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Abstract

Atherosclerosis is a chronic disease characterized by lipid plaque
accumulation in arterial blood vessels, which leads to luminal reduction. Over time,
this condition can restrict vital blood flow causing chronic conditions, such as
angina, as well as acute coronary events, such as myocardial infarction. Although
therapies aimed at treating conditions of atherosclerosis, such as hyperlipidemia and
hypertension, can successfully mitigate clinical symptoms, preventing atheroma
development early on is critical to long-term success. Accordingly, recent research
demonstrating the critical role of the inflammatory response during initiation of the
disease has spurred the development of treatments and techniques aimed to identify
and treat areas of inflammation, with the ultimate goal of attenuating atherogenesis.

17B-Estradiol (E2) is a sex steroid that has been shown to have such anti-
inflammatory effects on the vascular system. However, conventional pharmaceutical
treatments of hydrophobic active agents, such as E2, typically cannot be
administered locally due to insufficient uptake at sites of delivery. Therefore, the
main objective of this thesis was to develop a nanoliposome delivery system for E2
with the aim of treating atherosclerotic inflammation. To this end, a liposomal
delivery system composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
cholesterol, and a cationic charging agent, dimethyldioctadecyl-ammonium (DDAB),
was developed. The optimized vector was capable of an E2 encapsulation efficiency
of 51.2 + 3.6% and loading capacity of 7.3 + 0.5 pg/mg, while cellular uptake in

human coronary artery endothelial (HCAE) cells was demonstrated using florescence
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spectroscopy and confocal microscopy. E2-loaded liposomes were shown to reduce
the expression of vascular cell adhesion molecule-1 (VCAM-1), an inflammatory cell
biomarker, in response to the proinflammatory agent, C-reactive protein (CRP) in
HCAE cells. Similarly, pretreatment with E2-loaded liposomes reduced the secretion
of interleukin-8 (IL-8) and tumor necrosis factor alpha (TNF-) by 60% and 68%,
respectively, demonstrating the potential for this therapy to be used to address
atherosclerotic-based inflammation.

Within the framework of treating cardiovascular inflammation, the
localization and detection of early stages of atherosclerotic plaque formation is
crucial to successful diagnosis and, consequently, the appropriate application of
therapeutic drug delivery vehicles. Accordingly, the second major objective of this
work was to develop a surface-enhanced Raman scattering (SERS) nanoprobe for the
detection of vascular inflammation in vitro. The SERS nanoprobe was fabricated by
microwave technology and composed of a gold core, coated with the Raman reporter
4-mercaptobenzoic acid (4-MBA), and poly(allylamine hydrochloride) (PAH). To
detect the wupregulation of VCAM-1 in HCAE cells, the nanoprobe was
biofunctionalized with the target antibody (anti-VCAM-1). Results demonstrated that
SERS nanoprobes could successfully be used to detect and localize VCAM-1
expression in vitro via confocal Raman microscopy. Overall, this dissertation serves
as an important step towards both delivering E2-loaded liposomes with the aim of
attenuating the inflammatory response during the initiation of atherosclerosis, in

tandem with a novel approach to detect and visualize areas of inflammation in vitro.
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Résumé

L'athérosclérose est une maladie chronique caractérisée par 1’accumulation
d’une plaque lipidique dans les vaisseaux sanguins artériels résultant une réduction
luminal. Au cours des années, cette condition peut restreindre le flux vital de sang et
provoque des maladies chroniques, comme I'angine, ou bien des éveénements
coronariens sérieux, tels que l'infarctus du myocarde. Méme si les thérapies pour
traiter  certaines conditions d'athérosclérose, comme I'hyperlipidémie et
I'hypertension, peuvent atténuer les symptomes cliniques, la prévention du
développement de 1'athérome est essentielle au succeés a long terme de ces thérapies.
Par conséquent, des recherches récentes démontrant le réle critique de la réponse
inflammatoire lors de l'initiation de l'athérosclérose ont conduit a développer des
traitements qui peuvent réduire I'inflammation, et de ce fait, I'athérogenése.

17B-Estradiol (E2) est un stéroide qui a des effets anti-inflammatoires sur le
systeme vasculaire. Cependant, étant an agent hydrophobe, E2 ne peut généralement
pas étre administré localement en raison d'une mauvaise absorption des sites de
livraison. C’est dans ce contexte que cette thése vise a développer tout d’abord un
véhicule d’un agent anti-inflammatoire (E2) dans le but de traiter une inflammation
athéroscléreuse. Ce systeme était composé de 1,2-dioléoyl-sn-glycéro-3-
phosphocholine (DOPC), cholestérol et d’un agent cationique, diméthyldioctadécyl-
ammonium (DDAB) pour former des nanoliposomes. Une fois optimisés, les
nanoliposomes ¢étaient en mesure d'encapsuler 51,2 = 3,6 % de I’E2, avec une
capacité de 7,3 £ 0,5 ug/mg. L'internalisation cellulaire a été évaluée en utilisant des
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cellules de l'artére coronarienne humaine via la spectroscopie de fluorescence et
microscopie confocale. Les liposomes encapsulant E2 ont réduit 1'expression du
molécule adhésion de cellulaire vasculaire-1 (VCAM-1), un biomarqueur de cellules
inflammatoires, en réponse a l'agent pro-inflammatoire, protéine C-réactive (CRP)
dans les cellules de l'artére coronarienne humaine. De plus, prétraitement avec les
liposomes-E2 a réduit la sécrétion de l'interleukine-8 (IL-8) et facteur de nécrose
tumorale alpha (TNF-a)) de 60% et 68%, respectivement, ce qui démontre le potentiel
de cette thérapie pour traiter I’inflammation a base d'athérosclérose.

Afin de diagnostiquer et utiliser des agents thérapeutiques, il est également
nécessaire de localiser et détecter les plaques athérosclérotiques. C’est ainsi que le
deuxiéme objectif majeur de cette thése s’inscrit dans le cadre de développement des
nanoprobes pour détecter l'inflammation vasculaire in vitro a D’aide de la
spectroscopie Raman exaltée par effet de surface (SERS). Ces nanoprobes,
fabriquées par la technologie de microonde, sont composées d'un noyau d'or,
enrobées du rapporteur Raman 4-mercaptobenzoique acide (4-MBA), et
poly(allylamine hydrochloride) (PAH). Pour détecter 1’expression des molécules de
I'adhésion des cellules vasculaires (VCAM-1) dans les cellules de ['artére
coronarienne humaine, les nanoprobes ont été biofonctionnalisées avec 1'anticorps de
VCAM-1 (anti-VCAM-1). Les résultats ont démontré que les nanoprobes peuvent
étre utilisées pour détecter et localiser I'expression de VCAM-1 in vitro par la
spectroscopie Raman et la microscopie confocale. Les résultats de cette theése

constituent donc un pas important vers le développement d’un véhicule d’agents anti-
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inflammatoires afin d’adresser la réponse inflammatoire impliquée dans I’initiation
de l'athérosclérose. Ceci accompagné de la méthode d’imagerie proposée offrirait un

outil robuste pour la détection des zones inflammatoires in vitro.
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Thesis Outline

In Chapter 1, a general introduction to this thesis is presented. Motivation for
the project, specifically the need to treat and diagnose atherosclerosis prior to the
onset of clinical symptoms, underpins the problem statement and objectives. The
originality of this work and highlights of accomplishments are also presented in this
chapter. Chapter 2 provides the rationality for the application of E2 to address
atherosclerotic inflammation, the requirement for a liposome-based system to deliver
E2, and the application of surface-enhanced Raman spectroscopy to diagnose
inflammation in vitro. The research hypothesis and objectives are presented in
Chapter 3.

Chapters 4, 5, and 6 present background information and a comprehensive
literature review of the topics covered in this thesis. Chapter 4 describes the
pathophysiology of atherosclerosis, contribution of the inflammatory system, as well
as current therapeutics approaches to the disease. A primer on the role of estrogen in
the cardiovascular system is also included in Chapter 4, with an emphasis on its role
in vascular inflammation. Chapter 5 is comprised of a published review article that
details the role of liposome-based systems to treat and diagnosis cardiovascular
disease. A critique is additionally provided in this chapter on the future of liposome
technology in the context of cardiovascular disease. Chapter 6 highlights various
technologies used to assess inflammation in vitro and explores, in particular, the

application of surface-enhanced Raman spectroscopy to achieve this goal.



Chapter 7 presents the development of a novel liposome vector for the
delivery of 17fB-estradiol (E2). The purpose was to optimize delivery system
fabrication via thin film hydration and characterize in terms of E2 encapsulation
efficiency, loading capacity, and release kinetics. The cytotoxicity and cellular
uptake capabilities of the liposomes were assessed in human coronary artery
endothelial cells. Results showed that liposomes could be used to deliver E2 with the
aim of reducing vascular inflammation, which is a key to attenuating atherogenesis.

Chapter 8 reports the in vitro application of the liposome vehicle developed in
Chapter 7 to address inflammation in a vascular cell model. E2-loaded liposomes
were investigated for their ability to attenuate the inflammatory response initiated by
C-reactive protein (CRP) in a vascular cell model. Results demonstrated that E2-
loaded liposomes could successfully be applied to address and possibly treat the
inflammatory components of atherosclerotic initiation.

Chapter 9 investigates the application of a surface-enhanced Raman
spectroscopy nanoprobe fabricated via microwave irradiation to localize the
expression of inflammatory biomarkers in vitro. Specifically, the fabrication of gold
nanoparticles coated with 4-mercaptobezoic acid, layered with a protective polymer
of poly(allylamine) hydrochloride, and functionalized with the antibody to VCAM-1
is introduced. Detection and localization of VCAM-1 expression using the

assembled nanoprobes in human coronary artery endothelial cells is presented.



Finally, Chapter 10 provides a summary and discussion of this thesis project
and submits an outline of the future work to move the application of the E2 delivery
vehicle to in vivo studies and clinical translation. The combinatorial tactic that could
be utilized to maximize the therapeutic and diagnostic potential of this work is

explored.



Chapter 1: Introduction

Cardiovascular disease (CVD), which encompasses a collection of heart and
vascular-based disorders, is the second leading cause of death amongst Canadians
[1]. Despite recent reductions in the morbidity and mortality associated with CVD, it
still accounts for roughly 30% of deaths in Canada and imposes a significant
economic burden, with over $20 billion attributable to health care costs, lost wages,
and decreased productivity. Atherosclerosis, which is characterized by the build-up
of plaque in blood vessels, is the underlying condition of the majority of CVD
complications and deaths, including myocardial infarction, stroke, and aneurism.
However, the complex pathophysiology of atherosclerosis, characterized by a diverse
accumulation and remodeling of plaque [2], can make it difficult to correctly
diagnose and effectively treat [3]. Common therapeutic strategies include lipid-
lowering [4, 5] and anti-hypertensive drugs [6, 7], though recent evidence
highlighting the role of inflammation has engendered the application of strategies to
attenuate the immune-mediated aspects of the disease [8-10]. Equally, the
inflammatory initiation of atherosclerosis and associated endothelial dysfunction may
serve as a practical target to localize and detect plaque prior to the onset of clinical
symptoms.

The female sex hormone 17B-estradiol (E2) has been shown to decrease
vascular inflammation [11-13], in addition to other cardioprotective effects [14, 15].

However, conventional pharmaceutical treatments of hydrophobic active agents, such



as E2, cannot be administered locally due to toxicity effects, poor retention, and
cellular uptake at sites of delivery. Therefore, for the first part of this project, we
propose to engineer and study the effects of a liposomal delivery vehicle for E2 with
the aim of treating inflammatory-based atheroma initiation. In parallel, we recognize
that early detection and localization of endothelial dysfunction is of particular
importance to efficiently deliver nanoparticle-based delivery vectors to sites of
atherosclerotic initiation. Consequently, for the second part of the project, we
focused on the development and application of a surface-enhanced Raman scattering
(SERS) nanoprobe to detect and localize areas of inflammation in an in vitro vascular
cell model. The application of this technology in tandem with E2-liposome based-
vectors could allow for precise localization of plaque formation, facilitate the
delivery of therapeutic drugs to areas of endothelial activation, and ultimately
attenuate the development of atherosclerotic plaque and reduce acute coronary
events.

The originality of this project lies in two general areas: (i) the development of
a cytocompatible liposome delivery vehicle for E2 with demonstrated cellular uptake
and anti-inflammatory properties, and (ii) the engineering of a novel surface-
enhanced Raman scattering (SERS) nanoprobe via microwave technology for the
detection of inflammatory biomarkers in vitro. Although some researchers have
investigated the delivery of E2 with various nanoparticles [16-18], and others have

probed the application of liposomes with various estrogens [19, 20], this work is the



first to conduct a study on the encapsulation of E2 within various lipids and report
effects on encapsulation efficiency and loading capacity. Furthermore, we are the
first to demonstrate that liposome uptake in human coronary artery endothelial cells
is increased significantly in liposomes composed of cationic lipids, compared to
those made of neutral or anionic lipids. As well, we show for the first time that pre-
treatment with E2-liposomes confers anti-inflammatory effects in human coronary
artery endothelial cells by decreasing the expression of inflammatory cell adhesion
markers and cytokines. With regards to the SERS imaging, there are no reports on
the application of microwave technology to successfully synthesize SERS
nanoprobes. We are the first to apply this technology to rapidly produce stable
nanoprobes capable of straightforward bioconjugation and application to map the

expression of inflammatory biomarkers in vitro.



Chapter 2: Thesis Rationale

2.1 Rationale for 17p-Estradiol to Treat Atherosclerotic Inflammation

Epidemiological data has shown that premenopausal woman experience
significantly less incidents of adverse coronary events compared to men of the same
age and postmenopausal women [21]. Though there are a variety of factors that may
contribute to this finding, numerous studies have demonstrated convincing evidence
for the role of estrogens, which are present in higher levels in premenopausal females
[22]. Particularly, E2 has been shown to affect a variety of cardiovascular processes,
conferring local effects on cardiac [23, 24] and endothelial cells [25, 26], reactive
oxygen species [27], and inflammatory mechanisms [28]. In terms of attenuating the
early development of atherosclerosis, the effects of E2 on inflammation are of
particular interest. Indeed, it has been shown the blocking the attachment and entry
of monocytes may prevent the development of atherosclerotic lesions in murine
models [29] and that the modulating expression of endothelial cell ligands, such as
ICAM-1 and VCAM-1, play an integral role in this process [30]. The early
expression of VCAM-1 in the development of atheromas [2] is particularity relevant
in the context of E2, since E2 has been shown to downregulate VCAM-1 expression
in cells [13, 31]. As well, E2 has been shown to inhibit the secretion of cytokines,
such as IL-1 and IL-6 [28], IL-8[32], and TNF-a [33], which are key modulators of

inflammation. Considering this data, we propose to develop and characterize a



liposomal-E2 delivery system with the aim of attenuating the inflammatory response,

and consequently the progression of atherosclerotic disease.

2.2 Rationale for Liposome-Based Delivery System

Conventional pharmaceutical treatments, such as E2, often require high
dosages due to non-specific distribution, poor retention at sites of delivery, and short
half-lives experienced in vivo. These levels can lead to adverse side effects and
unsustainable drug levels. Encapsulation into liposomes, which are defined as
artificial vesicles composed of an aqueous core surrounded by lipid bilayers, has
been proposed as a means to remedy these obstacles by controlling therapeutic
delivery over a desired timeline [34], shielding the body from toxicity [35],
increasing residence time, and protecting therapeutic agents from degradation [36].
In addition, liposomes are advantageous since they are generally composed of
naturally derived materials that are biocompatible. On account of their hydrophilic
core and lipophilic outer layer, liposomes can encapsulate most active agents,
irrespective of solubility and physical properties. This property makes them well
suited to delivering a variety of drugs.

The application of liposomes to deliver E2 is therefore proposed to improve
delivery efficacy over conventional methods. Oral delivery of E2 suffers from poor
bioavailability (~10%) due to first pass metabolism, and can elicit negative changes
in hepatic gene expression due to uptake by the liver [37]. Furthermore, a systemic

delivery of free E2 cannot specifically migrate to areas of vascular inflammation in
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the body, which could result in potentially unwanted side effects. On the other hand,
a liposomal delivery of E2, specifically designed for uptake by endothelial cells,
could serve to improve delivery to affected sites. Moreover, the capability of
liposomes to carry highly specific targeting antibodies, could further improve
accumulation, target cell uptake and, consequently, therapeutic efficacy. While water
soluble E2, which is enclosed within a cyclodextrin matrix, can be purchased
commercially and utilized for in vitro studies, it is not suitable for translation to in
vivo studies due to potential toxicity issues [38] and lack of a control over delivery
compared to nanoparticulate vehicles. It is for these reasons that we propose to
develop a liposomal delivery system for E2, capable of assisting the cellular delivery

of E2 with the ultimate goal of attenuating the development of atherosclerosis.

2.3 Rationale for Surface-Enhanced Raman Scattering to Detect Atherosclerotic

Inflammation

Biochemical assays, such as Western blot and ELISAs, are routinely used to
quantify the expression of cellular adhesion molecules, however these approaches do
not furnish localization information. Raman micro-spectroscopy, on the other hand,
enables simultaneous chemical identification and imaging. Raman micro-
spectroscopy has recently been used in the pharmaceutical and biomaterial fields
owing to advantages such as minimal sample processing, as well as the non-invasive

and non-contact nature of the technique [39]. However, the primary challenge to



using Raman spectroscopy effectively, especially to study cellular systems, is weak
signal intensities.

Of interest to diagnostic and drug delivery research is the application of
surface enhanced Raman scattering (SERS), which can yield significant
improvements in signal intensity when molecules are near or adsorbed to the surface
of nanostructured materials [40]. Such nanomaterials, referred to as SERS substrates
or probes, can be exploited to specifically identify target molecules, such as cellular
adhesion molecules, when studded with Raman reporters and functionalized with
bioactive ligands [41]. With these properties in mind, we aimed to develop a Raman
scattering nanoprobe capable of detecting and localizing the expression of VCAM-1
expression in human coronary artery endothelial cells. The ultimate goal of this
technology would be to use SERS diagnostic information as a basis for cell treatment
with E2.

Commercially available 50 nm gold nanoparticles were selected based on
their inert properties, cytocompatibility, long-term stability, and Raman signal
intensifying properties [42]. The aromatic thiol, 4-MBA, was selected as Raman
reporter due to its propensity to form surface adsorbed monolayers (SAMs) onto gold
nanostructures that yield strong Raman scatting signals, with characteristic peaks at
1076 and 1586 cm™ (attributed to aromatic ring vibrations) [42, 43]. The cationic
polyelectrolyte, poly(allylamine hydrochloride) (PAH), was selected as the protective

coating due to it’s amine groups that serve as antibody functionalization anchors, as
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well as previous research supporting successful application both in vitro and in vivo
[44]. Finally, VCAM-1 was selected as the target biomarker for vascular
inflammation since previous research had shown upregulation in HCAE cells upon

activation with the proinflammatory agent, CRP [13].
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Chapter 3: Thesis Hypothesis and Objectives

3.1 Hypothesis

Recent evidence citing the role of the inflammatory response in the
development of atherosclerosis has incited the application of anti-inflammatory
agents to reduce atherogenesis in the vasculature. Accordingly, we hypothesized that
a liposomal delivery vehicle for E2 may aid delivery of the drug and attenuate the
inflammatory response in human coronary artery endothelial cells, while surface-
enhanced Raman scattering could be used as a means to detect and localize sites of

inflammation in the same cell model.

3.2 Thesis Objectives

The main objective of this dissertation was, therefore, to develop a delivery
system for E2 with the goal of treating inflammatory-mediated aspects of
atherosclerosis. Given the role of accurate detection in the treatment and diagnosis of
atherosclerosis, the secondary objective was to investigate a novel approach to detect
and localize the upregulation of inflammatory biomarkers in vitro using confocal
Raman microscopy.

The goals of this project can be broken into the following sub-objectives:
Objective #1: Develop and characterize a liposome based-delivery system for E2

(Chapter 7).
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Objective #2: Study the in vitro uptake capacity of liposomal-E2 delivery device in
human coronary artery endothelial cells (Chapter 7).

Objective #3: Investigate the ability of E2-loaded liposomes to attenuate the
inflammatory response incited by C-reactive protein in human coronary artery
endothelial cells (Chapter 8).

