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ABSTRACT

Radiation therapy remains a mainstay treatment modality for cancer, but its dose
and efficacy are limited by normal tissue toxicity. Pro-drugs that can be selectively
activated under radiation to enhance radiotherapy are desirable. Even more desirable is the
ability to deliver these pro-drugs directly to the site of disease. Upon delivery, the ideal
drug would become activated, thus only enhancing radiation therapy in the desired tissues,
and potentially eliminating off-target effects and normal tissue toxicity. Herein, we
investigate the potential of 7-dehydrocholesterol (7-DHC), a cholesterol analog and
precursor, as a pro-drug for radiosensitization. 7-DHC is highly susceptible to radical
oxidization, and has the highest propagation rate for free radical chain oxidation among
known lipid molecules. As reviewed in chapter 1, 7-DHC can react with free radicals
generated during radiation, undergoing autoxidation and catalyzing the oxidation of other
biomolecules, in turn amplifying radiation-induced cell damage. Chapter 2 describes, in
length, in vitro studies with CT26 cells confirming this postulation, finding significantly
elevated oxidative stress, lipid peroxidation, DNA damage, and mitochondrial

depolarization in treated cancer cells. This results in increased cancer cell viability drop



and reduced clonogenicity, indicating effective radiosensitization. For efficient delivery,
7-DHC was encapsulated into poly(lactide-co-glycolic)-block-poly(ethylene glycol)
nanoparticles or 7-DHC@PLGA NPs. When tested in vivo, chapter 3 shows that 7-
DHC@PLGA NPs significantly enhanced radiotherapy, resulting in 40% eradication of the
tumors after one round of treatment. Importantly, the nanoparticles caused no detectable
tissue or hematological toxicities, nor hypercalcemia. Our studies suggest the promise of

7-DHC as an efficient, safe, and activatable radiosensitizer.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW: VITAMIN D, OXIDATIVE STRESS, AND

IMPLICATIONS IN CANCER THERAPY

Background and biological significance of vitamin D

The biologically active form of vitamin D (VD) is a fat-soluble vitamin obtained in large
part from the diet. Traditionally known as simply an essential nutrient, VD has more recently
been recognized as a seco-steroidal prohormone produced in the epidermis of the skin by
ultraviolet B radiation (UVB, 290-320 nm). Photolysis by UVB radiation produces pre-vitamin
D3, which is then metabolized in the liver and kidney to generate the biologically active form,
25-hydroxyvitamin D, or calcitriol, which binds to the vitamin D receptor (VDR) to enable its
diverse physiological functions. In this classic metabolic pathway, VD begins as 7-
dehydrocholesterol in the skin, which as previously mentioned, undergoes UVB-induced
photolysis to pre-vitamin Ds. In this 2-step reaction, the B ring of 7-dehydrocholesterol becomes
opened, followed by rapid isomerization at body temperature. This pre-drug then binds to the
vitamin D binding protein (VDBP) and is first delivered to the liver, where it is metabolized by
two cytochrome P450 (CYP)s-containing enzymes, vitamin D 25-hydroxylase CYP2R1 and
CYP27AL1 to calcidiol, which is the major circulating form of VD. Calcidiol is further
metabolized in the proximal tubule of the kidney by CYP27BL. to the biologically active form,
calcitriol. Once in circulation, calcitriol can be delivered to target tissues where it is known to
regulate upwards of 200 genes!~ including those involved in renin production in the kidney,

insulin production in the pancreas, release of cytokines from lymphocytes, production of



cathelicidin in macrophages, and growth and proliferation of vascular smooth muscle cells and
cardiomyocytes.

However, the renal synthesis of calcitriol is tightly regulated by two counter-acting
hormones, with up-regulation via parathyroid hormone (PTH) and down-regulation via
fibroblast-like growth factor-23 (FGF23).% % Low serum phosphorus levels stimulate calcitriol
synthesis, whereas high serum phosphorus levels inhibit it. Following its synthesis in the kidney,
calcitriol binds to VDBP to be transported to target organs. As previously mentioned, this
regulation occurs predominantly through the nuclear hormone receptor known as VD receptor
(VDR). This receptor is a transcription factor that regulates gene expression that mediates
hormone biological activity. Recently, however, VDR has also been found in tissues not
involved in maintaining calcium homeostasis and bone health. This presents an interesting
conundrum in that VDR’s presence in these tissues suggest that VD could be involved in a much
wider spectrum of biological processes as | will discuss in future sections of this review. Figure
1.1 depicts the metabolic pathway of VD.
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As stated, the classical role of vitamin D is to regulate metabolism of calcium and
phosphate, which is essential for bone remodeling. However, extensive research over the past
decades has suggested that low sunlight exposure and vitamin D deficiency are also associated
with the increased risk of many other extra-skeletal diseases such as cancer.®*3 In fact, this
phenomenon was first cited 80 years ago in 1941.1* Since then, exhaustive research has revealed
a much broader picture, extending this hypothesis to over 18 different types of cancer; all studies
suggesting a correlation between UVB radiation exposure, serum vitamin D levels, and cancer
incidence.® It is even more interesting to note that VDR is widely distributed among tumor cells,
further adding to this aforementioned hypothesis. Such tumors include those of colon, prostate,
breast, and ovarian, among others. The presence of VDR indicates a potential role of calcitriol in
the regulation of tumor growth. This has been very well studied over the years, and there are
predominantly five mechanisms by which calcitriol appears to regulate tumorigenesis: (1)
inhibition of tumor cell growth;% 17 (2) inhibition of angiogenesis;'®2 (3) triggering apoptosis;??
(4) enhancing “traditional” anti-cancer agents; (i.e. chemotherapeutics, external beam radiation,
etc.) (5) anti-inflammatory effects.?*

Due to this overwhelming evidence suggesting the role of vitamin D in tumorigenesis
regulation, numerous studies have investigated using calcitriol as a cancer therapeutic. However,
because of calcitriol’s part in serum calcium regulation, severe hypercalcemia has, to this point,
limited its clinical therapeutic applications. Hypercalcemia, to a large extent inevitably leads to
calcification of soft tissues such as the intestines, kidney, and heart, leading to organ failure and
in some cases, death. In addition, it has also been shown that some tumors employ several
mechanisms that reduce cellular calcitriol levels, as well as diminish its function to protect

themselves from the antitumorigenic effects of vitamin D.?> 26 Furthermore, although tumor cells



express VDR, studies comparing VDR expression levels in normal, benign, and malignant
tissues of skin, breast, ovary, and prostate revealed a negative correlation between VDR
expression and tumor malignancy.2”-®2 In addition to diminished VDR expression in certain
tumors, the enzyme CYP24A1, which degrades calcitriol has been found to be upregulated in
various malignancies. Consistently, research has found that CYP24A1 expression is correlated
with advanced stages of colon, prostate, breast, and lung cancers, inducing resistance to vitamin
D-based therapy.0 33-3

Given the upside that there seems to be a therapeutic benefit of utilizing vitamin D, and
the downside that tumors have evolutionarily developed methods to block its therapeutic
pathways, the development of more creative and innovative ways to exploit vitamin D cannot be
understated. In this review, | seek to explore the effects of vitamin D, its analogues and its
precursors on disease progression and therapy. In particular, | focus on pulmonary fibrosis,
cancer associated fibroblasts within the tumor microenvironment, and cancer in general, with the
aim of unraveling the role these drugs, in particular 7-dehydrocholesterol, play in cellular

oxidative stress and tumorigenesis.

Role of vitamin D and its analogues in disease progression
Pulmonary Fibrosis

Pulmonary fibrosis describes a progressive and irreversible lung disease, with a mean life
expectancy of only 3-5 years. This disease is a result of a dysregulated wound healing response
caused by lung injury and infection.®” Chronic exposure to injury factors such as radiation leads
to this dysregulated wound healing response, as well as overlapping inflammation. This disease

is characterized by 4 distinct stages: a clotting and coagulation phase, an inflammatory phase, a



fibroblast migration/proliferation/activation phase, and a tissue remodeling and resolution phase.
Figure 1.2 outlines this process, as well as therapeutic modalities and drugs that have been
utilized in the past to treat idiopathic pulmonary fibrosis (IPF) at the various stages of
progression. It is worth mentioning that two drugs, Pirfenidone and Nintedanib, were approved
by the FDA in 2014 to treat IPF. Despite their approval however, these drugs were not

recommended to be given to patients due to problems with accurate diagnoses and high mortality

rates.
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Figure 1.2: Pathogenesis of pulmonary fibrosis.*® Reprinted with permission from Liu, Y.-M. et
al. Journal of Medicinal Chemistry 2017, 60 (2), 527-553. Copyright (2021) American Chemical
Society.

As stated earlier in this review, vitamin D has long been regarded as a key player in
calcium homeostasis, bone health, electrolyte and blood pressure regulation and immune

response. In addition, vast amounts of research have also demonstrated vitamin D’s role in the
5



treatment of fibrosis. For instance, in the first stage of fibrosis as epithelial cells are stimulated
by injury factors such as external beam radiation, they release inflammatory mediators. These
mediators in turn activate an antifibrinolytic coagulation cascade. The primary mediator of this
cascade is a complex called TF/FVI1la which is comprised of tissue factor (TF) and activated
factor Vlla (FVIla). It is worth mentioning that this signaling cascade is also implicated with the
proliferation and migration of colon cancer.®® 4% With this in mind, much research has been done
to explore the effects of vitamin D on this first stage of fibrosis. Indeed, Martinez-Moreno and
colleagues discovered that the addition of vitamin D blunted the tumor necrosis factor-a (TNF-
a)-induced TF expression and activity in aortic VSMC cells,** showing that vitamin D can exert
anticoagulant properties, and it does so in two predominant ways: suppressing TF expression by
TNF-a, and the activation of a protease inhibitor, TFPI.

The next phase of wound healing is inflammation: the injured epithelial or endothelial
cells release excessive inflammatory mediators such as macrophages. These macrophages can
release cytokines IL-13 and IL-1, as well as large amounts of growth factors such as active
transforming growth factor B (TGF-p), platelet-derived growth factor (PDGF), fibroblast growth
factor (FGF) and TNF-o, which promote the inflammatory response and fibrosis.® Similar to the
first stage described above, vitamin D has been shown to be an effective agent against the
inflammation stage as well. Prior research has demonstrated that vitamin D can cause a decrease
in inflammatory cytokine levels such as IL-13, -17, -1, -6, and -8, as well as TNF-a. Further, it
has been shown to directly act upon CD4" T-cells to promote an IL-10-secreting T-reg
population.#>4°

The final major phase prior to the onset of fibrosis occurs where fibroblast hyperplasia

and exaggerated ECM deposition is initiated. Upon injury, the release of inflammatory mediators



by the epithelial cells in steps 1 and 2 start the antifibrinolytic-coagulation cascade that triggers
clotting and creates an interim extracellular matrix (ECM). This ECM triggers the next phase,
where myofibroblasts are converted via the epithelial-mesenchymal transition (EMT), which is
activated by TGF-p that was released from macrophage cells, as well as induced by
proinflammatory cytokines in prior steps.*® TGF-p then attaches to cell surface serine/threonine
receptor kinases leading to phosphorylation of SMAD2 and SMAD3.%" 8 In this regard, it has
long been postulated that TGF-p is one of the key drivers of fibrosis,*® °° and therefore a main
target of vitamin D. In parallel, the activation of renin-angiotensin system (RAS) has been shown
to induce lung fibrosis.5->3

Studies have revealed that Vitamin D can both downregulate the RAS systems,** as well
as inhibit the TGF-B-SMAD signaling pathway.> In this latter process, vitamin D binds a
complex with VDR, then the complex directly interacts with SMAD3, resulting in decreased
binding of SMAD3 to DNA, finally culminating in the inhibition of the TGF-B-SMAD signal
transduction.®® In this study, investigators reported that paricalcitol, a synthetic VDR ligand,
inhibited fibrogenesis induced by SMAD3 transcriptional gene activation via the binding of
VDR to phosphorylated SMAD3. This in turn reduced the propensity of TGF-p to release
collagen and inhibited the differentiation of myofibroblasts.®” While all of the various
mechanisms of VDR-SMAD are thoroughly understood, all studies up to this point ultimately
lead to an identical final result: vitamin D down-regulates TGF-B-induced nuclear SMAD3
transcriptional activity, consequently blunting TGF-p signaling, thus reducing the onset of

fibrosis.



