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Chapter 1

Introduction

1.1. Prostate Cancer

1.1.1. Epidemiology of Prostate Cancer

In 1853, Dr. John Adams's reported that an asymmetrical growth was found on the prostate of a
fifty-nine-year-old male during an autopsy. The individual previously suffered from difficulties
urinating and had an enlarged prostate. After death, there were signs of metastasis in the
surrounding bone and lymph nodes, suggesting that the tumor contributed to the individual's death
(Copland, 1853). This report was the first official description of prostate cancer (PCa), considered
arare disease at the time. Over 170 years later, however, PCa has become the second most common
cancer and the second leading cause of cancer-related death in men in the United States (CDC,
2020). In the United States, over 250,000 men will be diagnosed with PCa, nearly 34,000
succumbing to the disease in 2022 alone (ACS, 2022b). Age is a primary risk factor for PCa
development. Those above the age of 65 are considered high-risk, with nearly 60% of cases PCa
diagnosed in individuals older than 65 (ACS, 2022b). However, not all racial/ethnic groups are
affected equally. Non-Hispanic African Americans are more likely to develop aggressive variants
than other racial groups (Figure 1 (Deka et al., 2020; Taitt, 2018). Studies suggest this health
disparity could be due to genetic predisposition in those of African descent and limited access to
healthcare (Rapiti et al., 2009; Yadav et al., 2020). Annual screenings for PCa are recommended

after 40 using physical examinations and blood Prostate Specific Antigen (PSA) measurements.
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Figure 1. Incidence and Mortality statistics of prostate cancer between racial
groups in the United States per 100,000 individuals (Taitt 2018).

However, there may be reduced access to these facilities in regions of lower socioeconomic
development, resulting in undiagnosed individuals developing more aggressive variants, as
summarized in Figure 1 (Cai et al., 2020). The other significant risk of PCa is often associated
with high-fat diets; however, there is difficulty distinguishing if these effects are due to the
consumption of dietary fats or due to obesity itself. Studies have shown that the intake of certain
types of fats, such as cholesterol and saturated fats, may contribute to the risk of the disease, as
shown in both observational studies and mouse models (Di Sebastiano & Mourtzakis, 2014; Pelser
etal., 2013). In addition, there is a correlation between obesity and the aggressiveness of the PCa,
suggesting that lifestyle plays some role in PCa development (Freedland & Aronson, 2004).
Finally, false positives are common due to the limitations of current screening methods, which will
be discussed in later sections that can further complicate the incidence and mortality for PCa
patients. With an increasingly older population and rising rates of obesity, it is projected that rates
of PCa incidence will continue to rise globally (Cai et al., 2020; Weir et al., 2021). Countries with
higher socioeconomic development are expected to have higher incidence rates due to lifestyle and
more access to screening. The economic burden on global healthcare will, in turn, continue to rise.

The average patient cost has tripled to an estimated $33,000 since 2006. However, patients with
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higher-grade cancers had significantly higher costs nearing $200,000 (Gustavsen et al., 2020;
Roehrborn & Black, 2011). Thus, PCa is a significant growing issue requiring cost-effective
screening and treatments. However, the current treatments discussed in later chapters fall short of
providing effective treatments for patients and, in some cases, may further exacerbate PCa
progression producing more malignant variants. Furthermore, patients may experience significant
reductions in their overall quality of life. Therefore, new personalized therapies are needed to

reduce the mortality of later-stage variants of PCa.

1.1.2. The Prostate

The prostate is often described as a walnut-sized organ found beneath the bladder. It produces
prostate-specific antigen (PSA), zinc, and citrate, three components of semen. These secretions
protect and nurture the sperm cells as they journey to an unfertilized egg. The prostate is a
glandular tissue comprised of 2 significant lobes and several distinct zones, including the central
(C2), transition (TZ), and peripheral zones (PZ), each with a distinct function, as shown in Figure
2 (Cohen et al., 2008). The CZ contains the ejaculatory ducts. Rarely are incidences of PCa
reported within this region, possibly due to the lower glandular tissue content. The TZ is a small
region comprised primarily of glandular tissue. Finally, the PZ is the largest region of glandular
tissue that encapsulates both the TZ and CZ, making up the bulk of the prostate's total mass. These
zones are separated by a fibrous layer of tissue creating structural domains for the prostate
(Raymond, 2013). Finally, a fibromuscular component sits on the top of the prostate, providing
the mechanical force required to eject the prostate secretions into the urethra (Oh WK, 2003). Most
prostate cancers emerge within the PZ region. However, they have been reported to a lesser extent

in the TZ and very rarely in the CZ (Cohen et al., 2008) (Figure 2).
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Figure 2. Anatomy of the prostate (Cohen et al., 2008).

Development of the prostate initially ends when an individual reaches sexual maturity. During
puberty, the increasing levels of androgens such as testosterone cause a slow enlargement of its
size (Aaron et al., 2016). These pro-growth signals are usually balanced by pro-apoptotic signals
that inhibit and prevent excessive prostate enlargement, which could result in obstruction of urine
leaving the bladder. However, as individuals reach the age of 40, there is an increased risk of
dysregulation of the regulatory pathways causing a skew towards pro-growth. This enlargement
may result in benign prostatic hyperplasia (BPH), which is non-cancerous. Paradoxically the
prostate enlarges despite the reduction in systemic androgen level. By the age of 80, more than
80% of men will experience some form of prostate enlargement; however, this condition itself is
not correlated with increased risk of PCa but instead may cause physical discomfort and urine
retention (Chughtai et al., 2016; Young et al., 2000). However, the dysregulation of the pro-growth

signals becomes a significant issue within the PZ, as most PCa emerges in this region.



1.1.3. Carcinogenesis of the Prostate

It is commonly accepted that PCa arises from prostatic intraepithelial neoplasia (PINs). PINs are
a heterogeneous group, often originating from the ductal and acinar cells in the PZ. They are
categorized by their histological appearance and potential for malignancy (Zhou, 2018). High-
grade prostatic intraepithelial neoplasia (HGPIN) is a variant considered the highest risk for
carcinogenesis. Studies have linked the emergence of HGPIN as a predictor for the eventual
development of PCa. HGPIN can share some genetic mutations often associated with PCa
(Adamczyk et al., 2014; Jung et al., 2016). Over time the further accumulation of genetic
aberrations such as the loss of PTEN and DNA repair genes can enhance the transition of PIN
towards PCa (Geybels et al., 2017; Mateo et al., 2017). The accumulation of these various
mutations creates a complex web of dysregulation that eventually transition the PINs into PCa.
Additional environmental effects such as exposure, diet, and genetic predisposition may contribute
to developing these mutations; however, as mentioned previously, further study is required to fully
extrapolate the specific effects of these factors. The stages of carcinogenesis are summarized in

Figure 3.
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Figure 3. Progression of prostate cancer.



1.1.4. Androgen Receptor AXis

The most common site of dysregulation is in the androgen receptor (AR) axis. Androgens are the
primary drivers for the growth of the prostate. The AR sits at the top of various signaling pathways
through genomic and non-genomic functions. The AR belongs to the family of nuclear receptors
composed of an N-terminal domain (NTD), ligand-binding domain (LBD), and a DNA binding
domain (DBD) (Feng & He, 2019). When activated by a ligand, it dissociates from heat shock
proteins, then translocated them to the nucleus to homodimerize and bind to Androgen Response
Elements (ARE), initiating the transcription of pro-growth genes (Aurilio et al., 2020). The
primary ligand for the activation of the AR is dihydrotestosterone (DHT) which is converted from
systemic testosterone via the enzyme 5a-reductase. However, the nuclear receptor family of
proteins shares many similarities in their LBD. Therefore, androgens are not the sole activators of
the AR, nor is the AR exclusive to activation by androgens. Promiscuous binding of androgens to
other receptors such as glucocorticoid receptors (GR) has been observed. Conversely other steroids
may activate the AR. Mutations in the LBD of the AR may promote promiscuous binding with
some variants enhancing the activation by other hormones and androgen blockers (Brooke et al.,
2008; Duff & McEwan, 2005). The AR, when ligand-bound, can induce the activation of pathways
such as the PI3K and MAPK (Ueda et al., 2002; Unni et al., 2004; Wen et al., 2000). However, in
the absence of androgens, the AR can be activated independently through protein interactions. For
example, AKT has been observed to phosphorylate AR, directly and indirectly, enhancing its
expression (Yang et al., 2005). Figure 4 summarizes the system of maintenance and reciprocal
expression that has been reported between the AR and PI3K axis. Depending on the cellular

conditions, such as low androgen concentration, increased activation of mTORCL1 or the AR has
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been observed (Wu et al., 2010). the amount of crosstalk, the AR has become the primary target
for inhibition; however, AR mutants and the complex signaling crosstalk have made inhibiting the

AR alone limited to temporary growth inhibition.

1.1.5. Limitations of Current Screening Techniques and Treatments

Improvements in screening techniques have increased the number of reported cases of PCa.
However, false positives may lead to early treatments that can cause unnecessary intervention and
worsen an individual’s prognosis. Traditionally physical screenings were recommended for men
over the age of 40. However, PCa screening recommendations have changed depending on family

history and PSA levels (ACS, 2022a). Due to the location of the prostate, Digital Rectal
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Examinations (DRE) are used by physicians to feel the prostate for asymmetry and enlargement
physically. However, there is little compelling data to suggest that they are helpful for PCa
detection (Naji et al., 2018). Systemic prostate-specific antigen (PSA) levels are an additional
biomarker to measure PCa risk. PSA can rise with the onset of PCa and may decrease with
treatment; however, these can give misleading information about a disease state (Adhyam &
Gupta, 2012). Some advanced PCa has been shown to suppress levels of PSA, masking their
progression during treatment (Lee et al., 2010). Furthermore, individuals with BPH often have an
aberrantly shaped prostate and changes in their PSA levels, creating the risk for unnecessary
intervention (Sandhu & Andriole, 2012). Age remains a barrier to modern treatments. Due to the
often-slow growth of the PCa, a watch and wait approach is taken to minimize patient discomfort
(Sandhu & Andriole, 2012). Patients may not be considered fit for invasive surgeries like
prostatectomies; instead, hormonal therapy is often employed if deemed necessary. The current
gold-standard treatment for PCa is androgen deprivation therapy (ADT) to combat the AR axis.
Typically, a panel of ADT drugs is used throughout the treatment duration with higher specificity
against the signaling pathway of the AR. These can target the production of systemic androgens,
which effectively chemically castrates the patient, Sa-reductase, or the AR itself (Sharifi, 2005).
This reduced activation of the AR theoretically reduces the growth rate of PCa; however, this
procedure is not cytotoxic but rather cytostatic. In addition, ADT brings along a myriad of different
side effects, including osteoporosis, metabolic disorders, and erectile dysfunction (Taylor et al.,
2009). Finally, the inhibitory effect produced by ADT is only temporary as resistance and

independence from systemic androgens eventually emerge.



1.1.6. Castration-Resistant Prostate Cancer

Extended periods of androgen deprivation produce a selective pressure against PCa, supporting
the development of more malignant forms of PCa. Like other hormone-responsive cancers such
as breast and kidney cancers, targeting these hormone-dependent signaling pathways often results
in a more malignant hormone-refractory variant. Often, variants independent of systemic
androgens dubbed Castration-Resistant Prostate Cancer (CrPCa) emerge throughout ADT. CrPCa
remains a constant threat to individuals undergoing hormone therapy, often requiring more robust
ADT drugs to extend the effectiveness of the therapy. In addition, the development of CrPCa is
associated with a poorer prognosis due to higher malignancy and metastatic potential (Dutt & Gao,
2009). Depending on the specific ADT strategy and stage of cancer, estimates of CrPCa
development can range from 140 months to little as 18 months (Miyake et al., 2019; Tamada et
al., 2018). Escaping from the reliance on systemic androgens can emerge in several ways,
including aberrations in AR regulation and enhanced de novo synthesis of androgens, summarized

in Figure 5 (Imamura & Sadar, 2016).

For the AR itself, both its expression and structure can mutate to promote resistance against
blockers. Sustained inhibition of the AR using antagonists can result in the AR overexpression or
related transcription regulators to compensate for the inhibition. An increased 5a-reductase
expression can enhance the conversion of the trace amounts of testosterone into the more potent
DHT. The LBD of the AR can change to have enhanced binding affinity with androgens or for
increased promiscuous binding with other steroids (Hara et al., 2003). Alternatively, the LBD can
be forgone entirely with the expression of AR splice variants that remain consistently active or
resistant to the inhibitory effects of blockers (Liao et al., 2020). These can require several drugs

and strategies during ADT to remain effective against PCa. Classical inhibitors like Enzalutamide



may be used initially for low-risk PCa; once the more malignant variants emerge, the more specific
AR targeting drugs are required, such as Niclosamide that can target AR-V7 splice variants
(Keating, 2015; Liu et al., 2014). Optimal treatment is complex as constant patient surveillance is

required to determine if the current therapy is still effective.

Another mechanism involves PCa tumors becoming self-sufficient with androgen synthesis.
Upregulation in cholesterol synthesis and uptake has been observed and will be discussed in further
detail in a later chapter (Gordon et al., 2019). Increased accumulation of cholesterol in PCa is
associated with a poorer prognosis (Jamnagerwalla et al., 2018). This correlation between blood
cholesterol and the risk for PCa tumor formation may be related to the increased availability of
cholesterol in the blood. The increased accumulation of cholesterol provides the sterol molecules
required to synthesize steroids, including androgens. The regulation of enzymes involved in
androgen synthesis, such as CYP 17A1, has been observed (Cai et al., 2011). This upregulation
suggests that the tumors can continue to grow without systemic androgens, rendering ADT types
ineffective. Additionally, hypercholesterolemia has been reported as a side effect of ADT,
suggesting that ADT may play a role in enhancing this CrPCa phenotype in the long term. The

significance of cholesterol will be further discussed in section 1.3.1.

Finally, the crosstalk between the AR and other pathways has been observed, creating feedback
loops that can sustain the activity of the AR. For example, as previously mentioned, the AR
interacts with the mammalian Target of Rapamycin complex (MTORC1). This complex acts as a
nutrient sensor for the cell and is a downstream element for the PI3K/AKT pathway (Wu et al.,
2010). With the increased expression of mTOR in CrPCa and dysregulation of its upstream
elements, mTOR inhibition has become an attractive target for cancer therapy (Kato et al., 2016).

