated against different biological
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molecules (markers), such as proteins, cytokines, glycolipids, etc. In flow cytometry,
antibodies are developed to help detect a specific marker in a sample!”. As our study has
a co-culture model combining PC-3 with CAFs cells, we needed to separate these cells
for further analysis. Hence, we investigated different antibody markers. Since PC-3 cells
are epithelial cells, and CAFs are known for their negative consist of epithelial proteins!'®,
we examined EpCAM (epithelial Cell Adhesion Molecule) antibody. Our study showed
that the EpCAM is highly conjugating with PC-3 cells, but it has some conjugation with
the CAFs cells. We revised our staining protocol to minimize non-specific binding. As
the antibodies have the Y shape, their specific binding sites are meant to be with light
chains; yet they can non-specifically bind through their heavy chain and produce false-
positive!®. To avoid that, protein blocking reagents such as bovine serum albumin (BSA),
fetal bovine serum (FBS), and Fc blocker?’. In our older protocol, we used a 10 % (v/v)
FBS buffer in a 0.5 % (w/v) BSA buffer to block the non-specific binding sites in the
cells. When we used 2.5 % (v/v) Fc blocker in a 0.5 % (w/v) BSA buffer, it reduced the
non-specific binding, making the EpCAM a good candidate as a specific marker for PC-3
cells. We also investigated different antibody markers, such as a-SMA (alpha-smooth
muscle actin), which is known to be expressed in CAFs cells.?! However, in our studies
we showed no significant staining using two different antibodies for a-SMA. We also
tested CD44, an aggregation and migration marker known to be expressed on the surface
of the PC-3 cells??, yet it showed significant binding in both cell types. CD133 is a stem
cell marker also known to be expressed on the surface of the PC-3 cells?, but no
significant binding was shown. Accordingly, we used the EpCAM as a marker for the

PC-3 cells, and the CAFs cells were identified as the —ve stain population of EpCAM. In
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our study, we found that a fraction of the PC-3 cells lost EpCAM staining and became
EpCAM negative after 4 days of the co-culture (PC-3 + CAFs) formation. This could
indicate epithelial-mesenchymal transition (EMT). C.P. Hu et al. showed that CAFs
induced EMT in lung cancer cells®3. Accordingly, this is one of the future directions to
study the EMT caused by CAFs when co-culture with cancer cells.

In our confocal studies, we used PC-3 cells that are GFP tagged and CAFs without
fluorescent tag. To capture the CAFs cells, we had to search for an appropriate
fluorescent dye that could stain the cells. After capturing the images with GFP and
Hoechst 33342, we analyzed the GFP as the PC-3 cells and the Hoechst 33342 as PC-3 +
CAFs. At the end of the analysis, we deducted the GFP cell number from the
Hoechst33342 total to obtain the CAFs’ cell number. This study aims to evaluate the role
of CAFs when co-culturing with cancer cells (PC-3) and how they might affect the
uptake or the distribution of the liposome NPs. Therefore, we have grown the co-cultured
spheroids for 2 days and the others for 7 days to identify the uptake difference between
them. We aimed to see how more prolonged interactions between CAFs and PC-3 cells
would affect the uptake or distribution of the liposome NPs. We also compared the
uptake of the liposomes NPs in the co-culture spheroids with mono-culture spheroids that
had been treated the same as the co-culture spheroids. By using flow cytometry analysis
after 2 days of the spheroids’ growth, we noticed that both the co-culture and mono-
culture spheroids had low uptake of the conventional-PI and PEGylated-PI liposomes.
However, when spheroids were grown for 7 days, the PEGylated-PI liposomes showed
significantly higher uptake in the 3D mono-culture spheroids compared to the 3D co-