Objective #4: Develop and characterize a surface-enhanced Raman scattering
nanoprobe with the goal of detecting inflammatory biomarkers in vitro (Chapter 9).
Objective #5: Utilize the probe developed for Objective #4 in combination with
confocal Raman microscopy to localize and detect the inflammation biomarker

VCAM-1 in human coronary artery endothelial cells (Chapter 9).
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Literature Review and Background

The following three chapters provide the contextual knowledge and
comprehensive literature review required for the completion of this thesis project.
Chapter 4 presents the pathophysiology of atherosclerosis and features recent
evidence demonstrating the role of the inflammatory response in the initiation of
atherogenesis. Current approaches to the treatment of atherosclerosis, including
therapies aimed at controlling serum lipid levels, reducing blood pressure and clots,
as well as invasive interventions, are described. An analysis of the applications and
advantages of anti-inflammatory treatments with the aim of attenuating atherogenesis
are also presented in this chapter. The cardioprotective effects of estrogens in general
and in the context of addressing atherosclerotic inflammation, are also included in
Chapter 4.

Chapter 5 is comprised of a published review article written by the candidate
and is focused on the application of liposome vectors to treat and diagnose
cardiovascular-based diseases. An exhaustive review of liposomal targeting to the
cardiovascular system, as well as various pharmacological and gene delivery
applications using liposomes to treat cardiovascular diseases are included. Finally,
the application of liposomes for cardiovascular imaging and diagnostic purposes is
highlighted. This review paper, entitled “Liposome Technology for Cardiovascular
Disease Treatment and Diagnosis”, was accepted for publication in the journal

Expert Opinion on Drug Delivery in February 2012.

14



Chapter 6 details current technological approaches to assessing inflammation
in vitro. Western blot, enzyme-linked immunosorbant assay, fluorescence, and
spectroscopy-based techniques are explored. A particular emphasis on the use and
purported advantages of surface-enhanced Raman scattering for detection and
localization of inflammation in vitro is included. The need for a multifaceted method,
such as surface-enhanced Raman scattering, to both detect and localize inflammation
in the vasculature is described.

The knowledge gained from these literature reviews aided to inform the
problem statement and provide the candidate with the basic biological and
technological background needed to design, characterize, and demonstrate the

application of the nanoparticle-based vectors developed in this project.
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Chapter 4: Atherosclerosis and Estradiol Delivery
4.1 Atherosclerosis

Atherosclerosis is a class of CVD, characterized by the build-up of fatty
lesions or plaques in arteries [2]. Encompassing both genetic and lifestyle
components, physiological progression of the disease begins early in life with clinical
symptoms often only revealed in later years. Atherosclerosis can be manifested in
both chronic and acute aspects, with the rupture of lesions leading to major adverse
cardiovascular events, such as myocardial infarction and stroke [45]. Acute coronary
syndrome can also result from atherosclerotic plaque formation, and may encompass
chronic chest pain or angina pectoris.

Traditional concepts of the disease portrayed hyperlipidemia, the ensuing
accumulation of lipoproteins in the vascular wall, and the proliferation of cells upon
activation of the endothelium to be the basis of plaque development, however recent
evidence has indicated that the immune system may play an equally significant role
in the initiation and evolution of the disease [8, 30]. The next section will provide a
brief introduction to the basics of vascular biology and outline the current
understanding of the pathophysiology of atherosclerosis, which will serve as a
backdrop for the summary and rationale for the various treatments approaches that

follow.
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4.1.1 Atherosclerosis Pathogenesis

Atherosclerosis occurs in the medium- and large sized artery walls. Arteries
are composed of three distinct concentric layers of tissue: the intima, media, and
adventitia (See Figure 4.1) [2]. The intima is composed of endothelial cells (ECs)
that line the arterial wall and are the point of contact with blood in healthy
individuals. Not simply a static barrier, ECs participate in a dynamic process of
monitoring vascular permeability, inflammation, interactions with blood components,
as well as in the construction of new blood vessels [2]. The endothelial layer resides
on an internal elastic lamina, which is composed primarily of fibronectin, collagen,
and proteoglycans. The medial layer affords structural support, and is comprised of
smooth muscle cells (SMCs) interlaced with layers of extracellular matrix. The
outermost adventitial layer is similarly composed of collagen, though less densely
packed than the collagen of the intima, and houses nerve endings, as well as

fibroblasts, and mast cells.
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Figure 4.1 — Schematic depicting the basic structures of normal arteries. The
intima is made up of endothelial cells, which are in direct contact with blood,
and a fibrous matrix constituting the internal elastic lamina. The media is
primarily smooth muscle cells that provide tone and structural support to the
artery. The outermost layer, or adventitia, is made of loosely packed
extracellular matrix proteins, fibroblasts, and mast cells.
Reproduced from [46].

The initial stages of atheroma progression are understood to occur when
small lipoproteins accumulate in the wall of the intima [2]. Overtime, these
lipoproteins, specifically low-density lipoprotein (LDL), tend to form aggregates in
the arterial wall and undergo various chemical changes, such as oxidation or
glycation, which induces the activation of ECs (See Figure 4.2). Activated ECs then
express inflammatory adhesion molecules, such as vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), as well as secrete

chemokines that recruit monocytes to the area. Monocytes that adhere to the

endothelium then permeate the intima, where they can differentiate into macrophages
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and endocytose oxidized-LDL (ox-LDL) to become fat-laden foam cells. These foam
cells serve as the basis for the formation of ‘foamy plaques’ or ‘fatty streaks’ [46].
Though such lesions may not be clinically significant, they can undergo necrotic
breakdown to transform into more threatening fibrous lesions that can occlude blood
flow, erode, or rupture, resulting in unstable angina, myocardial infarction, and/or

stroke [30].
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Figure 4.2 — Schematic of the evolution of atherosclerotic plaque. Low-density
lipoprotein accumulates in the arterial wall, becoming oxidized. Oxidized low-
density lipoprotein induces activation of endothelial cells, which express
inflammatory adhesion molecules and secrete chemokines. Recruited
monocytes migrate into the artery, differentiate into macrophages, and take up
oxidized low-density lipoprotein to become foam cells. These foam cells, as well
as T cells, release growth factors that promote proliferation of smooth muscle
cells and extracellular matrix proteins creating a fibro-fatty lesion.
Reproduced from [47].
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The transition from fatty streak to fibrous lesion occurs upon accumulation of
foam cells that secrete growth factors promoting the migration and proliferation of
SMCs, as well as the secretion of extracellular matrix proteins (see Figure 4.2).
Overtime, this process leads to significant plaque growth that can impede blood flow
through the artery. T helper cells at the site may also promote further activation of
the endothelium by secreting proinflammatory chemokines, such as interferon
gamma (IFNY) and tumor necrosis factor-alpha (TNF-a) [47]. These can alter plaque
composition and increase susceptibility to rupture. In later stages of the disease,
SMCs that have penetrated the intima may undergo programmed cell death
(apoptosis) triggered by inflammatory molecules present in the atheroma. The
resulting plaque becomes a cesspool of dead or dying cells and associated debris that
may become calcified. Eventually, the fibrous capsule encasing a lipid-rich core may
severely restrict blood flow, resulting in chronic stable angina. Acute events, such as
myocardial infarction or unstable angina, occur primarily from lesions that do not
cause significant stenosis of the artery, though the mechanism of plaque development
is similar [2]. A given plaque’s susceptibility to rupture, initiate thrombosis, and thus,
trigger acute cardiovascular events, may likewise be governed by inflammatory
mechanisms. Specifically, macrophages at the site that express catabolic enzymes,
such as matrix metalloproteinases and elastic cathepins, can break down collagen and
extracellular matrix, weakening the structural integrity of the fibrous cap and leaving

it prone to rupture [48].
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Overall, it is evident that the initiation of a maladaptive inflammatory
response plays a critical role in atherogenesis, as well as associated atheroma
complications, and thrombosis. Figure 4.3 summarizes the role of inflammation and
lipid metabolism on the accumulation of plaque. Specifically, the activation of ECs
to express inflammatory adhesion molecules, such as ICAM-1 and VCAM-1, helps
promote blood-borne monocyte attachment, and infiltration into local tissue.
Furthermore, cells secrete proinflammatory mediators and oxidants that can
exacerbate the response and promote plaque development. The proinflammatory
response releases markers such as TNF-a, interleukin-6 (IL-6), and interleukin-8 (IL-
8), which can engage hepatic receptors to release C-reactive protein (CRP).
Accordingly, an increase in circulating inflammation markers, such as CRP, is
predictive of cardiovascular events even in individuals with normal levels of
traditional lipid biomarkers, such as LDL cholesterol [49]. In addition, CRP has been
shown to mediate local inflammation, which may also contribute to cyclical feedback
of inflammation and exacerbation of this chronic condition [50]. Thus, potential
approaches to atherosclerosis management and treatment may well benefit from a
focus on addressing the inflammatory components of the disease, in addition to the

dyslipidemia that contributes plaque initiation and evolution.
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Figure 4.3 — Schematic diagram depicting the inflammation cascade and its
effects on atherosclerotic plaque development.
Reproduced from [51].

4.1.2 Therapeutic Approaches for Atherosclerosis

Due to the multifaceted nature of atherosclerosis, current treatments can
broadly be categorized based on their target actions. Specifically, these can be broken
down into strategies aimed to: (i) control serum lipid levels, (i1) reduce blood
pressure, and (ii1) mediate or attenuate thombolytic complications [52]. In addition to
modulating risk factors through diet and lifestyle, a significant portion of
atherosclerosis prevention and treatment has focused on addressing dyslipidemia,
which is highly predictive of CVD [48]. Pharmacological approaches have been
designed to reduce lipid cholesterol levels and/or target certain enzymes and
molecules involved in the atherogenic process [53]. For example, 3-hydroxy-3-

methylglutaryl-CoA reductase inhibitors (statins) [5], ezetimibe [54], nicotinic acid
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[55], and fibrates [56] have all been shown to have favorable effects on
hypercholesterolemia. Reducing cholesterol levels via drug therapy has indeed been
correlated to decreased atheroma size (evolution stage), with statins in particular,
demonstrating the most promising changes in CVD morbidity and mortality [57].

In addition to lipid lowering treatments, alternative approaches include anti-
hypertensives or vasodialators, such as B-blockers [58] and renin-angiotensin (ACE)
inhibitors [59], that work to control blood pressure and reduce the risk of
atherosclerotic complications [60]. However, this approach does not treat atheroma
initiation or progression but rather reduces one of the risk factors (high blood
pressure) associated with atherosclerotic complications. Other approaches include
anti-thrombolytic agents or anti-platelet therapies, such as aspirin and/or clopidogrel
[61], similarly are used to prevent acute atherosclerotic events. Invasive strategies,
such as percutaneous coronary interventions and coronary by-pass surgery, are
typically utilized upon clinical manifestation of symptoms and for the management
of acute or chronic complications, for example thrombosis and myocardial infarction
[2].

Owing to the prominent role of inflammation in the pathogenesis of
atherosclerosis described in Section 4.1 [8], an alternative treatment strategy has
recently been employed to target this component of the disease. Specifically,
pharmacological immunomodulation agents and vaccination have been investigated

as a means to delay atheroprogression [62]. Exploiting adaptive immunity via
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vaccination has afforded limited success, with some groups demonstrating that
immunization with oxLDL reduces atherosclerotic lesion formation and size [63, 64],
with the induction of an oral tolerance [65, 66]. Anti-inflammatory pharmacological
agents have also induced changes in plaque formation, size, and stability [67].
Mechanisms to explain these phenomena include: a down-regulation of inflammatory
cell adhesion markers, a decrease in proinflammatory cytokine excretion, and overall
reduction in inflammatory cell activity at the endothelium. For example, estrogen has
been shown to decrease cell adhesion molecules ICAM-1 and VCAM-1 expression
in ECs [13], and, accordingly, to decrease fatty lesion formation in vivo [68]. While
TNF-a blockers, such as cilostazol, decreased atheroma formation in mice [69]. In
addition to effects on lipid levels, statins have also been shown to influence the
inflammatory process, which may account for their continued clinical application
[70]. No doubt, the preferred course of disease management would focus on the
formation of plaque prior to manifestation of clinical symptoms and, accordingly, it
is likely that targeting the immune response right at the initiation of plaque formation

may provide the key to combatting atherosclerosis in the future.

4.2 Estrogen and Cardiovascular Disease

Both anecdotal evidence and clinical studies have indicated that pre-
menopausal women experience significantly lower rates of cardiac events compared
to men of the same age and postmenopausal women [21, 71, 72]. Researchers

speculated that this phenomenon could be associated with the relatively high
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estrogen levels present in premenopausal women and their potentially
cardioprotective effects [73, 74]. For example, Hamelin et al. (2003) reported a
higher risk of cardiac episodes for premenopausal women during and immediately
after menses, when estrogen concentrations are lowest [75]. Although controversies
arose from large-scale hormone replacement therapy (HRT) control trials as to
whether estrogen actually conferred positive effects on cardiovascular morbidity and
mortality in postmenopausal women [76], significant experimental evidence has
nevertheless demonstrated the multifaceted and potent role of estrogens on the
cardiovascular system [15, 77-81]. Furthermore, recent analysis of HRT trials,
specifically the largest Women’s Health Initiative (WHI) and Heart
Estrogen/progestin Replacement Study (HERS), revealed several shortcomings in
study designs, including the type of hormone used (typically equine) and the
intervention timing, which may account for such unexpected results [82].

The following section will provide an introduction to the physiological
functions of estrogen and highlight research on its role in diverse physiological
processes within the cardiovascular system. As well, the therapeutic potential of
estrogen for the management of CVD will be discussed, with an emphasis on

atherosclerosis related therapy.

4.2.1 Biological Functions of Estrogen

Estrogens are a group of steroids primarily involved in female sexual

development, reproductive, and menstrual cycles. They are predominantly found in
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high concentrations in women from adolescence to menopause, though they are also
present at lower doses in men and postmenopausal women [83]. Three naturally
occurring forms of estrogen are found in the body: estrone (E1), 17B-estradiol (E2)
and estriol (E3) (see Figure 4.4). E2 is the most potent form of estrogen and found in

the highest concentration in non-pregnant premenopausal women.

Estrone 17p Estradiol Estriol
(ED) (E2) (E3)

CH3 OH

HO HO
Hydroxyl group at 3-beta Hydroxyl group at 3-beta Hydroxyl group at 3-beta,
and carbonyl at 17-beta position and 17-beta position 16-alpha and 17-beta position

Figure 4.4 — Chemical structures of estrogen subtypes: estrone, 17f-estradiol,
and estriol.

Estrogen acts via two ligand-activated transcription factors that regulate gene
expression, estrogen receptor-alpha (ERa) and estrogen receptor-beta (ERP). These
receptors may be localized in the plasma membrane, cytoplasm, and/or nucleus of
various cell types, including endothelial [84] and smooth muscle cells [85]. Genomic
effects of estrogen are most likely mediated by intra-nuclear ERa and ER, which
can form E2-ER complexes and initiate protein transcription [86]. Non-genomic
effects are thought to occur when E2 binds to receptors located in the plasma
membrane, which initiates a rapid response independent of transcriptional regulation

[87]. Membrane associated ERa and ERf receptors have been shown to activate or
26



inhibit signaling cascades including phosphatidylinositol-3 kinase (PI3K)/Akt [88],
JNK, MAPK p44/p42, and MAPK p38 [78], all of which influence various processes
within the cardiovascular system.

Recently, a third receptor, G protein-coupled receptor 30 (GPR30), localized
in the plasma membrane and endoplasmic reticulum of both SMC and ECs, has been
shown to play a role in mediating non-genomic estrogen functions [89, 90].
Particularly, evidence has demonstrated GPR30’s role in the regulation of endothelial
inflammation and vasoregulation [91], though its precise role in estrogen physiology
is still under active research [92]. Figure 4.5 outlines the various receptors and

pathways that mediate E2 action on cells.
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Figure 4.5 — Schematic summarizing the genomic and non-genomic actions of
E2 via receptors present on the cell membrane and nucleus.
Reproduced from [87].
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4.2.2 Cardioprotective Effects of Estrogen

Numerous studies and clinical trials have demonstrated that estrogen plays a
multifaceted and complex role in cardiovascular dynamics, with the majority of its
effects proffering varying degrees of protection against CVD [73, 83, 93, 94]. For
example, E2 has been shown to reduce restenosis after angioplasty [95], attenuate the
development of atherosclerotic lesions [96], prevent the development of heart failure
[14], and improve healing following myocardial infarction [97]. With regards to
specific actions that might account for these observations, estrogens have been
implicated in both indirect (systemic) and direct (local) processes [83, 93, 98, 99]. In
terms of systemic effects, estrogen favorably affects blood lipid and lipoprotein
levels [100, 101]. However, this effect is only thought to account for roughly 30% of
the cardioprotection afforded by E2 [102], with local effects of E2, particularly on
the vasculature [103] and cardiac tissue [22], likely contributing to the observed
benefits in a greater capacity. Figure 4.6 graphically depicts the reported benefits of
estrogen on the cardiovascular system, while Table 4.1 details a selection of studies

demonstrating cardioprotective effects.
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Figure 4.6 — Schematic of estrogen’s effects on the cardiovascular system.
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Table 4.1 — Cardioprotective effects of estrogen.

g;:t%:: El\;[t(:'col;?rlllincl t(i)(fn Potential Outcome(s) Ref.
Serum lipids Associated with smaller LDL Decreased oxidation of LI.)L [104]
may reduce atherogenesis
Activates PI3K/Akt pathway Reduced cardiomyocyte apoptosis, [88]
Cardiac improve prognosis after injury
tissue I d f fusi
Stabilizes pH, Na', influx of Ca*" MPTOVed recovery atter repertusion, [105]
reduce apoptosis
EPCs Enhances EPC Contributes to remodeling, [106]
mobilization improved vascular function
Reduces EC apop tos.1s, Decreased endothelial dysfunction
attenuated phosphorylation of . : e e s [26]
MAPK p38. pd4, p42 associated with plaque initiation
Endothelium
Increases NO, cAMP production Vasorelaxation, [107]

lower blood pressure




Inhibits hyaluroic acid synthase 1

Increases basal
NO production

Phosphorylates MAPK p44, p42,
p38 in ECs, reverse in SMCs

Activates PI3K/Akt pathway

Vasculature Inhibits progression of fatty streak

Regulates expression of
microRNAs, inhibiting SMC
proliferation

Downregulates matrix
metaloproteinase-9
expressions via regulation of
oxLDL

Activates MAPK signaling

Decreased SMC proliferation
and luminal thickening

Protects against platelet
aggregation, endothelial dysfunction

Improved vascular healing and
reduces restenosis after injury

Increased eNOS
and vasorelaxation

Attenuates the progression
of atherosclerosis

Reduced restenosis
after endothelial injury

Decreased matrix metaloproteinase
may attenuate plaque disruptions

Increased EC proliferation,
decreased SMC proliferation

[108]

[109]

[110]

[110]

[111]

[85]

[112]

[25]

31



Activates PI3K/Akt pathway

Inhibited ROS formation

[113]

ROS
Activates MAPK p44/p42 and Increased antioxidant expression, [114]
NFx B cascade inhibited ROS formation
Decreases CRP production and .
proinflammatory IL-8, VCAM:-1, Modulated inflammatory response [13]
ICAM-1 P P
Negatively modulates pro-
inflammatory mediators, inhibits Modulated inflammatory response [28]
neutrophil infiltration
Inflammation Decreases TNF-a and Modulated inflammatory response, [115]
TNF-a receptors attenuated atherogenensis
Decreases TNFa, Modulated inflammatory response, (78]
IL-1B, and IL-6 attenuated atherogenensis
Increases anti-inflammatory Prevents vascular inflammation [116]

cytokine TGF-$3

and stabilize atheromas

LDL = Low density lipoprotein; PI3K = phosphatidylinositide 3-kinase; Akt = protein kinase B; EPC = endothelial progenitor cell; EC = endothelial cell; NO =
nitric oxide; cAMP= cyclic adenosine monophosphate; SMC = smooth muscle cell; oxLDL = oxidized LDL; MAPK = mitogen-activated protein kinases; ROS =

reactive oxygen species; eNOS = endothelial nitric oxide synthase; CRP = C-reactive protein; VCAM-1 = vascular cell adhesion molecule-1, ICAM-1=
intercellular adhesion molecule-1; IL = interleukin; TNF-o = tumor necrosis factor alpha; TGF-f = transforming growth factor beta

32



Based on the studies presented in Table 4.1, we can conclude that estrogen is
a potent factor in the cardiovascular system affecting lipid levels, local processes
such as vasodilation, endothelial repair, inflammation, and oxidation. The following
sections will briefly expand on the discussion of the influence of estrogen in the

vasculature and on the inflammatory response.