However, while suppression of mTOR in cell lines can elicit apoptosis, clinical trials have failed
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to show favorable results using mTOR inhibitors alone in other cancers such as hepatocarcinoma
(Zhang et al., 2018). In CrPCa, it has been suggested that these shortcomings could be due to
additional crosstalk between the AR. Under androgen deficient cellular environments, there are
reports that mTORCL stimulates the expression of the AR, helping with the continued activity of
the AR (Wu et al., 2010). In turn, this feedback loop resists inhibition and promotes the CrPCa
phenotype. False positives and early employment of ADT may provide disastrous long-term
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Figure 5. The development of systemic androgen independence can occur through several
different mutations reducing the effectiveness of ADT (Imamura & Sadar, 2016).

complications by promoting this CrPCa phenotype (Sandhu & Andriole, 2012). Therefore,
treatment at the CrPCa stage is limited to toxic chemotherapies such as taxanes, severely
decreasing patient quality of life and only extending patient survival for a short period (Bumbaca
& Li, 2018). There is a need for alternative therapies that selectively target PCa, including CrPCa,
without targeting the AR due to the adoption of the castration-resistant phenotypes summarized in

Figure 5.
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1.2. a-Mangostin
1.2.1. Xanthones and a-Mangostin

A pharmacopeia of potent compounds remains undiscovered and underutilized within nature.
Traditional medicines treat various diseases and often intersect with modern medicines. When
isolated, specific compounds can transition into future therapeutics for various diseases. Endemic
to southeast Asia, a striking purple fruit called the Mangosteen (Garcinia mangostana) has gained
popularity as a health supplement and is often dubbed the “Queen of Tropical Fruits” (Aizat et
al., 2019). As shown in Figure 6, the deep purple endocarp reveals a soft, white flesh described as
mild in flavor. Local traditions have used the fruit to treat digestive issues, wounds, and
inflammation (Pedraza-Chaverri et al., 2008). Despite its recent spotlight as “healthy” food, the

fruit remains relatively rare stateside due to difficulty in growing and shipping.

Figure 6. The Mangosteen fruit shown split open revealing
its white flesh and purple pericarp (EXF, 2022).

Various compounds have been found within the pericarp, including antioxidants and vitamins. In
addition, daily consumption has been shown to provide beneficial health effects in randomized
studies (Xie et al., 2015). However, a particular class of compounds called Xanthones are found

in high abundance within the pericarp of the mangosteen pictured in Figure 7. Xanthones have
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been shown to possess anti-bacterial, modulatory, and anti-cancer effects (Feng et al., 2020;
Ibrahim et al., 2017; Kurniawan et al., 2021; Narasimhan et al., 2017). Xanthones are composed
of conjugated rings that are highly modifiable and can exist within six different categories;
however, plants naturally only produce simple, prenylated, and glycosylated xanthone compounds

(Remali et al., 2022).
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Figure 7. Molecular structure of a Xanthone (Remali et al., 2022).

The Mangosteen fruit has a high abundance of a prenylated family of xanthones called Mangostin
that include y-Mangostin, 3-Mangostin, and, most relevant, a-Mangostin (Saraswathy et al., 2022).
Particular interest has grown surrounding the bright yellow a-Mangostin for its various beneficial
effects. First isolated in 1855, it took nearly a century for its structure to be revealed, as shown in
Figure 8 (Schmid, 1855; Yates & Stout, 1958). Initial studies revealed its antioxidant and
antimicrobial activity; however, serious interest in the compound developed after unveiling its

selective anti-cancer effects (Sundaram et al., 1983; Williams et al., 1995).
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Figure 8. Structure of a-Mangostin (Ibrahim et al., 2017).
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1.2.2. Anti-Cancer Effects of a-Mangostin

Early studies between 2003 and 2005 by Matsumoto et al. revealed that treating human leukemia
and colon cancer cells resulted in the induction of apoptosis. Their initial study revealed that
against human leukemia cell lines that treatment with a-Mangostin caused mitochondrial
dysfunction resulting in caspase-3 and 9 activity (Matsumoto et al., 2004). At higher dosages, each
of the four leukemia cell lines experienced cytotoxicity, as shown in Figure 9; however, against
primary peripheral lymphocytes, a-Mangostin appeared to not negatively affect cell viability, as
shown in Figure 10 (K. Matsumoto et al., 2003). This selective inhibition suggests that o-
Mangostin was selective towards inducing apoptosis in cancers. The pathway a-Mangostin
targeted had yet to be fully elucidated, but Matsumoto et al. reported evidence of mitochondrial

disruption against this particular cell line.
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Figure 9. Cell viability assay in response to dosages of o-
Mangostin over 72 Hours. Four human leukemia cell lines
cell viability curves are pictured above (K. Matsumoto et al.,
2003).
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Figure 10. Cell Viability Assay in response to dosages of a-Mangostin over 72
Hours against primary peripheral lymphocytes (K. Matsumoto et al., 2003).

In a follow-up study using the colon cancer cell line DLD-1, inhibition of the cell cycle was
reported to prevent the cell cycle's transition (Matsumoto et al., 2005). Specifically, the DLD-1
cells were restricted to G1 through the reduced expression of cyclin D and CDKL1, which are
essential for cell cycle transition.

The anti-cancer effects have been reported in other cancers, summarized in Table 1, albeit through
different mechanisms. For example, apoptosis through PARP cleavage has been observed in breast
cancer. Additionally, the inhibition of fatty acid synthase and PI3K/AKT through the elimination
of Retinoid X Receptor Alpha (Li et al., 2014; Zhu et al., 2021). Additionally, in Glioblastoma, a-
Mangostin acted as an inhibitor to mMTORC1 via modulation of AMPK, inducing autophagy.
Finally, apoptosis, reduced AKT activation, and Cyclin D expression in pancreatic cancers was
reported in addition to decreased metastatic potential (Xu et al., 2014). Together, these studies
reveal a cancer-specific effect of the a-Mangostin when used against normal cells. An emerging
pattern is that a-Mangostin inhibits the cell cycle in cancers through direct and indirect means.
Against Prostate Cancer, apoptosis has been similarly observed with the treatment of a-Mangostin.
The initial study reported by Hung et al. reported a reduction in the expression of c-jun, NF-xB,

and c-fos when PC3 cells were treated with a-Mangostin. The reduction of these signaling proteins,
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in turn, resulted in decreased expression of matrix metalloproteinases and urokinase-plasminogen
activators, causing inhibition of metastasis (Hung et al., 2009). A follow-up experiment by Johnson
et al. sought to elucidate the potential mechanism for inhibition and cancer selectivity. Treatment
of several PCa cell lines with a-Mangostin, including 22RV1, PC-3, DU145, and LNCaP, resulted
in caspase-3 mediated apoptosis in a dose-dependent manner. However, significant cytotoxicity
was not observed in the primary epithelial cell line PrEC as shown in Figure 11 (Johnson et al.,
2012). However, no ICsg has reported only a visual difference in the state of the cells. Again this

shows the cancer selectivity that o-Mangostin possesses.

Figure 11. After treatment with a-Mangostin the primary
prostate epithelial cell PrEC did not have substantial amounts
of apoptosis (Johnson et al., 2012).

Kinase activity assays after treatment with a-Mangostin showed that only CDK4/Cyclin-D
complex had significantly reduced activity. This specific decrease in activity suggested that a-
Mangostin directly interacted with this kinase complex. In-silico models of the possible interaction
suggest that a-Mangostin binds in a hydrophobic pocket at the ATP binding site on the

CDK4/Cyclin D complex, as shown in Figure 12. The blocking of the ATP site results in the
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inability to transition to the S phase of the cell cycle and, in turn, induces cellular arrest, causing

apoptosis.

Figure 12. a-Mangostin blocking the ATP Binding site of
CDK4 (Johnson et al., 2012).

Table 1. Summary of reported anti-cancer effects of a-Mangostin.

Mechanism For Inhibition Cancer Type Study
e Unspecified mitochondrial disruption (Kenji Matsumoto et al.,
Leukemia 2003; Matsumoto et al.,
2004)

e Reduced expression of CDK1 and

Cyclin D Colon Cancer (Matsumoto et al., 2005)

e Fatty Acid Synthase inhibitor (Lietal., 2014)
e AKT inhibitor Breast Cancer (Zhu et al., 2021)
¢ Inhibitor of AKT and Cyclin D

Pancreatic Cancer (Xu etal., 2014)
e AMPK Promoter

Glioblastoma (Chao et al., 2011)

e CDKA4/6 inhibitor
e Inhibition of c-jun, MMP-9, fos and | Prostate Cancer (Johnson et al., 2012)

NF-xB




1.2.3. Interest Surrounding CDK4 Inhibitors.

Dysregulation of the cell cycle is an almost universal characteristic shared between cancers.
Proliferation usually is gated through several cyclin-driven kinases that serve as checkpoints. If
the specific criteria are met, the cell will be allowed to transition toward the next cell cycle phase.
The unregulated signaling pathways such as AKT and the AR promote the transition to the next
phase, and often, many of the pro-growth signals converge at these kinase checkpoints (de Brot &
Mongan, 2018). For example, CDK4 regulates the transition from G1 to the S phase in response
to Cyclin D. Normally; Cyclin D is produced in response to environmental and cellular states;
however, it is often overexpressed in cancers by the increased activity of signaling pathways
promoting the transition S phase. In addition, the Phosphate and Tensin homolog (PTEN) is often
lost due to mutation. For example, it has been found that 50% of CrPCa tumors will lose PTEN,

resulting in decreased regulation of Cyclin D expression (Jamaspishvili et al., 2018).
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Figure 13. Transition from G1 to S phase requires the phosphorylation of RB by the
CDK4/Cyclin D complex.

Together, the CDK4/Cyclin D complex phosphorylates the retinoblastoma protein (RB), causing

the release of a transcription factor called E2F. As shown in Figure 13, the release of E2F allows

18



for Cyclin E's expression and the S-Phase's progression. However, if the E2F remains bound to
RB due to insufficient activity by CDK4, the cell transitions towards apoptosis. Inhibition of
CDK4 theoretically allows for blocking the cascade of pro-growth signals and induces tumor
regression. The CDK4/6 inhibitor Palbocicilib and Ribociclib have recently been approved for
usage against breast cancers. In addition, clinical trials have shown promising results in both
individual and combinational therapies (Nur Husna et al., 2018). However, these
chemotherapeutics do not distinguish between normal or cancerous cells and therefore induce cell
death throughout the body. The cancer-selectivity of a-Mangostin makes it unique as it may have

few side effects if absorbed by normal cells and is relatively safe.

1.2.4. Limitations of a-Mangostin

Against prostate cancer, a-Mangostin has the potential to become a serious cancer
chemotherapeutic. Previous studies have shown that it is a cancer-selective CDK4 inhibitor, which
could be used alone or in a combinatorial therapy. In addition, the drug selectively induces
apoptosis; therefore, tumor regression is possible without significant damage to normal tissue
according to animal models, unlike other chemotherapies.

However, like many other naturally derived plant compounds, a-Mangostin is marred by its
hydrophobicity, bio-availability, and systemic distribution. Drugs such as curcumin have seen little
success as a viable treatment due to poor oral availability and insolubility. Direct systemic delivery
can be inefficient or dangerous unless extensive modifications to the structure of the hydrophobic
compound are made to improve its solubility, which may abrogate any beneficial effects (Kalepu
& Nekkanti, 2015; Prasad et al., 2014). A standard measure of insolubility is the octanol-water
partition, or XlogP, which measures a compound's relative hydrophobicity concerning polar and

nonpolar solvents (Cumming & Ricker, 2017). With an XlogP of 6.3, a-Mangostin is more
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hydrophobic than curcumin, which has an xLogP of 3.2 (NCBI, 2022a, 2022b). This high degree
of insolubility may contribute to its poor oral bioavailability. Oral dosages for many in-vivo
experiments are often high due to poor bioavailability. For example, concentrations above
100mg/kg have been safely administered to mice; however, they only resulted in relatively low
blood plasma concentrations (Ramaiya et al., 2012). Tumor reduction was observed in the in-vivo
xenograft models used in the Johnson et al. study using orally delivered a-Mangostin. However,
these were substantial dosages of 100mg/kg over 34 days (Johnson et al., 2012). While not toxic
to the mice, these large dosages are an inefficient mode of delivery to the tumor sites. Translating
this to clinical trials would require patients to consume massive dosages of a-Mangostin for an
extended time. In addition, the poor biodistribution of the drug may not allow for efficient
penetration of the tumor microenvironment. Biodistribution studies have shown that after an oral
dosage, the small intestine, liver, and pancreas have the highest concentration of a-Mangostin
(Zhao et al., 2016). Additionally, the systemic delivery of a-mangostin alone may result in other
problems. For example, hydrophobicity may cause aggregation, reducing its ability to disperse

within the bloodstream and off-target uptake by non-target cells.
1.3. The rHDL Drug Delivery System

1.3.1. Cholesterol’s Role in the Progression of Prostate Cancer

The accumulation of cholesterol is a common trait shared by many different cancers. It has been
suggested that cholesterol is a driving factor for various cancers, including PCa. Early studies in
the 1940s have reported significantly higher cholesterol concentrations in PCa tumor biopsies
compared to normal prostate epithelial and BPH tissue (Swyer, 1942). Despite some of the shared
dysregulation in growth between PCa and BPH, the accumulation of cholesterol appears to be a

feature specific to PCa. Lifestyle has been reported to influence the risk of PCa, with high-fat diets
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and high cholesterol levels. Studies have reported a link between hypercholesterolemia and
increased morbidity due to PCa (Hirano et al., 2020; Jamnagerwalla et al., 2018). Additionally,
hypercholesterolemia is one of the metabolic side effects associated with some forms of ADT,
such as GnRH agonists (Choi & Kam, 2015), which may provide another driver in addition to the
androgen independence from systemic androgens, thus promoting the growth of CrPCa (Jeon et
al., 2016).

What benefit would increased cholesterol accumulation bring to higher grade PCa? Growing cells
require cholesterol to maintain the membrane's integrity and form lipid rafts. In addition, rapidly
proliferating cells require more cholesterol to ensure they can divide, increasing their appetite for
cholesterol. However, cholesterol can also drive proliferation through participation in a positive
feedback loop. Cholesterols are the backbones for hormones such as androgens. Increased
androgen production increases the activity of the AR, but what drives this phenotype?

As described previously, one phenotype observed in CrPCa is the enhanced activity of intratumoral
synthesis of androgens. These can activate the AR in a paracrine or autocrine fashion, thus
promoting AR-driven tumor proliferation (Penning, 2014). However, the AR plays an additional
role by modulating cholesterol homeostasis through a positive feedback loop summarized in
Figure 14. The AR can inhibit the nuclear receptor liver X receptor (LXR), responsible for
controlling cholesterol homeostasis through the transcription of genes to reduce cholesterol
accumulation (Zhao & Dahlman-Wright, 2010). LXRs maintain cholesterol efflux and inhibit the
activation of pro-survival pathways (de Boussac et al., 2013). Therefore, the AR inhibits one side

of the cholesterol homeostatic regulatory mechanism and inhibits cholesterol efflux.
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Figure 14. The Androgen Receptor mediates the expression of LXRs and
SREBPs to enhance the accumulation of cholesterol (Krycer & Brown, 2013).