culture spheroids. This finding supports the literature claims that the CAFs hinder the
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NPs and treatment uptake. This also suggests that when the CAFs had more prolonged
exposure to the cancer cells, the CAFs showed their protumor functionalities. To validate
these results, we used confocal imaging microscopy. However, since we could
distinguish between each layer of the spheroids, we determined the uptake of the
liposomes NPs in the surface and center of the spheroids. In the spheroids’ surfaces, we
found that the conventional-PI liposomes showed significantly higher uptake in the
mono-culture spheroids after 2 and 7 days of the spheroids’ growth compared to the co-
culture spheroids. The PEGylated-PI liposomes also showed higher uptake in the mono-
culture spheroids than the co-culture spheroids, but it was insignificant. In the center, we
identified that the PEGylated-PI liposomes showed higher uptake in the mono-culture
spheroids compared to the co-culture spheroids, but the significant measurement was
when the spheroids were grown for 2 days. Therefore, the confocal imaging studies
successfully validated the flow cytometry studies. Ultimately, the co-culture spheroids
model showed lower uptake of the liposome NPs compared to the mono-culture
spheroids model. This is also in agreement with clinical literature that suggests that the
EPR effect is not as prevalent and intratumor distribution and cellular uptake are limited.

An interesting finding from this study is that when we co-cultured the CAFs with the
PC-3 cells in spheroids, the growth of the spheroids was slower than the mono-cultured
spheroids with only the PC-3 cells. This finding contradicts some of the literature claims.
Guillaume Vogin et al. showed that when they co-cultured MCF-7 (luminal breast
cancer) cells with MRC-5 (human embryonic fibroblasts) cells in the same ratio we used
in our studies, the growth of their co-culture spheroids was higher than their mono-

culture spheroids®*. On the other hand, Chuaning Bao, et. al., co-cultured HCT-116
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(human colorectal cancer) cells with SW620 (human colorectal CAFs) and showed that
the CAFs caused reduce in the growth of the cancer cells?. Another study by Walnu Cao,
et. al., concurs with our finding that they co-cultured FaDu (human pharynx squamous
cell carcinoma) cells with MeWo (granular fibroblasts derived from human melanoma)
cells in different ratios. None of the co-culture ratios showed an increase in the tumor
growth compared to the mono-culture spheroids?¢. This is important because many
anticancer agents target rapidly diving cells. The use of 2D and 3D models of tumor cells
may not accurately recapitulate the temporal growth characteristics. Furthermore, NP
formulations may not be prepared with optimal release rates based on tumor growth.
Therefore, our study is aiming to mimic the actual tumor and identify the role of the TME
factors in affecting the tumor growth and the delivery system.

Within this field, it is common to hear investigators state that in-vitro performance of
nanoparticles does not represent in-vivo and clinical performance. In-vitro approaches for
identifying the uptake or distribution of NPs in 2D models are not the actual comparable
representation of the in-vivo patient tumor scenario®’. The direct exposure of the NPs to
the cancer cells in the monolayer model does not express how the cancer cells interact
with the NPs when they are in the tissue model. The cells in the 2D monolayer model
differ in many ways from those in the 3D model, such as drug susceptibility, apoptosis,
survival, gene expression, protein expression, and differentiation?®. Therefore, we aimed
to compare the 2D and 3D models when incubated with liposome NPs and identify the
uptake difference. We showed in our flow cytometry results that the PEGylated-PI
liposomes had significantly greater uptake in the 2D monolayer model compared to both

3D mono-culture and co-culture spheroids models. This data suggests that the 2D
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monolayers do not capture the physiological and architectural barriers and provide a
mechanistic understanding of liposome NPs uptake as in 3D and in-vivo models.

As the 3D models better represent solid tumors than the 2D models, there have been
different systems to optimize proper 3D models, such as organoids and spheroids.
Organoids are an in-vitro model that can be derived from embryonic or adult stem cells
(SCs). They are featured by having multiple cell lineages and the ability to recapitulate
organ physiological parameters. Spheroids are an in-vitro model that can be derived from
a mono-culture cell line, multicellular mixtures, primary cells, tumor cells, and tissues.
The 3D spheroids can represent single or partial tissue components and transiently
resemble cell organization?®. Although organoids are derived from patients and are most
clinically relevant, their heterogeneity limits our ability to control factors and identify
specific determinants of drug delivery. Alternatively, spheroids are a flexible system that
allows us to make spheroids rapidly in different configurations, such as monoculture and
co-culture, which permits us to evaluate each of the TME factors and determine their
influence on the delivery systems. Furthermore, the impact of different extracellular
matrices (described below) can also be easily examined using more homogenous 3D
spheroid systems. Therefore, we used a spheroid system instead of the organoids in our
study, and we successfully developed mono-culture and co-culture models that permitted
us to identify the effect of CAFs on the uptake of our delivery systems.