4.2.3 Estrogen and the Vasculature

The role of estrogens in the regulation of the vasculature has been an area of
intense research over the past 30 years [86]. Estrogen has been shown to directly
affect ECs [117] and vascular SMCs [118], as well as regulate vasodilatation [107]
and reduce the expression of inflammatory cytokines [13], all of which may
contribute to the therapeutic effects of estrogen observed after injury to the
endothelium [119] or to the improvement in the prognosis of atherosclerosis [120].

A critical component of estrogen’s cardiovascular benefit appears to be its
influence over the generation and regulation of nitric oxide (NO) [121, 122]. NO, a
free radical messenger, plays a multifaceted role in vascular biology and endothelial
regulation [2]. In particular, NO affects the endothelium via its action on
inflammatory cells and cytokine expression, platelet aggregation and adhesion [123],
as well as SMC proliferation [124]. Indeed, a dysfunctional endothelium is
associated with reduced levels of NO, which can exacerbate the pathogenesis of
atherosclerosis and CVD [125]. Darblade et al. (2002) demonstrated that E2
increased the basal production of NO in murine models [109], which is
mechanistically thought to occur through E2’s non-genomic influence on endothelial

nitric oxide synthase (eNOS) production [126]. Chambliss et al. (2000) showed that
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estrogen causes NO-dependent vasodilation via ERa localized in the caveolae of
ECs, and thus activation of eNOS [122]. In the same vein, E2 was shown to affect
vasodilation by inhibiting the production of NOS inhibitors, such as asymmetric
dimethylarginine [84].

Recent research has shown that E2 directly regulates vascular healing, which
is likely mediated by its effects on endothelial progenitor cells (EPCs), as well as
local action on SMCs [24, 97, 106, 127]. Lemieux et al. (2008) demonstrated that E2
affects the bone marrow stem cell niche and may according influence bone marrow
derived-EPC activity [81]. While Ruifrok et al. (2009) showed that E2 dose-
dependently mobilized EPCs from bone marrow and, furthermore, that these cells
subsequently participated in neovascularization [127]. Taken together, these results
demonstrate that E2 has an effect on EPCs and local responses to injury, which could

be exploited to promote vascular healing.

4.2.4 Estrogen and Inflammation

In addition to direct effects of estrogen on the vascular system, a wide body
of evidence has demonstrated that modulation of the inflammatory response may also
account for the cardioprotective and anti-atherogenic effects of E2 observed in both
experimental and clinical models (See Table 4.1). Specifically, antioxidant properties
and the regulation of proinflammatory cytokines have been shown to contribute to
the reduced inflammatory responses observed in vitro [13, 128], ex vivo [78], and in
vivo [28]. In addition, the generation of NO by estrogen, as detailed in Section 4.2.3,

may also partially contribute to its anti-inflammatory effects, as NO has been shown
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to mediate inflammation [129] via decreased leukocyte recruitment and scavenging
of ROS [11].

E2 itself may also function as an antioxidant [130], attributed to the phenolic
group and hydrogen donations, which may enable it to function as a free radical
scavenger [120]. ROS, such as superoxide ions (e.g. Oy"), are known to contribute to
oxidative stress, which is a potent factor in the pathogenesis of CVD, endothelial
dysfunction, and oxidation of LDL, a critical step atherogenesis [131]. Indeed, Lee et
al. (2008) demonstrated that E2 blocks the increase of ROS generated upon induction
of hypoxia in chicken hepatocytes [132], while Kim et al. (2006) showed that E2
suppressed ROS generation and activated the survival enzyme, PI3K [113]. Further
evidence showed estrogen’s ability to upregulate superoxide dismutase and
glutathione peroxidase [114], potent antioxidants that convert ROS into less
hazardous hydrogen peroxide and, accordingly, attenuate oxidative stress responses
[11].

Another hallmark of the development of atherosclerosis and cardiovascular
inflammation is the upregulation of inflammatory cell adhesion molecules, such as
VCAM-1 and ICAM-1, as well as inflammatory cytokines such as TNF-a,
interleukin 6 (IL-6), and interleukin 8 (IL-8) [8]. Cossette et al. (2013) demonstrated
that human coronary ECs pretreated with E2 demonstrated marked decreases in
VCAM-1, ICAM-1, IL-6, and IL-8 after exposure to the proinflammatory agent CRP
[13]. Similar results were report by Chakrabarti ef a/l. (2012) in human umbilical vein
ECs treated with TNF-a [91]. Wang et al. (2006) demonstrated that supplementation

with E2 decreased the production of inflammatory cytokines TNF-a, IL-1[3, and IL-6,
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in male and ovarectomized female rats, which improved functional recovery after

myocardial ischemia and reperfusion injury [78].

4.2.5 Estrogen and Atherosclerosis - Perspectives

The multifaceted actions of estrogen on the cardiovascular system, including
functions in modulating inflammation, decreasing oxidative stress, and increasing
vasorelaxation make it a particularly attractive treatment option for atherosclerosis.
Specifically, high levels of LDL particles, oxidation of LDL, and the inflammatory
response initiated by endothelial activation, as well as SMC proliferation, EC
apoptosis, and atheroma-induced stenosis could be addressed by estrogen therapy. In
fact, Villablanca er al. (2009) demonstrated that exogenous E2 significantly
decreased lesion size and number in mice fed an atherogenic diet [133], with other
studies supporting similar anti-atherogenic effects [128, 134, 135]. Overall, we can
conclude that estrogens possess potent cardioprotective, anti-inflammatory, and anti-
oxidant properties [119], which could be directed towards attenuating the progression
of atherosclerotic disease or mitigating its symptoms. However, more research must
be conducted on the means of delivery in order for estrogen to be a considered a
viable treatment option. Thus, various E2 delivery routes and vectors will be

explored in the following section.

4.2.6 17p-Estradiol Delivery

Typically, E2 and other derivatives of estrogen, such as ethinyl estradiol, for
HRT are administered orally, however this route tends produces high hepatic levels

since the steroid must undergo first pass metabolism and, moreover, may lead to
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unwanted changes in heptatic gene expression. As well, specifically in regards to the
treatment of atherosclerosis, active agents delivered orally will likely reach the
diseased artery at subtherapeutic levels and cannot exert the intended actions to a
significant extent. Alternatively, direct injection and transdermal delivery routes may
be employed, however these typically also lead to non-specific tissue distribution
with potentially toxic side effects. In fact, studies have indicated that both the
delivery route and method strongly influence estrogen’s activity [83], therefore,
successful estrogen therapy for CVD treatment would likely require new approaches
in delivery systems, with the capability to improve cellular uptake kinetics, control
release of the agent, all while avoiding potentially toxic side effects.

Various E2 delivery vehicles have been developed for both cardiovascular
and non-cardiovascular based applications. Examples include encapsulation into
liposomes [19, 136], microparticles [137, 138], nanoparticles [139, 140],
nanoemulsions [25], nanotubes [141], organogels [137], as well as delivery via
coated stents [142]. Such tactics may allow for controlled and prolonged estrogen
release, which is beneficial since high concentrations of E2 can be cytotoxic [143].
Liposomes, in particular, hold notable promise for the delivery of E2 to treat
atherosclerosis. This is due to their ability to accommodate E2 within the lipid
bilayer, as well as to their successful application as drug delivery vectors for CVD,

which is discussed further in Chapter 5.
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Chapter 5: Liposome Technology for Cardiovascular Disease Treatment and

Diagnosis

The following article entitled “Liposome Technology for Cardiovascular

Disease Treatment and Diagnosis” summarizes the applications of liposomes to treat

and diagnose cardiovascular disease. The paper details their use as pharmacological

and gene delivery vectors, in addition to functions as contrast agents for imaging

applications. The article was published by the journal Expert Opinion on Drug

Delivery in February 2012.

Article Highlights

Targeting liposomes specifically to the cardiovascular system can improve
the delivery efficiency of therapeutics. Homing mechanisms can include
passive targeting, which can be achieved by adjusting liposomal charge
and/or size, as well as active targeting, in which functional moieties specific
to the vasculature are attached to the liposomes’ surface.

Drug delivery from liposomes has been shown to be an effective means of
improving therapeutic outcomes in animal models of cardiovascular disease.
Clinical trials are still forthcoming.

Experimental evidence suggests that the incorporation of genetic material in
liposomes may aid to improve gene therapy to treat cardiovascular diseases.
Despite some promising studies, much work is required before any systems
are viable for use in humans. Liposomes conjugated with hemagglutinating
virus of Japan showed promising results in attempts to improve transfection

efficiencies in the vasculature.
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Both computer tomography and magnetic resonance imaging of the
cardiovascular system can benefit from the application of liposomes in
conjunction with contrast agents. Such formulations can be used to improve
signal intensity and contrast-to-noise ratios.

Echogenic immunoliposomes, specifically designed to enhance ultrasound
images, have been applied to aid in the diagnosis of cardiovascular diseases.
Preliminary studies show promising applications for delineating regions of

atherosclerotic plaque.
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5.1 Abstract

Introduction: Over the past several decades, liposomes have been used in a
variety of applications, from delivery vehicles to cell membrane models. In terms of
pharmaceutical use, they can offer control over the release of active agents
encapsulated into their lipid bilayer or aqueous core, while providing protection from
degradation in the body. In addition, liposomes are versatile carriers since targeting
moieties can be conjugated on the surface to enhance delivery efficiency. It is for
these reasons that liposomes have been applied as carriers for a multitude of drugs,
genetic material, and contrast agents, aimed to treat and diagnose cardiovascular
diseases.

Areas covered: This review aims to detail advancements in liposome
technology used in cardiovascular medicine. In particular, the application of
liposomes to the field of cardiovascular disease treatment and diagnosis, with a focus
on delivering drugs, genetic material, and improving cardiovascular imaging will be
explored. Advances in targeting liposomes to the vasculature will also be detailed.

Expert opinion: Liposomes may provide the means to deliver drugs and
other pharmaceutical agents for cardiovascular applications, however there is still a
vast amount of research and clinical trials that must be performed before a
formulation is brought to market. Advancements in targeting abilities within the
body, as well as the introduction of theranostic liposomes, capable of both delivering
treating and imaging cardiac diseases, may be expected in the future of this

burgeoning field.
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5.2 Introduction

Liposomes were first described by Bangham et al. (1965) and are defined as
artificial vesicles between 20 nm and 10 pm in diameter, made of an aqueous core
surrounded by lipid bilayers [144]. Structurally, liposomes are composed of naturally
derived phospholipids or synthetic amphiphiles, and are almost always incorporated
with sterols, such as cholesterol, to affect membrane permeability. Liposomes are
frequently prepared by thin-film hydration, which involves dissolving lipid
components in organic solvent, drying down by rotary evaporation, and rehydrating
in aqueous solution, as well as by freeze-drying, reverse-phase evaporation, and
ethanol injection [145]. Subsequent processing steps, such as membrane extrusion,
sonication and/or freeze-thawing may be employed to control the size distribution.

Liposomes have been used in medicine as delivery vehicles for drugs [146],
genetic material [147], and imaging agents [148]. Due to their hydrophilic (aqueous
core) and lipophilic (lipid bilayer) domains, liposomes can be used to encapsulate
most active agents, irrespective of solubility and physical properties [149].
Encapsulation into liposomes can protect or control the release of an active drug
agent or genetic material and reduce systemic toxicity by minimizing dosage
requirements. As well, owing to their unique structure, liposomes can help to
overcome the tissue and cellular barriers necessary to deliver their payload and exert

the desired pharmacological effect. Drawbacks include a surface chemistry that can
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attract circulatory proteins and mark liposomes for rapid clearance from the
circulatory system. Thus, researchers began stabilizing liposomes by coating with
hydrophilic polymers, such as polyethylene glycol (PEG), or other polyelectrolytes
specifically designed to increase circulation time and reduce clearance in vivo [150].
Compared to traditional nanoparticulate delivery vehicles, liposomes also offer the
ability to co-currently load both hydrophilic and hydrophobic components within the
same system.

Although a great deal of liposome-based research has been devoted to
treating cancer [151], work has also been underway to develop liposomal drug and
gene delivery devices and imaging agents for cardiovascular disease (CVD)
applications. Unlike most tumors, many parts of the vasculature are highly accessible
through intravenous injections, although direct administration of various active
agents for CVD treatment and diagnosis can be prone to washout due to high shear
stresses [152]. In contrast, some forms of CVD, such as atherosclerosis, can cause
impaired blood flow and make it difficult to transport therapeutics or contrast
materials to sites of interest. In either case, liposomes are particularly well-suited to
overcoming these challenges since a number of factors, such as size [153], charge
[154], as well as the inclusion of targeting moieties [155], can be adjusted to improve

delivery efficiency.
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In terms of overcoming blood flow blockages, Caride and Zaret (1977) were
one of the first to suggest that positively charged liposomes preferentially accumulate
in areas of myocardial infarction [154]. Subsequent studies showed that liposomes
may exhibit an enhanced permeability and retention effect in certain areas of the
vasculature [156], which could be exploited to influence the distribution of
therapeutics in the cardiovascular system. Early studies also proposed that liposomes
could serve as direct treatments, forming a ‘plug’ and sealing damaged endothelial
membranes to prevent further damage [157]. Furthermore, liposomes are capable of
accommodating a wide variety of cardio-specific adhesion molecules and polymers
on their surface, which can aid in increasing adhesion to vascular tissues or cells.

This review will highlight the research conducted on the use of liposome
technology to treat and diagnose CVD. Targeting liposomes with surface moieties to
the vascular system will be explored, as well as their applications in delivering
pharmacological agents and genetic material to treat CVD. Finally, the use of
liposomes in aiding to image the cardiovascular system will be detailed. An expert
opinion section provides a perspective and opinion on the current state and future

directions in the field.

5.3 Targeting Liposomes to the Cardiovascular System

Liposomes are suitable for vascular drug delivery and imaging since they can

be precisely tailored to preset conditions by varying the formulation and/or
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processing steps. In addition, both passive and active targeting can be exploited to
improve payload delivery and residence time within the body. Regarding the passive
targeting of liposomes, size, charge, and polymeric surface coatings have all been
shown to affect blood clearance, cellular uptake, and distribution throughout the
cardiovascular system [158, 159]. Liposome size, for instance, can be altered to
passively target a specific population of cells. It has been observed that larger
liposomes are more likely to be phagocytosed by macrophages, while smaller
liposomes are readily taken up by fibroblasts [160]. Since one of the main drawbacks
of liposome use is rapid clearance by the liver and reticuloendothelial system [153],
polymer coats, such as PEG, can also affect blood residence time, which is attributed
to steric interactions and enhanced stability in vivo [161]. Indeed, so-called ‘stealth
liposomes’ named for their ability to improve blood circulation time and avoid
clearance, are characterized by the incorporation of PEG into the liposomal
formulation by adsorption, conjugation, or covalent linkage [162]. It has been
postulated that PEG can increase liposomal circulation times by reducing activation
of the component system through steric interactions and enhancing stability.
Although is should be noted that results are highly dependent on the molecular
weight and grafting density of the polymer.

Targeting moieties can also be used to improve delivery efficiency by

actively targeting a specific location, increasing local concentration, and cellular
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internalization, which is an essential step to achieve the desired therapeutic effects of
pharmaceutical agents and genetic material, in particular. Regarding vascular
delivery, targeting ligands can help reduce washout by promoting adhesion to vessel
walls or atherosclerotic lesions [155, 163]. Possible cardiac targeting moieties
include lectins, proteins, and antibodies. Liposomes conjugated to antibodies, also
known as immunoliposomes, are predominately used to target the cardiovascular

system, and will be discussed in the following section.

5.3.1 Immunoliposomes

During the mid seventies, Gregoriadis et al. (1975) proposed the concept of
homing liposomes to target cells by attaching antibodies to the surface [164]. Since
then, immunoliposomes have been employed to treat variety of diseases, including
cancer [165] and cardiovascular disease [166]. Undoubtedly, an important aspect of
cardiovascular targeting research lies in acquiring an in-depth understanding of the
cellular processes and underlying pathways that occur during each stage of disease
evolution or healing. Particularly, information relating to the migration of certain cell
types or the expression of receptors can help elucidate which antibodies should be
selected to target the liposomal vectors to a desired location. For instance, in the
early stages of atherosclerosis, adhesion molecules for leukocytes, such as VCAM-1,
can be targeted since they are expressed on the surface of endothelial cells [2].

Whereas in later stages of the disease, receptors on proliferating smooth muscle cells

46



may be more widely expressed and targeted instead. Depending on the type of drug
or imaging agent to be delivered, careful consideration of the target cell population or
adhesion molecules and antibody selection will very likely affect carrier efficiency.
Table 5.1 lists a selection of publications that feature immunoliposomes designed to
target various vascular receptors and regions. As well, Figure 5.1A and B
schematically depict an antibody-conjugated liposomes and a selection of inducible
receptors on activated endothelium and platelets, common to diseased vascular
tissue. In many cases, immunoliposomes targeting the cardiovascular system have
been directed to glycoproteins on the activated endothelium or cardiac myosin, both

of which will be described further in the following section.
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Figure 5.1 - Schematic representation of (A) immunoliposomes, (B) selected
molecules to target damaged endothelium, (C) proposed ‘plug and seal’
mechanism of immunoliposomes to ischemic cardiac cells.

Adapted from Verma et al. (2006) [167].

VCAM-1 = vascular cell adhesion molecule-1; ICAM-1= intercellular adhesion
molecule-1; ELAM-1= endothelial-leukocyte adhesion molecule-1.

48



Table 5.1 — Selected examples of immunoliposomes used to target specific sites/receptors in the vasculature.

Receptor/Target Antibody Lipid Formulation Liposome Size (nm) Ref.
Anti-VCAM-1-Fab' DMPC,
VCAM-1 mAb alutaryl-N-PE ~400 [168]
. DPPC, DSPE-PEG(2000)-COOH,

ICAM-1 Anti-ICAM-1 mAb DSPE-PEG(2000) 132-149 [169]

. DOPC, DPPC,
ELAM-1 Anti-ELAM mAb N-dod-PE 201 - 205 [170]

. DOPC, DPPC,
E-Selectin mAb H18/7 N-dod-PE 201 - 205 [171]

PC, DSPE-PEG2000,

P-Selectin Anti-P-selectin and DSPE-PEG-maleimide ~180 [166]
Tissue factor Anti-TF mAb PC, PG, PE 500-800 [172]
Fibrinogen Anti-fibrinogen PC, PG, maleimido-4(p-phenylbutyrate)-PE 60 - 100 [173]
Cardiac myosin Cardiac myosin 2G4 PC, mPEG2000-DSPE, 156 - 189 [167]

mAb DOTAP

PC = phosphatidylcholine; PE= phosphatidylethanolamine; PG = phosphatidylglycerol; DMPC = 1,2-dimyristoyl-sn-glycero-3-
phosphocholine; DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC= 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DOTAP = 1,2-
dioleoyl-3-trimethylammonium-propane; DSPE = 1,2-diastearoyl-sn-glycero-3-phosphoethanolamine; N-dod-PE = 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine-N-dodecanoyl; PEG = polyethylene glycol; VCAM= vascular cell adhesion molecule; ICAM= intercellular adhesion

molecule; ELAM= endothelial-leukocyte adhesion molecule; TF= tissue factor; mAb= monoclonal antibody.



The endothelium is the principal site of cellular infiltration and inflammation
during the development of atherosclerotic lesions and injury. Thus, it follows that
one of the prime targets for cardiovascular therapeutic delivery and imaging is the
activated endothelial lining [174]. During activation, glycoproteins such as
endothelial-leukocyte adhesion molecule-1 (ELAM-1), VCAM-1, and/or ICAM-1,
can be upregulated and expressed on the surface of cells. Depending on the degree
and type of disease or injury, these molecules may serve as potential targets for
liposomes functionalized with the appropriate monoclonal antibodies. For example,
using an in vitro model for activated endothelial cells, Lim et al. (2011) showed that
liposomes, loaded with celecoxib and designed to target VCAM-1, successfully
increased liposomal uptake in human umbilical vein endothelial cells compared to
un-conjugated liposomes [168]. Homem de Bittencourt et al. (2007) detailed an in
vivo study, in which atherosclerotic mice were subjected to a dose of anti-VCAM-1
immunoliposomes [175]. It was determined that the presence of anti-VCAM-1
antibodies improved distribution to the thoracic aorta, while reducing accumulation
in the spleen and kidneys. These results demonstrate that antibodies directed towards
inducible cell surface glycoproteins could aid in localizing liposomes to areas of
vascular disease, thereby improving cellular uptake rates.