Conversely, the AR can activate sterol regulatory element-binding protein-al (SREBP), promoting
lipogenesis. Normally sterol levels inside the cell regulate the activity of SREBP, where low levels
of sterols induce activation of both exogenous and endogenous cholesterol accumulation
pathways. The endogenous synthesis of cholesterol is increased through SREBP activity by
enhancing the expression of the rate-limiting enzyme HMG-Reductase which can be elevated in
PCa (Bengoechea-Alonso & Ericsson, 2007; Longo et al., 2019). Some studies have pointed to
inhibition via statins as a potential therapeutic. However, meta-analyses between studies on statin
usage have not shown promising results (Meijer et al., 2019).

To further promote cholesterol uptake, SREBP upregulation increases the expression of various
lipid transporters. Because lipids are not freely circulated in the plasma due to their
hydrophobicity, they require a carrier to transport lipids and isolate them from the aqueous
environment of the bloodstream. Often these carriers are lipoproteins whose structures are
composed of phospholipids and apolipoproteins. Cholesterol is primarily transported via these

lipoproteins, which are categorized by their protein-to-lipid ratio. The 'Good” and "Bad"
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cholesterol we often hear about are cholesterol levels in different types of carriers. Very Low-
Density Lipoproteins (VLDL) have the lowest protein-to-lipid ratio, while High-Density
Lipoproteins (HDL) have the highest protein-to-lipid ratio (Randolph & Miller, 2014). As shown
in Figure 15, phospholipids form a hydrophilic exterior that can interact with a polar solvent. At
the same time, the long lipid tails form a hydrophobic core that can dissolve various lipids,
including esterified cholesterols and triglycerides. Apolipoproteins form and maintain the structure
of the lipoproteins while serving as the ligand for their respective receptors for transport.

Apoprotein

Cholesterol

Figure 15. General structure of lipoproteins (Chiang, 2014).

The HDL is of note as it plays a significant role in transporting cholesterol in the reverse
cholesterol transport pathway. The liver usually produces HDL to collect excess cholesterol and
transport it back to the liver (Brody, 1999). The liver is the only organ capable of metabolizing
cholesterol into bile acids. Therefore, the HDL plays an essential role in maintaining the
cholesterol homeostasis in the body, especially in preventing the formation of plaques in the
arteries due to the transformation of macrophages into foam cells; for this protective effect on
cardiovascular health, they are dubbed good cholesterol. HDL concentration in the blood and PCa
risk is mixed, with some studies pointing to little or no significant effects (Wolny-Rokicka et al.,
2019). However, it is known that the primary receptor for HDL, the scavenger receptor class B

type 1 (SR-B1), plays a significant role in the progression of CrPCa (Gordon et al., 2019). The
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receptor activates the one-way non-endocytosis transfer of the HDL cargo into the cell when
activated by the apolipoprotein portion of the HDL. In addition, it can activate a set of downstream
signals such as c-Src and PI3K, which promote growth.

Generally, the SR-B1 is overexpressed in a wide variety of cancers, which is thought to aid in
intercepting circulating HDL and converting the tumors into cholesterol sinks. The SCARB1 gene
expresses the SR-B1 and its accompanying isoforms; however, the genetic regulation for the SR-
B1 is not fully understood. Intracellular cholesterol levels appear to influence the upstream
elements that control the expression of SR-B1. SCARBL1 is partially regulated by SREBP-2, which
in turn is regulated by levels of cholesterol present in the endoplasmic reticulum (Eid et al., 2017,
TréGuier et al., 2004). Activated mTORCL1 has been reported to decrease ER cholesterol levels,
inducing steroidogenesis and cholesterol uptake (Lim et al., 2019). Furthermore, when SR-B1 is
activated, PI3K is stimulated upstream to mTORC1, providing another positive feedback loop
regulating intracellular cholesterol levels. Inhibition of SR-B1 expression, however, induces the
shift toward endogenous cholesterol synthesis and increases the expression of HMG-Reductase
(Gordon et al., 2016). Conversely, inhibiting HMG-reductase increases the exogenous scavenging
of HDL by increased expression of SR-B1 (Gordon et al., 2019).

Higher grade CrPCa has been shown to overexpress the SR-B1, suggesting an adaptation to low
levels of systemic androgens (Gordon et al., 2019). In addition, SR-B1 overexpression is often
associated with a poorer prognosis. Enhancing steroidogenesis requires cholesterol for androgen
synthesis; therefore, upregulating cholesterol uptake through HDL interception provides a readily
available source of materials for proliferation. Direct targeting of these associated pathways has
shown little overall success. Usage of statins has yet to show any compelling effects in treating

CrPCa (Meijer et al., 2019). Direct inhibition of SR-B1 using blockers such as BLT-1 is quite
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cytotoxic to cells. Furthermore, the SR-B1 is a surface receptor making targeted inhibition
currently unfeasible. Nevertheless, this overexpression could provide a potential treatment target,
as discussed in the following sections.

1.3.2: Nanoparticles

Limitations in drug delivery often plague the development of drugs and treatments. For example,
poor solubility and toxicity can roadblock clinical studies resulting in premature termination of
potentially viable drugs. Hence, due to these challenges, rise in interest in developing nanocarrier
drug delivery systems. First described in 1857 by Dr. Michael Faraday with his colloidal
suspension of ruby and gold nanoparticles, the field of nanotechnology has exploded in popularity
these past few decades in medicine (Thompson, 2007). Generally, a drug of interest is formulated
with a nanocarrier to isolate it from the surrounding aqueous environment or non-target cells. In
addition, the particles' nanoscale (typically ranging from 1-100 nm) aids in navigating the
vasculature, reducing aggregation or accumulation within the tissue (Park, 2013). However,
nanoparticles can differ in their materials, composition, targeting potential, and drug and bio-
compatibility; therefore, these carriers require intensive characterization to ensure their inclusion
does not produce determinantal effects after treatment.

Using nanocarrier for cancer therapeutics to reduce the cytotoxic effects of chemotherapy drugs is
an important strategic goal. Many potent chemotherapies such as taxanes are effective at killing
cancer. However, they lack specificity and cause damage to cells throughout the body, including
those that are healthy. A carrier can allow a once toxic or hydrophobic drug to be used in severe
treatments against cancer. However, nanoparticles themselves can induce adverse effects.

Due to the body's complex nature, several vital qualities are essential for a nanoparticle to possess

for systemic delivery. Firstly, the particle should remain biocompatible with the body. Injection
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with non-inert materials, either organic or non-organic, can induce toxicity to tissues and organs.
For example, some metal particles have been reported to induce cytotoxicity through oxidative
reactions with macromolecules and organelles such as the mitochondria (Karlsson et al., 2009).
Alternatively, nanoparticles produced using biosynthetic materials such as proteins from non-
human species may induce significant systemic immune responses. At the same time,
immunostimulation can be used to treat cancer; however, non-specific stimulation is a dangerous
side effect. These, in turn, can cause the treatment to produce harsh side effects or exhibit mortality
to patients regardless of the drug payload.

Secondly, the body must be able to metabolize the nanoparticles to prevent accumulation in tissue.
The particles or components could induce local carcinogenic effects or inflammation if
accumulation occurs. Heavy metals from tattoo dyes, for example, have already been reported to
accumulate within the lymph nodes (Kirle et al., 2009). While no specific study has been done to
determine if these local accumulations with tattoo ink can encourage the development of cancers,
heavy metal nanoparticles are implicated in at least one case. A 25-year-old individual developed
stage four lymphoma due to an accumulation of toxic metal nanoparticles within the lymph nodes
to environmental exposure (lannitti et al., 2010). Metal nanocarriers could carry these same risks
under prolonged treatment if they are not processed efficiently by the body (Attarilar et al., 2020).
Natural processes that metabolize the nanoparticle shell prevent bioaccumulation. However,
conversely, these processes should not degrade the particles immediately after administration;
otherwise, the nanoparticle will release its cargo prematurely, eliminating the benefit of using the
nanocarrier.

Thirdly, the nanoparticles should retain their cargo until contact with the target cell is made.

Specificity is vital for reducing off-target binding and the amount of total drug required to elicit
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beneficial effects. This specificity should take advantage of a cellular feature such as a unique or
overexpressed receptor. The targeting will reduce contact with non-target cells and limit activation
of the nanoparticle uptake. Modifying the nanoparticle shell can improve the specificity of
targeting a single cell type. For example, differential expression of surface receptors is a common
feature in many different cancers and immune cells (Thienger & Rubin, 2021). However, targeting
cells remains a challenge as, besides navigating the vasculature, the composition and organization
of cells can affect their receptiveness to a nanoparticle. Tumors, for example, induce the formation
of a tumor microenvironment (TME) that changes this region's cellular expression and
extracellular matrix to suit the tumor better. Penetrating the TME may prove a challenge as,
without specific targeting affinity, an insignificant dosage may reach the tumor. A meta-analysis
determined only a paltry 0. 7% of the total payload of some nanoparticles reached the target cancer
cells (Wilhelm et al., 2016). Often this is far below the necessary concentration required for
inhibiting a tumor and thus may reflect poor results under clinical trials.

Finally, the particle size can affect both distribution and uptake of the nanoparticle. Small particle
sizes may have better penetration ability than larger particles. However, they are susceptible to
removal by the body. Particles below 15nm in size risk early filtration by the renal system (Choi
etal., 2011). Therefore, removing the loaded nanocarrier before it can reach its target destination.
However, if the particle is too large, there may be reduced capability for the particle to traverse the
vasculature and initiate an immune response. Particles above 200nm may activate the complement
system causing inflammation which could have disastrous effects if a large dosage is administered
(Mitchell et al., 2021). Additionally, the size can affect the uptake pathway as different forms of
phagocytosis can occur depending on the particle's size (Hoshyar et al., 2016). However, if a

receptor-mediated process takes the nanoparticle, this may not be a significant issue. Depending
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on the assembly and type of nanoparticle, there may be exclusion from some systems. Figure 16

summarizes these ideal features.
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Figure 16. Elements for an ideal nanoparticle against cancer.

An ideal nanoparticle targeting PCa tumors should possess the following qualities. First, a small
size below 100nm to navigate the body's vasculature. Second, biocompatibility prevents toxicity
of the particle itself and accumulation within the body. The ability to isolate the drug from the
environment and off-target binding until a target cell is reached. Together, within this narrow
criterion, one nanoparticle, in particular, meets these qualities: the reconstituted High-Density
Lipoprotein nanoparticle or rHDL (Lacko et al., 2015). The rHDL is a sub 100nm biocompatible
nanoparticle that mimics the intrinsic HDL in the human body. This mimicry extends to its non-
immunostimulatory nature and ability to be processed by the body. These features are due to the
human apolipoproteins used to compose its shape depicted in Figure 17. However, the

apolipoproteins also allow for the targeting of high SR-B1 expressing cells like PCa and CrPCa.
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Figure 17. Structure of the rHDL nanoparticle (Lacko et al., 2015).

1.3.3. The rHDL

Initially, interest surrounding the HDL was through its reported protective role in heart disease.
High HDL levels were correlated with decreased risk for heart disease, while conversely, higher
LDL levels showed an increased risk for the development of cardiovascular disorders
(Kwiterovich, 1998; Tan, 1980). Isolated apolipoprotein was discovered to retain its ability to
produce HDL outside the body, allowing for the synthetic HDL. Synthesis of this early rHDL
involved using apolipoproteins, esterified cholesterol, and phospholipids to mimic the intrinsic
HDL present in our bodies. These rHDLs were used initially to serve as models for understanding
the structure and function of the HDL (Ritter & Scanus, 1977; Rye & Barter, 1994). The utilization
of the rHDL further expanded into unearthing its relationship with other lipoproteins and its role
in the reverse cholesterol transport pathway (Bolin & Jonas, 1994; Rye et al., 1995). These studies
revealed the protective role of the HDL against heart disease through the uptake of excess

cholesterol via the SR-B1 preventing the formation of plaques. However, experimentation with

29



the rHDL expanded its application to include additional types of cargo, such as fluorescent probes
and drugs.

Many studies have reported overexpression of the SR-B1 found in various cancers. As discussed,
cholesterols and other lipids can significantly enhance the transition towards more malignant
phenotypes. Increased expression of the SR-B1 can allow for enhanced uptake of these lipids
through the interception of systemic HDL. Discussion of the rHDL as a drug delivery tool emerged
in the early 2000s, highlighted by the flexibility of the formulation of the rHDL and the
overexpression of the SR-B1 found in cancers. One of the first major studies to highlight the
targeting potential of the rHDL occurred with the encapsulation and delivery of taxol by Lacko et
al. The PCa cell lines DU145 and PC-3 were shown to have a high expression of the SR-B1. When
treated with the rHDL-Taxol particles, there was significant uptake and cytotoxicity of these
rHDL-Taxol particles (Lacko et al., 2002). The toxicity of taxol showed a possible benefit in
delivering this drug to cancer cells directly and avoiding the systemic complications that arise
when orally delivered. While this early study only highlighted the potential for the rHDL to
incorporate taxol and suggested an SR-B1-specific uptake of the rHDL cargo, more studies were
required.

Following this study, a more robust study was conducted using the chemotherapeutic Valrubicin
(AD-32). Valrubicin is a modified form of anthracycline Doxorubicin. Generally, Valrubicin is
described as less cardiotoxic than its parent drug (Onrust & Lamb, 1999). However, due to its
hydrophobicity, it has a limited route of administration. Therefore, unlike its more toxic
Doxorubicin form, Valrubicin has not been used as a significant chemotherapeutic. Its
hydrophobicity made it a strong candidate for delivery via the rHDL. The rHDL enhanced the

cytotoxicity of the Valrubicin against PCa and ovarian cancer cell lines. However, it revealed a
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protective effect against low Sr-B1 expressing cell lines (Lacko et al., 2012). This protective
feature highlights the enhanced delivery of the rHDL system as the low SR-B1 expressing cells in
this 2D culture represent “normal” cells.

Later studies from other labs further experimented with the payloads of the rHDL. These include
the delivery of RNAs such as miRNA inhibitors like miR-204-5p-ih and siRNA (Chen et al., 2019;
Shahzad et al., 2011). With proper formulations, various materials can be encapsulated within the
rHDL and be selectively delivered to high SR-B1 expressing cells. The flexibility of the rHDL has
allowed it to carry several drugs with various solubilities. For a drug to be considered relatively
hydrophobic, it needs an xLogP greater than 0; the higher the value, the more hydrophobic a
compound is. The natural cargo for the rHDL is cholesterol esters with an xLogP of about 16.1,
making them incredibly insoluble in polar solutions (NIH, 2022). However, many drugs with an
xLogP far below the value of cholesterol esters have been encapsulated within the rHDL. For
example, With an xLogP of 4.0, Valrubicin was delivered via the rHDL in several cancers,
including ovarian and prostate (Lacko et al., 2012). Less insoluble, Amphotericin B has an xLogP
of 0, making it relatively soluble in both polar and nonpolar solutions; this was encapsulated to aid

in delivery for the treatment of oral thrush (Oda et al., 2006).

Table 2. Table Summarizing some of the different materials delivered by the rHDL.