Fibroblast Targeting

Cancer associated fibroblasts (CAFs) are a cell type within the tumor microenvironment
(TME) that promotes tumorigenic features by initiating the remodeling of the extracellular
matrix or by secreting cytokines. Traditionally thought of as quiescent bystanders in the TME,
recent evidence has shown that as neoplasia proceeds, fibroblasts engage in cross-talk with
adjacent cancer cells to foster their growth and transformation as activated fibroblasts, non-
transformed but pro-tumorigenic cells. The step that allows normal fibroblasts to acquire a CAF
phenotype is the trans-differentiation to neoplastic-myofibroblasts.>® Put simply, CAFs are cells
that are negative for epithelial, endothelial and leukocyte markers with an elongated morphology
and lacking the mutations found within cancer cells.>®

Due to the evidence described earlier regarding vitamin D’s ability to interact with the
TGF-B-SMAD signal transduction pathway and inhibit fibrosis in non-neoplastic myofibroblasts,
it is postulated that a similar mechanism is employed when utilizing vitamin D to target the
neoplastic phenotype, i.e. CAFs. Indeed, a study by Ferrer-Mayorga, et al. revealed that an
increased expression of VDR within primary colorectal tumors expressing fibroblast markers
(vimentin and a-smooth muscle actin, a-SMA), and not expressing epithelial proteins
(cytokeratin-18 and E-cadherin), led to increased overall patient survival.®® The association of
VDR on longer overall survival prompted these researchers to examine the action of calcitriol on
the tumors. They found that, through global gene expression analysis, several chemokines and
ECM proteins with immune cell chemoattractant potential are among calcitriol’s target genes in
CAFs.

In another hallmark study, Shermann and colleagues showed that calcitriol, previously

shown to induce quiescence in pancreatic stellate cells, the precursors of pancreatic



myofibroblasts, reprograms the stromal phenotype to one that is not inflammatory and
quiescent.®! These two findings help add to the body of evidence, as well as the hypothesis that
vitamin D can in addition to the non-neoplastic myofibroblasts, act on neoplastic fibroblasts and

increase survival in certain cancer types.

Cancer

While we’ve seen that vitamin D can aid in the therapy of fibrosis as well as promote the
transition of CAFs back to their quiescent state via its interactions with the VDR, it is also worth
exploring the other numerous anticancer properties of vitamin D. The inhibiting effects of
vitamin D on tumor cell growth were first described by Colston et al. in 1981 who showed for
the first time a dose-dependent decrease of cell proliferation in melanoma cells treated with
calcitriol.®? The growth inhibiting activity of this molecule was subsequently observed in other
tumor cell lines including breast, prostate, and colon cancer cells.®® Since then, the mechanisms
of this inhibition have been extensively studied. Unsurprisingly, as seen with fibrosis and CAFs,
vitamin D seems to act upon TGF-p to illicit its anti-tumoral properties. TGF-B is a member of a
superfamily of growth factors which is implicated in the regulation of several important
biological processes such as cell proliferation, differentiation, motility, adhesion, organization,
and programmed cell death. TGF-p inhibits cell proliferation by regulating cell cycle progression
and inducing apoptosis.®* It is further is known to inhibit the proliferation of normal epithelial
cells and the early steps of carcinogenesis while it fosters the later steps of cancer progression,
e.g., cell motility, invasion, and metastasis.®® Experimental data over the years have found that,
according to the cell type, vitamin D may increase the expression levels of TGF- and that of its

receptors, or its secretion.®®’° Yang et al. found that even short term exposures of less than 12 h



to calcitriol results in an increased expression of TGF-$ and/or TGF-f receptors in breast cancer
cells.” In all these studies, increased levels of TGF-B have all led to decreased cancer cell
proliferation. In addition, it has even been suggested that vitamin D can regulate the entire
process of tumorigenesis, from initiation and cell differentiation, to metastasis and cell
microenvironment interactions.”?> Some additional key properties of vitamin D that allow it to
modulate tumorigenesis include those controlling inflammation, proliferation, and the induction

of apoptosis. These three concepts will be highlighted below.

Vitamin D inhibits inflammation

Chronic inflammation is a prolonged inflammatory response resulting in progressive
destruction and regeneration of tissues by reactive oxygen species (ROS) and cytokines secreted
at the site of inflammation. Connections between inflammation and incidence of cancer were
first established in the 1800s. Since then, the connections have been well studied, and the
mechanisms, either intrinsic or extrinsic, by which inflammation drives tumorigenesis are well
established, and outlined in Figure 1.3. It is now well-accepted that chronic inflammation is one
of the main contributors to the initiation of tumorigenesis.”® Regardless of the pathway, the
downstream effects appear to remain consistent. Transcription factors such as NFkB, STAT3,
and HIF1o become activated in tumor cells, which trigger the production of various chemokines
and cytokines within those cells. These cytokines in turn recruit inflammatory cells such as
macrophage and myeloid-derived suppressor cells (MDSCs), which create an auto-regulatory

feedback loop, culminating in cancer-related inflammation that ultimately
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Extrinsic pathway Intrinsic pathway

Inflammation or infection Oncogene activation

Transcription factors (NF-xB, STAT3, HIF10.)
activated in tumour cells

}
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produced by tumour cells

|

Inflammatory cells
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. 3
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and tumour cells

!
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|

Cancer-related inflammation

}

« Cell proliferation, cell survival and epithelial-mesenchymal transition
* Angiogenesis and lymphangiogenesis

* Tumour-cell migration, invasion and metastasis

* Inhibition of adaptive immunity

* Altered response to hormones and chemotherapeutic agents

Figure 1.3. Pathways that connect inflammation and cancer.” Reprinted with permission from

Springer: Nature. Mantovani, A., et al. Cancer-related inflammation, 2008.

drives cell proliferation and survival, epithelial-mesenchymal transitions, angiogenesis, and
tumor cell migration, invasion and metastasis.

Unsurprisingly, it has been shown that vitamin D can inhibit these inflammatory
processes at all of the aforementioned stages: it can inhibit cytokine secretion as well as

transcription factor expression and activation. For example, it has been demonstrated that

11



vitamin D inhibits IL-6, a pro-inflammatory cytokine crucial in colorectal cancer progression.
VD does so by inducing the expression of MAPK phosphatase-5 (MKP-5), which prevents the
phosphorylation and activation of p38 MAPK.”* Similarly, vitamin D reduces the production of
IL-8, which has been found to be an important angiogenic factor.” Additionally, vitamin D can
also inhibit the transcription factor NF«B signaling pathway. Vitamin D suppresses the
phosphorylation of both AKT and its downstream target I kappa Ba (IxBa) in macrophages
through upregulation of thioesterase superfamily member 4 (THEM4), an AKT modulator
protein leading to the inhibition of NFxB and COX-2 expression.’® Another transcription factor,
STATS3, which is known to be constitutively active in large granular lymphocyte leukemia was
shown by Olson, K.C., et al. to be inhibited by vitamin D.”’

Taking these data as a whole, we can see that vitamin D can inhibit inflammation leading
to tumorigenesis through two main mechanisms: Transcription factor and cytokine inhibition. It
is important to note that this is not an exhaustive list, and for further mechanisms, readers should
be directed to additional reviews on this topic.”® ’® Transcription factors such as STAT3 and
NF«B become activated in tumor cells, and thus secrete cytokines such as IL-6 and -8 in order to
recruit immune inflammatory cells. Inhibiting these two crucial steps stops the feedback loop
responsible for recruiting the inflammatory cells, and can thus modulate the onset and

progression of tumorigenesis in this manner.

Vitamin D inhibits tumor cell proliferation
As is becoming evident, vitamin D has pleiotropic effects that go beyond its traditional
role in calcium homeostasis.®® Underlying many of the noncalcemic actions of vitamin D,

including effects on carcinogenesis is the ability of vitamin D secosteroids to inhibit cellular

12



proliferation.®#8 Hundreds of genes with vitamin D receptor response elements (VDRES) either
directly or indirectly influence the cell cycle and proliferation, as well as differentiation. Further,
vitamin D can also affect cell function in a non-genomic manner such as to influence
pathological cell growth and carcinogenesis, among others.89-°!

Genomically however, the anti-proliferative properties of vitamin D are mediated by
several mechanisms including the regulation of growth factors, cell cycle, and several other well-
cited signaling pathways. For example, vitamin D increases the expression of insulin-like growth
factor (IGF)-binding protein 3 and the cyclin-dependent kinase (CDK) inhibitors, p21 and p27.
Doing so downregulates the expression of CDK2, leading to inhibition of cell proliferation and
cell cycle progression.®? In addition, calcitriol inhibits the Wnt/B-catenin signaling pathway,®* %4
as well as activating transcription factors forkhead box 03/4 (Fox03/4),% all inducing either cell
cycle arrest, or otherwise inhibiting downstream cell proliferation.

In an effort to narrow down its vast array of antiproliferative properties, | will be focusing
on two very specific, and often overlooked, mechanisms by which vitamin D, specifically
calcitriol, inhibits tumor cell proliferation: induction of cystatin D and modulation of matrix
metalloproteases. In a hallmark study, Alvarez-Diaz and coworkers, through a transcriptomic
analysis on SW480-ADH colon cancer cells, discovered that cystatin D was a candidate calcitriol
target gene.®® Cystatin D is an inhibitor of several cysteine proteases of the cathepsin family.
However, its inhibitory profile is only linked to cathepsin S, H and L, but not B. In their work,
they subsequently discovered that by upregulating cystatin D in the presence of vitamin D, colon
cancer cells showed decreased proliferation, migration and invasiveness, as well as increased
differentiation and apoptosis. Figure 1.4 illustrates the mechanism by which calcitriol induces

cystatin D expression and the resulting effects on cell proliferation.
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Figure 1.4. Calcitriol promotes the transcription of CST5 gene, leading to the expression of

Cystatin D and various antitumor properties. Reprinted with permission.

In addition to inhibiting cell proliferation through the upregulation of cystatin D, vitamin
D has also been shown to act upon matrix metalloproteases (MMPs). MMPs are a family of zinc-
dependent proteases capable of degrading components of the ECM, and are tightly regulated by
tissue inhibitors of metalloproteases (TIMPs). Frequently, both TIMPs and MMPs are disrupted
in cancer, thus promoting cancer cell migration. Over the years, numerous studies have shown

that vitamin D plays a vital role in the regulation of both MMPs and TIMPs.®” Koli and

14



coworkers showed that in breast cancer cells, MMP-9 and TIMP-1 expression are decreased in
the presence of vitamin D, thus inhibiting proliferation in those cells.®® Bao et al. showed a

similar mechanism in prostate cancer cells.*®

Vitamin D induces apoptosis

As a final step in modulating tumorigenesis, after controlling inflammation and cancer
cell proliferation, vitamin D causes the induction of apoptosis. Vitamin D can induce apoptosis
in cancer cells through a variety of different mechanisms. Predominantly, VD induces intrinsic,
or mitochondrial cell death by downregulating anti-apoptotic proteins Bcl-2 and Bcl-XL, and
upregulating pro-apoptotic proteins Bax, Bak, and Bad.1®® This mitochondrial pathway is of
upmost importance in Chapter 2, so will thus be the focus of this section.

The Bcl family of proteins play an important role in mitochondrial-induced apoptosis. In
general, this family of proteins regulates the release of other proteins from intermembrane space
in the mitochondria. Once released, these proteins activate caspase proteases that dismantle cells
and signal phagocytosis.*®* Divided into two classes, the Bcl family of proteins can be either
anti-apoptotic (Bcl-2 and Bcl-XL) or pro-apoptotic (Bax, Bak, and Bad).1%? In particular, Bcl-2
plays an important role in blocking the release of cytochrome C into the intermembrane space. It
turns out, that not only is cytochrome C an essential component of the mitochondrial electron
transport chain, it was also identified as one of the three apoptotic protease activating factors
(Apafs) for caspase activation.'® By downregulating Bcl-2, vitamin D in turn triggers the release
of cytochrome C. Cytochrome C, once released into the cytosol can interact with oligomerized

APAF1, forming the apoptosome. This apoptosome activates a cascade of caspase proteases, the

15



terminal effector caspase being caspase 3/7. Thus, VD ultimately activates intrinsic cell death via

the activation of caspase proteases 3/7.

7-dehydrocholesterol and Smith Lemli Opitz Syndrome

As is evident, vitamin D has implications in a wide range of pathological conditions, with
the most prominent being cancer. However, up to this point our discussion has been limited
primarily to calcitriol, the biologically active form of vitamin D. What remains to be described
are the diverse range of activities that the precursor of vitamin D can have. In this section I will
describe the role of one particular precursor, 7-dehydrocholesterol (7-DHC), and its implications
in Smith-Lemli-Opitz syndrome. Biologically speaking, 7-DHC is a zoosterol that functions in
the serum as a cholesterol precursor, and is photochemically converted to vitamin D3 in the skin,
therefore functioning as provitamin-Dz. As will become apparent in future chapters, 7-DHC
plays a major role in the remainder of this Dissertation.