Another notable cardiac target is the myosin that is exposed if the membranes
of endothelial cells are damaged. Torchilin et al. (1979) first described the covalent
coupling of antibodies to liposomes in order to specifically target canine cardiac

myosin [176]. Subsequent studies demonstrated that antimyosin immunoliposomes
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improved the survival of HOC2 rat embryonic cardiomyocytes [177], and decreased
mean infarct size in rabbit models of acute myocardial infarction, compared to bare
liposomes and non-specific IgG-liposomes [178]. Cytoskeletal specific antibodies,
such as anti-cardiac myosin 2G4, are favorable since they can uniquely target
exposed myosin. It follows that liposomes are therefore less likely to enter healthy
myocardial cells, which could again minimize exposure of potentially toxic materials
to healthy cells, and improve the overall effective dosage to unhealthy cells. Owing
to the phospholipid components, it has also been suggested that myosin-specific
liposomes can work to ‘plug and seal’ damage suffered by cellular membranes on top
of delivering active pharmacological agents, as seen in Figure 5.1C [177]. Given this
theory, liposomes may offer a multifaceted treatment alternative to conventional
single-component systems, and may accordingly improve clinical outcomes. In
addition to the activated endothelium and myosin, other cardiac targets, outlined in
Table 5.1, have been investigated. For example, Scott et al. (2009) chose the cell
adhesion molecule P-selectin, which is expressed on platelets and endothelial cells in
response to inflammation, to direct liposomes containing vascular endothelial growth
factor (VEGF) to sites of myocardial infarction in rat models [166]. Results showed
that cardiac functionality was significantly improved compared to unencapsulated

VEGF and non-targeted liposomal controls.

51



Evidently, there are a multitude of target/antibody combinations that can be
used to home liposomes to diseased areas of the cardiovascular system. In addition to
selecting antibodies based on availability and specificity to a given target, it is
important to keep in mind the following: (i) targets should be accessible by the
vascular system; (ii) targets should preferably be selected based on cell surface
glycoproteins or receptors that are not present or exposed in healthy cells; (iii)
antibodies must be able to attach to the liposomal surface without undergoing any
deleterious effects on targeting activity (iv); antibodies should elicit no
immunogenic effect.

Based on the studies presented, it is clear that antibodies can provide a degree
of active targeting that significantly improves liposomal retention in a given site and
improves therapeutic outcomes in animal models of CVD. As a result, the required
dosage can be reduced, and non-specific accumulation in healthy areas in the body
may be avoided. Ultimately, immunoliposomes can be expected to continue to play a
pivotal role in improving the efficiency of drug, gene and imaging agent delivery to
treat and diagnose CVD, in conjunction with further advancements in the fields of

ligand and cardiac biomarker discovery [179].
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5.4 Liposomal Therapeutic Delivery to the Cardiovascular System

5.4.1 Pharmacological Agents

Conventional pharmaceutical treatments for CVD suffer from a variety of
drawbacks related to their method of administration. Systemic delivery of active
agents often requires high concentrations owing to non-specific distributions and
short half-lives experienced in vivo. These levels can lead to adverse toxic side
effects, unsustainable drug levels, and developed drug resistance. The application of
liposome technology can offer an alternative form of delivery specifically designed
to remedy these obstacles by providing the means to control therapeutic delivery over
a desired timeline, as well as target specific tissues in the body. An ideal particulate-
based drug formulation would specifically target diseased tissue, provide a sufficient
dose to elicit the desired therapeutic response, and minimize adverse side effects.
Liposomes may very well address these conditions, given their ability to protect the
active agent from degradation, improve residence time in vivo [36], shield the body
from toxicity [35], offer control over pharmacokinetics [34], and, as discussed,
accommodate ligands that can target specific areas of the vasculature [166].
Although there are no liposomal drug formulations currently available on the market
to treat CVD, liposomes have made considerable progress to alter the efficiency of
cardiovascular drug delivery within the context of in vivo animal studies. Table 5.2

provides a selection of research that has incorporated pharmacological agents into
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liposomes with the intention of treating CVD. Of these pharmacological agents,
statins, adenosine triphosphate, and bisphosphonates will be discussed further in the

following sections.

5.4.4.1 Statins

3-Hydroxy-3-methylglutaryl (HMG-CoA) reductase inhibitors, also known as
statins, are a class of drugs that inhibit the action of HMG-CoA reductase, which is
an enzyme that converts HMG-CoA to mevalonic acid for cholesterol synthesis
[180]. In addition to decreasing lipid levels, statins have been shown to attenuate
EPC senescence and, in some cases, effectively increase EPC proliferation [181].
Statins may also inhibit inflammation and trigger macrophage/monocyte apoptosis
[146], which could contribute to the reduction in the rates of restenosis observed after
percutaneous coronary interventions [182]. These pleiotropic effects likely explain
the benefits of statin therapy in CVD, however, they can be difficult to deliver
reproducibly owing to their low aqueous solubility. Thus, researchers have examined
various methods to improve drug bioavailability and therapeutic efficacy.

In particular, liposomes have been proposed as a means to increase the
efficiency of statin therapy [146, 183, 184]. For example, Afergan et al. (2010)
encapsulated  simvastatin  in  liposomes to  investigate effects on
monocyte/macrophage growth and neointimal formation after balloon injury in rat

models [146]. Results showed that both simvastatin-liposomes and free simvastatin
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administered systemically attenuated the monocyte response to injury and decreased
neointimal formation compared to saline injections, although liposomes

demonstrated significantly prolonged monocyte depletion in vivo.
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Table 5.2 — Selected publications detailing the use of pharmacological agents encapsulated into liposomes to treat

CVD.
Pharmacological Lipid Liposome Experimental Experiment Ref
Agent Formulation Size (nm) Model Outcomes )
Inhibited
Simvastatin DSPC, DSPG ~ 164 Carotid-injured neointimal [146]
rat model growth
Rabbit model Reduced damage
ATP PC, PEG-DSPE, 167 - 189 of myocardial to myocardium [185]
DOTAP . )
infarction
Cy e Suppressed intimal
Alendronate DSPC, DSPG 176 - 183 Carotid-injured growth [186]
rat model
Neointimal
Nitric oxide DPPC, DOPC NA Rabbit model hyperplasia [187]
of atherogenesis was attenuated
Reduced
neointimal
Prostaglandin E1 NA NA Rat rpodel of . hyperplasia and [175]
myocardial infarction . : .
lipid accumulation
Improved
. . PC, DPPG, - . L
Tissue-plasminogen (maleimidophenyl) NA Rabbit aorta thrombus  recanalization of [188]

activator

butyrate-PE

model

the abdominal
aorta



PC, DSPE-

PEG2000, and Rat model of Improved cardiac
VEGE DSPE-PEG- 180 myocardial infarction function [166]
maleimide
Reduced
Rabbit model of reperfusion times
Streptokinase PC ~330 carotid artery and residual clot [189]
thrombosis mass, improved
arterial blood flow
HSPC, 3,5-
Prednisolone d1pentadef:yloxy ~100 Rabbit model of ' Rfaduced [190]
benzamidine atheroma neointimal growth
hydrochloride

PC = phosphatidylcholine; DPPG = 1,2 dipalmitoyl-snglycero-3-phosphoglycerol; DOTAP = 1,2-dioleoyl-3-trimethylammonium-propane; DSPE
= 1,2-diastearoyl-sn-glycero-3-phosphoethanolamine; DSPG = distearoyl phosphatidyl glycerol; PEG = polyethylene glycol; POPC = 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphotidylcholine; ATP = adenosine triphosphate; VEGF = vascular endothelial growth factor; NA = not
available.
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Another liposome-statin delivery system, formulated to target injured
myocardium, was detailed by Aso et al. (2007) [181]. Liposomes were loaded with
pravastatin and conjugated with a cardiomyocyte targeting lectin, N-
acetylglucosamine. Since cells sparingly take it up, liposomes were proposed as a
means to increase cellular internalization. Figure 5.2 shows electron micrographs of
N-acetylglucosamine-liposome uptake by cardiomyocytes. It was determined that the
targeting moiety significantly increased delivery efficiency, which may aid in
improving delivery of statins, as well as other cardioprotective drugs, to the
myocardium. These results indicate that liposomes may be used to promote statin
delivery to diseased myocardium, however it remains to be seen whether these

treatments can be translated to a clinical setting.

Figure 5.2 - Photomicrographs of the internalization process of liposomes
conjugated with N-acetylglucosamine by cardiomyocytes. Black arrowheads
indicate the microvilli of the cells; white arrowheads indicate liposomes
internalized by cells.

Reprinted with permission from Aso ez al. (2007) [181].
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5.4.4.2 Adenosine triphosphate

During myocardial ischemia, levels of adenosine triphosphate (ATP) can
quickly become depleted, owing to a restricted blood supply and associated loss of
oxygen [191]. Low levels of ATP can affect contraction and functionality and thus,
researchers have looked into methods of delivering exogenous ATP to sites of injury
in an attempt to treat and prevent damage to cardiac myocytes [192]. Encapsulation
into liposomes offers a convenient means to improve delivery efficiencies compared
to free ATP, which exhibits a short half-life in vivo since it can be degraded by
plasma endonucleotidases, and is poorly permeable through hydrophobic membranes
[191].

An early study by Xu ef al. (1990), determined that positively charged ATP-
loaded liposomes accumulated at ischemic areas in an experimental canine model of
myocardial infarction [193]. Since then, Vladimir Torchillin and his colleagues have
published several papers detailing promising results of both PEGylated liposomes
and immunoliposomes and their effects on myocardial ischemia [167, 185, 194, 195].
For instance, Verma et al. (2005) demonstrated that liposomal-ATP improved
contractile function in a Langendorff isolated rat heart model of ischemia compared
to free ATP, as well provided superior protection against enzymatic attack [195]. An
in vivo rabbit study also concluded that liposomal-ATP diminished the proportion of

irreversibly damaged tissue after myocardial infarction [185]. In a follow-up study,
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Verma et al. (2006) determined that the inclusion of a cardiac myosin-specific
antibody to ATP-loaded liposomes enhanced myocardial protection, compared to
non-specific liposomes. A dual-mechanism of treatment was proposed, in which the
immunoliposomes may ‘plug and seal’ the membranes of damaged myocytes while
delivering exogenous ATP (See Figure 4.1C) [167]. Though research is still ongoing,
it is clear that the pharmacological delivery of ATP by liposomes may offer cardio-

protection during ischemia and reperfusion [192].

5.4.4.3 Bisphosphonates

Bisphosphonates (BPs) are a class of drugs typically used to treat
osteoporosis and other bone diseases, since they decrease the resorptive capacity of
osteoclasts and promote apoptosis [196]. BPs have also been shown to affect the
activity of immune cells [197] and vascular SMCs [198], which may explain some of
their beneficial effects in treating certain cardiovascular afflictions, such as restenosis
[199]. However, due to a bulky bisphosphonate group and anionic charge, BPs are
not easily internalized by cells. To increase delivery efficiency, BPs were
encapsulated into liposomes, which could thereby mediate transfer through the
cellular membrane.

Immune cell infiltration to sites of vascular injury may play a significant role
in restenosis and, as a result, strategies aimed to reduce macrophage/monocyte

activation and proliferation have been proposed [200]. The effects of free BP as well
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as liposomal-BP on inflammatory cells and macrophages have been well documented
[197, 201]. For instance, Ylitalo et al. (1998) studied the effects of liposomal
clodronate, etidronate, and pamidronate on macrophages, macrophage-like RAW 264
cells and the formation of LDL-derived foam cells [202]. Results showed that
clodronate and etidronate-encapsulated liposomes reduced the release of degradation
agents from RAW 264 cells, which also inhibited the degradation of acetylated LDL.
Since free BPs did not produce the same effects on the degradation of acetylated
LDL, it could be concluded that liposomes increased their effectiveness in vitro.
Danenburg et al. (2002) proposed the application of clodronate-encapsulated
liposomes to reduce restenosis in vivo [201]. Liposomes were formed by reverse-
phase evaporation and injected intravenously into rabbits, which had undergone a
standard balloon injury procedure. Morphometric analysis of carotid arteries showed
that SMC proliferation, extracellular matrix formation, and luminal stenosis were
significantly decreased in animals treated with liposomal-clodronate compared to
free clodronate, and controls. It was found that liposomal-clodronate did not directly
inhibit endothelial or smooth muscle cells, but rather attenuated the increase in
circulating monocytes observed shortly after injury, affecting macrophage numbers
and activity in the liver, spleen and injured arteries. Similarly, alendronate
encapsulated into liposomes was shown to decrease circulating monocytes and

attenuate neointimal formation after balloon injury and stent deployment in rabbits
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[203]. Liposomes were again selected as a delivery vehicle since they are thought to
increase BP delivery efficiency to macrophages, resulting in apoptosis once the
liposomes are metabolized. Epstein et al. (2008) demonstrated the favorable effect of
liposomal alendronate on restenosis in a rabbit carotid injury model [204], as seen in

Figure 5.3.
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Figure 5.3 - Photomicrographs of alendronate liposome-treated and untreated
tissue sections in a hypercholesterolemic rabbit model of carotid artery injury.
Bar graphs depict the inhibition of stenosis and neointimal formation in
liposomal alendronate treated rabbits.

Adapted from Epstein ez al. (2008) [204].
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As of February 2010, the Biorest Liposomal Alendronate with Stenting sTudy
(BLAST) phase II clinical trial was underway to determine the effectiveness of
liposomal alderonate to reduce restenosis in patients having undergone a PCI with a
bare metal stent [205]. The estimated study completion date is not set until January
2015, but based on the experimental evidence detailed so far, liposomes may indeed

be promising vehicles for the delivery of BPs to treat CVD.

5.4.2 Genetic Material

Gene therapy can offer a local, sustained production of molecules by
incorporating exogenous DNA or oligonucleotides into the genome of target cells.
Although direct gene transfer with naked DNA has been investigated, it is clear that
genetic carriers can offer superior rates of transfection efficiency. Genetic material
can benefit from encapsulation into liposomes by improving transfer across
biological membranes, increasing residence time, and reducing degradation in vivo.
Cationic liposomes, in particular, have commonly been used to promote gene
transfer, since they can condense plasmid DNA to form stable complexes, called
lipoplexes [206].

Gene therapy has been widely used to treat CVD [207]. The vast majority of
gene carriers for CVD research and clinical trials are viral vectors [208], however a
number of groups have also utilized liposomes, owing to their non-immunogenic and

low-toxicity profiles in the body [207]. For example, Khuarana et al. (2004)
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investigated the application of liposome-mediated VEGF gene transfer to collar-
induced intimal thickening of the carotid artery in rabbits [209]. Results showed that
VEGF expression exhibited cardioprotective effects, successfully attenuating
thickening, as well as diminishing local macrophage infiltration. In another study,
Abegunewardene et al. (2010) studied the expression of the inducible nitric oxide
synthase transgene, which was delivered by liposomes to a porcine model of chronic
myocardial ischemia [210]. Only moderate recovery in ischemic areas was reported
compared to control procedures, which suggests the need for further study and
optimization. Table 5.3 presents selected in vivo studies of liposomal gene therapy
for CVD. A handful of clinical trials have also detailed liposome-mediated transfer
of genes for treatment of restenosis and ischemia [211, 212], which produced some
promising results but have yet to be translated to any viable product.

Based on recent evidence, liposomes are still vastly inferior to viral vectors in
terms of transfection efficiency, and make up a minority of the gene carriers used in
cardiovascular clinical trials [213]. With the aim of improving transfection
capabilities, complexes formed between liposomes and viral components have been
investigated. A hybrid vector commonly applied to treat cardiovascular symptoms is

the hemagglutinating virus of Japan (HV]J) liposome.
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Table 5.3 — Selection of publications detailing liposomal delivery of genetic
material to treat models of vascular disease.

Experimental Experimental

Model Outcomes Reference

Gene Encoded

Delivery by intramyocardial
Porcine model injection did not significantly
INOS : . affect cardiac functionality; [210]
of ischemia .
showed moderate improvement
in neovascularization

Human tissue
inhibitor of Rat model of
metallo- vascular injury
proteinase-1

Successful transfection and
associated decrease in [214]
neointimal hyperplasia

Heat shock protein ~ Rabbit model of Improved hindlimb perfusion [215]
90 cDNA chronic ischemia by influencing nitric oxide

Porcine occlusion In coronary and peripheral
VEGF arteries, treatments resulted in [216]

model ) ) . .
angiogenesis/arteriogeneis

iNOS = inducible nitric oxide synthase; VEGF = vascular endothelial growth factor.

5.4.2.1 Hemagglutinating Virus of Japan Liposomes

The inactivated Sendai virus (hemagglutinating virus of Japan; HVJ) was
complexed to liposomes pre-loaded with genetic material in an attempt to improve
transfection efficiency and safety profile relative to bare liposomes and complete
viral vectors [217]. The viral envelope of HVIJ contains two glycoproteins,
hemagglutinating neuroaminidase and fusion proteins, which promote cellular
attachment and subsequent gene delivery directly into the cytoplasm. The genetic

material is complexed with DNA-binding proteins to enhance expression and
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incorporated into liposomes, which are subsequently fused with UV-inactivated HVJ
[217]. This method can avoid endocytosis and the associated lysosomal degradation,
which is widely believed to significantly impede transfection rates.

Early results demonstrated that HVJ-liposomes could improve DNA transfer
in cultured cardiac myocytes compared to unconjugated liposomes [218]. In later
studies, another version of HVJ-artificial viral envelope (AVE) liposome hybrid
vectors were loaded with the tissue factor pathway inhibitor (TFPI) gene, in rabbits
after balloon angioplasty [219]. Since tissue factor (TF) is a glycoprotein involved in
coagulation, it was postulated that the gene encoding for TFPI might lessen TF
expression in turn attenuating restenosis. Indeed, HVJ-AVE liposomes were shown
to successfully mediate TFPI gene transfection since TFPI mRNA and protein were
detected locally. Moreover, rabbits that received HVJ-AVE liposomes loaded with
TFPI ¢cDNA exhibited significantly reduced rates of stenosis, as shown in Figure 5.4.
A follow-up study reported that a combination of TFPI genes delivered by HVJ-AVE
liposomes and recombinant TFPI produced an even greater inhibitory effect on
restenosis as compared to either method alone [220]. This positive effect of co-
delivering genes and pharmacological agents could be further explored in future
studies.

These studies seem to indicate that HVJ liposomes may be well suited to

mediating gene delivery in the vasculature. However, one drawback associated with
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HVJ-liposome preparations is that they are not specifically targeted to a given
cardiac cell population, in contrast to the application of myocardial or smooth muscle
cell-specific antibodies. Forthcoming studies may perhaps consider functionalizing

HVJ-liposomes with targeting antibodies to determine whether transfection

specificity in the vasculature could be further enhanced.

R

O

Figure 5.4 - Angiographs depicting the effects of liposomal tissue factor pathway
inhibitor genes on neointimal formation and stenosis in rabbit models of
angioplasty. (A) Angiogram of an animal that received the control plasmid, and
(B) angiogram of an animal that received the tissue factor pathway inhibitor
gene. Arrows indicate gene-transferred iliac arteries, bar = 1.05 cm.
Reprinted with permission from Yin ef al. (2002) [219].

As a final point, despite the widespread use of viral vectors and viral
derivatives, they can pose serious toxicity and immunological issues [221].

Evidently, prior to treating cardiac diseases with genes loaded into liposomes or
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hybrid liposomes, it is vital to rigorously test in vivo safety and immune reactions.
However, it is likely that liposomal gene therapy will continue to pervade the area of

CVD treatments.

5.5 Liposomes in Cardiovascular Imaging

While drugs and gene delivery can be used to treat CVD once symptoms have
manifested, a more conservative approach, involving early diagnosis and intervention
prior to reversible damage, may be favorable [222]. Thus, the importance of
improving imaging technologies to detect early signs of atherosclerosis and heart
disease cannot be understated. Currently, there exists a multitude of cardio-imaging
techniques, including cardiac catheterization, computer tomography (CT), magnetic
resonance (MR), echocardiography, and chest radiography. Of these, liposomes have
been used as contrast agents to improve image resolution in CT [148], MR [223], and
echocardiography [172]. Recent research in the area of liposomes and cardiac

imaging will be detailed in the following sections.