Cargo Delivered via the
FHDL Purpose Study

Valrubicin o Targeted delivery of | (Lacko etal., 2012)

Valrubicin to cancer
e Reduced

cardiocytotoxicity

Taxol e The pilot study used to | (Lacko etal., 2002)
demonstrate the rHDL as
a drug delivery platform

Amphomectrin B e Treatment for  Oral | (Oda etal., 2006)
Thrush

31



miRNA e Targeted Delivery of | (Chenetal., 2019)
mMiRNA

SIRNA e Pilot study for delivering | (Shahzad et al., 2011)
anti-metastatic siRNA to
colorectal and ovarian
cancer

1.4. Utilization of Fluorescence Techniques for Nanoparticle Characterization

1.4.1. Overview

Fluorescence-based measurements have been a scientific mainstay for decades, if not centuries.
From determining the concentration of a compound to its location in a system, these properties
alone can tell researchers a vast amount of information. With more sophisticated detection
methods, molecular phenomena such as binding, aggregation, and rotation can be determined
based on the fluorescent properties. Nanoparticles' small size makes tracking and characterization
challenging without specific types of equipment. Utilizing dyes and fluorescent moieties systems,
one can directly monitor a nanoparticle without the destruction or loss of the nanoparticles
(Wolfbeis, 2015).

If the cargo of the nanoparticle possesses intrinsic fluorescent properties, then non-intrusive
methods can be utilized to characterize the particles. The particle quality, degree of encapsulation,
and particle/drug location can be determined by measuring the fluorescent properties of the drug
or payload. At a basic level, the excitation and emission spectra can be used to determine the
concentration of the drug, particular moieties, or the scattering profile of a nanoparticle sample.
However, using a wavelength within the excitation spectra causes the fluorophore to absorb
photons and enter an elevated or "excited" state. This state of higher energy is not stable and
eventually causes a release of the energy in the form of photons at a longer wavelength (Berezin
& Achilefu, 2010). The intensity of the emitted light depends on its environment, excitation
wavelength, the structure of the fluorophore, and any interactions the fluorophore has within this
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environment. For example, a solvent can affect a fluorophore’s emitted intensity, the length of time
it remains in this excited state, and the emission spectra. Additionally, the separation of excitation
and emission maxima or stoke shift can cause spectral overlap that may cause interference with
reported measurements (Simonsen & Kromann, 2021).

Changes in intensity can reveal necessary information about the factors previously mentioned. For
nanoparticles, these can be important for determining if encapsulation is occurring. If the
characteristic emission or excitation spectra are present in the same fractions as the nanoparticle,
this can suggest an association; however, if there are changes in the relative intensities of the
emitted fluorophore, then an interaction between the fluorophore and some components is present
in the sample. These observations may require additional studies, which will be described below.
The more complex a system, the more complex the interactions a fluorophore will have in its
environment. For example, the nanoparticle may contribute to its fluorescence, affecting the
resulting intensity. In addition, the particle and solvent can produce their scattering, causing
particle and Ramen scattering, respectively. Proper blanking procedures and environmental

conditions are essential to reduce measurement interference.

1.4.2. Fluorescence Anisotropy

It is often assumed that the properties of matter remain static in all directions. However, physical
properties such as absorbance and mechanical strength can differ based on the direction in that
matter is observed or applied (Ostojic et al., 2007). For example, the force required to split a
wooden block will differ depending on the direction you chop. These different properties based on
direction are called Anisotropy, which comes from the Greek word Aniso- meaning unequal and -
tropy, meaning movement (Oxford). There are many different applications for anisotropy;

however, its primarily used to enhance scientific models further and determine the behavior of
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matter. For example, fluorescence anisotropy (FA) applies directional effects of emitted light,
allowing additional information about the fluorophore to be measured.

Steady-State FA can measure the degree of free molecular rotation of a fluorophore based on its
parallel and perpendicular emitted light components. It is often used in determining protein
interactions, such as binding between fluorescently tagged proteins. The value of the FA is given
in a ratio between 0 and 0.4. The closer a value is to 0, the higher its uninhibited free rotation is.
Conversely, a value closer to 0.4 suggests highly polarized fluorophores that may have their
motion blocked due to bindings. For example, suppose a tagged ligand has a low anisotropy of
0.08 that suddenly rises to 0.25 after introducing it to a different protein. This elevation in
anisotropy could suggest that binding occurs between the two proteins (Gradinaru et al., 2010).
The anisotropy is highly sensitive to the temperature because of the random movement of
molecules or Brownian motion, the solvent's viscosity, pH, and polarity. In addition, aggregation
or interaction with other components in the solution can change the anisotropy. However, it is not
directly concentration-dependent unless aggregation is an issue (Gradinaru et al., 2010).

The formula for anisotropy calculations is in Figure 18. Light from the excitation source and the
light emitted from the sample can be broken up into parallel (VV) and perpendicular (VH)

components using a polarizer (Shah et al., 2016).

Iy — Glyy
T =
Iw + 2GIyg

Figure 18. Anisotropy formula (Shah et al., 2016).
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In addition, the G or instrumental correction factor is calculated using the formula in Figure 19.

The value G corrects the variance between the polarizer intensities (Gradinaru et al., 2010).

G =
‘!HH

Figure 19. The formula for the instrument correction
factor (JASCO, 2022).

It is possible to determine if encapsulation occurs between the drug and a nanoparticle using the
FA. Previous studies have employed FA and other fluorescence-based measurements to
characterize nanoparticles formulated with fluorescent drugs such as doxorubicin myr-5A mimetic
nanoparticles (Raut et al., 2020). The anisotropy can give information about the fluorophore at the
local level. If the dye is a fluorescent drug, some information about its state can be deduced from
the anisotropy. For example, if encapsulation occurs, the anisotropy value will increase
significantly between the free drug and the assumed drug-loaded nanoparticle. Conversely, if the
anisotropy continues to decrease over time, this can suggest the leaking of the payload. The
anisotropy can only suggest encapsulation, and additional studies are required to determine that

encapsulation is successful entirely.

1.4.3. Fluorescence Lifetime

After a fluorophore is excited, the emitted photons are released, however not immediately. Instead,
the fluorophore can stay in this excited state for some time. The time it remains excited can be
anywhere from nanoseconds to picoseconds before releasing its energy (Berezin & Achilefu,
2010). However, how long a fluorophore remains excited depends on the environment and the
other molecular interactions the fluorophore may have. The Fluorescence Lifetime (FLT)
measures the time a fluorophore remains excited before emitting a photon and returning to its

ground state. Figure 20 depicts a time-domain FLT curve. A pulse excites the sample, and the
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distribution of emitted photons is plotted over time. Similar to the anisotropy, it is a concentration-
independent characteristic of the fluorophore that can change in the presence of different
environmental interactions. For this reason, the FLT has been to determine differences in
membrane protein conformation to show changes in the local environments of amino acids
(Raghuraman & Chattopadhyay, 2007).

An average amplitude fluorescence lifetime value can be calculated. Additionally, the slope of the
curve and its components can tell additional information about the composition of the fluorescent
signals. For example, in more complex samples utilizing additional components such as
fluorescent drugs and proteins, the different make-up of the emission can be quantified, as shown
in Figure 20 (Suhling et al., 2015). In addition, long and short components can be quantified and
separated to give a complete picture of the emission. Furthermore, changes in the slope can be
used to determine which type of quenching is occurring. Both of these features can be utilized for
characterizing nanoparticles. For example, changes in the FLT may suggest the drug's aggregation

inside the particles.

1.00
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Fluorescence
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Figure 20. Fluorsence Lifetime Curve. After an exciting pulse is
administred, the intensity decay of the emission is measured and
plotted as a curve (Jameson, 2005).
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Conversely, if the particles are disrupted, and the FLT returns, this can indicate that the drug was
inside the particles. Additionally, the FLT can be used with fluorescence lifetime imaging (FLIM),
which can visualize changes in the lifetime. For example, if a loaded nanoparticle has a short
lifetime, but after delivery, the lifetime returns the value of the free drug, suggesting the particle
has unloaded its cargo into the cell. Together, these fluorescent measurements can complement
and further provide evidence of the successful incorporation of a fluorescent drug within a

nanoparticle.
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Figure 21. Changes in the fluorophore’s local environment can
cause shifts in the slope such as due to presence of quencher
(Suhling et al., 2015).
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Chapter 2

Project Hypothesis and Specific Aims

2.1. Project Goal and Hypothesis

As a compound, a-Mangostin has been reported to possess different selective anti-cancer effects
against various cancer. However, despite its history of over 150 years, it has yet to enter any
relevant clinical studies. Instead, it has been relegated to health supplements and the occasional
headline. The primary limiting factors for the usage of a-Mangostin as a chemotherapeutic
treatment lie in its insolubility and poor oral bioavailability (Li et al., 2011; NCBI, 2022a; Zhao et
al., 2016). High dosages are often used in experiments because of the poor absorption, requiring
large amounts of the drug to reach the therapeutic window (Johnson et al., 2012). While no acute
toxicity has been reported, it is inefficient and unrealistic to translate these large dosages to human
patients. Efforts have been made to enhance the solubility of a-Mangostin through structural
modifications; however, no pharmacokinetic or extensive biological research has been conducted
regarding these derivatives (Tran et al., 2021).

Furthermore, a sizeable inefficient dosage may still be required to induce cytotoxicity to tumors
without a targeting system. Various nanocarriers have been formulated with a-Mangostin, such as
protein and metal-based nanoparticles (Wathoni et al., 2020). However, these too often remain
confined to mice studies and have yet to transition to clinical trials. In addition, issues with
targeting, biocompatibility, and cytotoxicity remain a barrier to these studies (Attarilar et al., 2020;
lannitti et al., 2010). An ideal nanoparticle drug delivery system should have particles of small
size, biocompatibility, exclusion from rapid filtration, and a targeting system to reduce off-target
binding to healthy tissue.
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The rHDL drug delivery platform falls uniquely within these criteria of a biocompatible
nanoparticle that harbors a targeted delivery system. It has been previously demonstrated that the
rHDL can encapsulate a variety of compounds, isolating them from the aqueous environment and
preventing premature drug release. However, only until the rHDL binds explicitly to the SR-B1
will the receptor-mediated transfer of the compound to the target cell occur (Mooberry et al., 2016).
As discussed, valrubicin, a toxic hydrophobic drug, was previously loaded into the rHDL. These
rHDL-Valrubicin nanoparticles displayed protective effects against non-cancerous tissue while
enhancing the toxicity against a panel of cancer cells (Lacko et al., 2012). The hydrophobicity and
possible fluorescent characteristics of a-Mangostin make it a candidate for encapsulation within
the rHDL,

The increased cholesterol uptake found in PCa enhances progression towards more malignant
variants. The enhanced expression of both endogenous synthesis and exogenous cholesterol uptake
allows for increased intra-tumoral androgen synthesis. More expression of the SR-B1 allows for
increased scavenging of intrinsic HDL, causing the CrPCa to become a cholesterol sink and a

potential target for drug-loaded rHDL. Because of the hydrophobicity of a-Mangostin, we

Apolipoprotein

Phospholipid

Cholesterol

e O o

Figure 22. (Left) Model of the rHDL-AMN Nanoparticle (Right) The SR-B1 mediated
transport of the cargo from the rHDL into the cell.
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hypothesize that it can be encapsulated within the rHDL, producing stable and homogenous rHDL
a-Mangostin (rHDL-AMN) nanoparticles that retain the cytotoxic effects of a-Mangostin and are

delivered via the SR-B1 to the cell shown in Figure 22.

2.1.2 Specific Aims

Specific Aim 1: Determine the optimal formulation for assembly of the rHDL-AMN Nanoparticles

The first specific aim will evaluate the formulation that best encapsulates the a-Mangostin within
the rHDL, forming stable and homogenous nanoparticles. Firstly, the fluorescent properties of a-
Mangostin will be determined, including the excitation and emission spectra and other fluorescent
properties. These properties will allow for the baselines of the free drug that will be compared with
the rHDL-AMN particles. In addition, the high degree of the insolubility of a-Mangostin should
support the drug’s transition into the core of the rHDL and away from the aqueous environment.
Next, the rHDL-NP will be characterized by its physical properties, including homogeneity,
diameter, and relative stability. Next, the drug loading capacity of the rHDL-AMN will be
determined using the properties of a-Mangostin to determine drug incorporation and encapsulation
efficiency. Finally, fluorescent measurements, including the fluorescence lifetime and anisotropy,
will be used to further characterize the rHDL-AMN particles by comparing them with the free
drug. The formulation that gives the best particle qualities will be used to assess the biological

effects of the rHDL-AMN.

Specific Aim 2: The therapeutic efficacy of the rHDL-NPs on 2D Prostate Cancer models.

Several cell lines have been chosen to evaluate the biological effects of the rHDL-AMN. The
prostate cancer cell line DU145 represents an androgen-independent prostate cancer cell line. PZ-
HPV was used to model a non-cancerous epithelial cell line. Other cell lines such as CHO-LDL-

A7, HIC2, and CHO-mSRB1 were chosen as controls to characterize the relative expression of
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the SR-B1. In addition, the HPC2 and LDL-A7 cell lines were used to illustrate the effects of low
the SR-B1 on the rHDL-AMN. These cell lines will have their relative expression of SR-B1
determined to confirm their relative expression of the SR-B1. Cytotoxicity assays using 2D cell
cultures will be conducted using varying concentrations of the rHDL-AMN and the free a-
Mangostin. Together, the relative SR-B1 expression of the cells and the ICso of the treatments will
be compared to determine if the cytotoxic effects of the rHDL-AMN are retained. Due to the SR-
B1 mediated transport of the rHDL cargo, high SR-B1 expressing cells should be affected

significantly more than low SR-B1 expressing cell lines.

2.1.3. Overall Significance

Modern treatments target the Androgen Receptor (AR) signaling axis due to its influence on
promoting cancer progressions. While employment of Androgen Deprivation Therapy (ADT) may
confer temporary inhibition of tumor growth, eventually, it promotes the development of
castration-resistant prostate cancer (CrPCa). In addition, ADT is associated with many other
adverse side effects, such as metabolic disorders and promoting bone metastasis (Chen et al., 2017;
Higano, 2003; Salvador et al., 2013; Zacho & Petersen, 2018). New drugs are in development that
targets specific aspects of CrPCa, such as splice variants; however, these strategies only prolong
ADT usage and remain cytostatic (Liao et al., 2020; Zhou et al., 2010). Outside of ADT, potent
and non-specific chemotherapeutics such as taxanes are used against CrPCa tumors. However,
patients are often above 65, making prolonged treatment with these agents devastating (Bumbaca
& Li, 2018). Therefore, treatments are needed to reduce CrPCa tumor growth by targeting different
regulatory mechanisms.