Smith-Lemli-Opitz syndrome (SLOS) is a congenital disorder, as well as an autosomal
recessive disorder that was first identified in 1964.1%4 SLOS is caused by an inborn error in
cholesterol metabolism resulting from a deficiency in the enzyme 7-dehydrocholesterol reductase
(DHCRY7).1%5 It is characterized by prenatal and postnatal growth restriction, microcephaly,
moderate-to-severe intellectual disabilities, and multiple major and minor physical and internal
malformations. The malformations include distinctive facial features, cleft palate, cardiac
defects, underdeveloped external genitalia in males, postaxial polydactyly, and 2-3 syndactyly of
the toes. Due to the malformation of DHCR7, which is responsible for the reduction of 7-DHC to
cholesterol, SLOS patients show decreased levels of cholesterol and increased levels of 7-DHC

and its isomer 8-dehydrocholesterol (8-DHC, cholesta-5,8(9)-dien-33-ol) in serum and tissues,
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particularly in the cortex and midbrain. %17 The large accumulation of 7-DHC in the brain
yields a variety of consequences for SLOS patients. 7-DHC is an excellent H-atom donor, and
highly susceptible to free radical oxidation. In fact, 7-DHC has the highest known propagation
rate constant towards free radical chain oxidation among lipid molecules (2260 Ms?, compared
to 11 Ms™ for cholesterol). As a result, 7-DHC can become oxidized, giving rise to a number of
metabolites, namely oxysterols.?%®112 These oxysterols can be highly toxic, and the large

accumulation in the brain results in the variety of cognitive abnormalities just described.

7-DHC oxidation and oxysterols in SLOS

Oxysterols are 27-carbon derivatives of cholesterol created by enzymatic or radical
oxidation.'!3 For purposes of this discussion, 1 will focus only on radical oxidation, and the
implications this oxidation has in diseases such as SLOS. The pro-apoptotic effect of oxysterols
is primarily connected to overproduction of reactive oxygen species (ROS).'* Interestingly, it
are these ROS that can initially cause the oxidation of 7-DHC to these oxysterols, so it is not
surprising that ROS production mediates their apoptotic effects. Oxysterol-induced apoptosis in a
variety of malignancies is well cited,*'°>*?% and is mediated by both intrinsic mitochondrial
pathways*'® 127 and an extrinsic death receptor-dependent pathway.!?®

As mentioned above, both cancer and SLOS show high levels of ROS. With these species
present, one can postulate that 7-DHC can undergo free radical chain oxidation reactions to yield
oxysterols. In fact, Xu, et al. has suggested that the mechanism of free radical chain oxidation of
7-DHC involves abstraction of hydrogen atoms at the C-9 and/or C-14 position of the sterol.*?°
Extending from this is the fact that a lot of lipids, including 7-DHC and polyunsaturated fatty

acids (PUFAs) are prone to undergo reactions with molecular oxygen by free radical
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mechanisms known as lipid peroxidation.**® 13! This concept, mechanism, and reaction end

products will be discussed heavily in the next section, as well as for the rest of this dissertation.

Lipid radical propagation and oxidative stress on cellular function, metabolism, and
tumorigenesis

As aforementioned, the polyunsaturated fatty acids that comprise the lipid membranes of
cells as well as organelles such as the mitochondria are highly susceptible to free radical
oxidation in a process known as lipid peroxidation. As such, a body of evidence over the last
several years has shown that oxidative stress and resulting lipid peroxidation are involved in
various and numerous pathological states including inflammation, atherosclerosis,
neurodegenerative diseases, and cancer.'3? Again, for the purposes of this review I will focus
only on lipid peroxidation and oxidative stress as it relates to cancer and tumorigenesis. The term
“oxidative stress” is frequently used to describe the imbalances in redox couples such as those
reduced to oxidized glutathione (GSH/GSSG) or NADPH/NADP+ ratios. These imbalances
primarily result from the overproduction of ROS, and are responsible for the alteration of
macromolecules.

In cells, ROS are generated naturally as byproducts of cellular metabolism, and include
species such as superoxide anion (O, ), perhydroxyl radical (HO; *), hydroxyl radical (*OH),
nitric oxide (NO), and other species such as hydrogen peroxide (H.0,), singlet oxygen (*0,),
hypochlorous acid (HOCI), and peroxynitrite (ONOO).*3 Under ordinary circumstances, cells
have highly efficient methods of clearing these ROS in order to prevent damage to the cell. For
instance, several antioxidant enzymes such as superoxide dismutases MnSOD and Cu/ZnSOD,

which are located in the mitochondria and the cytosol, respectively, convert superoxide into
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hydrogen peroxide. Catalase can then further decompose hydrogen peroxide into water and
molecular oxygen.t3

However, in cases of severe cellular disruption such as cancer, the normal mechanisms
by which cells can protect themselves from ROS damage become aberrant and intracellular ROS
levels rise. The relative levels to which this oxidative stress reaches determines the fate of the
cell. On one hand, very high levels of ROS and oxidative stress result in cell death. However,
lower levels of ROS have been implicated in tumor metastasis which is a complicated processes
including epithelial-mesenchymal transition (EMT), migration, invasion of the tumor cells and
angiogenesis around the tumor lesion.®® This complex interplay between cellular oxidative stress
and antioxidant defense has, over the years, led to the development of potential therapeutics to

selectively raise the ROS and oxidative stress levels in cells beyond a toxic threshold, leading to

cell death. These lipid peroxidation byproducts that cause this toxicity will be discussed below.

Implications of lipid peroxidation on cell function and tumorigenesis

Of the many stimuli that can cause an increase in intracellular ROS, ionizing radiation
(IR) is by far the most prominent, and is therefore the leading treatment modality for most
(~50%) cancers.!3® The mechanism by which IR induces cell damage is two-fold. On one hand,
IR can directly interact with the DNA in the nuclei of the cancer cells causing both single and
double strand DNA breaks. On the other hand, IR can hydrolyze water inside the cell, leading to
the generation of ROS in extracellular environments to generate, primarily, hydroxyl radicals.*®’

Figure 1.5 illustrates the effects of IR on cells.
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Figure 1.5. Effects of IR on cancer cells via the production of ROS, and activation of the p53

pathway. Reprinted with permission.**

When ROS levels are “excessive,” many downstream processes occur that ultimately lead to
cellular apoptosis. Lipid peroxidation is one such process, and will be the sole focus of this
section. In lipid peroxidation, the ROS generated from IR attacks lipids containing carbon-
carbon double bond(s), especially polyunsaturated fatty acids (PUFAS) in the cell membrane, as
well as membranes of the mitochondria. This process typically involves hydrogen abstraction
from a carbon, with oxygen insertion resulting in lipid peroxyl radicals and hydroperoxides.**°
These radicals can then be propagated throughout the membrane, initiating a chain reaction,
damaging more lipids, generating more radicals, and so on.

Secondary to these lipid hydroperoxides are a class of aldehyde species that are highly

toxic and even mutagenic. Among the many different aldehydes which can be formed during
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lipid peroxidation, malondialdehyde (MDA), and 4-hydroxy-2-nonenal (4-HNE) have been
extensively studied by Esterbauer and his colleagues in the 1980s.140-14¢ MDA appears to be the
most mutagenic product of lipid peroxidation, and is an end-product generated by decomposition
of arachidonic acid and larger PUFAs.'#" Additionally, MDA is used most often as a convenient
biomarker for lipid peroxidation as will be discussed in Chapter 2.

MDA elicits its pH-dependent, mutagenic action by forming adducts with proteins and
DNA following its formation. This high reactivity is primarily based on its being highly
electrophilic, making it strongly reactive toward basic, nucleophilic amino acids. Initial reactions
between MDA and free amino acids generate Schiff-base adducts'4’14° which are referred to as
advanced lipid peroxidation end-products (ALEs). MDA adducts can also participate in
secondary deleterious reactions by promoting intramolecular or intermolecular protein/DNA
crosslinking that can induce profound alterations in proteins and DNA. On this note, it has been
shown that MDA can react physiologically with several nucleosides to form adducts to
deoxyguanosine and deoxyadenosine, eventually leading to extensive DNA damage.**® 1°! To
summarize, lipid peroxidation plays an important role in cell death. Upon the addition of ionizing
radiation, ROS are generated and propagated through the lipid membrane, oxidizing many
PUFAs and generating lipid hydroperoxides and toxic aldehyde species such as MDA. These end
products lead to extensive protein and DNA damage, all culminating in cell death.

On the note of DNA damage, ROS-induced DNA damage can result in base
modification, deoxyribose modification, DNA cross-linking, and single and double strand
breaks. The most common oxidative DNA lesion is 8-hydroxy-guanine (80OHdG). Numerous

studies have shown increased levels of 8OHdG in animal tumor models and various human
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cancers.'®2 153 |f this damage is not repaired prior to replication, DNA mutation and cell death
are likely to occur.

While it may seem obvious that increasing ROS levels in cancer cells will provide a
beneficial and efficient therapeutic, it should not come as a surprise that, as with other
therapeutic modalities, tumors have developed methods to evade increased oxidative stress.
Cancer cells comprising late stage disease for example, have become highly adapted to intrinsic
oxidative stress with upregulated antioxidant capacity. This redox adaptation not only enables
the cancer cells to survive under increased ROS stress, but also provides a mechanism of
resistance to many anticancer agents and radiation therapy described above.'** This adaptive
resistance is primarily mediated through the upregulation and activation of two pro-survival

pathways: NE-E2-related factor 2 (Nrf2)**® and increased glutathione (GSH) levels.®

Future Prospective

This review has demonstrated the vast array of biological effects of vitamin D as well as
its precursors. In particular, in addition to its classical role in regulation of serum calcium and
phosphate levels, vitamin D has been implicated in the regulation of fibrosis through its
inhibition of TGF-p, as well as targeting CAFs in colon cancer and reversing the EMT.
Interestingly, along the lines of cancer inhibition are the anti-inflammatory and antiproliferative
properties of vitamin D as well as its ability to induce apoptosis in certain cancer cells though the
downregulation of antiapoptotic genes such as Bcl-2 and Bcl-xI, and the upregulation of
proapoptotic genes such as Bax, Bak, and Bad.

Despite all the advances in research into the mechanisms by which vitamin D can inhibit

cancer progression, there is not a single, current therapeutic based on vitamin D that is FDA
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approved. It is for this reason that | turned my attention, and the focus of this review, to the
biological precursor to vitamin D, 7-Dehydrocholesterol. Serving 2 purposes in the body, 7-DHC
acts in the serum as the direct precursor to cholesterol via reduction by the DHCR7 enzyme, and
in the skin where it is photochemically converted to provitamin-Ds 7-DHC is distinct from
vitamin D, and all other lipids in fact, in that it has the highest radical propagation rate constant
known for any lipid. This fact makes 7-DHC incredibly important in several pathological
disorders that involve free radical oxidation, especially SLOS, and even cancer.

Given that the biologically active form of vitamin D, calcitriol seems to be an ineffective
cancer therapeutic due to the inherent toxicities associated with administering the high doses
required, attention should be focused on 7-DHC moving forward. On that note, the question of
how we can utilize the high radical propagation rate and the antiproliferative properties of 7-
DHC, especially those involved with lipid radical propagation and oxidative stress to create a

possible cancer therapeutic still remain.