The literature provides many methods to develop a 3D spheroid model. One of the
primary elements is choosing the base membrane in which the spheroids will be formed.
For example, there are hydrogel-based (soft) 3D and solid 3D scaffolds. The solid

scaffolds include metal, ceramics, glass, and polymers. However, since the solid scaffolds
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have some drawbacks that limit our end goal of the study, such as difficulty in recovering
cells from the matrix and limited scope for cell imaging, we did not consider them as a
choice. The soft 3D scaffolds involve components derived from hydrogels, such as
Corning Matrigel® matrix (low concentration), collagen, hyaluronic acid, etc. The reason
for using a hydrogel-based membrane is its highly porous and hydrated nature that
resembles the physiology of different cell types and allows the application of different
tumorigenicity and drug development studies. Matthias Nees et al. compared Matrigel®
matrix and collagen to identify the 3D spheroids formation and growth in PC-3 cells.
They showed that the collagen spheroids formed loose aggregates and poor cell-to-cell
contact, whereas the Matrigel showed a greater ability to support solid tumor growth and
differentiation of PC-3 cells in the spheroids. Therefore, we used in our study the
Matrigel matrix as a base for our spheroids, and it provided suitable cell-to-cell contact
and aggregation. After choosing the spheroids’ base membrane, we looked for the
method to form the spheroids. There are a variety of methods for forming the spheroids,
such as pellet culture (which requires centrifugation that might cause shear stress that can
damage the cells), hanging drop (commonly used, but physical parameters such as drop
volume and suspension density can affect the size of the spheroids), liquid overlay (static
suspension is a simple technique that uses coated surfaces to prevent the cell adhesion to
the surface to allow the cells to form spheroids spontaneously, and it provides
heterogeneous spheroids in size and shape), and spinner culture(many physical
parameters, such as high or low speed of stirring that can affect the spheroids). Hence, we
chose the liquid overlay technique that provided a quick spheroids formation (overnight)

and allowed us to easily monitor the spheroids' growth since we used 96-well plates.
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Many recent studies that used fibroblasts in the co-culture spheroids used foreskin
fibroblast**-32. The question is, are all fibroblasts the same? Eric G. Neilson, et. al.,
explained how the origin of the fibroblasts contributes to heterogeneous functions in
various organs. They also clarified that the fibroblasts could be better characterized based
on their mesenchymal state, which involves different molecular marker profiles**. Thus,
we ensured using fibroblasts in our study that originated from the same organ (bone
marrow) as the cancer cells. It should be noted that PC-3 were prostate cancer cells that
had metastasized and were isolated from bone.

To more accurately mimic the TME, a goal of this study was to convert normal bone
fibroblasts into cancer-associated fibroblasts (CAFs). In the human body, CAFs are
believed to originate from local fibroblasts that are in proximity to cancer cells within a
solid tumor?*. Although different methods of generating CAF are described in the
literature, such as using growth factors or microRNAs (miRNAs) to activate fibroblast
conversion®, we followed a methods that involved exposing normal fibroblasts to a
culture conditioned media (CCM) that had been incubated with the cancer cells. CCM is
obtained by incubating serum-free media with the cancer cells for 24 h. Media is
collected after 24 h, centrifuged for 10 min at 1,000 rcf, and passed through a 0.22 pm
filter to eliminate debris. Then, FBS was added at 10% (v/v), and CCM was ready to be
used in culture. CCM principle collects secreted proteins, including hormones, cytokines,
enzymes, growth factors, and other soluble mediators, from cancer cells. These proteins
are essential in cell differentiation, growth, invasion, efc.*¢. To our knowledge, this
method represents the activation of fibroblasts to be CAFs. Brian S. Cummings, et. al.,

used the same fibroblasts cells (HS-5) and cancer cells (PC-3) we used in our study, and
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they followed the CCM to convert the fibroblasts into CAFs?’. The Cummings’s paper
followed Yoshiki Sugimura, et. al., study that demonstrated the time required for the
fibroblasts to convert into CAFs, which is as they suggested 3 days of incubation with the
CCM?8, In our study, we cultured the fibroblasts with the CCM for more than a month
before starting our experiments to ensure their conversion into CAFs.