5.5.1 Liposomal Contrast Agents

Atherosclerosis is characterized by a complex cascade of events that involve a
number of molecular factors, chemokines, and various cells types [2]. Since coronary
events, such as myocardial infarction and stroke, can occur from relatively small

lesions, early and accurate diagnosis is necessary in order to begin appropriate
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treatments and prevent acute complications [224]. Indeed, the key to reversing
atherosclerosis may be locating sites of plaque formation before blood flow has even
been affected [225]. Although X-ray coronary arteriography is currently the standard
for diagnosing atherosclerosis, the procedure is invasive, can often fail to spot
vulnerable atheromas due to negative remodeling of the vessel, and can introduce a
risk of bleeding at the site of catheter insertion, vascular complications, and in severe
cases, myocardial infarction [2]. Non-invasive imaging technologies, such as
conventional ultrasound, CT, and MR, may offer lower-risk alternatives to facilitate
the characterization of atherosclerotic plaque, though technical advancements are still
needed before they may be widely employed.

One of the advancements in the field of MR angiography, is the use of
contrast agents or tracers, which can improve image clarity, reduce artifacts, and
decrease scan time [226]. Optimal contrast agents should be able to accumulate
preferentially at sites of disease for a sufficient amount of time, so as to allow for
enhanced image acquisition, while improving the signal-to-noise ratio [227]. Since
MR signals are generated from protons, most contrast agents are used to improve the
signal by accelerating proton relaxation [2, 222]. For example, gadolinium chelates
are currently administered intravenously to image vessels in conjunction with MR,
however owing to high throughput in vivo, it is often challenging to obtain good

quality images. In addition, they can rapidly diffuse through vascular tissue, thus
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diminishing the ability to visualize the border between lesions and healthy tissue
[228]. To overcome this challenge, it is proposed to employ nanoparticulate delivery
vehicles that could transport imaging agents and control their distribution. In the
same way that nanoparticles can improve delivery efficiency of drugs and genes,
they can also reduce the toxicity of tracers, as well as bear surface targeting ligands
to improve residence time and target cell/tissue delivery specificity. Liposomes are of
particular interest to this application, owing to their characteristic ability to improve
residence time and stabilize contrast agents in the blood pool [229].

For example, Ayyagari et al. (2006) encapsulated gadodiamide in liposomes
coated with PEG, in an attempt to improve MR angiography [228]. As shown in
Figure 5.5A and B, results indicate that liposomes improved residence time in blood
vessels with enhanced image contrast. In regards to further improving residence time
and homing accuracy, it has been proposed that inflammatory cells, such as
macrophages and monocytes, are ideal targets for imaging agents since they are
capable of taking up nano-sized particulates and play an active role in the
development of atherosclerotic plaque [222]. Maiseyeu et al. (2009) showed that
liposomal-gadolinium enriched with exteriorized phosphatidylserine residues, known
to promote macrophage recognition and apoptosis, enhanced the MR imaging signal
of plaques in ApoE”" mice compared to un-targeted liposomal-gadolinium (Figure

5.5C) [230]. Thus, formulating liposomes loaded with tracers that are specifically
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engineered to be attracted to macrophages at atherosclerotic lesions could facilitate
imaging, and enable better resolution for MR scanning. CT imaging can also benefit
from targeted liposomal imaging agents. For example, Conyers et al. (2009)
formulated ICAM-1 specific immunoliposomes loaded with iodinated contrast media
[169]. Preliminary results in vitro showed that immunoliposomes selectively bound
to inflamed endothelium, which may prove to enhance CT image resolution in future
studies.

Advanced studies involving animal models will surely continue to probe the
use of liposomal contrast agents in CT and MR cardiovascular imaging applications.
Liposomes hold great promise and potential in improving image properties by
increasing half-lives and imparting homing abilities to contrast agents that may
otherwise be non-specifically taken up by the reticuloendothelial system. In addition,
liposomes may make it possible to co-encapsulate materials that enable dual imaging
by CT and MR [231], and/or synergistic targeting of two or more receptors [232],
which could help to further elucidate CVD progression, improve diagnosis, and

subsequent treatment.
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Figure 5.5 - Graphs depict the signal intensity (A) and contrast-to-noise (B)
enhancements obtained from gadodiamide encapsulated in liposomes (Gd-
stealth) as compared to gadodiamide controls in the magnetic resonance
imaging of blood vessels. (C) Proposed interaction between gadolinium-
liposomes studded with phosphatidylserine residues and macrophages.
(A,B) Reproduced with permission from Ayyagari ef al. (2006) [228].
(C) Reproduced with permission from Maiseyeu et al. 2009 [230].
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5.5.2 Echogenic Liposomes

Ultrasound has widely been used for imaging and diagnostic purposes, since
it can be directed to specific regions of interest, enables real time image acquisition,
is widely available, and economical [222, 225]. Ultrasonic contract agents were
introduced with the aim of improving image quality, sensitivity, and tissue
characterization [233]. In addition, by improving the signal-to-noise ratio, contrast
agents can decrease the amount of ultrasound energy directed to tissues, thus
minimizing any peripheral damage. Unlike MR or CT contrast agents, ultrasonic
contrast agents can simply be liposomes that contain gas within the core, which
significantly improves the imaging contrast by altering backscatter intensity and
ultrasound wave re-radiation [225, 234]. Alternative forms of acoustically sensitive
liposomal contrast agents, devoid of gas, were also developed to overcome the
inherent instability of the two-phased systems [235]. For these formulations, lipid
compositions were varied to produce carriers that could still exhibit echogenicity and
enhance image contrast.

In terms of cardiovascular applications, echogenic liposomes have been
employed to improve the characterization of atherosclerotic plaque [236]. Echogenic
liposomes that attach specifically to the plaque via conjugated antibodies, also called
echogenic immunoliposomes (ELIPs), can be used to identify specific surface

morphologies and delineate diseased regions in vivo. In addition, ELIPs can be
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tailored to specific sizes (< 1um), which are required to adequately perfuse vascular
tissues while avoiding accumulation in pulmonary capillaries [236].

Demos et al. (1999) demonstrated that antifibrinogen ELIPs can be directed
to thrombi and fibrin-rich areas of atheromas, while anti-ICAM-1 ELIPs attached to
early plaque formations and retained acoustic sensitivity in porcine models [236].
Hamilton et al (2004) showed that anti-VCAM-1 ELIPs could enhance
echocardiography images of atheroma in the left carotid artery of swine [172]. In
another study, Hagisawa et al. (2010) described the application of liposomal
microbubbles coupled with Arg-Gly-Asp (RGD) peptides in an attempt to bind
activated platelets. Results showed that these contrast agents, coupled to liposome
delivery vehicles, could markedly enhance ultrasound imaging in rabbit models of
acute thrombotic occlusion [237].

Molecular imaging of the cardiovascular system with liposomes will certainly
help to enhance current imaging technologies. Indeed, the versatility of liposomes as
carriers of imaging agents and gases, as well as their innately ultrasonic properties,
renders them well suited for use in a variety cardiac imaging applications, and may

indeed push the limits of CVD diagnosis in the future.

5.6 Conclusion

Currently, although there are no liposome-based drug, gene or imaging

formulations clinically available to diagnose or treat CVD, this review presents a
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wide range of ongoing research in the field. It highlights innovative approaches from
actively targeting liposomes with antibodies to their use as inherently echogenic
contrast agents. The majority of the research indicates that liposomes may indeed
allow for therapeutic and diagnostic efficiencies not previously possible with
conventional formulations, though it is clear that a great deal of work and

advancements are still required.

5.7 Expert Opinion

The application of liposome-based technologies to diagnose and treat CVD
has not been as widely investigated as compared to applications within oncology;
nevertheless, it is evident that this field of research presents great possibilities. As
detailed in this review, liposomes have facilitated the delivery of drugs and genetic
material to a variety of CVD models, in addition to improving cardio-imaging for
CT, MR and ultrasound technologies. In terms of drug delivery to the vascular
system, it is clear that liposomes can enhance therapeutic outcomes in animal models
of disease for a number of formulations. In particular, poorly soluble drugs, such as
statins, and large bulky agents, such as bisphosphonates, can benefit from
encapsulation to improve cellular permeability and therapeutic effectiveness. As
well, actively targeting liposomes to sites of injury or disease can further the desired

outcomes, within the context of CVD treatment and diagnosis.
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However, despite this mostly positive progress, further steps must be made in
order to improve effectiveness and translate these findings to clinical relevance. For
instance, preliminary results have indicated that applying multiple targeting ligands
to liposomes could further enhance homing and cellular uptake, compared to single-
ligand systems [147, 232]. As demonstrated by Kluza et al. (2010), liposomes
complexed with two antibodies specific to receptors present on activated endothelial
cells, synergistically improved particulate uptake compared to either moiety alone
[232]. In another study, it was determined that liposomes specific for CD34 antigens
and ICAM-1 significantly improved the adherence and penetration of CD34+ adult
bone marrow stem cells in aortic tissues [238]. Ma et al. (2011) also showed that
liposomal gene delivery vectors could benefit from multi-ligand targeting, by
combining cellular and nuclear homing molecules to improve transfection [147].

In terms of further improving the delivery success of liposomes, it has been
suggested that exogenous triggers, such as temperature and ultrasound, may be able
to provide better control over the release of active agents [239], enhance tissue
perfusion [240], and cellular permeability [241]. Specifically, ultrasound has widely
been used to modify the delivery profile of active agents from liposomes, by
inducing thermal or mechanical effects [241, 242]. As well, ultrasound has been
shown to improve the expression of transgenes delivered from echogenic liposomes,

perhaps through cavitation effects [243]. Ultrasound frequency can also affect the
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cellular uptake of liposomes by temporarily disrupting membranes or tight junctions
[242]. In terms of delivery to the cardiovascular systems, these capabilities can lend
to enhancing pharmacological effects in future formulations, though it will be vital to
closely test and monitor ultrasound dosage to avoid peripheral tissue damage.

While liposome-encapsulated drug and gene delivery can be used in CVD
treatment, and liposomal imaging agents can help elucidate and diagnose similar
afflictions, the most important developments in the next few years can be expected to
come in the form of theranostic agents, which combine both “therapy” and
“diagnostic” components into a single system [152]. Indeed, theranostic agents could
facilitate the drive towards personalized medicine and thereby improve the outcome
of treatments. Liposomes are ideally suited for this form of research, since they are
comprised of separate compartments that can house more than one substrate or active
agent. The inherent echogenic properties of liposomes could also make it possible to,
for example, simultaneously image thrombi by echocardiography and deliver
thrombolytic agents. In a recent study, Laing et al. (2011) demonstrated the
multifaceted capacities of echogenic liposomes by imaging the delivery of liposomal
tissue plasminogen activator to thombi in rabbit aorta [188]. In the future, the ability
to co-currently image diseased cardiovascular tissue and deliver cardiovascular drugs
by the application of liposome vehicles may have a positive effect on the clinical

outcomes for millions of patients suffering from CVD.
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In addition to improving vascular targeting and control over therapeutic
release timelines, it is imperative that the toxicological and inflammatory effects of
liposomes be rigorously investigated. Indeed, one of the current limitations of
liposome use in vivo is related to immunological reactions, which are characterized
by activation of the complement system and inflammatory cells upon administration
[244]. To address this issue, researchers have studied the effects of the liposome size,
surface charge, and phospholipid components, all of which can alter the degree of
immunological activation [244]. It has been proposed that surface coatings can also
improve liposomal stabilization and reduce aggregation [245], which may
consequently affect biocompatibility [246]. However, toxicity issues still remain one
of the biggest barriers to the success of the liposomal delivery of therapeutic or
diagnostic agents. Therefore, further research must be conducted with the aim of
minimizing adverse reactions and undesirable side effects before significant
advancements can be made towards developing clinically relevant formulations for
CVD applications.

Considering the recent success and FDA-approval of several liposome-based
formulations to treat various forms of cancer, it is likely that liposomes will continue
to be probed as a medium for the delivery of active agents to the cardiovascular
system [247]. Though additional research must be conducted, it is clear that various

cardiovascular drugs, for example statins and bisphosphonates, and imaging agents,
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such as gadolinium, can greatly benefit from encapsulation into liposomes. Based on
the work detailed in this review, it is clear that liposomes present interesting
therapeutic and diagnostic capabilities that will continue to be explored and
developed in the future with the ultimate aim of improving CVD treatment and

diagnosis.
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Chapter 6: Assessing Inflammation In Vitro

Tangible progress in the field of CVD treatment is underpinned by our
current methods to accurately detect undesirable changes in the vasculature prior to
the onset of clinical symptoms. Specifically in regards to atherosclerosis, early
detection and localization of plaque initiation could significantly improve prognosis
when combined with effective therapy. In light of the inflammatory response’s
critical role in early atherogenesis, particularly the upregulation of cellular adhesion
molecules, it follows that precise detection and localization of these molecules may
provide a means to characterize the disorder and treat the affected area before
irreversible damage can occur. Accordingly, the technologies used to visualize and
analyze the expression of such molecules are of vital importance to achieve this goal.
Ideally, these technologies would be highly sensitive, selective, non-invasive, non-
destructive, and provide both specific target identification, as well as localization
information. Furthermore, inflammation detection tools that are initially tested and
assessed in vitro should be designed so that translation to an in vivo settings can be
achieved.

The concept of inflammation encompasses a variety of processes within the
body, typically involving interactions between immune cells and healthy tissue [248].
The ultimate aim of the inflammatory response is to protect the host against infection

or injury, as well as to participate in tissue repair. In the context of atherosclerosis,
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the innate immune response plays a significant role, with the recruitment and
attachment of mononuclear phagocytes by leukocyte adhesion molecules (e.g.
ICAM-1, VCAM-1) to be a hallmark of early atherogenesis [249]. It follows that
attempts to diagnose and treat initial plaque formations may be facilitated by accurate
detection and localization of such adhesion molecules. Immunochemical techniques
that are commonly used to detect such proteins and molecules via specific antibodies,
including Western blot, ELISA, fluorescence, will be explored in the following
sections, followed by a more detailed summary of surface-enhanced Raman

scattering (SERS)-based approaches.

6.1 Western Blot Technique

Western blot is a robust technique widely used to detect proteins from cells or
whole tissue [250]. The assay uses gel electrophoresis to separate proteins by
molecular weight from a given sample, which are subsequently transferred to a
nitrocellulose or polyvinylidene difluoride (PVDF) membrane and stained with
antibodies specific to the target analyte. In the final step, an enzyme-linked
secondary antibody is typically applied, which produces a colourimetric or
chemiluminescent signal that can be detected by x-ray film, CCD camera imaging
devices, or phosphoimagers. Figure 6.1a schematically depicts the generalized steps

of the Western blot method.
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The technique is moderately sensitive, reproducible, and quantitative, with
several groups demonstrating application of the technique to detect inflammatory
adhesion molecules. Cossette et al. (2013) detected both ICAM-1 and VCAM-1
expression in human coronary artery endothelial (HCAE) cells [13], while Liang et
al. (2006) also applied the Western technique for VCAM-1 expression in aortic
endothelial cells [251]. However, the method necessitates cell lysis and, therefore,
cannot be used to localize lesions or realistically translated to in vivo models. In
addition, rigorous experimental methods, laboratory expertise, and reagents are

required to successfully perform the assay.

6.2 Enzyme-Linked Immunosorbant Assays

Three variations of ELISAs can be used to robustly quantify the amount of
protein present in a given sample: direct, indirect, and sandwich methods (see Figure
6.1b). All are based on the attachment of an enzyme-linked antibody, which reacts
with a substrate solution producing a colourimetric reaction proportional to the
amount of protein present in the sample. The direct ELISA utilizes a labeled primary
antibody immobilized on the capture plate to detect the target antigen, whereas the
indirect assay incorporates a secondary antibody. The sandwich approach utilizes an
antibody-coated platform to capture the antigen followed by a secondary detection

antibody.
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Figure 6.1 — Schematic diagrams showing the antigen-antibody interactions of
immunochemical techniques for antigen/protein detection. (a) Protein detection
via Western blot technique. (b) Three common ELISA formats for antigen
detection. (c¢) IgG antibody (left) and target antigen bound to a primary- and
fluorophore-conjugated secondary antibody, demonstrating the binding events
and signal generation that occurs in fluorescence-based detection (right).
Figure (a) is reproduced from [252], (b) from [253], and (¢) from [254].

ELISAs are highly quantifiable and sensitive means of detection, and require
relatively cheap equipment to perform. Indeed, Zhang et al. (2011) demonstrated that
VCAM-1 and ICAM-1 expression increases in response to proinflammatory
cytokines in murine heart endothelial cells using ELISAs [255]. However, the

technique nevertheless suffers from drawbacks similar to Western blot, in particular

the inability to localize protein expression in cells.
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6.3 Fluorescence-Based Techniques

Immunofluorescence techniques are based on the interaction of target
antigens with antibodies conjugated to fluorophores (see Figure 6.1c) [256] or
quantum dots [257]. When combined with microscopy, the technique allows for
localization of target immunoantigens in vitro, as well as quantitative analysis since
the fluoresce signal intensity is generally regarded as proportional to the amount of
antigen present in a given sample. However, due to broad bandwidths of
fluorophores and quantum dots, the technique is limited in terms of multiplexing
capabilities. As well, fluorescent dyes are sensitive to photobleaching, require
expensive microscopy equipment, and often experience interference due to
autofluorescing of cells and tissues. Fluorescence-activated cell sorting (FACS) can
also be applied to quantify the fluorescent signal, as well as distinguish the
proportion of cells expressing a given target antigen. The technique is similarly based
on labeling antigens with flurorophores, however detached cells are flown through a
specialized flow cytometer equipped with an excitation source and fluorescence
detector. Disadvantages of this approach include costly equipment and the inability

to localize expression of cells in their local environment.

6.4 Spectroscopy-Based Techniques

The expression of various inflammatory proteins and cytokines can also be

assessed by spectroscopy-based approaches, which measure changes in optical
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absorbance or reflective spectra. Examples include surface plasmon resonance (SPR)
[258] and Raman spectroscopy [259]. Advantages of SPR include the ability to
detect very low levels of proteins and biomarkers, however the technology is
currently not adaptable to in vitro or in vivo environments. A more detailed review of

Raman spectroscopy is presented in the following section.

6.5 Raman Spectroscopy

Raman spectroscopy is a useful tool in many research fields, since it can yield
highly specific structural information, with very little sample preparation and
minimal equipment. Historically, weak Raman signals precluded the application of
Raman spectroscopy to study cells and biological tissues, however developments
pioneered in the past few decades, such as surface-enhanced Raman scattering
(SERS), have allowed for translation into this field due to improved signal intensities
and detection capabilities. This section will review the principles of Raman
spectroscopy and SERS, as well as detail recent progress in the field of SERS-based

biomedical research.

6.5.1 Principles of Raman Spectroscopy

Raman spectroscopy is a light scattering technique used to detect,
characterize, and elucidate the molecular structure of materials [260]. The principle

is based on the interaction of a photon of light with a given sample, which results in
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varying degrees of reflection, absorption, and scatter depending on vibrational modes
of the molecules under investigation. Most of the scattered radiation is called
Rayleigh or elastic scattering since the frequency is unchanged, however a small
proportion is scattered at a different wavelength and is termed Raman or inelastic
scattering (see Figure 6.2a). Raman scattering can further be differentiated into
Stokes, where the photon is scattering at a lower energy, and anti-Stokes, where the
molecules are scattered at a higher energy (see Figure 6.2b). The Stokes scattering is
of particular interest to Raman spectroscopists since it is typically more intense than
the anti-Stokes radiation, and thus, can be used to provide detailed insight into

chemical structures, or more specifically, vibrational structures of a given sample.