Overview of the following chapters

The following three chapters will provide an in-depth analysis of the development of a
novel nanoparticle platform to increase the efficacy of external beam radiation therapy in
colorectal cancer models. In Chapter 2, we aim to take advantage of the high radical propagation
rate of 7-DHC, and exploit it to increase oxidative stress within the cell. Due to the inherent
hydrophobicity of 7-DHC, encapsulating it inside an FDA-approved polymeric nanoparticle
affords facile delivery to cancer cells. We were successful in encapsulating 7-DHC with high
efficiency and with a desirable, slow release profile of the drug with minimal leakage at

physiological pH. We then show that when this nanoparticle formulation, which on its own is
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nontoxic, is presented to tumor cells, the drug is released and naturally accumulates in lipid
membranes of both the mitochondria and plasma membranes. Upon exposure to ionizing
external beam radiation (IR), we show that compared to IR alone, the particle + IR causes a
dramatic increase in ROS levels, increased lipid peroxidation byproducts, extensive DNA
damage, and ultimately very efficient cell death via intrinsic mitochondrial apoptosis pathways.
This formulation further decreases cell clonogenicity in CT26 cells, thereby solidifying this
formulation as a very efficient radiosensitizer in vitro. Chapter 3 then utilizes this same
nanoplatform in vivo, and demonstrates that within 4 h post intravenous injection, and upon
exposure to IR, animal tumor volume is hampered, and survival increases dramatically. Serum
calcium, as well as tissue and tumor histological analyses confirmed our hypothesis that this
formulation is safe, efficient, and causes no significant side effects. Finally, Chapter 4
summarizes future endeavors, as well as describes preliminary work on engineering a synthetic
low density lipoprotein (sLDL)-like formulation to not only increase the loading of 7-DHC
within the nanoparticle, but also increase its delivery efficacy. sLDL would take advantage of
targeting the neurotensin (NT) receptor overexpressed on H1299 non-small cell lung carcinoma
cells, thereby bypassing the need for the more passive approach of the enhanced permeability

and retention (EPR) effect that is utilized in Chapters 2 and 3.
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CHAPTER 2
INCREASING CELLULAR OXIDATIVE STRESS IN VITRO AMPLIFIES RADIATION-

INDUCED CELL DAMAGE!

! lan Delahunty, Wen lJiang, Jianwen Li, Chaebin Lee, Xueyuan Yang, Anil Kumar, Amy Li, Pakteema Tong, Libin
Xu, Weizhong Zhang, Jin Xie. A polymeric nanoparticle radiosensitizer based on 7-dehydrocholesterol. To be

submitted to ACS Nano, 2021.
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Abstract

Radiation therapy remains a mainstay treatment modality for cancer, but its dose and
efficacy is limited by normal tissue toxicity. Pro-drugs that can be selectively activated under
radiation to enhance radiotherapy are desirable. Herein, we investigate the potential of 7-
dehydrocholesterol (7-DHC), a cholesterol and vitamin D analog and precursor, as a pro-drug for
radiosensitization. 7-DHC is highly susceptible to radical oxidization, and has the highest
propagation rate among known lipid molecules for free radical chain oxidation. 7-DHC can react
with radicals generated during radiation, undergoing autoxidation and catalyzing the oxidation of
other biomolecules, in turn amplifying radiation-induced cell damage. In vitro studies with CT26
cells confirmed this postulation, finding significantly elevated oxidative stress, lipid
peroxidation, DNA damage, and mitochondrial depolarization in treated cancer cells. For
efficient delivery, 7-DHC was encapsulated into poly(lactide-co-glycolic)-block-poly(ethylene
glycol) nanoparticles (7-DHC@PLGA NPs). Finally, this formulation showed a significant
decrease in cell clonogenicity, thereby establishing 7-DHC@PLGA NPs as an efficient

radiosensitizer for colorectal cancer in vitro.

Introduction

Radiation therapy (RT) remains a mainstream treatment option for cancer, with nearly
50% patients receiving it at least once during the treatment course.l:? Despite technological
advances such as stereotactic body radiotherapy, intensity-modulated radiation therapy, and
image-guided radiation therapy, the efficacy of RT is limited by normal tissue toxicities.>* To

improve cancer management, chemotherapeutic radiosensitizers can be administered during RT,
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i.e. chemo-radiotherapy.®® However, chemo-radiotherapy is often associated with higher rates of
systemic morbidities, which frequently cause a delay or interruption in either chemotherapy or
radiotherapy, leading to worse prognoses.® Therefore, there is an unmet clinical need for new
radiosensiziting agents that are effective but also more tolerated by patients.

A biosynthetic precursor of cholesterol, 7-dehydrocholesterol (7-DHC) is converted in
the serum by 7-dehydrocholesterol reductase (DHCR7) to produce cholesterol, and is
photochemically oxidized in the skin to produce previtamin-Ds. 7-DHC is an excellent H-atom
donor, and highly susceptible to free radical oxidation. In fact, 7-DHC has the highest known
propagation rate constant towards free radical chain oxidation among lipid molecules (2260 Ms’
1 compared to 11 Ms™ for cholesterol).1%® DHCR?7 dysregulation or dysfunction would cause
an accumulation of 7-DHC inside cells, therefore leading to lipid peroxidation. This is observed
in patients with Smith-Lemli-Opitz syndrome (SLOS), characterized by a mutation in the
DHCR7 gene. SLOS patients suffer from phenotypes such as multiple congenital malformations
and mental retardation, which are linked to 7-DHC-induced toxicities to the midbrain and
Cortex.”' 20-27

Herein we explore 7-DHC as a potential radiosensitizing agent, capitalizing on its high
propensity to promote free radical chain reactions. 7-DHC structurally resembles cholesterol and,
similar to the latter, is enriched in cell lipid layers of the plasma membrane, endoplasmic
reticulum, endosomes/lysosomes, and mitochondria.?®3° We hypothesize that under radiation, 7-
DHC is radicalized by either directly interacting with high energy photons or reacting with
radiation-induced reactive oxygen species (ROS). The resulting radicals and/or their peroxyl
derivatives are expected to rapidly react with adjacent sterols and polyunsaturated fatty acids

(PUFAS), propagating free radical chain reactions down the membranes to cause extensive lipid
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peroxidation. Moreover, 7-DHC autoxidation produces toxic oxysterols such as 3f,5a-
dihydroxycholest-7-en-6-one (DHCEO),!% 3! whereas PUFA oxidation yields reactive aldehydes
such as malondialdehyde (MDA).3? We anticipate that these intermediates, which are highly
reactive towards cell lipids, proteins, and DNAs, will synergize with the lipid damage to
sensitize cancer cells to RT.

However, free 7-DHC is poorly soluble in water. For efficient delivery, we
encapsulated 7-DHC into poly(lactide-co-glycolic)-block-poly(ethylene glycol) (PLGA-b-PEG)
nanoparticles, which afford a long circulation half-life and can accumulate in tumors through the
enhanced permeability and retention (EPR) effect.3¢ We speculate that 7-DHC can be released
in a controlled manner from the particles and, as a hydrophobic molecule, efficiently enter cancer
cells and populate their plasma/organelle membranes, in turn enhancing RT-induced cell
damage. We anticipate minimal side effects as 7-DHC-falicilated lipid peroxidation mainly takes
place under irradiation, which is delivered uniformly to tumors in modern RT. In normal tissues,
7-DHC is efficiently converted to cholesterol or cholecalciferol,®” thus posing minimal risk for
systemic toxicities.

Herein, we tested these hypotheses in vitro with CT26 cells (a murine colon cancer cell
line). Colon cancer is the third most prevalent cancer type among both men and women in the
United States,®® and, as of 2020, is the second leading cause of cancer-related death worldwide
according to the World Health Organization (WHQO). While surgery is the primary treatment
regimen for localized colon cancer, it is only viable among patients with early stage disease.®
The majority of patients rely on RT as their primary treatment method. While fractionated (~2-3
Gy per dose) RT is a viable and effective option for treating early to mid stage colorectal cancer,

radiation may induce unintended morbidities include rectal irritation, scarring, fibrosis, and
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sexual issues, limiting a lifetime dose to ~60 Gy.3° Therefore, the importance of enhancing
radiation efficacy with a nontoxic and radiation-activatable radiosensitizer cannot be

overemphasized.

Results and Discussion
Synthesis of 7-DHC@PLGA NPs

7-DHC was encapsulated into PLGA-b-PEG-OH (Mn: 6000 Da for PLGA and 1000 Da
for PEG) through nanoprecipitation. Uv-vis spectroscopy found a drug loading rate of 7.1% and
an encapsulation efficiency (%EE) of 21.9%. Transmission electron microscopy (TEM) with
uranyl acetate negative staining revealed that the resulting nanoparticles, hereafter referred to as
7-DHC@PLGA NPs, were 88.0 + 3.2 nm in diameter (Figure 2.1a). This agrees with the
dynamic light scattering (DLS) data, finding a hydrodynamic size of ~90 nm and a
polydispersity index (PDI) of 0.100 (Figure 2.1b). The surface zeta potential is —13.9 mV in PBS
(Figure 2.1c). The nanoparticles were well dispersed in aqueous solutions, showing minimal size
change over a 5-day incubation in PBS (Figure S2.1). 7-DHC release was evaluated in buffer
solutions at pH 5.5, 6.5 and 7.4. While less than 16% of 7-DHC was released within 48 h at pH

7.4, much faster 7-DHC release was observed in acidic solutions (Figure 2.1d).
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Figure 2.1. Physicochemical characterizations of 7-DHC@PLGA NPs. (a) Negative staining
TEM image of 7-DHC@PLGA NPs. Scale bar, 100 nm. (b) DLS analysis of 7-DHC@PLGA
NPs in water. (c) Zeta potential of 7-DHC@PLGA NPs in PBS and water. (d) 7-DHC release

from 7-DHC@PLGA NPs, tested over 48 h in solutions of pH 7.4, 6.5, and 5.5, respectively.

In vitro studies to examine radiosensitizing effects of 7-DHC@PLGA NPs

We then assessed the cytotoxicity of 7-DHC and 7-DHC@PLGA NPs in vitro with CT26
cells. Both 7-DHC and 7-DHC@PLGA NPs showed minimal toxicity when the drug
concentration was below 12.5 pg/mL. Similar results were observed using an ATP
bioluminescence assay (Figure 2.2a,b). Between the two, 7-DHC@PLGA NPs showed a slightly

higher toxicity (ICso 52.0 pg/mL, compared to 71.4 pg/mL for free 7-DHC), which is likely
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attributed to an increased cell uptake of the sterol with the nanoparticulate formulation. Confocal
laser scanning microscopy found a positive overlay between the lysosome and nanoparticle,
indicating a positive level of nanoparticle endocytosis (Figure S2.2). As a control, endocytosis
was inhibited at 4°C, confirming our postulation that the nanoparticles enter the cell through
endocytosis. However, the solution 7-DHC release data suggests that most of the 7-DHC
molecules can be released from the nanoparticle in the acidic tumor microenvironment (Figure
2.1d) and enter cells as a free molecule.?® Further confocal microscopy data suggests that once
internalized, 7-DHC@PLGA NP can accumulate within the mitochondria as previously
hypothesized (Figure S2.3). These data are further supported by LC/MS analysis (Figure S2.4).
We then investigated the impact of 7-DHC@PLGA NPs on cell function and survival.
Briefly, we incubated 7-DHC@PLGA NPs (5 pg/mL) with CT26 cells for 24 h, followed by
irradiation at 5 Gy. As aforementioned, 7-DHC is expected to be enriched in lipid membranes
and radicalized under irradiation to cause extensive oxidation of lipid molecules. This was
confirmed by both the Image-iT Lipid Peroxidation assay (Figure 2.2c) and TBARS assay. In the
latter case, a remarkable increase of MDA levels by 216.0% was observed, compared to a 56.2%

increase in cells treated with IR only (Figure 2.2d.)
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Figure 2.2. Impact of 7-DHC@PLGA NPs on cell lipid peroxidation and viability, tested in
CT26 cells. (a) Cell viability in the absence of radiation, measured by MTT assays at 24 h. Both
7-DHC@PLGA NPs and free 7-DHC showed minimal toxicity below 12.5 pg/mL. (b) Cell
viability in the absence of radiation, measured by ATP bioluminescence at 24 h. ¢, d) Impact on
cell lipid peroxidation, tested with 7-DHC@PLGA NPs (5 pg/mL concentration) in the presence
of radiation (5 Gy). PBS, 7-DHC@PLGA NPs, and irradiation alone (IR) were tested as controls.
c) BODIPY lipid peroxidation assay results from 24 h. A decrease in the 590/510 nm fluoresce
intensity ratio indicates an increase in lipid peroxidation. d) MDA secretion, measured by
TBARS assay. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, no significant

difference.