The growth change in our 3D models was investigated to identify the effect of the
CAFs cells introduced to the PC-3 cells. Using the confocal imaging, we noticed that 3D
mono-culture spheroids grew faster than the co-culture spheroids. We wanted to
understand this growth difference further and, by using flow cytometry, observed that the
EpCAM +ve populations (PC-3 cells) started to reduce after day 4 of the co-culture. The
EpCAM —ve population was increasing, on the other hand. Hence, we aimed to study the
EpCAM —ve populations. CAFs cells are autofluorescent in the FITC channel. This
autofluorescence is detected in some cells, which contain different compounds that excite
by the 488 nm laser and emit in the FITC channel®. After examining the EpCAM —ve
populations based on the autofluorescence, we found an increase in the cells with no
autofluorescence, suggesting that the PC-3 cells grown in presence of CAF were losing
their sensitivity to the EpCAM marker after 4 days of the co-culture. Hyo-Jeong Kuh et
al. co-cultured HT-29 (human colorectal cancer) cells with CCD-18Co (normal human
colon fibroblasts). They used a ratio of cancer cells to fibroblasts at 1:1.2, and they
tracked the immunofluorescence of Ki-67 (a protein associated with cellular proliferation
highly expressed by the HT-29 cells) and fibronectin (an ECM glycoprotein that is
expressed by both HT-29 and CCD-18Co cells). This study showed that the fibronectin

expression was significantly greater in the co-culture spheroids compared to the mono-
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culture spheroids; however, the Ki-67 expression was significantly lower in the co-
culture spheroids compared to the mono-culture spheroids. They hypothesized the reason
behind the reduction of the cellular proliferation marker was the epithelial-mesenchymal
transition (EMT). Accordingly, we have collected samples from our co-culture spheroids
to run an RNA-seq to identify EMT markers and other gene expression changes.

Drug development for aggressive and/or lethal treatment-resistant PCa poses a
significant challenge with very few therapeutic successes*>*. Notably, we used bulk
RNAseq in 2D mCRPC (PC-3) cell line model and as well as 3D mCRPC (PC-3) mono-
culture spheroid as an innovative approach to demonstrate that signatures of EMT,
MMPs, cancer hallmark genes, and cancer ‘stemness’ are major key pathways to
developing metastatic aggressive PCa, including castration-resistant and taxane-resistant
tumors. Further, we identified a plenty of “stem-like” cell population (EpCAM-ve) in
aggressive metastatic PCa (PC-3) 2D and 3D cell line model by using a flow cytometry
study, which was supported by RNAseq over-expression of several EMT markers,
including VIM, HAS3, S100A6, ANXA2P2, ANXA2, ANXA3, AHNAK2, LOXL2,
TGFBI1, TGFBR2, UCHLI1, CD44, CD55, CD109. Moreover, our 3D co-culture (PC-3 +
CAFs) spheroids model showed that the EpCAM expression started reducing after 4 days
of the co-culture. Therefore, it is essential to extend this study, in the future, with
comprehensive RNAseq analysis for 3D co-culture (PC-3 + CAFs) spheroids and identify
and validate key gene signatures for PCa aggressiveness.