Typical Raman spectroscopy measurements are conducted by illuminating a
sample with a monochromatic light source, generally a laser in the visible, NIR or
UV range. After excitation and generation of the Raman signal, a notch filter is used
to absorb or reflect any Rayleigh scattering and transmits the Raman signal whereby
a detector and spectrograph are used to image the Raman spectra (see Figure 6.2c¢).
The addition of a confocal microscope to the set-up can be used to localize detection
of Raman signals further, since it is designed to reject background noise. However,
despite the advantages of Raman spectroscopy, the technique suffers from the key
drawback of weak signal intensities that may be lost amongst background scatter and

noise. Although multivariate analysis and data interpretation may be applied to
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dissect spectral information [261, 262], complex statistical models and specific
software are typically required, and, even so, may not be capable of analyte detection
at low levels. Particularly in regards to the study of biological systems, where target
molecules may be present in nanomolar or femtomolar concentrations, signal

amplification is required to yield functional results.
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Figure 6.2 — Principles of Raman Spectroscopy. (a) Interaction of a molecule
with a photon of light to produce scattered radiation. (b) Energy level diagram
showing Rayleigh, Stokes and anti-Stokes Raman scattering modes. (c¢) Typical

Raman spectroscopy set-up showing a target cell as sample.
Adapted from [263] and [264].
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6.6 Surface-Enhanced Raman Scattering

6.6.1 Principles of Surface-Enhanced Raman Scattering

The first reported observation of a surface-enhanced Raman signal was
published by Fleischmann et al. (1974), who described the increase in Raman signal
of pyridine observed on a roughened surface electrode [265]. Since that time, the
technology has been employed in variety of fields including materials [266],
analytical [267], and life science [268, 269] to detect and identify samples previously
indiscernible by traditional Raman spectroscopy. Essentially, the SERS effect
involves an amplification of Raman signal when molecules are adsorbed or are in
close proximity (~10 nm) to metal surfaces, commonly referred to as SERS
substrates. Indeed, Raman signal intensities have been frequently documented to
increase 10%-10° fold [270-272], and as much as 10" given ideal conditions [273],
with single molecule detection equally reported in the literature [274, 275]. Two
factors are thought to contribute to the SERS effect and are categorized into (i)
electromagnetic mechanisms and (ii) chemical mechanisms [276, 277]. Long-range
electromagnetic field enhancement is based on the interaction between target
molecule and the localized surface plasmon resonance (LSPR) induced by laser light
on a metal surface [276]. While short-range chemical interactions are believed to
contribute to signal enhancement by the charge transfer that occurs between the

analyte and metal surface, subsequently enhancing vibrations [278].
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As described, SERS substrates are typically metallic nanostructures
characterized by their ability to enhance Raman scattering signal intensities.
Typically, these substrates are subcategorized into two classes: (i) variations of
colloidal nanoparticles and (ii) nanopatterned ‘planar’ substrates fabricated by nano-
lithography or self-organization [279] The nanostructured component of these
substrates allows for greater signal amplification compared to flat metallic surfaces,
due to increased surface area. Coinage metals, gold, silver, and/or copper are most
often employed as SERS substrates since they exhibit good plasmon resonances in
the visible/near-infrared (NIR) region [40].

Among diverse applications, the SERS spectroscopic technique is particularly
well suited to the study of biological systems due to the weak Raman scattering
property of water, compatibility at NIR, minimal sample preparation, and low limits
of analyte detection [280, 281]. Furthermore, narrow vibrational spectral bandwidths
(~1 nm) compared to fluorescent and quantum dot probes, make SERS well suited to
multiplexing applications [282, 283]. The selection of colloidal (3D) or planar (2D)
nanosubstrates depends on the experimental set-up and ultimate application.
However, for the purposes of this review, we will focus on the use of colloidal
systems since they represent the majority of the current and future of SERS-based in

vitro and in vivo research [284-286].
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SERS colloidal nanostructures are employed in two main areas of biological-
based research: label-free detection of analytes (direct sensing) and targeted detection
with SERS labels (indirect sensing). Figure 6.3a depicts these two areas of research

using nanoparticles (NPs) as SERS substrates.
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Figure 6.3 - (a) SERS applications of metallic NPs for direct and indirect
sensing. (b) Step-by-step fabrication of antibody-functionalized SERS
nanoprobes for target sensing applications.

Adapted from [287] and [288].

For label-free detection, colloidal nanostructures introduced into a solution
amplify the characteristic Raman signal of molecules when adsorbed or in close
proximity to the surface of nanostructures [287]. The label-free approach has been

applied to monitor cell viability [289] and measure apoptosis [290], however

detection capability is limited by non-specific sample interactions and is therefore
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typically not suitable for bioanalysis. Indirect sensing via SERS nanotags, on the
other hand, provides the capability to directly sense target molecules when combined
with Raman microscopy and functions similar to quantum dots and fluorophores
[284]. Compared to these other optical probes, SERS tags offer greater sensitivity
and capacity for multiplexing, enhanced photostability, and compatibility at NIR
excitation [291]. As well, SERS nanotags merely require a single laser excitation
wavelength for detection. The design and fabrication of the SERS probes is integral
to successful application and bioanalytical detection. Accordingly, each element of

the SERS tags will be described in more detail in Section 6.6.2.

6.6.2 Surface-Enhanced Raman Scattering Nanoparticle Probes

As described above, each step in the design and construction of SERS
nanoprobes can affect the degree of Raman signal enhancement and ultimate
analysis. In addition to significantly enhancing Raman signal intensities, SERS
nanoprobes should be stable, and support biofunctionalization [285]. As depicted
in Figure 6.3b, SERS nanotags are comprised of four main components, they are
the: (i) metal nanosubstrate, (ii) Raman reporter molecule, (iii) protective surface
coating (optional), and (iv) targeting molecule. Table 6.1 provides a general
overview of each component along with relevant examples and references from the

literature.
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Table 6.1 — Components of SERS nanoprobes used for biomedical applications.

. Main Main
Component Function Type Advantages Disadvantages Example Ref.
Stable, biocompatible, .
Gold inert, LSPR in Iéllfﬁgr?cremrf:;cl naﬁgrlgds [292]
visible/NIR range
Increases Raman Substantial Raman signal Cytotoxic, Silver
SERS ; : ; Silver enhancement, LSPR in poor long term . [293]
signal intensity . S nanoparticles
Substrate via LSPR visible/NIR range stability
LSPR in visible/ . . Copper
Copper NIR range Reactive to air nanoparticles [294]
Nitrogen-containin Weak affinity
gen- & Cheap for metal, Crystal violet [295]
Imparts cationic dyes o
Raman . L poor stability
characteristic
Reporter Raman Signal Expensive
£ Sulfur-containing Strong affinity & tPﬁcul ¢ to’ Malachite green [296]
dyes for metal form SAM isothiocyanate
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Cheap, few Raman peaks,

Can be

Elcl)(l);lﬁ:lsl strong affinity for metal, unstable in 4-Mercz:£ ti(()ibenzmc [297]
SAM formation solution
Stable prtteatmen
Silica good water solubility, t(I)) make brobe Silica [298]
. non-specific binding . p .
Improves stability, vitrophilic
Surface biocompatibility,
Coating surface for .
; S Large variety,
functionalization biocompatible
Polymers biodegradable, - PEG [299]
water soluble
Aptamers Vasopressin aptamer  [300]
Egiifiz tegé(;{?l?gtclzg;ll)l;l}ilt’:y Selection depends on application
Antibodies F-19 Monoclonal 3,

antibody
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6.6.2.1 Metallic Nanoparticles

Typically coinage metals, such as gold, silver, copper, and/or a combination
thereof, are employed as the structural scaffold and signal amplifier for SERS labels
since they possess the necessary optical properties to enhance Raman scattering
signals. Although silver often bests gold in signal enhancement, gold particles are
typically favored for biological applications since they are less cytotoxic [284]. In
addition to material selection, substrate size can affect optical properties and must
thusly be tailored to the desired application [302]. Typically diameters between 30 -
100 nm are most suitable for SERS applications [303]. Finally, a variety of substrate
shapes can be used to affect signal enhancement, including nanoparticles [304],

nanorods [305], nanoflowers [306], and nanostars [307].

6.6.2.2 Raman Reporter

The next step in SERS probe construction is the selection and conjugation of
the Raman scattering reporter molecule onto the nanosubstrate, which imparts the
characteristic spectral signal. Main criteria for Raman reporters include strong
Raman scattering properties with few characteristic peaks (for multiplexing) and
suitable affinity for the metallic nanosubstrate to prevent desorption. Common types
of Raman reporters are nitrogen- or sulfur- containing dyes, and thio-small
molecules. Table 6.1 outlines the advantages and disadvantages of each reporter
types along with common examples. Thiol-small molecules are of particular interest
for highly sensitive SERS detection, since they can form self-assembled monolayers

(SAMs) on the surface of nanosubstrates. Since the number of Raman reporter
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molecules on the substrate surface directly influences Raman signal intensity [308], it
follows that the maximal surface coverage afforded by SAM formation significantly

improves detection capacities [287].

6.6.2.3 Protective Coating

Protective coatings, such as polymers and silica, are often employed in SERS
probes design to enhance stability, reduce non-specific binding, and provide a
surface for functionalization [284]. As well, the protective coating can serve to
improve biocompatibility and decrease detachment of Raman reporter, which is
particularly relevant when probes are introduced into biological systems. Examples

of protective coatings are included in Table 6.1.

6.6.2.4 Targeting Molecules

In order to target SERS probes to specific analytes, biomolecules, such as
aptamers or antibodies, must be conjugated to the probe surface. The type of
biomolecule is dependent on resources available and on the ultimate target
application. Various functionalization techniques can be applied, such as 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimides (NHS)

chemistry [309] or via direct conjugation to the Raman reporter [310].
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6.6.3 Surface-Enhanced Raman Scattering Nanoprobe Applications

The application of SERS nanoprobes for bioanalysis can broadly be divided
into two categories: sandwich SERS-based immunoassays and SERS-based
biosensing and bioimaging (see Figure 6.4), each of which will be detailed in the

following sections.

SERS

a) Signal output b) Rapid SERS
detection
Raman - / Raman /

laser =35, G AT laser
':éii W g sEms

ey

ey ————— SFX" nanoprobes = =

Target biomarker

Y -;_____Y_ _Y______-\; Target antibodies

Capture substrate

4+ Target analyte

Figure 6.4 — Schematic diagram representing the components of a SERS-based
(a) immunoassay platform and (b) cellular nanosensing application.

6.6.3.1 SERS-Based Immunoassays

Typically, SERS-based immunoassays are employed to detect protein
biomarkers in complex biological samples to diagnosis various pathophysiological
states. As depicted in Figure 6.4a, the scheme is based on three components: the
capture substrate, biofunctionalized SERS nanoparticle, and Raman signal output

[311]. The principle advantages of SERS-based immunoassays compared to
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traditional methods of biomarker detection, such as Western blot, mass spectrometry,
and ELISA, include lower limits of detection (down to zeptomolar [312, 313]) and
the opportunity to scale to point-of-care (POC) devices thanks to recent innovations
in portable Raman instrumentation [311]. A study by Li ef al. (2013) detailed the
fabrication of a SERS immunosensor for protein biomarker detection with the aim of
detecting VEGF in the human plasma of patients with breast cancer [314]. The
design was based on capture antibodies immobilized on a plasmonic substrate and
gold nanostars fabricated with the Raman reporter malachite green isothiocyanate
coated with silica. The lower limit for VEGF detection was determined to be 7 fg/mL
in human serum, demonstrating the platform as a possible ultrasensitive biomarker
detection technique. Based on these results, as well as a several other groups
demonstrating promising outcomes [283, 315-317], the use of this SERS-based
approach will no doubt endure and continue to make significant impacts in the field

of diagnostics.

6.6.3.1 SERS-Based Biosensing and Bioimaging

SERS-based nanosensing can be applied to detect intra- [40, 318] or
extracellular analytes [318] and, when combined with confocal microscopy, provides
high resolution images [319, 320]. This dual advantage is unique among bioanalysis
methods since conventional techniques, such as Western blot and ELISA, do not

yield distribution information and typically require cell disruption or lysis. Similarly,
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fluorescence-based single cell imaging and spectroscopy affords poor limits of
detection, restricted multiplexing potential due to broad bandwidths, and cytotoxicity
over prolonged incubation times [285]. Given the advantages of SERS-based
detection, the technique has been applied to a variety of applications including
intracellular monitoring of pH [321], differentiation over time [322], and drug
delivery [323, 324]. When biofunctionalized SERS-nanoprobes are used, highly
specific detection of molecules such as surface receptors and markers can be
achieved [325-327]. Lee et al. (2014) demonstrated that SERS nanoprobes
functionalized with antibodies specific for epidermal growth factor, ErbB2, and
insulin-like growth factor could be used to distinguish cancer cell phenotype,
quantify, and localize surface expression [318]. The article also highlights the
tremendous potential for SERS-based analysis to be used in multiplex detection,
which is increasingly becoming relevant to the field of personalized medicine [282,
328, 329]. Specifically in regards to assessing inflammation in vitro, McQueenie et
al. (2012) reported that antibody functionalized SERS probes could be applied to
detect ICAM-1 expression in vitro with superior sensitivity compared to fluorescence
techniques [288]. Furthermore, ICAM-1 expression in atherosclerotic mice was
demonstrated, which highlights the application of SERS-based detection in vivo

[330].
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Certainly, one of the main challenges associated with SERS-based
bioanalysis lies in the development of stable and reproducible SERS nanosensors,
with significant enhancement capacities. Presently, SERS probes are custom
fabricated by, for the most part, complex and multi-step procedures that can take
several days and are difficult to reproduce [331]. Other limitations of the technique
include the cost and practicality of the current instrumental systems including the
spectrophotometer, laser, and detector, as well as the confocal microscopy
component that is crucial to much of the biological-based SERS studies. As far as
translation to in vivo studies, Raman lasers have been shown to penetrate murine
tissues approximately 1-2 cm for adequate SERS detection [41] and stability over a
week in mouse models has been demonstrated [332]. Universal application of the
technology will certainly be dependent on the ability to maintain significant signal
intensities from SERS substrates over time and at suitable depths for diverse tissue
analysis. In tandem with the continued development of more precise and portable
Raman spectroscopy systems, applications of this technology in the field of medicine

will no doubt continue into the future.
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Chapter 7: 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine-Based Liposomal
Nanoparticles as an Effective Delivery Platform for 17p-Estradiol

In order to meet the first two objectives of this thesis, that is to design and
characterize an E2 liposome-based delivery vehicle, an investigation into the
components and formulation of such a system was undertaken. Briefly, three types of
lipids were investigated for their ability to accommodate varying concentrations of
E2 within the lipid bilayer. The encapsulation efficiency, loading capacity, and
release kinetics of E2 from lipid bilayers were assessed by a high performance liquid
chromatography (HPLC) method developed for E2 quantification (see Appendix B).
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was shown to accommodate the
highest amount of E2 by weight, with a 5% initial E2 loading demonstrating the best
encapsulation efficiency. Varying charging agents were subsequently included in the
formulation composed of DOPC and 5% E2, with the formulation containing the
cationic charging agent dimethyldioctadecyl-ammonium (DDAB) demonstrating the
best cellular uptake in human coronary artery endothelial (HCAE) cells. No adverse
cytotoxicity effects in HCAE cells were observed in any of the formulations tested.

The results of this study are presented in following manuscript entitled “1,2-
Dioleoyl-sn-Glycero-3-Phosphocholine—Based Nanolipsomes as an Effective
Delivery Platform for 17B-Estradiol”, which was accepted for publication by the

European Journal of Pharmaceutics and Biopharmaceutics in October 2013.
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7.1 Abstract

The high loading efficiency and efficient delivery of hydrophobic drugs is
still an unmet goal in the development of drug delivery systems. In the present study,
liposomes were developed to encapsulate 17B-estradiol (E2), which is a sex steroid
shown to confer protective effects in the cardiovascular system. Egg
phosphatidylcholine (EPhC), 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), or
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were used to prepare
liposomes by thin film hydration and tested for their ability to load E2 with a high
efficiency. DOPC-based liposomes were found to improve E2 encapsulation
efficiency and loading capacity compared to those composed of EPhC and DPPC. In
addition, neutral liposomes, liposomes prepared with the cationic charging agent
dimethyldioctadecyl-ammonium (DDAB), and liposomes prepared with the anionic
charging agent 1,2-ditetradecanoyl-sn-glycero-3-phospho-(1°rac-glycerol) (DMPG),
were characterized with regards to their E2 encapsulation efficiency, loading
capacity, particle size, zeta potential, and in vitro drug release. A human coronary
artery endothelial (HCAE) cell model was used to further evaluate effects on
cytotoxicity and relative cellular uptake efficiency of each formulation. Results
showed that DOPC liposomes composed of DDAB had the highest E2 improved
cellular uptake compared to uncharged and DMPG-based liposomes, demonstrating

the greatest potential to be used in future cardiovascular therapeutic applications.
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7.2 Introduction

Despite extensive applications of small hydrophobic pharmaceutical agents,
efficient delivery is often challenged by short biological half-lives and rapid
clearance within the body, which translates to narrow pharmacological windows.
Since high doses must be administered to compensate for this clearance, toxicity and
undesirable side effects may be an obstacle to effective treatment regimes. An
alternative to a bolus delivery of such active agents is incorporation into liposomes
[333], which are small vectors, composed of phospholipid bilayers [334, 335].
Liposomes can alter drug solubility [336], cellular delivery [337], and distribution in
vivo [338, 339], as well as control release of active agents [340], and decrease
toxicity [341]. In addition, liposomes are biodegradable and generally non-toxic,
making them ideal candidates for the delivery of active agents to the body. They
have been employed in a variety of applications including chemotherapy [342, 343],
enzyme [344, 345] and protein delivery [346, 347], gene therapy [348, 349],
diagnostic imaging [350, 351], and vaccination [352, 353]. Liposomes are
particularly well suited to delivering hydrophobic molecules, since they can be
loaded into the lipophilic domain [354, 355].

One of the hydrophobic active agents of interest is the family of estrogens
and their investigation, not only for the treatment of hormonal efficiency, but also in

treating cardiovascular disease. Epidemiological data has shown that premenopausal

103



woman experience significantly less incidents of adverse coronary events compared
to men of the same age, and postmenopausal women [21]. Though there are a variety
of factors that may contribute to this finding, numerous studies have demonstrated
convincing evidence for the role of estrogens, which are present in higher levels in
premenopausal females [22, 356, 357]. Particularly, 17p-estradiol, abbreviated as E2,
has been shown to affect a variety of cardiovascular processes, conferring both
systemic [106], and local effects [23]. Recent research has also investigated the role
of estrogens in inflammation [357], attenuating reactive oxygen species development
[358], collagen synthesis [359], and cellular apoptosis [23], all of which are
contributing factors to the development and progression of cardiovascular-based
diseases. Conventional E2 treatments delivered via peroral or transdermal routes
typically result in non-specific tissue distribution and may be subject to first pass-
metabolism, requiring potentially toxic doses to achieve desired therapeutic effects
[360]. Indeed, proposed links between estrogen replacement therapy and increased
incidences of breast cancer emphasize this drawback [361]. Therefore, different
iterations of carrier systems, for example E2 conjugated-phosphatidylethanolamine
liposomes [362], 2-methoxyestradiol loaded phosphatidylcholine liposomes [19], and
PEGylated estradiol liposomes [363], have been developed for various delivery

applications.
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The focus of our study was to engineer a liposome-based nanoparticulate
carrier from the bottom up to deliver E2 for cardiovascular diseases, such as
atherosclerosis. Indeed, a reduced burst effect, washout, and lower levels of drug
required compared to conventional administration, all contribute to the advantages
bestowed upon systems delivered via nanoparticulate vehicles [364]. For our
purposes, an optimal E2 formulation would deliver the active agent in a controlled
and reproducible manner over a 48-hour period, potentially improve residence time
in the body, as well as cellular uptake and decrease overall dosage requirements. As
such, the objective of this study was to design and characterize a delivery system
specifically for the incorporation of E2 into the lipophilic bilayers of liposomes,
which could be used for future applications to treat vascular disease in vivo. Neutral
liposomes, cationic liposomes, and anionic liposomes were characterized with
regards to their E2 entrapment efficiency, loading, and release profile. Due to the
incidence of studies reporting the significance of E2 to vascular health and disease,
the cytotoxic activity and cellular uptake against a model cell line of human coronary

artery endothelial (HCAE) cells and were evaluated after short-term in vitro assays.
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7.3 Materials and Methods

7.3.1 Materials

Cholesterol, 17B-estradiol (E2), methanol, chloroform, HPLC-grade
acetonitrile and methanol were purchased from Sigma Aldrich (St. Louis, USA). 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine ~ (DPPC)  was  purchased  from
CordenPharma (Colorado, USA). Egg phosphatidylcholine (EPhC), 1,2-dioleoyl-sn-
glycero-3-phosphocholine  (DOPC), 1,2-ditetradecanoyl-sn-glycero-3-phospho-
(1’rac-glycerol) (DMPG) and dimethyldioctadecyl-ammonium (DDAB) were
purchased from Avanti Polar Lipids (Alabaster, USA). Oregon Green ®, 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt was
purchased from Molecular Probes (Oregon, USA). Human coronary artery
endothelial (HCAE) cells were purchased from Lonza (Basel, Switzerland), along
with the EGM-2 BulletKit containing Endothelial Basal Medium-2, 10% FBS, and
EGM-2 SingleQuots comprised of appropriate growth factors, cytokines and
supplements to support cell growth. Ultra pure water (UPW) from a Millipore
filtration system was used for all experiments. All other chemicals used were

analytical grade.
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7.3.2 Preparation of E2-Loaded Liposomes