In particular, 7-DHC@PLGA NPs enhance radiation-induced damage to mitochondria,

where sterols and oxygen are enriched.*® Relative to ionizing radiation (IR) alone, 7-
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DHC@PLGA NPs plus irradiation (7-DHC@PLGA NPs + IR) caused a 42.6% decrease in the
mitochondrial membrane potential (¥m), compared to a decrease of 28.7% by IR alone (Figure
2.3a). Notably, cyanide m-chlorophenyl hydrazone (CCCP), which disrupts the proton gradient
across the mitochondrial inner membrane*! 42 was tested as a positive control in the study, only
caused a drop of 36.5% in ¥ (Figure 2.3a). A depolarized mitochondrial membrane would
impair the electron transport chain, thereby elevating ROS in the mitochondria.*® This is
supported by the finding that the mitochondrial superoxide dismutase (MnSOD) activity was
significantly increased in cells treated with 7-DHC@PLGA NPs + IR (Figure 2.3c). Meanwhile,
dihydroethidium (DHE, which was responsive to superoxide) and cytosolic SOD analysis
confirmed that the intracellular ROS level was also markedly elevated in cells treated with 7-
DHC@PLGA NPs during radiation (Figure 2.3c&d). Such an increase in oxidative stress causes
extensive destruction to cell organelles. These include, unsurprisingly, mitochondrial damage.
Cytochrome ¢ and mitochondrial complex Va double staining found an extensive release of
cytochrome c into the cytosol (Figure 2.3b and S2.5), which is an indicator of the activation of
the intrinsic apoptosis pathway.** Indeed, compared to IR alone, caspase-3 activity was elevated
by 24.3% in cells treated with 7-DHC@PLGA NPs + IR (Figure 2.3f). This damage is further
manifested in severe double-strand DNA damage, as evidenced by YH2AX staining which found
an increase of foci number by 557.9% in cells treated with 7-DHC@PLGA NPs + IR relative to
IR alone (Figures 2.3e and S2.6). Lastly, a significant viability drop over irradiation was also
confirmed by MTT assays at different nanoparticle concentrations (Figure 2.3g).

Meanwhile, lipid peroxidation products of PUFA oxidation may produce reactive
aldehydes and oxysterols. For instance, DHCEQ, one of the main oxysterols identified in SLOS

patients, is much more toxic to CT26 cells than 7-DHC (Figure S2.7). As previously mentioned,
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solution LC/MS data suggests the oxidation of 7-DHC yields a variety of oxysterol derivatives
(Figure S2.3) including DHCEO. Liquid chromatography revealed numerous new peaks,
presumably oxysterols ranging from 4-10 minutes. Accordingly, the mass spectrum at 8.5
minutes revealed the key m/z peaks for DHCEO. Further preliminary in vitro data also suggests
the oxidation to DHCEO, as well as other highly reactive oxysterols, 7-keto-8-DHC and Cpd2B.
(Figure S2.8).

In addition to promoting lipid peroxidation, 7-DHC may enhance toxicity by producing
toxic lipid peroxidation derivatives. To investigate, carnosine (40 mM), which inhibits the
formation of alpha-beta unsaturated aldehydes,* was added to the culturing medium as a
negative control. Carnosine significantly mitigated toxicity caused by 7-DHC@PLGA NPs + IR,
supporting a role of lipid peroxidation products in the radiosensitization (Figure 2.3g).

Last but not least, the radiosensitizing effects were measured by the clonogenic assay.
Relative to IR alone, 7-DHC@PLGA NPs + IR significantly reduced cell reproduction across a
range of radiation doses. The data was fit into the linear-quadratic (LQ) model S = e~ (@D+BD?)
Based on the data fitting, the dose required for 10% survival (D1o) was 2.916 Gy for 7-
DHC@PLGA NPs + IR, compared to 4.531 Gy for IR alone. The dose modifying factor based
on survival fraction at 2 Gy (SF2) was 0.209 for 7-DHC@PLGA NPs + IR, and the dose
modifying factor based required for 10% survival (DMF1o%) was 1.554 for 7-DHC@PLGA NP

+IR) . (Figure 2.3h).
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Figure 2.3. Impact of 7-DHC@PLGA NPs on mitochondria and other organelles. 7-
DHC@PLGA NPs were incubated with CT26 cells, followed by 5-Gy irradiation at 24 h (7-
DHC@PLGA NPs+IR). PBS, irradiation (IR), and 7-DHC@PLGA NPs only were tested as a
comparison unless specified otherwise. (a) ¥m changes, measured by JC-1 assay. 7-
DHC@PLGA NPs led to a concentration dependent reduction of Wm in the presence of

irradiation. DMSO and CCCP were tested as negative and positive controls, respectively. (b)
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Cytochrome c release, assessed by anti-cytochrome ¢ and mitochondrial complex Va double
staining. Percent colocalization was evaluated by ImageJ. A decreased colocalization indicates
increased level of cytochrome c release. ¢,d) Impact of 7-DHC@PLGA NPs on cellular oxidative
stress under irradiation, measured by SOD activity and DHE superoxide assays. The presence of
7-DHC@PLGA NPs significantly elevated MnSOD activity (c) and cytosolic superoxide (d)
under irradiation. (e) DNA double-strand breaks, measured by counting foci numbers using
Imagel. (f) Caspase 3 activity, measured by FAM-FLICA Caspase 3/7 assay. (g) Cell viability,
evaluated by MTT assays at 24 h. Carnosine, which inhibits the formation of alpha-beta
unsaturated aldehydes, was added to incubation medium and tested as a comparison. (h)
Clonogenic assay, tested with PBS + irradiation (IR), and 7-DHC@PLGA NPs plus irradiation
(7-DHC@PLGA NPs+IR). Survival fractions relative to the PBS control were fit into the linear
quadratic (LQ) model. *, P <0.05; **, P < 0.01; ***, P < 0.001; ****, P <0.0001; ns, no

significant difference.

Conclusion

The outlined studies demonstrate a facile synthesis of a novel polymeric nanoparticle, 7-
DHC@PLGA NP, that affords high loading of the vitamin D prodrug 7-DHC. Further, under
physiological pH, little to no 7-DHC is released from the particle. However, under acidic
conditions similar to those found in the tumor microenvironment, all of the drug is released
within 48 h, giving this formulation a desirable circulation half life and drug release properties.
Once incubated with CT26 cells, 7-DHC@PLGA NP shows little to no toxicity in the absence of
radiation which is ideal for a radiosensitizer. However, once IR is applied to the cells following

endocytosis of the released 7-DHC, the toxicity is increased dramatically. The application of IR
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hydrolyzes water in the cells creating toxic free radical species such as the hydroxide and
superoxide radicals. These such radicals cause not only the auto-oxidation of 7-DHC to very
toxic oxysterol derivatives, but also allows 7-DHC to facilitate the free radical propagation
reactions in the lipid and mitochondrial membranes of the cell. These reactions in turn generate
lipid peroxidation byproducts such as 4-HNE from the oxidation of PUFAS, but also the most
mutagenic product, malondialdehyde. Such species in turn cause extensive DNA damage and
mitochondrial damage, all leading to very efficient cell death via the intrinsic mitochondrial
apoptotic pathway. Lastly, a colony forming assay demonstrated reduced clonogenicity with
CT26 cells treated with 7-DHC@PLGA NPs, proving that this formulation is an efficient and
effective radiosensitizer in vitro. Effects of this nanoparticle formulation will be evaluated in

vivo in the following chapter.
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CHAPTER 3
MEMBRANE LIPID OXIDATION BYPRODUCTS INHANCE THERAPEUTIC EFFICACY

IN VIVO?

2 |an Delahunty, Wen Jiang, Jianwen Li, Chaebin Lee, Xueyuan Yang, Anil Kumar, Amy Li, Pakteema Tong, Libin
Xu, Weizhong Zhang, Jin Xie. A polymeric nanoparticle radiosensitizer based on 7-dehydrocholesterol. To be

submitted to ACS Nano, 2021.
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Abstract

Our prior studies have illustrated the radiosensitizing capabilities of 7-DHC@PLGA NPs
in vitro when incubated with CT26 cells. However, these models do not demonstrate a clear
therapeutic benefit, as cells in culture generally do not harbor any immune component, as would
be evident in vivo, in immunocompetent animals. Therefore, the previous studies were expanded
and tested in small animal models. When tested in vivo, 7-DHC@PLGA NPs significantly
enhanced radiotherapy, resulting in 40% eradication of the tumors and extended animal survival
with a single around of treatment. Importantly, the nanoparticles caused no detectable tissue or
hematological toxicities, nor hypercalcemia, a toxic side effect of administration of high doses of
vitamin D. Our studies suggest the promise of 7-DHC as an efficient, safe, and activatable

radiosensitizer.

Introduction

Cancer radiosensitizers are intended to enhance radiation-induced tumor cell damage
while accruing minimal damage to normal, healthy tissue. Traditional radiosensitizers
specifically target different physiological characteristics of the tumor, specifically those
characteristics that cause radioresistance.* In a wide array of tumors, radioresistance is brought
about by severe hypoxic conditions deep within the tumor. As such, agents that can restore
oxygenated conditions to the tumor may help overcome the radioresistance.? Such agents
include, unsurprisingly, oxygen and nitric oxide.®> Additional materials include electron-affinic
chemicals that react with DNA free radicals such as nimorazole, which has been shown to be

clinically effective. In principle, many drugs can be delivered selectively to hypoxic tumors
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using either reductase enzymes or radiation-produced free radicals to activate drug release from
electron-affinic prodrugs and thereby enhancing radiotherapy by restoring normoxic conditions
to the tumor.

However, in the majority of these traditional radiosensitizers, the radiation simply
promotes the release of potentially toxic drugs into the tumor. Our approach as outlined in vitro
in Chapter 2, utilizes a non-toxic, radiation-activatable pro-drug, which is unique among
radiosensitizers and ideal for radiation therapy. This approach activates 7-DHC such that it
promotes free radical oxidation, leading to downstream cytotoxic effects. These events
significantly enhanced radiotherapy in vivo, while causing no detectable systemic toxicity to the

animals.

Results and Discussion
In vivo therapy studies to evaluate the benefits of 7-DHC@PLGA NPs for radiotherapy

Therapy studies were conducted in CT26 tumor bearing, immunocompetent balb/c mice
(Figure 3.1a). When the tumor size reached ~100 mm?3, 7-DHC@PLGA NPs (10 mg/kg, based
on 7-DHC) were intravenously (i.v.) injected, followed by the application of beam radiation (320
kV, 5 Gy) to tumors at 4 h post-injection, with the rest of the body shielded by lead (7-
DHC@PLGA NPs + IR; n=5). For comparison, radiation only (IR), 7-DHC@PLGA NPs only
(7-DHC@PLGA), and carrier only (PBS) were tested (n=5). 7-DHC@PLGA NPs + IR
significantly retarded tumor growth, causing a remarkable inhibition rate of 98.4% on Day 26
relative to the PBS control (Figure 3.1b). By the end of the study on Day 43, 60% of the animals

in the 7-DHC@PLGA NPs + IR group remained alive (Figure 3.1c). As a comparison all
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animals in the groups, including the IR only control, had died or reached a humane endpoint by

Day 43 (Figure 3.1c).
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Figure 3.1. In vivo therapy study studies. Experiments were conducted in CT26 tumor
bearing balb/c mice. 7-DHC@PLGA NPs were intravenously (i.v.) injected, followed by beam
radiation (3 Gy) applied to tumors at 4 h (7-DHC@PLGA NPs + IR; n=5). Three doses of

treatment were given two days apart. Irradiation only (IR), 7-DHC@PLGA NPs only (7-
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DHC@PLGA NPs), and carrier only (PBS) were tested (n=5). a) Scheme showing the treatment
plans. b) Tumor volume curves. 7-DHC@PLGA NPs + IR caused effective tumor regression,
with 30% of the animals being tumor-free on Day 43. *, P <0.05; **, P < 0.01; ***, P <0.001;
**x* P <0.0001; ns, no significant difference. c) Animal survival. Sixty percent of the animals
in the 7-DHC@PLGA NPs+ IR group were alive on Day 43, while all animals in the control
groups had either died or reached a humane endpoint by that date. d) TUNEL, Ki67, and H&E

staining tumor samples from different treatment groups. Scale bars, 200 nm.

Tumor tissues were harvested for pathology analysis (Figure 3.1d). H&E staining found a
significantly reduced density of cancer cells in samples from the 7-DHC@PLGA NPs + IR
group. Ki67 and TUNEL staining also displayed reduced proliferation and elevated apoptosis,
confirming effective tumor suppression. Meanwhile, no animal body weight drop was observed
throughout the study (Figure 3.2a). Normal tissue histology studies also detected no signs of
toxicity (Figure 3.2c). In a separate study, we injected 7-DHC@PLGA NPs at the same dose into
healthy mice and collected blood on Day 14. All complete blood count (CBC) indices and
alanine aminotransferase (ALT) levels were all within normal ranges according to published

standards (Table 3.1).
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Table 3.1. CBC analysis demonstrating normal blood cell count for all indices measured,

indicating no systemic toxicity due to intravenous injection of 7-DHC@PLGA NPs.