Importantly, we identified HAS3 as one of the top EMT markers for aggressive PCa.
Hyaluronan (HA) is an essential constituent of the stem cell niche. High expression of

HAS3 (2.78-fold upregulation in the 3D co-culture compared to the 2D culture) secretes

154



large amounts of HA and is bound to CD44 (CD44 is the major HA receptor) “stem-like”
cells population and plays a critical role development CSCs by regulating cell adhesion,
migration, proliferation, differentiation, cancer metastasis and multidrug-resistant*>43.
Further, previous studies have reported that CD44 expression is greater in PCa and
involved in cancer cell proliferation, invasion, migration, and drug resistance**.
Moreover, few studies also mentioned that CD44 played a vital role in cancer stemness in
PCa*%, We observed in our study using flow cytometry that CD44 is highly expressed
(98.4%) in 2D mCRPC (PC-3) cell lines. In the future, our lab proposes to perform a flow
cytometry study of 3D mono-culture (PC-3) and co-culture (PC-3 + CAFs) with the
CD44 cell population to evaluate and validate its role in PCa aggressiveness.

Further, CD55 is also known to promote PCa cell survival and metastatic spread*’-*5.
CD109 is another new marker for invasive prostate carcinoma®. Our RNAseq data
reported elevated expression of CD55 and CD109 (1.13 and 1.13-fold upregulation,
respectively) in aggressive mCRPC/NEPC PCa (PC-3) 3D mono-culture after 7 days of
growth compared to day 0. Recent studies identified FSCN1 as taxane-resistant markers
in other solid tumors, including PCa>*>!. We identified FSCN1 as a key upregulated gene
(2.51-fold) for taxane-resistance in aggressive PCa (PC-3) mCRPC/NEPC 3D mono-
culture compared to 2D culture. Resistant cancers are common; however, models that
represent those types of cancers are limited, and they are needed to better predict drug
resistant.

Since our goal was to identify in-vitro model systems (2D and 3D-tumor models) that

better represent in vivo tumor and TME, further preclinical validation and single-cell

multi-omics strategies using xenograft models and patient-derived organoids are
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necessary for future studies. Further, this will allow the understanding of sub-clonal
molecular pathways underlying differential patterns of PCa aggressiveness and drug

response among various PCa subtypes.

4.2 Future Directions

The growth and development of nanoparticles and nanotechnology is expanding
rapidly. However, challenges have limited a substantial number of novel particles from
going into the market, based on lack of successful clinical trials of nanoparticles
formulations described in clinicaltrials.gov. One of these reasons is the inability of
classical in vitro models to study the performance and efficacy of NPs. Applying a newer
models such as the 3D mono-culture and co-culture spheroids, that better mimic tumor
complexity and TME we believe can improve the development and optimization of the
NPs. A targeted delivery system is one of the future goals that our lab is pursuing and
progressing to develop. For all that, RNAseq and Single-cell RNAseq (scRNAseq) are
necessary to identify gene expression signatures at the sub-clonal level. Further, Flow
cytometry studies in the future will validate EMT markers, CD44, CD133, and both. All
in all, the goal is to identify gene(s) that can be utilized as a targeted marker to increase
the efficacy and lower the toxicity of the NP's delivery system. Knockout experiments
can examine the targeted gene to evaluate its role in the NPs delivery system and the PCa
development and aggressiveness.

There are many types of NPs, and every type owns advantages and disadvantages;
nevertheless, the literature showed that much research was toward combing two NPs

aiming to use each of these NPs’ advantages to provide better outcomes. Hyde Vergara
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et al. developed a genistein-PEGylated silica nanocomposite system to enhance the
antioxidant and antiproliferative properties of human colon cancer cells>2. Applying this
kind of particles to a 3D multicellular model, for example, would bring higher knowledge
about these particles' interactions with cancer cells.

Our study's 3D co-culture spheroids model had a 1:1 ratio (PC-3 to CAFs cells).
Future studies will investigate different ratios and how that would affect the NPs uptake
or distribution. Hossein Tavana, et. al., co-cultured breast cancer cells with fibroblast
cells and used different ratios; however, they have not seen any growth difference
between all ratios™. Fibroblasts are not from a single origin which makes them express
different markers, secrete different proteins, and provide different interactions with the
cancer cells**. Hence, future directions will identify how different ratios affect the gene
expressions in cancer cells. Further, studies that take normal fibroblasts and determine
their ability to form CAF when co-encapsulated with PC-3 and other prostate cancer cells
is needed. The interplay between fibroblasts and different tumors may provide insights
into the sensitivity and failure of existing therapies.