Liposomes were prepared by the thin film hydration technique. Briefly, the
main lipid, either EPhC, DOPC, or DPPC, cholesterol (30 mol %), DDAB (10 mol
%), and E2 (varied between 1 and 10 mol %) were dissolved in a
chloroform/methanol solvent mixture (4:1 vol/vol). Organic solvent was removed by
rotary evaporation under reduced pressure until a lipid film was observed. The film
was flushed with nitrogen to remove any traces of solvent. The thin film was
hydrated with PBS for 30 min to form multilamellar vesicle dispersions. Liposomes
were allowed to mature for 2 h at room temperature and then extruded successively
through 0.4 and 0.2 um polycarbonate membranes to reduce their size.
Unencapsulated E2 was removed by a Labscale™ tangential flow filtration (TFF)
system in conjunction with a Pelicon® XL polyethersulfone filter (100K) from
Millipore (Billerica, USA). Fluorescent liposomes were prepared by incorporating
either Oregon Green® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (Molecular Probes, USA) for cellular uptake experiments or
Texas Red ® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt for confocal visualization at 1 mol% into the original

formulation and processed as described.
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7.3.3 E2 Encapsulation Efficiency

After un-entrapped E2 was removed by TFF, the encapsulation efficiency
(EE) and loading capacity (LC) of E2 in the liposomes was determined directly by
drying 1 mL of liposomes overnight at 50°C and then dissolving the liposomes
methanol to solubilize the formulation. The solution was sonicated for 30 min to
obtain a completely clear liquid, and filtered. The sample was then resuspended in
the mobile phase and assayed by a high performance liquid chromatography (HPLC)
system as described in Section 7.3.8. The drug EE was determined as the ratio
between the amount of entrapped E2 in the liposomes and the initial drug added

based on the total weight:

Experimental drug loading
EE = : : x 100 %
Theoretical drug loading

The LC of the liposomes was calculated as the ratio of the amount of

entrapped drug in the liposomes to the total weight of the formulation:

Total Amount of E2 (ug)

Total Dry Weight of Liposomes (mg)
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The mass yield of the liposomes after extrusion and purification was
calculated as the recovered mass of the formulation divided by the original weight of

the formulation:

Recovered Weight of Liposomes (mg)
Mass Yield = : . x 100
Total Dry Weight of Liposomes (mg)

7.3.4 Particle Size and Zeta Potential

The particle size and polydispersity index were measured by photon
correlation spectroscopy using the 90Plus/BI-MAS Multi Angle Particle Sizer
(Brookhaven Instruments, USA). Zeta potential (§) was determined using a ZetaPlus

analyzer by laser Doppler anemometry (Brookhaven Instruments, USA).

7.3.5 Preparation of Charged E2-Loaded Liposomes

Anionic, cationic and neutral liposomes were prepared to investigate the
effects of charge on the physiochemical, E2 release and in vitro properties.
Liposomes were fabricated as described in Section 7.3.2 with DOPC as main lipid
constituent, with DDAB (10 mol %) included to prepare cationic liposomes or
DMPG to prepare anionic liposomes. Neutral liposomes were prepared in the

absence of both DDAB and DMPG.

7.3.6 E2 Release Study

In vitro release from liposomes was assayed by dialysis method. Known

quantities of the liposome formulation were placed into a Float-A-Lyzer® G2 device
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(Spectra/Por, molecular weight cutoff of 3.5-5 kDa, Spectrum Laboratories Inc.
USA) and release was measured over a predetermined time of 48 h. Since E2 is
lipophilic, it is necessary to include a wet agent to assure sink conditions within the
release medium [365]. Thus, formulations were dialyzed against 40% ethanol added
to PBS (pH = 7.4). All release studies were conducted at 37°C under gentle agitation.
At appropriate time intervals, aliquots were removed and E2 content was assayed by
HPLC. The profiles of in vitro E2 cumulative release (CR%) from liposomes were
expressed as:

CR%=&X 100
C

0
Where Cy. is the amount of drug released from liposomes at time t and Cy is

the total amount of drug in the liposome suspension.

7.3.7 Shape and Surface Morphology

The shape and surface structure of liposomes were visualized by cryogenic
transmission electron microscopy (cryo-TEM). Briefly, 5 uL of liposome suspension
was dropped onto a copper grid. The sample was then blotted with filer paper to
remove excess and rapidly plunged into liquid ethane. Imaging was performed with a

FEI Tecnai G* F20 microscope operating an accelerating voltage of 120 kV.
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7.3.8 Chromatographic Conditions

The amount of E2 in liposomal formulations and in release medium was
assessed by reverse-phase High Pressure Liquid Chromatography (HPLC) using a
Flexar LC Perkin Elmer HPLC system equipped with a photodiode array detector
(Waltham, USA). A Brownlee Spheri-5 column was used (220 x 4.6 mm, 5 um,
Perkin Elmer) was used at ambient temperature for E2 detection at 205 nm. The
mobile phase was an aqueous solution of acetonitrile and water (70:30, v/v). The
flow rate was 1 mL/min and the sample injection volume 50 pL. The
chromatographic control system, data acquisition and analysis were performed using
Chromera software (Version 3.3, Perkin Elmer). The retention time for E2 was 4.4

min and linearity was assessed to be 0.9979.

7.3.9 Cell Culture Experiment

Human coronary artery endothelial (HCAE) cells used in cell culture
experiments were grown in tissue culture flasks, maintained in 5% CO, at 37°C. The
culture medium was prepared according to the manufacturer’s instructions using an
EGM-2 BulletKit. Cells used for experimentation were released with 0.25%

trypsin/0.1% EDTA (Gibco, Invitrogen).
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7.3.10 Cytotoxicity Assay

The effect of the E2-liposomes on the cellular viability of HCAE cells was
examined by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, according to the manufacturer's protocol (Vybrant® MTT Cell Proliferation
Assay Kit, Invitrogen). HCAE cells were seeded into a 96-well plate at a density of
2x10* cells/cm and allowed to mature for 24 h. The culture medium was removed
and washed twice with PBS, wherein the cells were then exposed to 150 uL of E2-
liposomes. After 48 h, cells were washed twice with PBS and 100 pL of fresh
medium was added to the wells. Next, 10 uL of 12 mM MTT stock was added to
each well. After incubating for 4 h at 37°C, absorbance values were measured using a
microplate reader (uQuant, BioTek, Winooski, USA) at a wavelength of 540 nm.
Cell viability was calculated using the formula, where blank control cells receiving

no sample served as the absorbance control:

Absorbance Sample

Cell Viability% = x100

Absorbance Control

7.3.11 Cellular Uptake Experiments

Cellular uptake was studied using fluorescent liposomes, adapted from
protocols developed by Muthu et al. (2011) [366] and Murata et al. (2012) [337].
Briefly, HCAE cells, harvested as described in section 7.3.10, were plated at a

density of 1x10° cells/cm” onto 96 well plates and allowed to mature for 24 h prior to
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experimentation. Next, the cells were incubated with fluorescent liposomes, which
were prepared with Oregon Green® 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt, as described in section 7.3.2.
Fluorescent liposomes were incubated either for 2 h or 24 h. Following incubation,
cells were washed 3X with ice cold PBS (pH 7.4) and lysed with 0.2 mL of 1 N
NaOH. The relative quantity of fluorescent dye was measured using a fluorescence
spectrophotometer at an excitation wavelength of 501 nm and an emission
wavelength of 526 nm (FLx-800, BioTek, Winooski, USA).

Cellular localization of liposomes was investigated by confocal microscopy.
After 24 h incubation with fluorescent liposomes labeled with Texas Red ® 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine cells were washed with PBS and
fixed with 4% paraformaldehyde solution. Next, cells were stained with phalloidin
for 30 min, followed by a nucleus stain (DAPI) in PBS, which was applied for 15
min. Cells were observed using an inverted fluorescence microscope (Nikon TE
2000-E). Images were captured using a CCD camera (Photometrics CoolSNAP HQ2)
and analyzed by MBF Image]J (MacBiophotonics, McMaster University). Non-

fluorescent liposomes were also investigated as a control.

7.3.12 Statistical Analysis

Data is expressed as mean + standard deviation (S.D.) of n replicates per

group. Statistical analysis was performed using Student’s t-test and multiple
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comparisons were done using one-way ANOVA with post hoc Tukey’s test.

Differences were considered significant at p<0.05.

7.4 Results and Discussion

7.4.1 Preparation and Physicochemical Characterization of Liposomes

The formulation and composition of the liposomal core was first investigated
in an attempt to maximize the loading capacity of E2 within the lipid bilayers. In
particular, three phospholipids EPhC, DOPC, and DPPC, were studied for their
ability to accommodate E2 within their formulation. Since estradiol has previously
been shown to interact with both the phospholipid head and lipophilic core of the
bilayers [367], and particularly with the acyl chains of the lipid membrane, it is
reasonable to assume that the phospholipid composition likely affects E2
incorporation. The initial E2 included into the liposome formulation was also
considered with the aim of determining the maximal loading capacity of E2 within
the liposomes. Preliminary work established that the upper limit of E2 loading was
10 mol % of the main lipid, since any surplus would precipitate out of solution and
clog extrusion filters. Thus, to determine the effects of initial drug loading, a range
from 1 to 10 mol % was investigated. Table 7.1 outlines the experimental
formulations along with the resulting characterization data, demonstrating the effects

of lipid selection and E2 drug loading on the encapsulation efficiency and loading
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capacity. No significant differences were observed in regards to the size and zeta
potential.

Results presented in Table 7.1 show that E2 encapsulation efficiency varied
between 8.2 and 68.8%, and was dependent on both the main lipid and initial E2. EE
increased significantly when the initial E2 loading was decreased from 10 to 1%
mol/mol for all of lipid compositions tested (p<0.05). Furthermore, EE was
significantly higher in formulations composed of DOPC, compared to both EPhC and
DPPC for all initial E2 loadings (p<0.05).

E2 loading capacity for all formulations varied between 1.9 to 8.8 ug/mg,
depending on the main lipid employed. E2 was incorporated into liposomes
composed of phospholipids in the order of DOPC>EPhC>DPPC for equal levels of
E2 loading. The lowest loading capacity was observed in liposomes made of DPPC.
This may be due to the saturated nature of DPPC that tends to form a more rigid
membrane structure compared to DOPC and EPhC, which are primarily composed of
unsaturated phospholipids. The chain length may also be a determining factor in the
extent of incorporation. As shown in Table 7.1, E2 was loaded to a higher degree in
DOPC, which is composed of the longest proportion of fatty acid tails compared to
both EPhC and DPPC. However, the loading capacity was not necessarily influenced
by the initial E2 loading. For example, liposomes composed of DOPC and EPhC

demonstrated statistically insignificant differences in loading capacity at initial E2
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loadings of 5 and 10 % mol/mol (p>0.05). Whereas loading capacity decreased
significantly at an initial E2 loading of 1 % mol/mol. These findings are consistent
with the theory that lipid bilayers posses an inherent loading capacity for
hydrophobic molecules and that any excess will precipitate out in solution. As a
result, liposomes composed of EPhC, DOPC, and DPPC reached maximal-loading

capacities of 5.5 £0.2, 7.3 £ 0.5, and 2.2 + 0.1 pg/mg, respectively.

Table 7.1 - Effects of main lipid and initial E2 loading on encapsulation
efficiency and loading capacity. Data are reported as mean £ S.D. (n=3).

D Lipid .carbon E2 loading Encapsulation Loadlpg
Main Lipid atoms:double (% mol/mol)’  efficiency (%) capaclty2
bonds (ng/mg)

EPhC 10 18.6+0.4 55102
EPhC Mixture’ 5 37.1£2.5 53t04
EPhC 1 56.0+3.4 1.9+£0.1
DOPC 10 321+1.2 89+0.3
DOPC 18:1 5 51.2+3.6 7.3+0.5
DOPC 1 68.6 +2.7 1.9+£0.1
DPPC 10 82+0.5 25%0.1
DPPC 16:0 5 15.1+£1.0 22+0.1
DPPC 1 63.4+5.1 20+0.2

'E2 loading was calculated based on the molar ratio of the main lipid (% mol/mol)
? Loading capacity of E2 is based on total nanoparticulate weight

*Mixure was composed of 34% 16:0, 2% 16:1, 11% 18:0, 32% 18:1, 18% 18:2, and
3% 20:4

In terms of selecting an appropriate formulation for E2 delivery, it was clear

that DOPC supported the highest encapsulation efficiency and loading capacity of all
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lipids tested. The EE of DOPC liposomes was highest at an initial loading of 1%
mol/mol, a value of 68.6 + 2.7%. However, the E2 loading capacity of the liposomes
also sheds light onto the formulation structure, and informs the ultimate selection.
Although, EE is traditionally utilized to determine the effectiveness of a given
nanoparticulate drug delivery vehicle, in the context of lipophilic drug loading into
the phospholipid bilayer of liposomes, the loading capability may be more relevant to
selecting a final formulation. In this light, results from Table 7.1 indicate that the
highest loading capacity with the least amount of E2 loss can be achieved in the
formulation composed of DOPC, with an initial E2 loading of 5% mol/mol.
Therefore, to decrease the ultimate concentration of liposomes to be administered
and maximize the dosing potential, further experimentation was conducted utilizing
DOPC as the primary lipid in the formulation, with an initial E2 loading of 5%
mol/mol.

Table 7.2 presents the physiochemical characteristics of neutral, anionic, and
cationic liposomes. DDAB, a cationic lipid was utilized to confer a positive charge,
whereas DMPG was used to confer a negative charge. Results showed that the mean
particle size and polydispersity index were not affected by the inclusion of a charge
moiety, which is expected for liposomes produced by extrusion. Furthermore, the
polydispersity index was under 0.2 for all formulations tested, indicating a narrow

size distribution. The zeta potential reflected the inclusion of the appropriate
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charging moiety. Liposomes lacking a charging moiety showed poor stability in
solution, as demonstrated a zeta potential of -0.46 £ 2.93 mV. The liposome charge,
however, did not have a significant influence on the encapsulation efficiency
(p>0.05). However, the loading capacity was significantly larger for cationic
liposomes made with DDAB, compared to anionic and un-charged liposomes
(p<0.05). This could be attributed to the interaction and improved accommodation of
E2 upon the inclusion of DDAB within the lipid bilayer and the electrostatic
interactions between negatively charged E2 and the positively charged bilayer [368].
Liposomes were examined under cryo-TEM. As seen in Figure 7.1, visual size
estimates were consistent with results obtained from dynamic light scattering
measurements. Micrographs also demonstrate that produced liposomes were
spherical in shape, bound by a single bilayer membrane and consistent with the sizes

presented in Table 7.2 and measured using DLS.
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Figure 7.1 - Representative cryo-TEM micrographs of DOPC liposomes,
showing unilammelar liposomes formed by thin film hydration and extrusion

through 200 nm stacked membranes. Bar represents (a) 200 nm and (b) 100 nm.

Table 7.2 - Physiochemical characteristics of E2-loaded DOPC liposomes. Data

are reported as mean £ S.D. (n=3).

Liposome Me'an Zetaj Polydispersity  Encapsulation Loadlpg Mass
Preparation particle potential index efficiency (%) capacity Yield
P size (i) (mV) TV (wgmg)' (%)
_0.46 + 65.3 +
DOPC 217 £ 6.43 2 93 0.124 +£0.038 41.7+42 6.0£0.6 7.2
DOPC: 2672 + 81.3%
DDAB 199 +£6.22 406 0.136 £0.006 51.2+3.6 7.3+0.5 7.6
DOPC: 128.00 + 8.7+
DMPG 207 £2.05 461 0.113 £0.002 42.8+2.9 53103 5.8

'Loading capacity of E2 is based on total nanoparticulate weight
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7.4.2 E2-Loaded Liposome Release Kinetics

The release kinetics of E2 from the liposomes were investigated using a
dialysis membrane system. Figure 7.2 reveals the in vitro release kinetics from
neutral, DMPG, and DDAB liposomes. An important aspect of release studies is
maintaining appropriate sink conditions. It is for this reason that PBS (pH 7.4) in
ethanol (60:40) was selected as the receptor phase. All liposome formulations
showed a high initial drug release rate for the first 24 h, followed by a more sustained
release over the following 24 h. This initial release may be due to E2 located at the
outer edge of the phospholipid bilayers. Results indicated that the 50% retention time
for E2 loaded liposomes was roughly 6 h for all formulations tested and little

difference was observed in release with regards to the charged moieties
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Figure 7.2 - Release rate of E2 from various liposome formulations. Results
showed little contribution from the charge on drug release into solution. Each
data point represents the mean and error bars represent the S.D. (n=3).
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7.4.3 HCAE Cell Uptake with Liposomes

First, the MTT assay was utilized to determine the effects of liposome charge
and concentration on the cellular viability of endothelial cells after 48 h. Results
presented in Figure 7.3a show that the viability of HCAE cells was almost unchanged
by contact with neutral liposomes, cationic liposomes made with DDAB, or anionic
liposomes made with DMPG within the range of concentrations tested. These results
confirmed the low cytotoxicity of the proposed liposomal delivery system. No
statistically significant difference in cellular viability was observed between
liposome type and concentration (p>0.05), except in an expanded concentration
range shown in Figure 7.3b. A negative effect on cellular viability was observed at a

high concentration of 100,000 nM (p<0.05).
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liposomes concentrations on cytotoxicity, no significant cytotoxicity effects
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(n=3). (*) Indicates p < 0.05.
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To exert their therapeutic effects, liposomes must be appropriately be taken
up by target cells. Intracellular delivery can occur by endocytosis, diffusion,
phospholipid exchange, or fusion [149, 369]. Indeed, the degree of internalization is
greatly dependent on the physical characteristics of the liposomes. In particular, the
size, surface chemistry, and charge can alter liposome-cell interactions and adhesion
properties. It was thusly important to assess the capability of cells to interact with
E2-liposomes. Since E2 has been shown to affect endothelial cells [370], uptake was
investigated using HCAE cells after 2 and 24 h using fluorescence spectroscopy.
Results from Fig. 4a show that there was a significant increase in cellular uptake in
liposomes formulated with DDAB, compared to those formed with DMPG or those
lacking a charged component, at both time points studied. It was therefore
established that liposomes carrying an overall positive charge improved cellular
uptake, likely due to the electrostatic attraction with the negative charge of the cells.
The effect of liposome concentration on the extent of cellular uptake was studied
using low (10 pg/mL) and high (100 ug/mL) concentrations of DDAB liposomes.
DDAB liposome uptake was shown to be statistically insignificant between the
concentrations investigated after 2 h, which is a reflection of the endocytotic capacity
of the cells. However, liposome uptake increased significantly after 24 h in cells
incubated with the high concentration of liposomes, indicating a time-dependent

endocytotic capacity.
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Confocal micrographs in Figure 7.5 show HCAE cells treated with
fluorescent liposomes labeled with Texas Red® DHPE. A high degree of red
fluorescence intensity can be observed around the periphery of the nucleus and
demonstrates the cellular uptake capacities of HCAE cells with respect to the
proposed liposomal delivery system, which could be exploited for therapeutic

purposes in future studies.

Non-Fluoro Liposomes Fluoro Liposomes

Figure 7.5 — Confocal microscopy images of HCAE cells treated with (a) non-
fluorescent liposomes and (b) fluorescent liposomes; all cells were incubated
with liposomes for 24 h at 37°C. Red is the fluorescence of liposomes labeled
with Texas Red ® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, green
and blue represent the fluorescence of the cytoskeleton (phalloidin) and nucleus
stain (DAPI), respectively. Liposomes appear to localize around the nucleus of
the cells. Magnification of 20X.