Interest in inhibiting the cell cycle is a common treatment strategy; however, many inhibitors lack

specificity. The reported cancer selectivity and its inhibition of CDK4 make a-Mangostin a cancer-
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specific cell cycle inhibitor. Furthermore, the inhibition of the CDK4 induces apoptosis and is
independent of the AR. Therefore, AR status may not be a barrier to treatment. The FDA has
approved several CDK4/6 inhibitors, such as Palbociclib, to treat hormone-refractory cancers
(Eggersmann et al., 2019). However, a-Mangostin is a natural compound with the same CDK4/6
inhibition and other possible mechanisms.

The potential for a-Mangostin as a chemotherapeutic is marred by its hydrophobicity. The rHDL
has proved to be a promising drug delivery platform for insoluble drugs. Converting the limitation
of insolubility that a-Mangostin possesses into enhancing its ability to be delivered systemically
via the rHDL. Diversifying the route of administration for a-Mangostin could provide a potent
treatment against high SR-B1 expressing CrPCa without targeting the AR. A trojan horse approach
can selectively target CrPCa cells while potentially reducing off-target binding with normal cells
by taking advantage of this phenotype using the rHDL. As a stable and biocompatible nanoparticle,
rHDL has the edge over other nanoparticles that may harbor toxicity, are immunostimulatory, and
lack targeting. Because these particles mimic innate HDL, they are metabolized along the same
pathways and can navigate systemically without inducing their cytotoxic effects on the body. With
the completion of this project, the first steps in creating a serious systemically delivered
chemotherapeutic treatment utilizing a-Mangostin will be developed.

2.2. Materials

The a-Mangostin was obtained from Selleckchem (Catalog Number: S3804), Radnor, PA, USA.
Egg Yolk Phosphatidyl Choline (EYPC), Free Cholesterol, Sodium Cholate, Uranyl Acetate, and
Dimethyl Sulfoxide were purchased from Sigma-Aldrich St. Louise, MO, USA. Apolipoprotein
Al (ApoAl) was received from Abionyx (was Cerenis Therapeutics?) Labege, France. 0.1 cm

Quartz cuvettes were obtained from Thor Labs, Newton, NJ, USA. 20,000 MWCO Slide-A-Lyzer
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Dialysis Cassettes and PD-10 Sephadex G-25 Medium Desalting Columns were purchased from
Thermo-Scientific Waltham, MA, USA. Fluorescence Filters were obtained from Edmund
Industrial Optics Barrington, NJ, USA. The Manual Polarizer was obtained from Varian Palo Alto.
CA, USA. Keratinocyte Media Promocell Heidelberg, Germany. Corning Costar 96-well plates
were purchased from Fischer scientific. Cytiva Fetal Bovine Serum, Gibco DMEM, RPMI,
Penicillin-Streptomycin antibiotics, ATCC EMEM, Promocell Keratinocyte Growth Media,
DU145, LDL-A7, CHO-mSRB1, PZ-HPV, and H9C2, were purchased from ATCC Manassas,
VA, USA. PZ-HPV. Formvar Carbon coated 200 Mesh Copper TEM grids were obtained from
SPI West Chester, PA, USA. Malvern Zetasizer 1070 Capillary Cells were purchased from

Malvern, Malvern, United Kingdom.

2.3. Methods

2.3.1. Fluorescent Characterization of a-Mangostin

Solution of a-Mangostin was prepared using DMSO, producing a 25 mg/ml stock. For the
fluorescent characterization of the free a-Mangostin, aliquots of different concentrations were
prepared in 0.1 cm quartz cuvettes. All measurements were conducted at room temperature after
the drug was fully thawed. The excitation spectra were measured using the Cary UV-60
spectrophotometer after blanking using only DMSO. The emission spectra were measured using
the Cary Eclipse system. The anisotropy was determined by measuring the polarized intensity of
the samples. The formula used for the anisotropy is shown in the following formula:
r=((VvV—-(G*VR))/((VV +(G*2*VH)). Finally, the fluorescence lifetime was determined using
the Fluoro-Time 300 system (Picoguant, Germany). The samples were excited using a 375nm
diode laser (Picoguant, Germany, and the observation wavelength was set to 520nm. The

fluorometer was equipped with an ultrafast microchannel plater detecter (MCP) from Hammatsu,
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Inc. The fluorescence lifetimes were measured in the magic angle condition, and data were
analyzed using the FluoroFit4 Program from PicoQuant, Inc (German) using the multi-exponential

fitting model.

2.3.2. Preparation of rHDL a-Mangostin rHDL Particles

A previously established protocol was the basis for formulating the rHDL a-Mangostin
nanoparticles (rHDL-AMN). The lipid portion of the rHDL was prepared first by mixing Egg
Yolk phosphatidylcholine (EYPC) and free cholesterol dissolved in chloroform. They were
evaporated under nitrogen gas and carefully rotated to form a light film of the lipids at the bottom
and sides of the glass vial. Sodium cholate was added, and the solution was vortexed until no
visible residue was present on the vial walls. Next, a-Mangostin dissolved in DMSO was added
directly to the solubilized lipid mixture. For the empty nanoparticle, this step was omitted. Next,
the samples were sonicated for five rounds. They were sonicated for 30 seconds and placed on ice
for 2 minutes to rest. The sonicator was set to 80 Amps and washed with ethanol and distilled
water between each round of sonication. The drugless samples were sonicated first to ensure no
cross-contamination with samples containing a-Mangostin.

After sonication, the samples were left on ice until they settled. Next, a magnetic stir bar was
added, placed on a magnetic hotplate, and stirred. Dropwise, ApoAl was added slowly to the
mixture with pauses to reduce aggregation and enhance rHDL formation. After the ApoAl
addition, the samples were left to incubate overnight. After incubation, the particles were purified
utilizing either the PD-10 column or dialysis in 1X PBS. For purification by the PD-10 column,
the sample was passed through the column using distilled water. For dialysis, 1 liter of 1X PBS
was used as the solvent; the samples were loaded via syringe into dialysis cassettes. The samples

were placed in the 1X PBS for 48 hours. After purification, the samples were centrifuged at 12,000
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RPM for 1 hour at 4 degrees Celsius. The samples were then filtered using 0.22 um cellulose
syringe filters. These final products were kept in the refrigerator at 4 degrees Celsius until

characterization. Figure 23 summarizes the overall formulation schematic.
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Figure 23. Preparation schematic for the rHDL.

2.3.3. Characterization of Physical Properties of rHDL a-Mangostin rHDL Particles

The physical characteristics of the rHDL-AMN were determined using dynamic light scattering
(DLS). The Malvern Zetasizer Ultra Particle Analyzer determined the particles' size, homogeneity,
and relative stability. Differences in Brownian motion between particles are used to determine the
particle's hydrodynamic diameter according to the equation in Figure 24. This size distribution is
then reported as the Z-Average; however, the Malvern reports the volume, number, and intensity
distributions (Malvern, 2014). Next, the homogeneity or polydispersity index (PDI) is reported
based on the standard deviation of the reported hydrodynamic diameters, as seen in Figure 25. A

PDI value below 0.2 is considered relatively homogenous under the standards of the FDA.
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kT
d(H)=—7—"—
3D
where: -
d (H) = hydrodynamic diameter
O = translational diffusion coefficient

k = Boltzmann's constant

= absolute temperature

T
n = viscosity

Figure 24. The Formula for the calculation of the hydrodynamic diameter.
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Figure 25. The Formula for the calculation of the Polydispersity Index. The
standard deviation of the average hydrodynamic diameter is divided by the
average diameter.

However, it is acceptable to have a PDI value below 0.3 for lipid-based nanoparticles due to their
tendency to aggregate (Danaei et al., 2018). The PDI can indirectly measure a particle sample’s
stability while assessing the particles’ quality and preparation. Changes in the PDI can suggest that
particle samples are degrading, fusing, or aggregating. Finally, the zeta potential can give
information on the relative stability of the particle in its current solvent. The zeta potential is
measured by the charge difference between the particle's surface and the solvent, as seen in Figure
26 (Kumar & Dixit, 2017). More specifically, the surface of a nanoparticle displays some degree
of charge that attracts the opposing charges from the aqueous solvent, forming a layer called the
Stern layer. The difference in charge between the Stern layer and the solvent is measured as the
zeta potential in voltage. A higher magnitude of the zeta potential confers stronger repelling forces
and, therefore, a reduced affinity for aggregation. A particle with a zeta potential below +/- 25 mV
will eventually aggregate, while above +/- 30 mV is considered stable for nanoparticles. However,

these measurements depend on the solvent conditions; therefore, careful considerations must be
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made when preparing the samples for measurements. Salt, concentration, and pH are all factors

that may skew the values of the zeta potential (Kumar & Dixit, 2017).
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Figure 26. The Zeta Potential is the relative difference in charge between the
stern layer and the surrounding solvent (JASCO, 2022; Pate & Safier, 2016).

Measurements of the rHDL-AMN and Empty rHDL samples were conducted using plastic
cuvettes. Samples were filtered using 0.2 um filters and diluted to 1:15 using Di water before
measuring their properties. Samples were measured only at room temperature. The same dilutions

were prepared for the zeta potential; however, Malvern 1070 folded capillary cartridges were used.

2.3.4. Transmission Electron Microscopy

The Transmission Electron Microscope (TEM) was used in addition to the DLS to image and
directly report the sizes of the rHDL samples. Samples were prepared on carbon-silicon TEM 200
grids using a 1% uranyl acetate staining protocol. The samples were initially diluted to 1:100;
however, the second trial used a more extensive 1:1000 dilution. Next, several microliters of the
samples were added to the grid to cover the entire surface. After 5 minutes, the samples were
stained using the 1% Uranyl acetate and left to dry overnight. Finally, the prepared grids were

imaged using the JEM 200 TEM at 200 kV.
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2.3.5. Fluorescent Characterization of rHDL-AMN

The rHDL particles were characterized using the identical 0.1cm quartz cuvettes from Thor Labs.
A standard curve was prepared using the known concentration of the stock solution and to record
their absorbances at 375nm. The rHDL-AMN samples were diluted by 1:10 using 1X PBS, and
their absorbance values at 375nm were recorded. Empty rHDL particles were used to remove the
scattering profile of the particles from the rHDL-AMN measurements producing the correct
spectra. An inflated value for the drug concentration may be reported without removing the
scattering profile, thus affecting biological studies. The concentration of the rHDL-AMN would
then be calculated using the standard curve once the dilution factor was considered. The
encapsulation efficiency was determined by dividing the concentration of a-Mangostin present in
the rHDL-AMN sample by the micromolar concentration of a-Mangostin initially added to the
formulation, as shown in Figure 27.

A set of filters were employed to reduce signal noise. A 495 long-pass filter was placed near the
detector, and a 400 short-pass filter was placed at the excitation lamp. Due to the additive
properties of fluorescence, the emission of the empty rHDL was used to correct the spectra of the
rHDL-AMN. The scattering profiles between the rHDL-AMN and the empty rHDL were matched
before reading the emission intensities at 520nm.

The fluorescence lifetime (FLT) measurements of the rHDL samples were measured using Fluor-
Time 300 with the same conditions, equipment, and set-up as the a-Mangostin characterization.
The intensity decay was fit using a tail fitting on the Origin software. The rHDL-AMN sample

was split by volume into two glass vials for the disruption experiment. Both samples were

amount of total loaded drug
total amount of drug

=100

Encapsulation efficiency (EE)=

Figure 27. The Formula for the calculation of the Encapsulation Efficiency
(Pu et al., 2020).
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lyophilized using the Labconcno Freezonel2 Lypholizer. The samples were placed at -80 Degrees
overnight and then were lyophilized for 24 hours. The samples were resuspended in either Di-
water or DMSO before the measurements. After adding the solvent, the samples were vortexed

until no residue was visible on the vial walls before being measured by the Fluoro-Time 300.

2.3.6. Cell Lines

The cell line DU145 was chosen as the 2D cancer model to model later-stage prostate cancers. In
addition, the immortalized prostate epithelial cell line PZ-HPV was selected for the control cell
line. Both cell lines have been used previously for rHDL drug delivery studies (Lacko et al., 2012;
Lacko et al., 2002). The DU145 and PZ-HPV were reported as relatively high and low expressions
of the SR-B1. Furthermore, the DU145 is an androgen-independent cancer cell line, therefore
modeling the later stage CrPCa. Therefore, additional cell lines were chosen as controls for their
expression of the SR-B1. The positive controls included the liver carcinoma Hep-G2 and the
transinfected overexpressor of the SR-B1 CHO-mSRB1. The negative control included CHO-
LDL-A7, transinfected to express low levels of SR-B1, and the cardiomyocyte cell line HIC2.
Cells were cultured and maintained in 10% FBS and 1% Pen-Strep in their respective media. The
DU145, Hep-2G, CHO-LDL-A7, and CHO mSRB1 were cultured in complete EMEM. The HIC2
were cultured in complete DMEM, and the PZ-HPV were cultured in completed special

Keratinocyte media with BPE and EGF purchased from Gibson and Promocell.

2.3.7. SR-B1 Expression

The relative expression of the SR-B1 was determined through the usage of the JESS automated
western blot system by ProteinSimple. The 13-lane version of the detection kit for proteins
between 12-230kDa was used. Pellets were collected and washed in ice-cold 1X PBS and stored

under -80 degrees Celsius until the preparation of the cellular lysate. A RIPA buffer and
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phosphatase inhibitor solution were prepared to process the lysate. The protein concentration of
the lysates was quantified using the Pierce Bicinchoninic Acid (BCA) assay, where bovine serum
albumin served as the standard. The 13-wells were loaded with the sample and reagents per the kit
protocol. The SR-B1 primary antibody (EPR20190) was used at a 1:100 dilution. The actin
primary antibody (A5441) was used with a dilution of 1:400. The Protein simple kit provided the
secondary antibodies for anti-rabbit and mouse. The secondary antibodies were used as prepared
without dilution. Data analysis was done through the usage of Compass Software. Protein

normalization was done using actin concentration to determine the relative expression of SR-B1.

2.3.8. Cytotoxicity

Cells were plated in 96-plates and treated with varying dosages of the free a-Mangostin, rHDL-
AMN, and Empty rHDL particles. Five thousand cells per well were plated in their complete media
for 24 hours. Cells were observed under a microscope to determine if they had adequately attached
to the bottom of the wells. Next, the complete media was removed, and the cells were washed with
1X PBS. Treatments of varying concentrations were prepared individually in microcentrifuge
tubes using a serum-free medium before being added to each well. In addition, empty wells without
cells were treated to be used as blanks to remove the absorbance values of the media and the
treatment. Cells were incubated for 48 hours at 37 degrees Celsius at 5% CO..