Complete Blood Count

Test Result Units Reference Interval
WBC 8.1 103/ul 8-10.6
Neu# 1.59 103/ul 0.23-3.6
Lym# 5.99 103/ul 0.6-8.9
Mon# 0.32 103/ul 0.04-1.4
Eos# 0.13 103/ul 0.0-0.51
Bas# 0.02 103/ul 0.0-0.12
Neu% 19.7 % 6.5-50.0
Lym% 74.4 % 40-92
Mon% 4 % 0.9-18.0
Eos% 1.7 % 0.0-7.5
Bas% 0.2 % 0.0-1.5
RBC 11.18 108/ul 6.5-11.5
Hgb 17.7 g/dl 11-16.5
Het 50.6 % 35-55
MCV 45.3 f 41-55
MCH 15.8 pg 13-18
MCHC 35 g/dl 30-36
RDW% 13.2 % 12.0-19.0.
Platelet 240 103/ul 400-1600
MPV 5.7 Fl 4-6.2
ALT 9.06 U/mL 15-84
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Potential side effects of 7-DHC@PLGA NPs

In addition to being a cholesterol precursor in the serum, 7-DHC may also accumulate in the
skin, where it is photochemically converted to vitamin Ds. The latter is metabolized to calcidiol
in the liver, and finally to the biologically active form, calcitriol, in the proximal tubule of the
kidneys. Calcitriol is an important regulator for serum calcium, posing potential risks of
hypercalcemia. Indeed, i.v. injection of calcitriol at 200 pg/kg drastically elevated the serum
calcium to 17.5 mg/dl, which is almost twice the maximum tolerated level (8.0-11.5 mg/dl for
mice*). As a comparison, 7-DHC@PLGA NPs at a much higher does (1 mg/kg) had a minimal

impact on the calcium level (Figure 3.2b).
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Figure 3.2. Potential side effects of 7-DHC@PLGA NPs plus irradiation. (a) Body weight

change. No significant body weight drop was observed throughout the therapy study. (b) Serum
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calcium level change. 7-DHC@PLGA NPs (1 mg/kg), calcitriol (200 pg/kg), 7-DHC (200
Ha/kg), and PBS were intraperitoneally injected into healthy balb/c mice (n=3). Blood samples
were collected at 0, 2, 6, and 24 h for analysis. No calcium level increase was observed in
animals injected with 7-DHC@PLGA NPs. (c) H&E staining of normal tissues harvested post

mortem. No signs of toxicity were observed. Scale bars, 200 pm.

Conclusion

Our studies suggest a great promise of 7-DHC@PLGA NPs as an effective and safe
radiosensitizer. The exploration was inspired by observations from patients with SLOS, who
harbor a deficiency in DHCR?7 thus experiencing accumulation of 7-DHC in cholesterol-rich
tissues, such as the brain. The buildup of 7-DHC over time elevates cellular ROS, which then
react with the sterol. This forms a positive feedback loop that eventually causes extensive lipid
peroxidation and tissue damage. In our strategy, 7-DHC is delivered to tumors by a nanoparticle
carrier and activated under radiation to enhance radiation-induced toxicities. This makes our
formulation a radiation-activatable one, which is unique among radiosensitizers and ideal for RT.
It is interesting to note that many human colon cancer cells, including CT26, have a reduced
expression of DHCR7 compared to normal tissue.® This phenomenon may add another level of
selectivity to our approach, as 7-DHC tends to stay as 7-DHC in cancer cells instead of being
metabolized to relatively non-toxic cholesterol. This may explain why 7-DHC@PLGA NPs
alone caused a certain degree of tumor suppression (Figure 3.1b) but no toxicity to normal
tissues (Figure 3.2c). Meanwhile, the kinetics for nanoparticle delivery and reductase conversion
may have an impact on the amount of 7-DHC inside cancer cells at the time of radiation, in turn

influencing IR efficacy. It will be interesting to investigate the impact of drug-radiation interval
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on sterol homeostasis in tumors and identify optimal conditions for therapy. The related studies

are underway.
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CHAPTER 4

CONCLUSION AND FUTURE PLANS

Introduction and the Enhanced Permeability and Retention Effect

Up to this point, the 7-DHC@PLGA NP delivery system was based solely on the
enhanced permeability and retention (EPR) effect. First discovered by Matsumura and Maeda
in 1986, the EPR effect is a phenomenon caused by the inherent leaky vasculature that supplies
the tumor.! Unlike the vasculature of normal tissue, which has an organized and regular
branching order, the vasculature in and around the hypoxic and acidic tumor microenvironment
is highly disorganized and lacks the conventional hierarchy of blood vessels as shown in Figure
4.1. Conventional vessels such as arterioles, capillaries, and venules are not identifiable as
such, and instead, vessels are enlarged and poorly interconnected.?® These abnormalities are
caused by an imbalance in the expression of angiogenic factors and inhibitors.® One
consequence of the heterogeneous formation of these blood vessels is the endothelial lining of
the vessels often has very large gaps, upwards of several hundred nanometers. The end result is
that nanosized agents with long circulation times such as our 7-DHC@PLGA NP, leak
preferentially into tumor tissue through this permeable tumor vasculature and are then retained

in the tumor bed due to the reduced lymphatic drainage. This is illustrated in Figure 4.2.
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Figure 4.1. Complex irregularities between normal and tumor vessels. a) Comparison between

normal and tumor vessels; b) Characteristic features of the tumor microenvironment. Reprinted

with permission.’
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Figure 4.2. Irregularities in the endothelial lining of vessels that supply tumors. Due to the
inherent leaky vasculature, nanoparticles accumulate preferentially in the tumor bed and are
retained there. Reprinted with permission.’

While this phenomenon is incredibly useful, it is a highly controversial and hotly debated
topic throughout the literature.®2° The reason for the controversy is, while EPR effect is widely
held to improve delivery of nanodrugs to tumors, it in fact offers less than a 2-fold increase in
nanodrug delivery compared with critical normal organs, resulting in drug concentrations that are
not sufficient for curing most cancers. Some researchers argue in fact, that the percent of initial
injected dose (%ID) that actually reaches the tumor is anywhere from 1-10%. For example,
Andrew Wong and coworkers measured the %ID of Doxil to reach the tumor following
intravenous injection to range from 0.01-10%.** Further, the relevance of the EPR effect in
humans has also been debated recently.*2** In small animal xenograft tumor models where the

tumors grow at a rate far surpassing that of human tumor growth, the EPR effect is more
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pronounced. Further, recent evidence has revealed that the mechanism by which nanoparticles
enter solid tumors is more complex than previously thought (potentially going beyond simple
extravasation through gaps in the endothelial lining),*® and that immune cells in the tumor
microenvironment play important roles in nanomedicines' accumulation, retention and
intratumoral distribution. It should be noted, however, that accumulation of nanocarriers in
human tumors certainly does occur, but the extent to which varies heavily between patients and
tumor types.*® The latter point seems to severely limit the clinical use of nanomaterials designed
to utilize the EPR effect for delivery. It is to this end that most clinically relevant nanomaterials
utilize active targeting for tumor homing. Tumor targeting ligands include antibodies, fragments
of antibodies (e.g. nanobodies) and peptides.

While our 7-DHC@PLGA formulation afforded a long circulation half life, a desirable
toxicity profile, and good tumor suppression, efforts to increase not only the drug loading of 7-
DHC, but also increase the amount of 7-DHC delivered to the tumor are underway. The
following section highlights the design and preliminary work on a new nanoformulation based
on a synthetic low density lipoprotein (sLDL). This formulation is designed to target the
neurotensin receptor overexpressed on H1299 lung cancer cells and deliver 7-DHC in very high

quantities.

A synthetic LDL approach to tumor radiosensitization

Low-density lipoprotein is one of the five major groups of lipoprotein which transport all
fat molecules around the body, making fats available to body cells for receptor-mediated
endocytosis. As a general class of liposome, which can afford increased efficacy and therapeutic

index, increased stability, reduced toxicity, improved pharmacokinetics, and selective targeting,
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synthetic lipoproteins seem highly advantageous for tumor targeting. In general, lipoproteins
contain upwards of 100 proteins per particle, with LDL only containing 1: Apolipoprotein B.
Traditionally thought of as “bad” cholesterol, LDL is implicated in atherosclerosis due to the fact
that it causes a buildup of cholesterol in the arteries. However, it should be noted that due to the
fact that the job of LDL is to transport cholesterol from the liver to the rest of the body, it is able
to encapsulate extremely large quantities of cholesterol within its lipid membrane.’:18
Furthermore, in recent years, cholesterol has received increasing attention due its role in
carcinogenesis. Clinical and experimental evidence supports that changes in cholesterol
metabolism are implicated in cancer development do to the tumor’s increased demand for
cholesterol involved in membrane synthesis.'® On this note, we hypothesize that instead of
utilizing cholesterol, we can use a similar liposomal approach to deliver 7-DHC to tumors.
Specifically, by designing an LDL-like liposome and incorporating, instead of apolipoprotein B,
a small peptide containing the binding motif for neurotensin, which is overexpressed on H1299
non-small cell lung carcinoma cells, we can deliver high quantities of 7-DHC to the tumor for

efficient radiosensitization in a similar mechanism to our 7-DHC@PLGA NPs.

Preliminary Results and Discussion
Synthesis of sSLDL NPs

The liposomal nanoparticle was synthesized following previously established thin film
hydration protocols with modifications.?°22 Briefly, phosphatidy! choline, triolein, and 7-DHC
were mixed. The lipid mixture was then dried under N, hydrated above the phase transition
temperature of the lipids, and extruded through an Avanti Lipid Extruder. Following the

synthesis, UV-vis spectroscopy found a 7-DHC drug loading rate of 9.4% and an encapsulation
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efficiency (%EE) of 57.5%, almost a 3-fold increase from the 7-DHC@PLGA formulation.
Transmission electron microscopy (TEM) with uranyl acetate negative staining revealed that the
resulting nanoparticles, were 98.0 £ 4.6 nm in diameter (Figure 4.3a). This agrees with the
dynamic light scattering (DLS) data, finding a hydrodynamic size of 106.0 nm and a
polydispersity index (PDI) of 0.394 (Figure 4.3b). The surface zeta potential is —48.9 mV in
water, -8.78 mV in PBS, and -37.8 mV in Tris buffer (Figure 4.3c). 7-DHC release was
evaluated in buffer solutions at pH 5.5, 6.5 and 7.4. In a similar manner to the 7-DHC@PLGA
NP formulation, a much faster 7-DHC release was observed in acidic solutions, with nearly all

drug being released within 48 h (Figure 4.3d).
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Figure 4.3. Physicochemical characterizations of 7-DHC@PLGA NPs. (a) Negative staining

TEM image of sSLDL NPs. Scale bar, 100 nm. (b) DLS analysis of sLDL NPs in Tris buffer. (c)
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Zeta potential of SLDL NPs in Water, PBS, and Tris buffer. (d) 7-DHC release from sLDL NPs,

tested over 48 h in solutions of pH 7.4, 6.5, and 5.5, respectively.

Conclusion and Future Directions

The investigations into designing new radiosensitizers have only just begun. Utilizing
highly reactive compounds, whose pro-drug form are non-toxic, represent a new class of highly
efficient radiosensitizers in that they’re activatable by the radiation itself. Despite technological
advances in radiation therapy such as stereotactic body radiotherapy, intensity-modulated
radiation therapy, and image-guided radiation therapy, the efficacy of RT is limited by normal
tissue toxicities. Therefore, there is an unmet need for new radiosensitizing agents that are
effective but also more tolerated by patients. As such, we have designed and successfully tested a
new radiosensitizer that is not only highly effective both in vitro in CT26 colon carcinoma cells,
but also in vivo in CT26 tumor-bearing mice. Encapsulating high quantities of 7-DHC, our
formulation shows increased efficacy over radiation alone, inhibiting tumor volume by nearly 2-
fold, and extending survival time by nearly the same amount. Further, 7-DHC@PLGA NPs
exhibited no observed systemic toxicity in all blood indices assessed, as well as causing no
detectable hypercalcemia nor hematological toxicity to normal tissues.

Further, as illustrated in the final section(s) of this chapter, we illuminated on a newer
formulation, a sLDL-like liposomal nanoparticle designed to be actively targeted to the tumor
while delivering substantially higher quantities of 7-DHC. In the future, we aim to expand on
this sLDL formulation, testing its radiosensitizing capabilities both in vitro and in vivo and
expect to see an even higher therapeutic outcome compared to our already successful 7-

DHC@PLGA NP formulation. Additionally, the kinetics for nanoparticle delivery and 7-DHC
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reductase (DHCR7) conversion may have an impact on the amount of 7-DHC inside cancer cells
at the time of radiation, in turn influencing IR efficacy. It will be interesting to investigate the
impact of drug-radiation interval on sterol homeostasis in tumors and identify optimal conditions
for therapy. The related studies are underway, as are efforts to determine the identities of all the
various oxysterol derivatives and their quantities that are present in vitro following radiation. It is
interesting to note that the addition of drugs such as vitamin D3, which can selectively block the
enzymatic activity of DHCR?7, thereby increasing the amount of 7-DHC available for oxidation
can also be incorporated into the SLDL formulation to further increase the therapeutic outcome.