Finally, for future studies, preclinical validation and single-cell multi-omics strategies
that include other cells (e.g., macrophages and tumor endothelial cells), or patient-derived
organoids (PDO) and patient derived xenografts (PDX) are necessary. Based on data
obtained in controlled spheroid studies can be used to identify specific markers that can

be identified in more diverse patient derived samples.
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4.3 Conclusion

To study the uptake or distribution of LNPs, we used a non-toxic fluorescent dye that
can be entrapped in the LNPs through exposure to the cells. Rather than using existing
drugs and liposome markers we wanted to locate liposomes without killing the cells to
understand if they get uptake into the cells as intact particles or if they degrade out of the
cells and release the drug to be uptake by the cells. Previously the lab has used
doxorubicin (Dox) in the LNPs®. However, that could not explain if the particles
degraded or uptake as intact particles because released and liposome-encapsulated
doxorubicin were known to be taken up and kill cells. We aimed to test the live cell
populations with an intact cell membrane. Fortunately, we found a suitable fluorescent
dye that can be used with a specific concentration that is not toxic to the cells and cannot
cross intact cell membranes, which is propidium iodide (PI). PI is a known fluorescent
dye that has been well established as it cannot cross intact cell membranes (live cells) but
only interrupted cell membranes (dead cells) and bind double-stranded DNA®. It should
be noted that the lab had also examined fluorescent membrane markers often described as
non-exchangeable, such as DiO, DiD, and DiR, however, incubation studies found
similar issues associated with non-specific uptake and marking of tumor membranes.

Nevertheless, we identified that the PI crosses the intact cell membranes when
incubated for over six hours with the cells. We also found that the PI uptake is time and
concentration-dependent. Thus, we considered the PI uptake a positive control, and we
excluded the dead cells using Calcein AM (live cells) and Ghost Dye (dead cells). We
successfully entrapped the PI by the passive aqueous capture method®. While the overall

encapsulation efficiency was low (8.3£2.42%), but it showed remarkable stability in
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biological conditions until 72 h, and the limited release (maximum, ~15%) was below the
limit for detecting uptake.

The liposome nanoparticles (LNPs) we used in our study were based on well-
established, clinically used formulations that have been published in the literature!. We
used a variety of assays to characterize the formulations and confirm their stability and
reproducibility. One of the significant differences between the formulations was the zeta
potential. Zeta potential is a physical property that measures the potential stability of a
colloidal system, where the large positive or negative indicates increased repelling
interaction between particles and provides a stable system>®. As expected, the PEGylated
liposomes showed a more negative zeta potential of -28+2 mV compared to the
conventional liposomes, 20+2 mV. Following the stability experiments we ran in
biological conditions for 72 h, the zeta potential decreased to -19.4+2 mV for the
PEGylated liposomes and shifted negative (-4.5+2.6 mV) for the conventional liposomes.
The conventional liposomes charge (electrophoretic mobility) also switched from
1.5£0.15 pmem/Vs into -0.3+0.25 pmem/Vs after the stability experiment, where the
PEGylated liposomes were considered stable (-2+0.15 pmem/Vs and -1.5+£0.2 pmem/V's
after the experiment). Consequently, we recognized that the size distributions had
changed too after the experiment. The conventional liposome size distribution increased
by 22%, whereas the PEGylated liposome size distribution increased by only 0.6%. Thus,
we identified that the anionic PEG played an important role in increasing the zeta
potential parameter and the particles' stability.