Cell viability was determined using the Cell Counting Kit 8 by Dojindo (CCK-8). Cells were
incubated with 10uL of the CCK-8 reagent for 2 hours. Next, the plates were placed on a rocker
inside an incubator to enhance the reagent mixing in the wells. Finally, the plates were read in the
Biotek Cystation 3 plate reader using a wavelength of 450nm. The ICso values were fit and

calculated using the AAT Bioquest online calculator.
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Chapter 3

Results

3.1. Specific Aim #1

3.1.1. Characterization of the Fluorescent Properties of a-Mangostin

As of the time of the study, no published information regarding the fluorescent properties of a-
Mangostin is available. However, aromatic structures typically exhibit some degree of fluorescent
properties. The parent compound is a xanthone, a xanthene derivative, as shown in Figure 28.
Many popular fluorescent dyes such as fluorescein, rhodamine, and rose bengal contain xanthene

as their parent structures (Neckers & Valdes-Aguilera, 1993). Because both parent molecules are
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Figure 28. (Left) Structure of Xanthenes (Imiolek, 2015) Figure 7 (Right) Molecular structure
of Xanthones (Remali et al., 2022).

Figure 29. The 2D Structure of a-Mangostin (NCBI, 2022a).

enclosed in conjugated ring systems, a-Mangostin may possess fluorescent properties, as depicted

in Figure 29. These characteristics could provide a wealth of information regarding the presence
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and the environment. Furthermore, changes in these properties between the free and the rHDL
formulations can suggest encapsulation without disrupting the particles.

Samples of a-Mangostin were prepared in DMSO and placed into a 0.1 cm quartz cuvette. First,
the excitation spectra extended from 300nm to 405nm with a maximum of 320nm. Additionally,
a characteristic small peak at 350nm was present. Next, using 375nm as the excitation wavelength,
the emission spectra stretched from 450nm to 650nm with a maximum of 521nm. The excitation
and emission spectra of the free a-Mangostin in DMSO are graphed below in Figure 30. Together

these two spectra reveal a significant Stoke’s shift of nearly 200nm between each maximum.
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Figure 30. The Excitation and Emission spectra of a-Mangostin in DMSO.

Using the Cary Eclipse, the anisotropy of the a-Mangostin in DMSO was calculated using the
polarized emission intensities produced when excited at 375nm. An r value of 0.06 at 520nm shows

a high degree of free molecular rotation, as shown in Figure 31.
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Figure 31. The Anisotropy overlayed on the Emission spectrum.
Finally, the Fluorescence Lifetime (FLT) amplitude for the free in DMSO a-Mangostin was

1.56ns using a two-exponential fit, as shown in Figure 32. The components of the FLT were
composed primarily of a component that averaged 1.68ns and a short component of 0.35ns.
Together the data on the free a-Mangostin will serve as a baseline for comparison with the rHDL-

AMN samples.
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Figure 32. (Left) The intensity decay of a-Mangostin in addition to the average
fluorescence lifetime (Right) The pie chart depicts the composition of the lifetime
curve.
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3.1.2. Physical Characterization of the rHDL-AMN Nanoparticle

A previously established protocol was used for the initial formulation as a starting point for the
rHDL-AMN nanoparticles. An initial concentration of 0.5mg/ml of a-Mangostin was used to
reduce the amount of drug lost during the optimization of the methods and formulation. Empty
rHDL nanoparticles were produced to blank the rHDL-AMN samples, provide a quality
assessment of the procedures, and serve as vehicle control in the in-vitro experiments. After the
rHDL-AMN particles were assembled, they were dialyzed in 1X PBS for 48 hours at 4 degrees
Celsius. The physical properties of the particles were assessed using a 1:15 dilution in Di Water.
Table 3 summarizes the samples produced by the protocol that gave the most favorable physical

properties.

Table 3. Summary of the rHDL-AMN phyiscal particle characteristics.

PDI Size by Intensity (nm) Size by Number (nm) Zeta Potential (mV)
S pt,\)l'_TDL 0.20 +/- 0.027 95.62 +/- 20.29 40.04 +/- 12.90 -24.43 +/-12.5
0.19 +/- 0.016 85.14 +/- 15.08 38.99 +/- 9.43 -29.47 +/- 8.3

The PDI values for both samples fit within NIH-established guidelines for nanoparticles. Values
below 0.2 are generally recommended; however, a PDI below 0.3 is acceptable for lipid-based
particles like these. The intensity distribution shows larger particle diameters; however, due to
these lipid nanoparticles, there could be skewed due to aggregation. The number distribution is
within the range of intrinsic HDL particles. Both size distributions show similar sizes between the
empty and the rHDL-AMN nanoparticles. Finally, the zeta potentials depict moderate stability and

resistance to aggregation with an absolute value near 30mV.
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3.1.3. Transmission Electron Microscopy

To further elucidate the physical characteristics of the rHDL samples, transmission electron
microscopy (TEM) was employed to image the particles. Nanoparticles were prepared using 1%
Uranyl Acetate the day prior to imaging. Both Empty rHDL, human HDL, and rHDL-AMN
samples were imaged using the same settings for the JEM-2100 Electron. The first set of images
was produced using fresh diluted samples to 1:100, as shown in Figure 33. With this dilution, the
Empty rHDL particles were visible; however, the rHDL-AMN appeared very concentrated,
making accurate determinations about the size and shape difficult. Next, the Human HDL was
imaged to serve as a reference for the shape and structure of the HDL. However, it too remained

Very concentrated.

80 nin

Figure 33. TEM images of fresh rHDL Nanoparticle diluted 1:100 (Left) Empty rHDL
(Middle) rHDL-AMN (Right) Human HDL.

A second trial used two-week-old rHDL samples with a higher dilution of 1:1000 to further
improve the clarity of the particles. Again, no additional processing such as filtering or
centrifugation was done before preparing the samples for the TEM. Figure 34 shows both the
empty rHDL and the rHDL-AMN samples. This time, the dilution to 1:1000 improved clarity for

the empty rHDL; however, the high concentration of the rHDL-AMN particles makes discerning
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the shapes difficult. Figure 35 shows the lower magnification to show the shapes and structures of

the empty rHDL.

S0 nm: g o

—

Figure 34. Samples afte two weeks (Left) Empty rHDL (Right)DL-AMN.

Figure 35. Empty rHDL after two weeks. The sample was
diluted to 1:1000. Note the lower resolution.

3.1.4. Encapsulation Efficiency of the rHDL-AMN Nanoparticles

The initial addition of the a-Mangostin into the resuspended solution of phospholipids, free
cholesterol, and sodium cholate caused significant precipitation of the a-Mangostin, as seen in
Figure 36 (left). Vortexing this mixture resulted in large yellow aggregations that would disappear
only after sonication. Figure 36 (middle) shows the sample after adding ApoAl, which caused a
slight reduction in opacity. After dialysis, centrifugation, and filtering, the final result is shown in
Figure 36 (right).
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The concentration of the a-Mangostin within the rHDL-AMN was determined by measuring the
absorbance of the samples. First, samples were diluted by 10 to reduce signal saturation. Next, the
empty rHDL samples were used to remove the scattering profile of the rHDL-AMN. Next, a
standard curve converted the absorbance values into micromolar concentrations. Finally, the
concentration was divided by the initial addition of a-Mangostin added. These results are

summarized in Table 4.

Figure 36. (Left) Initial Addition of the a-Mangosint to the lipid solution containing Sodium cholate,
Cholesterol, and phospholipids. (Middle) After sonication and adding ApoAl (Right) After dialysis,
centrifugation, and filtration.

Table 4. Encapsulation Efficiency of the rHDL-AMN samples.
N=6 Encapsulation Efficiency
0.5 mg/ml rHDL-AMN 44% +/- 15%

An intense spectrum that strongly resembles the excitation spectra a-Mangostin is found in the

rHDL-AMN samples, as shown in Figure 37 (Top). In addition, the empty rHDL particles
produced a scattering profile used to remove the scattering profile of the rHDL-AMN, as shown

in Figure 37(Bottom).
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Figure 37. (Top) Excitation spectrum of the rHDL-AMN and free a-Mangostin
(Bottom) Excitation spectrum of the Empty rHDL particles. Note the difference
in scale.

Samples passed through the PD-10 gravity column were separated into several fractions by
molecular weight. Fractions 2 and 3, according to the manufacturer, contain components of the
sample with molecular weights associated with proteins. Lipid micelles and unincorporated o-
Mangostin will either elute in later fractions or remain trapped in the column. Samples of the

fraction were deposited into a 96-well plate and read using 375nm as the excitation source on the
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BioTek Cytation 3 plate reader. Figure 38 shows the absorbance values for each of the fractions.

The highest absorbance value was found in the second fraction associated with rHDL.
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Figure 38. The absorbance of each PD-10 Fraction using 375nm
as the excitation source.

3.1.5. Drug Loading Study

The protocol and formulation in this study were adopted from previous experiments utilizing
different drugs. A recommended working range of 0.5 mg/ml was used for the initial trials;
however, altering the initial concentration may affect the encapsulation of a-Mangostin and the
quality of the particle. Therefore, a drug loading study was conducted to determine the maximum
amount of a-Mangostin encapsulated within the rHDL. An initial concentration of 1.0 mg/ml,
double the standard formulation, was used. Due to the number of samples, the PD-10 desalting
column removed the unbound components and salts present in the samples. The results of this

study are summarized below in Table 5.
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Table 5. Physical characterisitcs of the rHDL-AMN samples. Note that the reported size is the
number distribution.

N=3 PDI Size (nm) Zeta Potential (mV) Encapsulation Efficiency

Empty rHDL 0.38 +/- 0.08 30.0 +/- 10.7 -33.7 +/-2.4
0.5 mg/ml rHDL-AMN 0.25 +/- 0.04 24.1 +/- 19.9 -26.6 +/- 3.5 40% +/- 0.08%

1.0 mg/ml rHDL-AMN 0.32 +/- 0.03 9.4 +/-2.1 -30.4 +/- 4.7 48% +/- 0.3%

3.1.6. Particle Stability

While the zeta potential indicates a relatively high degree of stability, it does not report how these
physical properties may change over time. Therefore, samples of rHDL-AMN were prepared using
the 0.5mg/ml formulation, dialyzed for 48 hours, and filter-sterilized. A 1:15 dilution of the
samples were prepared and characterized. The remaining samples were stored at 4 degrees Celsius.
After 43 days, the samples were recharacterized without filtering and re-filtered using a 0.2um

filter. Together these are summarized in Table 6.

Beginning with the changes in the PDI, the rHDL-AMN samples had a higher PDI of 0.25 after
43 days shown in Figure 40. However, filtering returned the PDI to values before the sample was
stored. In Figure 41, the average diameter of the rHDL-AMN decreased; however, filtering
returned it to a value similar to Day 0. Finally, Figure 42 shows the changes in the zeta potential
values. After 43 days, there was a notable increase in the zeta potential that remained elevated after
filtering. The particle characteristics remained almost identical for the empty rHDL sample besides
an increased zeta potential after 43 days. The empty and the rHDL-AMN had elevated values for

the zeta potential that did not resemble the zeta potentials found during Day O.
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Figure 39. Changes in the PDI after 43 days.
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Figure 41. Changes in the Magnitude of the Zeta Potential after
43 days.
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Table 6. Summary of the changes in the phyiscal characteristics of the rHDL samples.

Empty rHDL
N=1

Day 43
(Before
Filtering)
Day 43
(After
Filtering)
rHDL-AMN
N=3

Day 43
(Before
Filtering)

Day 43
(After
Filtering)

Particle Diameter (nm) = Zeta Potential (mV)

0.184 41.6 -24.19

“ Particle Diameter (nm) = Zeta Potential (mV)
0.191 +/- 0.16 38.33 +/- 2.19 -20.85 +/- 2.67
0.25 +/- 0.04 26.67 +/- 2.87 -30.21 +/- 2.60
0.187 +/- 0.02 35.03 +/- 7.03 -24.45 +/- 0.88

3.1.7. Anisotropy Measurements of the rHDL-AMN Particles

Anisotropy changes

between the free a-Mangostin and the rHDL-AMN can suggest that

encapsulation of a-Mangostin has occurred. The anisotropy of the free a-Mangostin was calculated

previously to be 0.06 and will act as the baseline. Due to possible interference from the shell of

the rHDL itself, the rHDL-AMN produced high anisotropy values. Due to the additive property of

fluorescence emission, samples of empty rHDL were used to subtract the interference from the

rHDL shell. The empty rHDL was matched by the scattering profiles to the rHDL-AMN, and their

polarized emission intensities were recorded, leaving only the a-Mangostin. These results are

summarized in Table

7.
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Table 7. Anisotropy values of the rHDL-AMN samples from the loading studies.

N=3 Anisotropy
o-Mangostin 0.06 +/- 6E-4
0.5 mg/ml rHDL-AMN 0.32+/- 0.05

1.0 mg/ml rHDL-AMN 0.25 +/- 0.02

3.1.8: Changes in Fluorescence Lifetime and Anisotropy After Disruption

A disruption experiment was conducted to determine if any changes in the lifetime occurred due
to encapsulation by rHDL. A sample was prepared following the 0.5mg/mL formulation, split by
volume into halves, and then lyophilized. One of the halves was resuspended in DMSO and the
other in 1X PBS. As previously determined, the Lifetime of the free a-Mangostin was determined
to be about 1.56ns, as shown in Figure 42 (Top). However, the half resuspended in 1X PBS showed
a markedly decreased FLT value, reduced by more than 50% to 0.72ns, and there was a different
make-up of the intensity decay curve Figure 42 (Middle). The short component now dominated,
while a component of 5.62ns appeared, possibly due to the protein and lipids. The other half was
resuspended in DMSO, disrupting the particles and releasing the free a-Mangostin back into the
solution. The FLT returned to a similar anisotropy as the free drug with a value of 1.59ns Figure

42 (Bottom). Together these are summarized in Table 8.
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Figure 42. (Top) Fluoresence Lifetime of the o-Mangostin. (Middle) The Fluorescence Lifetime of the
rHDL-AMN particles. (Bottom) The Fluorescence Lifetime of the DMSO disrupted rHDL.
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Table 8. Fluoresence Lifetimes of the free drug, rHDL-AMN and DMSO
disrupted rHDL-AMN.

Fluorescence Lifetime (ns)
Free a-Mangostin 1.56

rHDL-AMN in 1X PBS 0.72

Disrupted rHDL-AMN in 159
DMSO '

After disruption, the excitation spectra of the samples were recorded. The spectra of the 1X PBS
resuspended sample had the same shaped curve. However, there was an extensive scattering profile
due to a lack of filtering. In addition, the disrupted rHDL-AMN in DMSO exhibited a shift in its

spectra. The lipids and protein in the DMSO or the formation of adducts in the solution could cause

this shift.
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Figure 43. Excitation spectra of the rHDL-AMN, Empty rHDL, o-Mangostin, and the disrupted rHDL
nanoparticles.
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The anisotropy of the disrupted rHDL was measured to confirm that the drug was released back
into the solution. The r was calculated to be 0.63, which is very close to the anisotropy of the free

drug. These anisotropy values are summarized in Table 9.

Table 9. Summary of the Anisotropy values of the free drug, rHDL-AMN and
the disrupted rHDL-AMN.