These studies will also be heavily investigated in the future.
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APPENDICES

A Supporting information for Chapter 2

Materials and Methods

7-DHC@PLGA-PEG nanoparticle Synthesis

7-DHC@PLGA-PEG nanoparticles (7-DHC@PLGA NPs) were synthesized by a
nanoprecipitation method following previously published protocols. Briefly, 1.5 mg of 7-DHC and
5 mg of PLGA-b-PEG-OH were dissolved in 1 mL CH3CN, and the solution added to 10 mL of
Mil-Q-H>0. The reaction was stirred at room temperature for 2 hours to facilitate the evaporation
of the acetonitrile, and the resulting solution was purified by multiple rounds of centrifugation at
2,800 RPM for 10 minutes. The final product was stored in PBS at 4°C for further experiments

and storage for up to 1 week.

Physicochemical Characterization of 7-DHC@PLGA NPs

Transmission electron microscopy (TEM) was carried out on a FEI TECNAI 20 transmission
electron microscope at 200 kV. The zeta potential and size distribution measurements were carried
out on a Malvern Zetasizer Nano ZS system (Zeta potential -13.9mV, DLS 90.0 nm). 7-DHC
loading and release studies were carried out using the absorption of 7-DHC at 282 nm on a BioTek
Synergy MX multi-mode microplate reader. The absorbance of 7-DHC was subtracted from the
water background that of the PLGA polymer at 260 nm to account for any potential overlap in
absorbance readings. The corrected absorbance was then compared to an experimentally generated
standard curve to extrapolate the drug loading and encapsulation efficiency of 7-DHC within the

polymer NP.
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LC/MS Analysis for Oxysterol Generation

Samples were generated by mixing solutions of 10 mg/mL 7-DHC, or 5 mg/mL DHCEO in 5 mL
solvent containing 4 mL CH3CN+1 mL Mil-Q-H>O (or 1 mL H>0»). Samples were treated with
either PBS or 5 Gy IR followed by incubation for 24 h. Samples were then subjected to LC/MS
analysis. The liquid chromatography was performed on an Applied Biosystems 140 B solvent
delivery system using water with 0.1% formic acid as solvent A and acetonitrile as solvent B. The
linear solvent gradient was from 70% B to 95% B over 20 minutes at a flow rate of 50 pl/min.
The column used was a Thermo Hypersil-Keystone 1 x 150 mm Biobasic-4 column with 5 pm
particle size and 300A pore size. The effluent was directed into a Bruker Daltonics Esquire 3000
plus ion trap mass spectrometer equipped with an atmospheric pressure chemical ionization
(APCI) source. The instrument was scanned in enhanced mode from 340 - 500 m/z with the
capillary at 4 KV. The dry as temperature was held at 300 degrees C at a flow rate of 4 I/min
nitrogen. The nebulizer was at 15 PSI of nitrogen. The vaporizer temperature was held at 380
degrees C. The obtained chromatogram and subsequent mass spectra were analyzed for the elution

time of DHCEO and other oxysterols, as well as the key M/Z mass signatures for DHCEO.

Physical stability of 7-DHC@PLGA NPs (7-DHC release)

The 7-DHC@PLGA NPs were incubated in 2 mL PBS at different pH values (pH=5.5, 6.5, and
7.2) to test the stability of the nanoparticle and the drug release. The samples were kept in an
incubating shaker at 37 °C in a 10k MWCO dialysis tube. At each time point (0, 0.25, 0.5, 1, 2, 4,
8, 12 and 24, 48 hours), aliquots of the samples were collected and centrifuged using a micro filter

unit (MWCO: 10k; Amicon® Cat# UFC800308). The solution’s absorbance was analyzed using
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BioTek Synergy MX multi-mode microplate reader, and once again compared to an
experimentally generated standard curve to determine the amount of free 7-DHC in the lower
portion of the dialysis tube. This absorbance corresponded to the quantity of drug released from

the nanoparticle at the given time point.

Cell culture

CT26, a murine colorectal carcinoma cell line, was cultured following the protocol provided by
the ATCC. A complete growth medium was prepared by adding 50 mL fetal bovine serum (FBS;
Atlanta Biologicals, Cat#S11150) and 5 mL penicillin-streptomycin (Corning Cat# 30-002-CI) to
450 mL of RPMI 1640 medium (Corning, Cat# 10-104-CV). The cells were sub-cultured every
three days and stored in a Thermo Scientific Heracell 1501 incubator at 37 °C and 5% COz. A day
before the experiment, the cells were washed with PBS and collected by trypsinization (37 °C, 2
min) followed by neutralization with cell culture medium and centrifugation (1200 rpm, 5 min).
The supernatant was removed, and cells were dispersed in new cell culture medium. Then, the cell
density was counted using a hemocytometer (Hausser Scientific, Cat# 3200) to seed the desired

number of cells on the experimental plate(s).

Reactive Oxygen Species Generation

Specific Reactive Oxygen Species: Superoxide (O27) generation was tested using a
Dihydroethidium assay kit (DHE, ThermoFisher™, Cat# D11347). Briefly, 7-DHC@PLGA NPs
at a concentration of 5 pg/mL and 5 pM DHE were prepared in cell culture medium. 100 pL of 7-
DHC@PLGA NP solution and 100 pL of sensor solution were added to a black 96-well-plate

(Corning Costar, Cat# 3614). The initial fluorescence was measured using a microplate reader
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(Synergy Mx, BioTeK) at excitation and emission wavelengths of 518/605 nm/nm respectively.
Subsequently, the wells containing 7-DHC@PLGA NPs were irradiated with 5 Gy using a 50 kV
X-ray generator and the fluorescence was measured again. The fluorescence was then compared

to the initial fluorescence reading to evaluate the superoxide radical generation.

Cell uptake study (Lysosome and Mitochondria targeting) using fluorescence imaging

The 7-DHC@PLGA NP colocalization in the lysosome and mitochondria were tested using
LysoTracker™ Green DND-26 (ThermoFisher, Cat# L7526) and MitoTracker™ Green FM
(ThermoFisher, Cat# M7514), respectively. Briefly, 1x10° CT26 cells were seeded on a 2-chamber
glass slide (Nunc™ Lab-Tek™ II Chamber Slide™ System, ThermoFisher) and incubated for 24
h. Then 7-DHC@PLGA-Cy5 were added to the cells and incubated for an additional 24 h at 37
°C. After the cells were washed with PBS 3 times, 90 nM LysoTracker or 148 nM MitoTracker
was added to stain the lysosome or the mitochondria for 60 min or 4 h, respectively. The cells were
fixed with 4% paraformaldehyde, and cell nuclei were stained with DAPI. The fluorescence image
was taken using a Zess LSM 710 Confocal Microscope with 40x magnification for lysosome

imaging, and 20x for mitochondrial imaging.

Cytotoxicity

The cell viability was studied with CT26 cells using the standard MTT assays. Briefly, CT26 cells
(10,000 cells per well) were seeded on clear 96-well plates (Corning Costar, Cat#3599). When the
cells adhered to the bottom, 0 — 100 pg/mL of 7-DHC@PLGA NPs were added to the cells and
incubated for 24 h. 20 pL of 10 mg/mL 3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium

bromide (MTT) solution was added into each well. After 4 h incubation at 37°C and 5% CO-, the
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solution was discarded from each well, and 100 pL of DMSO was added to each well resulting in
purple suspensions. The absorbance at 570 nm was measured using a BioTek Synergy MX multi-

mode microplate reader.

Intracellular ATP

CT26 cells at density of 10,000 cells (100 pL) per well were plated in white 96-well plates
(Corning Costar, Cat# 3610) and incubated at 37 °C for 24 h. Then, 100 pL of particle solutions
prepared in cell culture medium, 7-DHC@PLGA (5 pg/mL), 7-DHC@PLGA NPs+IR (5 pg/mL),
IR alone, or PBS were added to the cells and incubated for another 24 h followed by 5 Gy
irradiation in the IR respective groups. The IR groups were then incubated at 37 °C for 30 minutes,
followed by incubation at room temperature for 30 minutes. Subsequently, the supernatant from
each well was removed completely. Then, 100 uL ATPLite (PerkinElmer Cat# 016943) solution
was added following the manufacturers protocol. The plate was then shaken in the dark for 10
minutes, and the luminescence was read using a microplate reader (Synergy Mx, BioTeK). The

result was compared to the standard curve prepared according to the manufacture’s protocol.

Mitochondrial electric membrane potential (A¥,)

The change of mitochondrial membrane potential was measured by a JC-1 mitochondrial
membrane potential detection kit (Biotium, Cat# 30001). The JC-1 working solution was prepared
by adding 10 pL of the concentrated dye to 1 mL of FBS free RPMI medium. 200 pL of cell
culture medium containing Carbonyl Cyanide Chlorophenylhydrazone, (CCCP, positive control),
DMSO (negative control), free 7-DHC (5 or 20 pg/mL) or 7-DHC@PLGA NPs (5 or 20 pg/mL)

was incubated with cells for 4 h, then irradiated with 5 Gy. The medium was removed and replaced
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with the JC-1 working solution to incubate for another 15 min. The fluorescence signal from the
stained cells were detected using microplate reader (Synergy Mx, BioTeK; Green: ex/em 510/527
nm; Red: ex/em 585/590nm). Then, the green to red fluorescence ratios were calculated to evaluate

mitochondrial membrane depolarization.

Cytochrome c release

Cytochrome c release induced by 7-DHC@PLGA NPs was tested using ApoTrack™ Cytochrome
¢ Apoptosis ICC Antibody Kit (Abcam, Cat# ab110417). On the first day, 1x10° CT26 cells were
seeded in a 2-well chamber glass slide (Nunc™ Lab-Tek™ II Chamber Slide™ System,
ThermoFisher, Cat# 154461PK). The cells were incubated with PBS or 7-DHC@PLGA NPs
(Sug/mL) for 4 h. Then, the cells were irradiated with 5 Gy and incubated for 24 h. Then,
ApoTrack™ Cytochrome ¢ Apoptosis ICC Antibody was added following manufacture’s protocol.
Confocal images were taken at 40x magnification on a Zeiss LSM 710 Confocal Microscope to
evaluate the fluorescence colocalization. The percent colocalization of the red and green

fluorescent signals was subsequently quantified using ImageJ.

Caspase 3 activity

CT26 cells were seeded in a black 96-well-plate (Corning Costar, Cat# 3614) at a cell density of
8,000 cells per well and incubated overnight. Then the cells were incubated with PBS, IR alone,
7-DHC@PLGA alone (5 pg/mL) or 7-DHC@PLGA NPs (5 pg/mL) for 4 h followed by 5 Gy
irradiation. The cells were incubated another 24 h, and the Caspase 3 activity was evaluated using
FAM-FLICA® Caspase-3/7 kit (Immunochemistry, Cat# 94) following the manufacturer’s

protocol. Briefly, the medium was replaced with 96.7 pL of cell culture medium and 3.3 pL of
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FAM-FLICA working solution. After 1 h of incubation at 37 °C, FAM-FLICA working solution
containing cell culture medium was replaced with 1x Apoptosis Wash Buffer three times to
remove any unbound FAM-FLICA. Then, the wash buffer was replaced with 100 pL PBS. The
caspase 3 activity was evaluated by measuring the fluorescence (ex/em 488nm/530nm) using a

microplate reader (Synergy Mx, BioTeK).

Superoxide Dismutase (SOD) assay

CT26 cells at a density of 1.5x10° cells per dish were seeded in a 6 well cell culture plate (Corning,
Cat# 3516) and incubated at 37 °C overnight. The cell culture medium was removed, and the cells
were incubated for another 24 h with 1.5 mL of cell culture medium containing PBS, 7-
DHC@PLGA NPs (5 pg/mL), or IR only, or 7-DHC@PLGA NPs NPs+IR (5 pg/mL). Then, each
IR group was irradiated with 5 Gy and incubated for an additional 1 h. The cells were washed with
PBS 3 times and collected using a cell scraper followed by centrifugation (1200 rpm, 5 min). Next,
the cells were dispersed in 1 mL PBS and lysed using a probe sonicator in an ice bath (30%
amplitude, 5 min, 10 seconds on 10 seconds off). The supernatant was collected by centrifugation
(1500 x g, 5 min) and analyzed using the Superoxide Dismutase Assay Kit (Cayman Chemical,
Cat# 706002) following the manufacture’s protocol. The absorbance at 450 nm was obtained using

a microplate reader (Synergy Mx, BioTeK).