Recent studies have demonstrated the importance of CAFs in tumor growth and

response to drugs and nanomedicines. CAFs are responsible for modulating a number of
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TME factors such as collagen, fibronectin, and proteoglycan, which play an essential role
in hindering the penetration of the NPs and treatment within solid tumors®’. Our 3D co-
culture model showed lower LNPs and free dye uptake than the 2D monolayer culture
and the 3D mono-culture models, and this finding complements literature findings>®.
However, TME is not only CAFs but also many other stromal cells, ECM, proteins,
enzymes, chemokines...etc., which create a complex system to promote tumor growth,
spread, and resistance. Many literature publications have used simple models such as 2D
monolayer culture, tested the drug delivery efficacy, and then moved into very complex
models such as the in-vivo mice model>*®, There are many factors, such as TME stromal
cells and other factors involve in in-vivo models, which they contribute to lower delivery
systems distribution and uptake into the cancer cells; therefore, current and future
directions will determine these factors influence over the delivery systems and treatment
efficacy.

Our results showed that the older (day 7) spheroids provide higher uptake chances
than the younger (day 2) spheroids. Danijela Matic Vignjevic, et. al., showed that when
CAFs were co-cultured with colon cancer cells, CAFs induced cancer cell invasion by
breaching the matrix, making the cancer cells ready to travel and more accessible for the
treatment®'. Normal and cancer-associated fibroblasts are known for matrix remodeling,
explaining the higher uptake in older spheroids. The spatial and temporal roles need to be
further examined.

Moreover, our results showed that co-culturing only CAFs into the PC-3 cells (1:1) in
spheroids made the growth slower than the 3D mono-culture with only PC-3 cells. We

believe this is more realistic and better mimics actual tumor growth, but this finding

160



contradicts most literature claims. Guillauma Vogin, et. al., showed that adding the CAFs
into human mammary adenocarcinoma cells (MCF-7) in the same ratio (1:1) we used in
our experiments made the growth higher than the 3D mono-culture with only MCF-7
cells. However, there are many variables to consider, such as the origin of the fibroblasts
they used (human embryonic fibroblasts (MRC-5)), normal or cancer-associated
fibroblasts, and the stage of cancer cells used in the model (adenocarcinoma metastasis),
and many others**. We used fibroblasts cells (HS-5) from the exact origin (bone marrow)
that the cancer cells (PC-3) were collected from, we also converted the fibroblasts into
cancer-associated fibroblasts before the co-culture was initiated, and the PC-3 cells are
highly aggressive and neuroendocrine differentiated. Another study by Chuanqing Bao,
et. al., concurs with our findings. It indicates that CAFs secrete circEIF3K exosomes that
cause reduce in colorectal cancer cells proliferation in-vitro and in-vivo®?. Therefore,
tumors and their environments are different in each cancer type and stage, and how they
grow and develop is unpredictable.

One of the findings of our results is that we noticed the PC-3 lose their sensitivity
significantly to the EpCAM antibody when they are co-cultured with the CAFs after four
days. Therefore, we have studied the populations that were not stained with EpCAM after
four days and further, and we noticed that some of the PC-3 cells were there with the
CAFs cells. This could indicate epithelial-mesenchymal transition (EMT). C.P. Hu et al.
showed that CAFs induced EMT in lung cancer cells®®. Accordingly, this is one of the
future directions to study the EMT caused by CAFs when co-culture with cancer cells.

RNAseq is an innovative approach that demonstrates gene expression differences by

comparing 2D culture (PC-3) with 3D mono-culture (PC-3) and comparing 0 days, 3

161



days, and 7 days of 3D mono-culture. EMT, MMPs, cancer hallmark genes, and cancer
‘stemness’ are major key pathways to developing metastatic aggressive PCa. RNAseq
over-expression of several EMT markers, including VIM, HAS3, S100A6, ANXA2P2,
ANXA2, ANXA3, AHNAK?2, LOXL2, TGFB1, TGFBR2, UCHLI1, CD44, CDS55,
CD109.

In conclusion, we developed a 3D multicellular co-culture platform that allowed us to
examine the impact of the CAFs cells on the performance of the LNPs, and that platform
showed lower uptake of the LNPs compared to the 3D mono-cellular platform. Moreover,
we identified the gene expression difference between the 2D and 3D models, and
demonstrated that genes associated with EMT and resistance were increase in 3D and co-
culture systems. This study broadens our understanding of the TME effect on the cancer
cells and over the delivery system, and this allows us to gain additional mechanistic

insights.
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