Anisotropy
o-Mangostin 0.058
rHDL-AMN (0.5mg/ml) 0.32
Disrupted rHDL-AMN 0.063

3.1.9. Summary of Specific Aim 1

In summary, for specific Aim 1, beginning with the fluorescent characteristics of a-Mangostin,
fluorescent properties were determined, including the excitation and emission spectra, the
anisotropy, and the fluorescence lifetime. A modified rHDL protocol based on an existing
formulation was used to include a-Mangostin and produce rHDL-AMN. The rHDL-AMN samples
were physically characterized by the DLS and through the fluorescent properties of a-Mangostin.
The anisotropy and the FLT of the free and rHDL-AMN were measured. Additionally, the rHDL-
AMN particles were disrupted and measured. Finally, a loading study was conducted to optimize

the formulation and a stability study to determine the effects of storage.

3.2. Specific Aim #2

3.2.1. Characterization of SR-B1 Expression

The biological effects of the rHDL nanoparticles are dependent on the SR-B1 expression of the
cell lines. High expression of the SR-B1 should lead to higher susceptibility to the loaded rHDL
particles. Conversely, cells with low expression should protect the cells from the rHDL-AMN.

The automated western blot system, JESS, was employed to determine the relative expression of
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the SR-B1. After lysate preparation, samples of the cells were loaded based on protein
concentration. After the run, the expression was normalized by dividing the intensity of the SR-
B1 bands by the actin expression. Figure 43 shows the relative SR-B1 expression between the
different cell lines. The Hep-G2, MDA-M8, and CHO-mSRB.1 served as positive controls for
significant SR-B1 expression. CHO-LDL-A7 and H9C2 served as the negative control due to the
low expression of SR-B1. Interestingly, the PZ-HPV, which was chosen to represent a normal
cell line, overexpresses the SR-B1. This cell line has been used previously to show the protective
features of the rHDL. However, the currently characterized cells express the SR-B1 more than
the PCa cell line DU145. These results are summarized in Figure 45. (If H9C2 works, add them

to the graph)
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Hep-G2 CHO-LDL-A7 HoCc2 MDA-M8 DU145 PZ-HPV

Figure 44. (Left) Western Blot of the SR-B1 expression for each cell line. (Right) Relative expression of
the SR-B1 normalized by actin expression. Note: CHO-mSRBL is not shown due to a high expression.

treatments were determined using Cytotoxicity Assays and 2D cell lines. Equimolar concentrations
of the rHDL-AMN and the free a-Mangostin were administered, while a volume equal to the

rHDL-AMN was used for the empty rHDL treatment. Five thousand cells were plated per well in
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a 96-well plate and left to incubate in complete media for 24 hours. Afterward, the cells were
inspected, washed with 1X PBS, and serum-free media containing the treatments were added.
Treated cells were incubated for the specified time, and the CCK-8 Cell Viability reagent was

added. After two hours, the plates were read under the BioTek Cystation 3.

Table 10 shows the 1Cso values after 24 hours of incubating with treatments of the rHDL-AMN
and the a-Mangostin. The effects of the free a-Mangostin showed immediate toxicity to the
DU145. However, the rHDL-AMN had little effect initially observed. However, cytotoxicity was
observed after 48 hours, as shown in Figure 46 and summarized in Table 11. The empty particles

reported no cytotoxic effects even after 48 hours.

Table 10. DU145 ICso Values of the rHDL-AMN and Free a-Mangostin after
24 hours.

Cytotoxicity 24 Hours

N=1 IC50
a-Mangostin 1.41
rHDL-AMN 249.9

48 Hour Treatment
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Figure 45. DU145 ICs values after 48 hours.
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Table 11. DU145 ICsp values after 48 hours of
treatment.

Cytotoxicity 48 Hours

N=3 1C50
o-Mangostin 1.9 +/-0.88
rHDL-AMN 154 +/-12.4

3.2.3: PZ-HPV Cytotoxicity

Next, the same treatments were replicated using the PZ-HPV cell lines, which were found to have
a higher expression of the SR-B1. After 48 hours, there was cytotoxicity with treatments of the
rHDL-AMN and free a-Mangostin; however, not with the empty rHDL particles. The 1Cso values
are found in figure 45. Despite PZ-HPV not being a cancerous cell line, the a-Mangostin showed
considerable cytotoxicity similar to the DU145. The rHDL-AMN additionally showed cytotoxicity
against PZ-HPV. To assess the variance between the rHDL-AMN samples, one of the trials used
the same rHDL-AMN sample, revealing that a degree of variability existed between different

samples accounting for the standard deviation.
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Figure 46. PZ-HPV ICs values after 48 hours.
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Table 12. PZ-HPV ICso Values after 48 Hours.

Cytotoxicity 48 Hours

1C50
a-Mangostin N=2 1.73 +/- 0.07
rHDL-AMN N=3* 9.72 +/- 3.70

*The same rHDL-AMN sample was used twice

3.2.4. Low SR-B1 Expression and Cytotoxicity

Because the rHDL binds to the SR-B1, the high expression should confer vulnerability to SR-B1
expressing cells. Conversely, the low expression should reduce cytotoxicity to the rHDL-AMN.
Therefore, two low SR-B1 expressing cell lines, HOC2 and LDL-A7, were used to determine if the
rHDL-AMN could protect the cells from exposure to the a-Mangostin. According to the SR-B1
expression, HIC2 had a relatively lower expression of the SR-B1 compared to the DU145. The

comparison of 1Csg values is shown in Figure 48 and Table 13.

Relative I1Cg, (UM)

Free a—Mangostin rHDL-AMN
HI9C2 After 48 Hours of Treatment
N=1

Figure 47. H9C2 ICx values after 48 hours.
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The LDL-A7 was used as a negative control for the SR-B1 expression and had the lowest relative
expression of the SR-B1. The relative IC50 is shown below in Figure 49. The 1Cso values are listed

in Table 13. Finally, the empty rHDL did not induce any toxicity.
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Figure 48. LDL-A7 ICso values after 48 hours.

Table 13. Summarized 1C50 values for H9C2 and LDL-A7.

Cytotoxicity 48 Hours

o-Mangostin

rHDL-AMN

3.2.5. Effects of Serum Starvation

Because a-Mangostin is a CDK4 inhibitor and serum starvation induces cellular arrest, a separate
cytotoxicity assay was conducted to determine if there was a synergistic effect enhancing the
cytotoxicity of a-Mangostin. PZ-HPV cells were plated and incubated with different serum

concentrations and a-Mangostin treatments. Figure 49 depicts the results of serum and the 1Cso of

the cells.
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Cytotoxicity of a—Mangostin in the Presence of Serum

No FBS 2% FBS 5% FBS
PZ-HPV

Figure 49. PZ-HPV ICsg free after a-Mangostin in different serum concentrations
concentrations.

3.2.6. Summary of Specific Aim 2

In summary, this aim assessed some of the biological effects the rHDL-AMN nanoparticles
possessed against the 2D cell models. First, the relative SR-B1 expression of the cell lines was
determined using the JESS western blot system. Next, cytotoxicity assays were conducted using
the DU145, PZ-HPV, LDL-A7, and H9C2 cells. Finally, the potential effects of the presence of

serum were conducted.
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Chapter 4

Discussion

The current gold-standard treatment for prostate cancer (PCa) is androgen deprivation therapy
(ADT) which eventually induces the malignant castration-resistant variants (Higano, 2003).
Unfortunately, treatments against CrPCa are limited to androgen deprivation therapies and harsh
chemotherapies for patients who are often elderly. Therefore, is a need for new strategies that can

target pathways outside of the AR and induce tumor regression.

Despite its promising therapeutic effects against various diseases, including Alzheimer's,
autoimmune disorders, and cancers, the implementation of a-Mangostin as treatment remains
limited (Gutierrez-Orozco et al., 2013; Wang et al., 2012; Zhou et al., 2020). The hydrophobicity
of a-Mangostin may play a part in its severely low ability to absorb and transport throughout the
body adequately. High oral dosages show low bioavailability and accumulation in the liver and
the small intestine (Li et al., 2011; Ramaiya et al., 2012). Getting sufficient drug concentrations
to the sites of tumors would be highly inefficient as large dosages would need to be administered
daily without guaranteeing that the a-Mangostin would penetrate the tumor microenvironment and
reach the tumor. Attempts to enhance its bioavailability have shown limited success. Pairing a-
Mangostin with vegetable oil in capsules has shown enhancement in absorption. However, there
is a continued accumulation of the a-Mangostin in specific organs (Zhao et al., 2016). Furthermore,
a-Mangostin is still subjected to the effects of the first pass, which could further dilute its potency.
In addition, a recent study modifying the structure of a-Mangostin failed to enhance the solubility

of a-Mangostin. The derivatives produced had decreased cytotoxicity compared to the parent a-
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Mangostin drug despite higher binding affinity to their target cholinesterase enzyme (Khaw et al.,

2020).

Nevertheless, the selective anti-cancer effects of a-Mangostin could have great potential as a
treatment or addition to combinatorial therapies. A targeted drug delivery system could diversify
the route of administration for a-Mangostin and allow for efficient targeting of CrPCa tumors.
Several different types of nanoparticles ranging from metal and protein-based, have been used to
encapsulate a-Mangostin  (Wathoni et al., 2020). However, many nanoparticles lack
biocompatibility and targeting systems limiting their employment against tumors (lannitti et al.,
2010; Karlsson et al., 2009; Wilhelm et al., 2016). On the other hand, the reconstituted High-
Density Lipoprotein (rHDL) drug delivery system possesses both a targeting feature and
biocompatibility (Lacko et al., 2015). The rHDL is a nanoparticle that mimics the intrinsic HDL
found in the body. It is non-immunostimulatory and processed similarly to natural HDL (Mooberry

etal., 2016).

Most importantly, the rHDL retains its ability to bind to the SR-B1, allowing it to deliver its
contents into the target cell. Therefore, the rHDL can take advantage of the overexpression of the
SR-B1, making them the preferential targets for delivering a-Mangostin (Gordon et al., 2019;
Traughber et al., 2020). In this study, the rHDL drug delivery platform was utilized to determine
if a-Mangostin can be encapsulated to form rHDL-AMN nanoparticles while retaining the

cytotoxic effects of a-Mangostin against PCa cells.

Despite the discovery of a-Mangostin dating back well over 150 years, there has yet to be any
published data on the fluorescent characteristics of the a-Mangostin (Schmid, 1855). Nevertheless,
the fluorescence properties could be used to characterize the rHDL-AMN particles further. The

xanthone backbone of a-Mangostin is similar to the 9H-xanthene structure present in highly
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fluorescent dyes such as fluorescein (Figure 28) (Katori et al., 2015). Beginning with the excitation
spectra ranges from 300nm to 405nm. This spectrum sits in an unfavorable region; many biological
compounds, such as amino acid residues like Tyrosine, which are excited at 280nm, are close to
this range. For example, ApoAlfound on the rHDL has tyrosine residues; therefore, there could
be interference when using specific wavelengths close to the maxima of 320 nm (Didonato et al.,
2014). For this reason, 375nm was chosen for many studies as it will give enough signal for the
emission spectra and far enough to not produce too much interference from the other components

found in the rHDL shell.

The emission spectra stretched from 450nm to about 700nm. Interestingly the emission spectrum
was far from the excitation spectrum, creating a considerable distance between maxima and
producing an enormous Stoke’s Shift in DMSO. A large Stoke’s Shift reduces spectral overlap and
interference from the excitation spectra (Gao et al., 2017). In addition, the emission spectra sit
within the green region of the visible spectra; therefore, this could be used for further studies such
as imaging or FRET systems. Next, the anisotropy for the free a-Mangostin served as a baseline
to be compared with the rHDL-AMN particles. Its anisotropy of 0.05 is extremely low, suggesting
a high degree of uninhibited free rotation for the drug in DMSO. Differences in the anisotropy
values depend on the fluorophore's environment, such as through aggregation and binding
(Thompson, 2009). Similarly, the environment affects the fluorescence lifetime (FLT); changes in
the FLT suggest aggregation, FRET, or binding. In DMSO, the free a-Mangostin had an FLT of

1.56ns (Berezin & Achilefu, 2010).

The physical characteristics reported by the DLS measurements suggest that a stable and
homogenous formulation of the rHDL-AMN was produced using this current protocol. The

polydispersity index (PDI) the was below the FDA-recommended PDI of 0.2. However, PDI
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values below 0.3 have been considered acceptable for lipid-based nanoparticles (Xu et al., 2022).
The rHDL-AMN and empty rHDL produced have a relatively high degree of homogeneity for the
particles. The PDI is an excellent metric to determine sample quality as aberrant values for the PDI
suggest instability or possible degradation of the particles. In addition, the TEM images have
shown that the particles appear relatively homogenous for the empty particles; however, the highly

concentrated rHDL-AMN particles are difficult to make out fully.

Next, the zeta potential (ZP) was within a stable range of values. For lipid-based particles, a ZP
with an absolute value of 30 mV is recommended; however, a range between 20-40mV is typically
reported (Samimi et al., 2019). A higher ZP suggests a lower aggregation tendency between
particles due to a strong repulsive force. Conversely, a ZP close to zero could suggest that particles
are undergoing degradation. Additionally, the value for the ZP is negatively charged. It has been
reported that a strongly negative charge for lipid-based nanoparticles may encourage filtration by
the kidneys (Samimi et al., 2019). However, because the rHDL contains the ApoAl, the rHDL

should remain excluded from expulsion by the urinary system.

The particle diameter is an important metric to determine the relative particle size. The reports by
the DLS system give both a number and intensity distribution. According to Malvern, the company
that produced this DLS system, the intensity distribution should be the reported diameter.
However, the DLSS reports the hydrodynamic diameter of the particles and not necessarily the
actual diameter, illustrated in Figure 51. The intensity distribution is highly dependent on the
characteristics of the particles. Aggregating particles will cause the skewing of the intensity
distribution to larger values, thus giving diameter estimates not representative of the particles. For
example, a study utilizing non-aggregating silicon particles and heavily aggregating iron

nanoparticles reported intense skewing depending on the particles' surface characteristics. The
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silicon particles had a Z-average reflective of their diameter measured from transmission electron

TEM
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Figure 51. Differences in the reported diameter between DLS and TEM imaging
(Paluga, 2022).

microscope (TEM) images. For the iron nanoparticles, their diameter, according to the TEM, was
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Figure 52. The Tendency for aggregation causes the reported diameter to be
inconsistent between distributions (Left) Low aggregating Silicon Nanoparticles
(Right) High aggregating iron nanoparticles (Yeap et al., 2018).

about 30nm. However, the DLSS reported a Z-average of over 300nm. In addition, the TEM
images showed immense aggregates that could be misinterpreted as a single particle to the DLS

(Yeap et al., 2018).