Lipid peroxidation Assay
Image-iT Lipid Peroxidation Kit (Abcam, Cat# ab118970) was used to test lipid damage. Cells
were seeded in a black 96-well-plate (Corning Costar, Cat# 3614, 8000 cells per well) and stored

in an incubator overnight. Then, the cell culture medium was refreshed with 200 uL culture
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medium containing either 7-DHC@PLGA NPs (5 pg/mL,), PBS (30 pg/mL), or 7-DHC@PLGA
NPs+IR (5 pg/mL) and incubated at 37 °C. After 24 h, excess particles were removed, and fresh
medium was added. The cells were irradiated by X-ray (5 Gy), and incubated for another 24 h.
The cell culture medium was removed and 200 pL of image-iT Lipid peroxidation sensor (30 uM)
dispersed in cell culture medium was added to the cells. After incubation for 30 minutes at 37 °C,
the medium was removed, and the cells were washed with PBS three times. The fluorescence at
two separate wavelengths (ex/em at 581/591 nm and ex/em at 488/510 nm) were read using a
microplate reader (Synergy Mx, BioTeK). The ratio of the emission fluorescence intensities at 590

nm to 510 nm was evaluated to analyze lipid peroxidation in cells.

TBARS Assay

TBARS Assay Kit (Cayman Chemical, Cat# 100009055) was used to test for the production of
MDA. Cells were seeded 100 mm cell culture dishes (Corning, Cat# 353003, 10° cells per dish)
and stored in an incubator overnight. Then, the cell culture medium was refreshed with 10 mL
culture medium containing either 7-DHC@PLGA NPs (5 png/mL,), PBS, or 7-DHC@PLGA
NPs+IR (5 pg/mL) and incubated at 37 °C. After 24 h, excess particles were removed, and fresh
medium was added. The cells were irradiated by X-ray (5 Gy), and incubated for another 24 h.
The cells were then collected using a cell scraper, and each treatment group was suspended in 1
mL PBS. The cells were then lysed on ice using a probe sonicator. (30% amplitude, 5 min, 10
seconds on 10 seconds off). The assay was then performed following the manufacturers protocol.
Briefly, 100 ul of either the sample or the standard was added to a 15 mL centrifuge tube. 100 pl
SDS solution was added to each tube, as well as 4 mL of the provided color reagent. All tubes

were then boiled for 1 h, then placed in an ice bath to stop the reaction. Each sample was then
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centrifuged at 4°C for 10 minutes at 1600 x g. Each sample or standard was then loaded onto a
clear 96-well plate (Corning, Cat#3599) in triplicate and the absorbance at 530 nm was read using
a microplate reader (Synergy Mx, BioTeK). The absorbance readings for each experimental group
were then averaged and compared to an experimentally generated standard curve, and the MDA

concentrations were determined.

yH2AX Assay

The DNA damage was studied using anti-yH2AX (Alexa 647) antibody (Millipore Sigma, Cat#
07-164-AF647). CT26 Cells (1x10%) were seeded in a 4-chamber glass slide (Nunc™ Lab-Tek™
IT Chamber Slide™ System, ThermoFisher) and incubated overnight. Then, the cell culture
medium was refreshed with 1.5 mL medium with 7-DHC@PLGA NPs (5 pg/mL), PBS, or 7-
DHC@PLGA NPs+IR (5 pg/mL). After 4 h of incubation, X-ray radiation at 5 Gy was delivered
to the IR only, and 7-DHC@PLGA NP+IR groups, and cells were incubated for another 1 h at 37
°C. The cells were collected, fixed, permeabilized, and stained with anti-yH2AX antibody
according to the protocol from the manufacturer. The presence of YH2AX protein was analyzed
using a Zeiss LSM 710 Confocal Microscope and analyzed by Imagel to evaluate and quantify the

red fluorescence and the foci number for each group.

Clonogenic Assay

To evaluate the therapeutic effect of 7-DHC@PLGA, a clonogenic assay was performed. Briefly,
1x10° CT26 cells in 1.5 mL cell culture medium were seeded in a 35 mm cell culture dish (Corning,
Cat# 430165) and stored in a 37 °C incubator overnight. Then, the cell culture medium was

refreshed with 7-DHC@PLGA NPs at 12.5 pg/mL or PBS for 24 h. Then, the cells were collected
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and 100-10,000 cells were seeded on a 100 mm cell culture plate (Corning, Cat# 353003) in
triplicate. The cells were irradiated with the corresponding dose using a 300 kV X-ray generator
and cultured for 14 days. The colonies were stained with crystal violet, counted, and a survival

fraction was evaluated by the linear quadratic (LQ) model: § = e~(@P+BD*)

Statistical analysis

The means and standard errors were calculated from at least three repeated groups in all the
experiments. Statistical significance between groups was determined with the Student’s t test
where P <0.05 was considered to be statistically significant between two groups. *P < 0.05; **P <

0.01; ***P <0.001; ****P <0.0001; ns, no significant difference.
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Figure S2.1. DLS over 5 d in PBS showing little size change in 7-DHC@PLGA NPs. Minimal

size change represents good stability over the 5 d study.
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Figure S2.2. Cellular internalization of 7-DHC@PLGA NPs. Confocal scanning laser

microscope images demonstrating that 7-DHC@PLGA NPs are internalized via endocytosis
within 1 h incubation at 37°C (lower panel). The NPs were labeled with Cy5, whose fluorescent
signal overlays well with the lysotracker dye (inset image). Endocytosis is inhibited at 4°C (top

panel), indicating that endocytosis does in fact occur at 37°C. Scale bar, 20 um

DAPI 7-DHC@PLGA MitoTracker Merged

Figure S2.3. Mitochondrial accumulation of 7-DHC@PLGA NPs. Confocal scanning laser

microscope images demonstrating that 7-DHC@PLGA NPs can accumulate within the
85



mitochondria at 4 h incubation at 37°C. The NPs were labeled with Cy5, whose fluorescent

signal overlays well with the MitoTracker dye (Yellow arrows). Scale bar, 50 um

7-DHC

Time [eir]

‘“:7 a 0¥
Oxysterol mixture
/ 7-DHC \
Oxysterol mixture
K::i ¢ 180 1w —— 160 —
S
a DHCEO-(HZO) +1,2and 3
1 Oxygen’s
. =

Figure S2.4. LC/MS data in solution. (a) solution of 7-DHC oxidized in the presence of 5 Gy

irradiation. (b) solution of 7-DHC oxidized in the presence of H20.. (c) mass spectrum indicating

key M/Z peaks for DHCEO (dehydrated DHCEO, M/Z = 399.4, DHCEO + 1, 2, or 3 Oxygen’s,

M/Z = 416.3, 431.3, or 447.3, respectively).
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Figure S2.5. Cytochrome C release from complex Va of the mitochondria in CT26 cells.
Confocal scanning laser microscope images demonstrating that 7-DHC@PLGA NPs +IR cause a
significant decrease in the colocalization of the green and red fluorescent signals compared to IR
alone. Cytochrome C that is still localized within the mitochondria shows a yellow-orange
fluorescent signal in the merged images. Released Cytochrome C shows more bright green

signals in the merged images as seen in 7-DHC@PLGA + IR treated cells. Scale bar, 20 um
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Figure S2.6. Confocal scanning laser microscope images showing DNA double strand breaks

(DSBs). DSBs were probed using a fluorescent antibody for yH2AX, (anti-yH2AX, AF-647).
Compared to IR alone, CT26 cells treated with 7-DHC@PLGA + IR caused a drastic increase in

the red fluorescent foci. Each focus represents a DNA DSB. Scale bar, 20 um.
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Figure S2.7. MTT assay showing toxicity associated with 3p,5a-dihydroxycholest-7-en-6-one

(DHCEO). ICs value, 7.54 pg/mL.
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Figure S2.8. Preliminary in vitro oxysterol generation. The production of DHCEO as well as 7-
keto-8-DHC and Cpd2B following irradiation of 7-DHC@PLGA NPs with and without vitamin
Dz (VD3) is observed. VD3 blocks the DHCR7 enzyme, thereby allowing more 7-DHC to be

oxidized to oxysterols.
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B Supporting information for Chapter 3

Materials and Methods

Small animal models

For therapy as well as associated toxicity studies, a CT26 subcutaneous mouse model was used.
The animal model was established by subcutaneously inoculating 1 million CT26 cells onto the
right hind leg of 4 week old female balb/c mice (Charles River). All the animal studied were
performed according to a protocol approved by the Institutional Animal Care and Use Committee

(IACUC) of University of Georgia.

In vivo radiation therapy

An in vivo therapy study was performed using 20 4-week old female Balb/c mice purchased from
Charles River. The mice were cared for by following the Animal Use Protocol (AUP). The tumor
model was developed by subcutaneous injection of 2x10° CT26 cells into the right flank of each
animal. When the tumor size reached 100 mm?, the mice were randomly divided into four groups
(PBS, PBS+RT, and 7-DHC@PLGA NPs, 7-DHC@PLGA NPs+RT). The materials (10 mg/kg,
125 pL) were delivered by tail vein injection, and the tumors were irradiated with 5 Gy at 4 h after
the injection, with the remainder of the body shielded by lead. The therapy was delivered every 48

h, for a total of 3 doses. The tumor size was measured every 2 days with calipers, and the tumor

tumor length x tumor width?
2

where

volume was calculated using the equation: Tumor volume =

tumor length > tumor width. The mice were sacrificed when they reached a humane end point,

including either length or width was > 1.7 cm, the weight loss was more than 20%, or any tumor
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discharge was observed. The tumors and major organs such as liver, heart, lung, kidney, and spleen
were collected for histological analysis using hematoxylin and eosin (H&E) staining. The tumors
were also stained for Ki67, as well as using a TUNEL assay kit (Abcam, Cat# ab206386) to
evaluate apoptotic cell death. Each stained tissue was examined under a digital microscope, and
the most representative areas were captured and compared to see the difference between the

groups.

Hematology and blood chemistry

In a separate experiment, three Balb/c mice were intravenously injected with PBS or 7-
DHC@PLGA NPs (5 mg/kg). Blood samples were collected using a cardiac puncture blood
collection method. 250 puL of each of the blood samples were tested for a complete blood count to
evaluate the total number of each type of blood cell. Remaining blood samples were used to

evaluate liver function using the Alanine Aminotransferase (ALT) kit (Abcam, Cat# ab105134).

Statistical analysis

The means and standard errors were calculated from at least three repeated groups in all the
experiments. Statistical significance between groups was determined with the Student’s t test
where P <0.05 was considered to be statistically significant between two groups. *P < 0.05; **P <

0.01; ***P <0.001; ****P <0.0001; ns, no significant difference.
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C Supporting information for Chapter 4

sLDL nanoparticle synthesis

The synthetic low density lipoprotein nanoparticles (sLDL NPs) were synthesized by a thin film
hydration method following previously published protocols with modifications. Briefly, a 3:2:1
molar ratio of phosphatidyl choline (PC), triolein (TO) and 7-DHC were dissolved in 10 mL
solvent (2:1 v/v CHCl3:CH30H). The solvent was evaporated at elevated temperature on a Buchi
RII rotary evaporator, and the resulting lipid film was rehydrated at T > 41°C in 0.01 mM Tris
buffer, pH = 8 and allowed to stir for 1 h. Following hydration, the resultant NPs were
subsequently extruded by multiple passes through an Avanti Lipid Extruder using a 0.01 um
polycarbonate filter. The resultant lipids were centrifuged at 10,000 RPM for 1 h, resuspended in
fresh Tris buffer, and sonicated in a Branson M2800H bath sonicator for 30 minutes. The final
product can be freeze dried by lyophilization, and stored at -20°C for further experiments for up

to 1 week.

Physicochemical characterizations of sSLDL nanoparticles

Transmission electron microscopy (TEM) was carried out on a FEI TECNAI 20 transmission
electron microscope at 200 kV. The zeta potential and size distribution measurements were carried
out on a Malvern Zetasizer Nano ZS system (Zeta potential -48.9mV, DLS 106.0 nm). 7-DHC
loading and release studies were carried out using the absorption of 7-DHC at 282 nm on a BioTek

Synergy MX multi-mode microplate reader. The corrected absorbance was then compared to an
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experimentally generated standard curve to extrapolate the drug loading and encapsulation

efficiency of 7-DHC within the polymer NP.
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