The intensity distribution reported was larger than what was expected for normal HDL. Rather
than sizes under 60nm, the diameters were reported between 70nm to 120nm. The size by intensity
for the empty and rHDL-AMN was larger than what was observed under the TEM. Instead, the

number distribution was more reflective of the image particles. The reported ZP for the samples
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suggests a high repulsion between particles, reducing the tendency for aggregation. On the other
hand, the samples could be too concentrated, causing either the ZP or the diameter measurements
to be reported larger than they are. Some optimization is still required to determine the effects of
concentration on these characteristics. Ideally, all the distributions should line up. However, it has
been shown that the tendency for aggregation can cause significant differences in the reported
values from the DLS, as shown in Figure 52 (Yeap et al., 2018). The tendency for aggregation may

skew data towards the larger values and show deviance between the different distributions.

While the rHDL-AMN are within the HDL range according to the number distribution and TEM
images, it has yet to be determined what effects rHDL diameter has on the uptake of the rHDL.
There may be benefits to producing larger or smaller particles that have yet to be observed, such
as greater penetration or drug-carrying capacity. Reports of diameters between 30nm and 60nm
appear optimal for endocytic uptake; however, this could potentially be more flexible with the
rHDL due to the receptor-mediated transfer of the contents (Hoshyar et al., 2016). Further studies

will be needed to determine if diameter corresponds with different biological effects.

Finally, the stability of the rHDL-AMN was showed that after 43 days, the particles retained their
stability while stored under four degrees Celsius. Without filtering, the PDI values for rHDL-AMN
did elevate, possibly due to aggregation and setline; however, they were still under 0.3. Filtering
may have removed large aggregates, restoring the PDI values to what they were on Day O.
However, filtering was observed to reduce the concentration of a-Mangostin; therefore, if kept in
solution for extended periods, filtering and remeasuring the drug concentration is recommended.

It is still to be determined what the shelf life of the particle is after more extended periods.

Additionally, the rHDL-AMN would be lyophilized for extended periods and stored in colder

environments. It has yet to be explored how storage under these conditions would affect the
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particle. Finally, the behavior of the particles in serum and at body temperature will need to be
determined in the future. Premature release of the drug due to instability could occur at higher
temperatures; however, based on the cytotoxicity data, the particles appear to remain stable and

not release the entirety of the cargo into the media after 48 hours.

The absorbance and fluorescence characterization of the free o-Mangostin was crucial for
determining the encapsulation of a-Mangostin. Initial analysis of the PD-10 gravity column
elutions revealed the pattern that a majority of the a-Mangostin appeared in the same fraction
associated with the rHDL. Free a-Mangostin would immediately aggregate together and become
immobilized within the PD-10 column; therefore, it would not appear in eluted fractions. If there
is micellar entrapment of the a-Mangostin, then it would be expected that a more considerable
variance in molecular weight and a-Mangostin would appear in the various fractions. The empty
and rHDL-AMN particles had identical elution patterns; however, the characteristic excitation
spectra of a-Mangostin were present with the rHDL-AMN. Together this suggests an association

between the rHDL particles and the a-Mangostin

This current formulation and protocol's overall encapsulation efficiency is around 40%. However,
further optimization and alterations to the chosen components of the rHDL are expected to reduce
the amount of drug lost during the purification process. Dialysis and the PD-10 column should
remove/reduce unbound drug and unincorporated micelles from the samples. Therefore, different
ratios of lipids to ApoALl and types of lipids could better accommodate the encapsulation process
of the a-Mangostin; however, these will need to be determined in later studies. Ultimately, this

encapsulation efficiency was enough to carry out the cytotoxicity portion of the study.

The Drug loading study used double the initial concentrations of the a-Mangostin to determine the

maximum packing with this protocol. The PD-10 column helped process the samples and remove
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unbound drugs faster than dialysis; however, this process produced less homogenous particles with
an average PDI of 0.25 for rHDL-AMN using the standard formulation with an initial drug
concentration of 0.5 mg/ml. The 1.0 mg/ml formulation produced a PDI above the recommended
0.3. Therefore, it was considered outside of the desired homogeneity. However, if dialysis was
used instead, this could produce a more favorable PDI. Unexpectedly, the 1.0 mg/ml had a
significantly smaller diameter than the 0.5 mg/ml formulation based on the number distribution
according to the DLS. The particles were reported smaller than those produced by the 0.5mg/ml
and empty formulations. It is possible that less aggregation and tighter packing of the a-Mangostin
or minor particles. Information from the TEM could aid in determining the proper size of the
particles. However, these particles were not imaged. Interestingly despite only changing the drug
concentration, there was a similar encapsulation efficiency between those formulations. The higher
drug concentrations could enhance some interactions between the rHDL components and the a-

Mangostin, possibly causing more drug packing.

The steady-state anisotropy of the a-Mangostin associated with the rHDL was significantly higher
than for the free drug. This change indicates inhibition of rotation, possibly caused by aggregation
within the core of the rHDL. However, there is a lack of visible aggregation, and the unbound drug
would be removed during dialysis and the PD-10 column. Therefore, it is most likely that the drug
has entered the core of the rHDL, causing restriction in its movement. Disrupting the particles with
DMSO caused the anisotropy to return to similar values to the free drug. The non-polar
environment would encourage the release of the a-Mangostin as the particle possibly inverts to

reduce the contact the phospholipids have with the DMSO.

Values for the FLT show a similarly drastic change between the free a-Mangostin and rHDL-

AMN. The FLT decreased by more than half inside the particles while using DMSO resuspension
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restored the FLT to a similar value to the free drug. Restoration of the FLT indicates a change in
the drug’s environment, possibly due to the packing of the drug causing homo-FRET or binding
to a component of the rHDL. It may be possible to employ time-resolved anisotropy techniques to
determine if homo-FRET is causing the decrease in the FLT (Teijeiro-Gonzalez et al., 2021). If
Homo-FRET is observed, this can further suggest that tight packing of the a-Mangostin is
occurring within the core of the rHDL (Bader et al., 2009). However, time-resolved anisotropy is
often relegated to protein-based fluorophores. The anisotropy and FLT changes indicate that a-

Mangostin is encapsulated within the rHDL.

The rHDL-AMN particles produced from this formulation are stable and relatively homogenous.
In addition, the changes in the fluorescence properties and the appearance of the identical
excitation spectra support that the a-Mangostin is within the rHDL. However, further optimization
for the particles will need to be conducted in the future to reduce drug loss. The phenomena related
to the reduction in the FLT may have some relationship with the difference in the drug packing.
While not shown, it was observed that the emission of the 1.0 mg/ml formulation produced a lower
intensity when compared to the 0.5 mg/ml sample. The FLT for the 1.0 mg/ml could shed
additional light on the possibility of homo-FRET inducing these changes in the fluorescent

properties.

The cytotoxic effects of the rHDL-AMN are retained as they continue to reduce the cell viability
to the PCa and high expressors of the SR-B1. Cytotoxicity assays show that the rHDL-AMN
behaved differently from the free drug. Under 24-hour incubation, the rHDL-AMN had virtually
no effect on the DU145 cancer cell line. However, after 48 hours, there was a drastic decrease in
the reported 1Cso. This response was delayed when compared to the free drug. Where after 24

hours, extensive apoptosis was observed. Interestingly, the free drug values differed compared to
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the ICso reported by Johnson et al. The ICsp for the DU145 was 22 uM, while these experiments
reported it closer to 3uM (Johnson et al., 2012). The number of cell passages could cause this stark
contrast; however, the conditions of the cytotoxicity assay could have had a synergistic effect as
the cells were under serum starvation for 48 hours. Serum starvation has been observed to reduce
the expression of CDKA4/6; therefore, introducing an inhibitor like a-Mangostin may induce

enhanced apoptosis (Shin et al., 2008).

The PZ-HPV was chosen as a model to represent a low expression of SR-B1. It was expected that
the rHDL would protect PZ-HPV from a-Mangostin if toxicity is observed. Previous studies using
PZ-HPV have shown that the rHDL confers protection by restricting access to the drug payload
such as valrubicin due to its low expression of the SR-B1 (Lacko et al., 2012). However, both the
rHDL-AMN and the free a-Mangostin caused significant apoptosis. It has been reported that -
Mangostin is tolerable to normal cells, as seen in the paper by Johnson et al. In that experiment,
the normal cell line was represented by HPreC, a primary human prostate epithelial cell line. No
ICso values were reported for HPreC; however, their experiment showed tolerance. However, PZ-
HPV is an immortalized cell line; therefore, it may have been inappropriate to utilize this cell line.
The PZ-HPV may already have some cell-cycle dysregulation that may enhance the susceptibility
to the apoptotic effects of a-Mangostin. Furthermore, the cancer-specific cancer effects were first
observed in primary monocytes rather than in an immortalized cell line (K. Matsumoto et al.,
2003). Finally, these cells were under serum-starved conditions like the DU145 cells. Adding 5%
of serum during treatments of the free drug on PZ-HPV more than tripled the 1Csg values. Either
the a-Mangostin was binding to the serum's components, or the serum'’s presence allowed enough

CDK4 to maintain cellular division (Shin et al., 2008).
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The cytotoxicity of rHDL-AMN against low SR-B1 expressing cells did reveal some protection.
The H9C2 and the LDL-A7 appeared to have resisted high dosages of the rHDL-AMN due to less
SR-B1 on their surfaces. The LDL-A7 had a staggering resistance to the rHDL-AMN compared
to the free a-Mangostin. These experiments show a relationship between the SR-B1 expression
and the degree of cytotoxicity caused by the rHDL-AMN. Further repeats of these experiments
will be conducted. Furthermore, the blocking of the SR-B1 may show protective effects against
the high expressors of the SR-B1-like cancer cells. If a chemical or anti-body blocking agent is

used, then the abrogation of the effects of the rHDL on the high expressors may be observed.

The effects of the rHDL-AMN fell below expectations, as it appeared not to enhance the cytotoxic
effects against the DU145 nor confer protection against the PZ-HPV. Based on the literature, it
was expected that the DU145 was to overexpress the SR-B1. However, JESS analysis showed a
relatively low expression while the PZ-HPV expressed higher SR-B1 than the DU145. The
expression profiles may have altered due to the age and passage number of the cells. This change
explains the muted effects against the DU145 and the toxicity of the PZ-HPV. Nevertheless, the
protective effects found on the low expressors suggest that the SR-B1 is key to toxicity caused by

the rHDL-AMN.

The variance in the ICso values led to a significant standard deviation for both the PZ-HPV and
DU145 trials. Trials using different rHDL-AMN preparations produced different 1Cso values.
However, repeated trials using the same batch produced the same results. This inter-batch variation
could be due to several different reasons. The concentration of the a-Mangostin in the rHDL-AMN
was most likely imprecisely measured. Obtaining the concentration requires the removal of the

scattering profile. Removal of this portion of the spectra needs to be more precise, or a different
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wavelength should be chosen separately from the baseline. In addition, improper concentrations

between samples could cause this variation.

Additionally, the total number of particles could differ between samples. Despite equimolar
concentrations, the exact density of the particles could differ between samples causing different
amounts of binding. This variable is a complex parameter to control as particle concentrations are
often estimated to large magnitudes, such as the power of 14. Future experiments should determine
the reliability of the concentration measurements produced by the DLS. Furthermore, these
treatments could saturate the amount of expressed SR-B1, thus blunting the observed cytotoxicity

as there is a bottleneck in the delivery of the drug.

It is assumed that the drug is evenly distributed between particles. Therefore, empty rHDL particles
may remain within the rHDL-AMN solution and compete with the loaded particles. While the
significance of these factors is unknown or, in this circumstance, trivial, future experiments may
further elucidate if there is a relationship. Additionally, the saturation of the SR-B1 and
competition between particles could pose another issue. The empty rHDL and rHDL-AMN
carrying low and high concentrations of a-Mangostin could be competing for the limited amounts
of receptor access. Then factoring in the turn-over rate for the SR-B1, these make direct

comparisons between the free drug and the rHDL difficult.

Finally, using cell viability to measure the cytotoxicity of treatment poses limitations. Firstly, the
IC50 reports the relative dosages to incur a 50% of inhibition. These values may be inconsistent
depending on the cellular conditions, cell state, cell density, and cellular characteristics (He et al.,
2016). Experiments using the free drug alone failed to reproduce the results from Johnson et al. as
the a-Mangostin appeared more toxic than reported. However, a possibility is that serum starvation

contributed to the enhanced cytotoxicity. It was apparent that the serum affected the 1Cso values,
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as shown in the experiment using varying FBS concentrations with the PZ-HPV cells. However,
it is unclear if this had to do with CDK4 expression or if some serum component trapped the o-
Mangostin. A more robust study could employ Propidium lodide and Annexin V staining to show
the degree of cells undergoing specifically apoptosis (Rieger et al., 2011). Therefore, more subtle
effects of the delivery of the a-Mangostin can be recorded. In addition to staining, measuring the
expression of activated CDK4 would give specific information on the physical state of the cells.
Furthermore, a-Mangostin is not as potent as many other chemotherapeutic drugs; therefore, time
may play a significant factor, especially in cells that do not rapidly divide; this may be why it is

reported to be relatively non-toxic to primary cell lines.

Finally, the 2D model lacks the complex organization of different cells found in the body. Each
cell theoretically has similar surface access to the treatment; therefore, even the free a-Mangostin
may act as a potent inhibitor of cellular growth. More complex models, such as the implementation
of 3D spheroids, can add more complex layers by reducing access to the treatment. Other models
could include bioreactors that mimic how nutrients flow in the body, or co-cultures of high and
low expressing SR-B1 cells could better distinguish the differences between the rHDL-AMN and
the free drug. Restricting treatment access and the rHDL-AMN selectivity to high SR-B1
expressing cells cannot be demonstrated using these 2D cell cultures. Using animal models may
provide the best results and highlight the qualities of the rHDL far better. Oral or systemic
injections of the free a-Mangostin should show its limited distribution. Equimolar treatments using

the rHDL-AMN and the free drug should better demonstrate the qualities of the rHDL.

This study ultimately established a protocol for encapsulating a-Mangostin and showed that the
rHDL-AMN retained the cytotoxic effects of a-Mangostin. The particles produced show favorable

physical characteristics such as small size, homogeneity, and stability. However, there is room for
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more optimization to enhance the drug loading capability of the particles through changes in molar
concentrations or types of lipids used in the formulation. Further studies will need to be conducted
utilizing more complex models. 2D models can tell a limited amount of information about the
behavior of a nanoparticle. Many of the benefits of the nanoparticle cannot be observed unless
used in an in-vivo setting. The body is a complex system where cells have different access to
treatments. 2D cultures typically have monolayers with equal access to treatment. Employment of
a 3D model could describe the degree of tumor penetration the rHDL-AMN may have. With further
studies, the rHDL-AMN may one day become a potent therapy for treating prostate cancer and
any high SR-B1 expressing cancer. The cancer-selective a-Mangostin and the rHDL provide a
unique combination with a dual targeting system. The rHDL allows the a-Mangostin to be
delivered systemically and targets the high SR-B1 expressing cancer cells while protecting normal
cells. The a-Mangostin induces apoptosis primarily in cancer cells; therefore, if there is off-target
binding, it may not be potent enough to induce apoptosis. Eventually, this therapy may induce

tumor regression without the expense of the patient's quality of life.
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