The systemic or oral delivery of estradiol is the conventional approach for
contraceptive or hormone therapy, however, given recent evidence documenting the

effects of E2 on the cardiovascular system [371, 372] and endothelial cells in

particular [13, 84, 373], there is a need to reduce unwanted side effects of
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administration, while maximizing the potential for CVD treatment. Earlier studies
examining the encapsulation of various isoforms of estradiol have been documented,
including liposomal ethinylestradiol for contraception [374] and osteoporosis [375],
estradiol benzoate for restenosis [363]. However, the bottom-up development of a
liposome-based delivery with the aim of delivery to the endothelium had yet to be
fully realized. Thus, in our experiments, we sought to develop and characterize a
nanoliposome-based delivery vehicle by examining the effects of the main lipid,
charge, and initial E2 loading on E2 encapsulation efficiency, loading, release
kinetics, cytotoxicity, and cellular uptake in the context of human coronary artery
endothelial cells, which had not previously been investigated. Based on the results
presented, in particular high loading efficiency and cellular uptake, we believe that
the final E2-loaded liposome formulation composed of DOPC and DDAB could be

used in the future studies concerning the effects of E2 and endothelial inflammation.

7.5 Conclusions

In the present study, the incorporation of a hydrophobic molecule, E2, into
the bilayer of liposomes was evaluated with the aim of developing a cellular delivery
vehicle. Liposomes were selected as the ideal vehicle for delivery based on their
versatility and ability to efficiently encapsulate hydrophobic molecules. Of the main
lipids tested, DOPC demonstrated the greatest ability to accommodate E2 based on

both the encapsulation efficiency (51.2 + 3.6 %) and loading capacity (7.3 + 0.5
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ug/mg). The influence of charged components was also investigated based on the
size, zeta potential, E2 encapsulation efficiency, and loading capacity. Based on
multiple compositional parameters, it was determined that liposomes formulated with
cationic DDAB would preferable compared to those formed with DMPG or without a
charged component. Specifically, DDAB liposomes improved E2 loading capacity,
and, through electrostatic interactions, demonstrated significantly improved cellular
uptake properties in HCAE cells. It is hoped that this delivery vehicle will reduce
side effects associated with excessive local concentrations of E2 and provide a means
of delivery to the cardiovascular system for therapeutic applications. Furthermore,
the proposed system offers the possibility of dual drug delivery and/or may
incorporate imaging agents to produce therapeutic and diagnostics vehicles, which

will be investigated in future studies.
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Chapter 8: Nanolipsome-Delivered 17p-Estradiol Effectively Protects
Endothelial Cells Against Inflammation: A Potential for Anti-Atherogenic
Therapy

In order to meet the third objective of this thesis, which was to investigate the
capacity of the E2 liposome-based delivery vehicle developed in Chapter 7 to affect
inflammation, an investigation into application of such a system was undertaken.
Briefly, the liposomal vector detailed in Chapter 7 consisting of DOPC, cholesterol,
DDAB, and 5% initial E2 loading was tested for it’s ability to attenuate an
inflammatory response incited in human coronary artery endothelial (HCAE) cells.
More specifically, liposomes were tested for their ability to attenuate the expression
of VCAM-1 and the secretion of cytokines IL-8 and TNF-a after upregulation via C-
reactive protein (CRP). Results demonstrated that liposomes were capable of
conferring similar anti-inflammatory properties as water-soluble E2 in terms of
attenuating VCAM-1 expression. E2-loaded liposomes were also shown to

successfully modulate the secretion of inflammatory cytokines, IL-8 and TNF-a.

The results of this study are presented in following proceeding entitled
“Nanolipsome-Delivered 17p-Estradiol Effectively Protects Endothelial Cells
Against Inflammation: A Potential for Anti-Atherogenic Therapy”, which will be
presented at the International Conference and Exhibition on Advanced and

Nanomaterials in August 2014.
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8.1 Abstract
The female sex hormone 17B-estradiol (E2) has been shown to decrease

vascular inflammation by reducing the expression and section of inflammatory
molecules. However, conventional pharmaceutical treatments of hydrophobic active
agents, such as E2, cannot be administered locally due to toxicity effects, poor
retention, and cellular uptake at sites of delivery. We report the application of a nano-
sized liposomal E2 delivery vehicle (~200 nm in diameter) with the aforementioned
properties and investigate its application as an anti-inflammatory agent in vitro.
Human coronary artery endothelial cells were activated with the proinflammtatory
agent C-reactive protein (CRP), and tested for effects on the expression of vascular
cell adhesion molecule-1 (VCAM-1), the secretion of IL-8 and TNF-a.
Immuoblotting and ELISA analysis showed that liposomes could successfully
attenuate the inflammatory response after CRP activation and may ultimately be

suited for the delivery of E2 for prevention of atherosclerotic plaque development.

8.2 Introduction

Atherosclerosis is a chronic inflammatory disease characterized by lipid
plaque accumulation in arterial blood vessels, which lead to luminal reduction [46].
Over time, this condition can restrict vital blood flow causing chronic conditions,
such as angina, as well as acute coronary events, such as myocardial infarction.

Much of the work on the treatment and prevention of atherosclerosis has focused on
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addressing hyperlipidemia and lipid plaque accumulation, however recent evidence
has highlighted the prominent role of inflammation in the initiation and development
of atherosclerosis [8, 10, 376]. Accordingly, the application of anti-inflammatory
treatments at the early stages of plaque formation might help to mitigate the

progression of the disease.

Epidemiological has shown that premenopausal woman experience
significantly less incidents of adverse coronary events compared to men of the same
age, and postmenopausal women [21]. Though a variety of factors may contribute to
this finding, numerous studies have demonstrated convincing evidence for the role of
estrogens [22]. Particularly, 17B-estradiol (E2) has been shown to affect a variety of
cardiovascular processes, such as protect the heart against ischemia-reperfusion
injury [14] and reduce restenosis after angioplasty [95]. Moreover, in the context of
atherosclerosis, E2 has been shown to decrease the generation of reactive oxygen
species [377], vascular inflammation [11-13], and, overall, attenuate the development

of atherosclerotic disease.

Previously, we had developed a liposome delivery system for E2, which was
optimized in terms of E2 loading capacity and encapsulation efficiency [136]. The
liposomes, which are defined as artificial vesicles composed of an aqueous core
surrounded by lipid bilayers, were composed of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), dimethyldioctadecyl-ammonium (DDAB), and cholesterol,
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with E2 loaded into the lipid component. They demonstrated no adverse toxicity
effects and showed superior cellular uptake in human coronary artery endothelial
(HCAE) cells. Accordingly, we hypothesized that the developed E2 delivery vehicles

may confer anti-inflammatory properties to HCAE cells.

To study the inhibitory properties of liposomal E2, an inflammatory response
was induced by the application of C-reactive protein (CRP). CRP is an inflammatory
cytokine currently used in the clinic to evaluate levels of inflammation and,
appropriately, as a risk marker for cardiovascular events [378]. While serum CRP
concentrations are associated with high levels of inflammation, on a cellular level, it
has also been shown to act as a proinflammatory agent [50, 251] and specifically to
upregulate the expression of inflammatory cytokines ICAM-1 [50], VCAM-1 [379],
as well as other inflammatory cytokines [380]. Previous work conducted by Cossette
et al. (2013) demonstrated that CRP increased the expression of inflammatory cell
adhesions molecules in HCAE cells and, furthermore, that pretreatment with E2
markedly decreased the expression of inflammatory biomarkers after the CRP
challenge [13]. Accordingly, the current study aimed to investigate the effects of E2-
liposome pre-treatment on CRP-induced inflammation by evaluating the level of
expression of vascular cell adhesion molecule-1 (VCAM-1), and the secretion of

interleukin-8 (IL-8) and tumor necrosis factor alpha (TNF-a) from HCAE cells,
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which are known participants in cardiovascular inflammation. The experimental

procedure is depicted schematically in Figure 8.1.
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Figure 8.1 — Experimental approach to detect the effects of E2-loaded liposomes
on the CRP-induced inflammatory response in HCAE cells.

8.3 Materials and Methods

8.3.1 Materials

Cholesterol, CRP, E2, water-soluble E2, methanol, and chloroform were
purchased from Sigma Aldrich (St. Louis, USA). DOPC and DDAB were purchased
from Avanti Polar Lipids (Alabaster, USA). Monoclonal mouse anti-VCAM-1 and
anti-actin were obtained from Abcam (Cambridge, USA). Prior to contact with cells,
CRP was dialyzed for 24 h using a Float-A-Lyzer® G2 device (Spectra/Por,
molecular weight cut-off of 3.5-5 kDa, Spectrum Laboratories Inc. USA) to remove

any preservatives, such as sodium azide.
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8.3.2 Liposome Formulation

E2 multi-lamellar liposomes were prepared by the thin film hydration
technique [381, 382]. Briefly, the liposomes components, DOPC, DDAB, cholesterol
and E2, were weighed into a round-bottom flask and dissolved in a
chloroform/methanol mixture (4:1 vol/vol). The organic solvent mixture was
evaporated at 60°C under reduced pressure using a rotary evaporator (Buchi R-110
Rotavap, Switzerland). Once a thin dry film had formed on the sides of the flask, the
lipid film was hydrated with 10 mL of PBS. Rehydration was carried out by rotating
the flask in a water bath under normal pressure to ensure complete removal of the
film. The liposome suspension was allowed to mature for 2 h at room temperature
and extruded through 0.4 and 0.2 pm polycarbonate membranes to reduce their size.
Unencapsulated E2 was removed by a Labscale™ tangential flow filtration system in
conjunction with a Pelicon® XL polyethersulfone filter (100K) from Millipore

(Billerica, USA).

8.3.3 Cell Culture

HCAE cells (Lonza, Switerland) were grown up in EGM-2MV BulletKit
from Lonza, with 5% FBS and maintained in an incubator at 37°C, supplied with 5%
CO,. All serum used in these experiments was charcoal-treated FBS from Sigma

Aldrich (St. Louis, USA) so as to avoid interactions from exogenous steroids present
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in commercial FBS preparations. For experimentation purposes, cells were utilized at
passages 4-6 and plated in 6-well plates at a density of 1.5x10* cells/cm®. Cells were
allowed to reach 80-90% confluence and then starved with 0.1% FBS prior to

treatment.

8.3.4 Assessment of E2 Loading Capacity and Treatment

The amount of E2 loaded into the liposomes was assessed by reverse-phase
High Pressure Liquid Chromatography (HPLC) using a Flexar LC Perkin Elmer
HPLC system equipped with a photodiode array detector (Waltham, USA), as
previously described [136]. To assess the impact of E2-loaded liposomes on the
upregulation of the inflammatory biomarker, VCAM-1, cells were treated with E2-
loaded liposomes (10 M, as measured by HPLC) in 0.1% FBS starvation media.
After 24 h, cells were washed 3X with PBS (pH = 7.4) and treated with CRP (25
ng/mL) for 24 h. Cells treated with water-soluble E2 (10° M) and devoid of
treatment served as controls. Following the incubation, media was removed and
stored at -80°C for ELISA assays. Cells were then rinsed 3X with PBS and lysed
using ice-cold lysis buffer (1X Tris-buffered saline (TBS), 1% triton X-100, and
Pierce™ protease and phosphatase inhibitor tablet containing aprotinin, bestatin, E-
64, leupeptin, NaF, NaVOs;, TSPP, pB-glycerophosphate, and EDTA [Fisher
Scientific, Rockford, USA]). Cell lysates were centrifuged at 12,000 rpm for 5 min
and supernatants were stored at -80°C for the Western blot assay.
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8.3.5 Western Blot for VCAM-1 Expression

Proteins from each cell extract were separated by electrophoresis on a 4-20%
SDS-PAGE gel (Bio-Rad, Hercules, USA) and transferred to a PVDF membrane at
100V for 2 h (Bio-Rad). After blocking for 1 h in 1X TBS with 1% casein,
membranes were incubated overnight at 4°C with anti-actin (0.5 pg/mL) and anti-
VCAM-1 (1/1000) antibodies. After washing 3X with 1X TBS-T (TBS with 1%
Tween 20), the blots were incubated with Immun-Star™ goat anti-mouse horseradish
peroxidase conjugate (1/20,000, Bio-Rad) for 1 h at room temperature. The
membranes were then washed 6X with TBS-T and bound antibodies were detected
using the Immun-Star™ WesternC™ chemiluminescent kit (Bio-Rad) and imaged

using an Intas Science Imaging instrument (Gottingen, Germany).

8.3.6 ELISA Assay for IL-8 and TNF-a

Inflammatory cytokine secretion of IL-8 and TNF-a in cell culture
supernatants was assessed after treatment with E2-loaded liposomes and activation
by CRP. Supernatants were collected by centrifugation and cytokine excretion was
measured with commercially available ELISA kits (Human IL-8 ELISA Kit II from
BD OptEIA™; Human TNF alpha ELISA from Thermo Scientific) according to the

manufacturer’s instructions.
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8.3.7 Statistical Analysis
All data are presented as mean = S.D. Student’s #-test test was used to assess
the significance of differences between two groups. Probability values were

considered significant at p<0.05.

8.4 Results and Discussion

8.4.1 E2-Loaded Liposomes Reduce CRP-Challenged VCAM-1 Upregulation

It has been established that incubation with CRP induces VCAM-1 gene
upregulation [379] and expression [13] in vascular endothelial cells. After 24 h of
treatment with CRP, HCAE cells showed a significant increase in VCAM-1
expression (Figure 8.2). To investigate the effects of E2-loaded liposomes on the
expression of VCAM-1, HCAE cells were treated with E2-loaded liposomes and then
incubated with CRP for 24 h, respectively. As shown in Figure 8.2, treatment with
E2-loaded liposomes suppressed the expression of VCAM-1 in cells compared to
untreated cells. No significant difference compared to cells pre-treated with water-
soluble E2 were detected, indicating that E2-loaded liposomes can confer similar

effects to E2 in terms of effects on VCAM-1 expression.
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Figure 8.2 -VCAM-1 protein expression in HCAE cells after pretreatment with
E2 or E2-loaded liposomes and CRP challenge determined by Western blot
analysis. Controls show that the application of CRP significantly increased the
expression of VCAM-1 compared to (*) non-stimulated cells (NS). E2-loaded
liposomes and E2 attenuated the expression of VCAM-1 in CRP-treated cells.

8.4.2 E2-Loaded Liposomes Reduce CRP-Induced IL-8 Cytokine Secretion

IL-8 is an important mediator of cardiovascular inflammation and
atherogenesis [383], accordingly, the effect of E2-loaded liposomes on the response
of IL-8 in activated HCAE cells was investigated. As shown in Figure 8.3, similar to
VCAM-1, CRP was shown to produce a more than two-fold increase in IL-8

production (p<0.05) compared to non-stimulated cells. E2-loaded liposomes
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pretreatment inhibited the release of IL-8 by roughly 60%, compared to the excretion
induced by CRP in untreated cells. This effect was comparable to IL-8 inhibition

observed from soluble E2.
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Figure 8.3 — IL-8 secretion from HCAE cells after pretreatment with E2 or E2-
loaded liposomes and CRP challenge determined by ELISA. Controls show that
the application of CRP significantly increased the secretion of IL-8 compared to
(*) non-stimulated (NS) cells. Both E2-loaded liposomes and E2 attenuated the
response from CRP-treated cells. (*) Indicates statistical significant difference
(p<0.05) of E2-loaded liposomes and water soluble E2 compared to control
samples.

8.4.3 E2-Loaded Liposomes Reduces CRP-Challenged TNF-o. Secretion
To understand the capacity of E2-loaded liposomes to reduce or block the
secretion of TNF-a, ELISA was used to evaluate the concentrations present in cell

supernatants subjected to various treatments. As expected, Figure 8.4 shows that
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CRP significantly induced the secretion of TNF-a compared to non-stimulated cells,
since. TNF-a is a potent mediator of inflammation [384] and contributes to
cardiovascular disease [385]. Pretreatment with E2 liposomes significantly
attenuated the release of TNF-a compared to untreated cells (Figure 8.4), by roughly
68% (p<0.05). Moreover, E2-loaded liposomes demonstrated slightly increased
inhibition compared to E2 alone (68% versus 55%), indicating that the E2-loaded
liposomes may confer alternate benefits in terms of reducing certain aspects of the

inflammatory response induced by CRP.
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Figure 8.4 — TNF-a secretion from HCAE cells after pretreatment with E2 or
E2-loaded liposomes and CRP challenge. Controls show that the application of
CRP significantly increased the secretion of TNF-a compared to non-stimulated
(NS) cells. Both E2-loaded liposomes and E2 significantly attenuated the release
of TNF-a from CRP-treated cells (*; p<0.05).
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8.4.4 Discussion

The initiation of atherosclerotic plaque is closely tied to local inflammation of
the endothelium. An ideal approach to mitigating lipid plaque accumulation in the
vasculature would be to address the inflammatory components of the disease that
catalyze atherogenesis. Specifically, reducing the expression of cellular adhesion
molecules on endothelial cells has been shown to significantly decrease monocyte
adhesion and lipid accumulation [386]. As well, the inhibition of inflammatory
cytokine secretion has been shown to reduce local inflammation and may also
impede atherogenesis [387]. Therefore, attenuating the expression of cellular
adhesion molecules and chemokine secretion has proposed as a viable means of

therapy to decrease atherosclerotic plaque development [388, 389].

CRP is pentameric protein, found in the blood plasma and synthesized in the
liver. It is widely used in the clinic as an inflammatory biomarker to assess risk of
vascular events [390], however it has also been shown to play a role in
atheroprogression [391] and incite a local inflammation response [50, 392]. Previous
studies have shown that estrogen directly affects local inflammatory responses that
contribute to the progression of atherosclerosis [11, 31], and, in particular, block the
action of the inflammatory response induced by CRP [13]. However, no research has
studied the application of a nanoparticulate vehicle specifically designed to deliver

E2 to endothelial cells on inflammation.
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Since the therapeutic dose of E2 should be strictly regulated to avoid
undesirable side effects [393, 394], and conventional pharmaceutical treatments often
require high dosages due to non-specific distributions and poor retention at sites of
delivery, encapsulation into liposomes has been proposed as a means to address these
concerns. Therefore, the design, development, and study of the therapeutic delivery
of E2 by nanoparticulate delivery vehicles is a crucial step towards clinical

application as a means to reduce cardiovascular inflammation.

This study demonstrated for the first time that E2-loaded liposomes could
confer anti-inflammatory properties to endothelial cells in terms of VCAM-1
expression, IL-8 and TNF-a secretion. The down-regulation of VCAM-1 conferred
by E2-loaded liposomes could have a substantial impact on the progression of
atherosclerosis, as endothelial cells that express inflammatory adhesion molecules
recruit monocytes to the area. Once monocytes are recruited to areas of activation,
they can differentiate into macrophages and endocytose oxidized low-density
lipoprotein to become fat-laden foam cells that serve as the basis for atherosclerotic
plaque [57]. Similarly E2-loaded liposomes effects on IL-8, which is a potent
chemotropic factor that recruits monocytes to areas of dysfunction, can reduce the
inflammatory response [395]. While decreasing the CRP-induced response of TNF-a,
a pleotropic chemokine that is a key player in the immune response, may also serve

to attenuate the development of atherosclerotic lesions [384, 385]. Further studies
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could be aimed at decorating the E2-loaded liposomes with different forms of
phosphatidylcholine, a high affinity ligand for CD36. CD36 (macrophage scavenger
receptor) is a potential target receptor that is highly expressed on lipid-laden
macrophages in human atherosclerotic aortas [396, 397]. By intercalating CD36
ligands throughout E2-loaded liposomes, these nanoparticles could potentially
provide site-directed therapy and reduction of atherosclerotic plaque progression.
8.5 Conclusions

This study showed that loading E2 into a liposome delivery vehicle was
capable of reducing the expression of VCAM-1, as well as the response of I1L-8 and
TNF-a to CRP-activation in vitro. Liposomes demonstrated effects similar to those
of free E2 in terms of downregulating VCAM-1 expression, TNF-a and IL-8
secretion. Although further studies should be conducted to investigate the delivery of
E2-loaded liposomes to activated endothelial cells in vivo, overall results presented
indicate that E2-liposomes may be a viable alternative to preventing the

inflammatory response and thereby reducing the progression of atherosclerosis.
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Chapter 9: Microwave-Assisted Surface-Enhanced Raman Scatting Nanoprobes
for Vascular Disease Biomarker Detection and Mapping

One of the main issues in diagnosing and treating early onset atherosclerosis
is accurately detecting the distribution upregulation of inflammatory biomarkers in
the vasculature. Therefore, as a secondary objective of this work, our aim was to
develop a surface-enhanced Raman scattering (SERS) nanoprobe with the capability
to detect and localize VCAM-1 expression in an endothelial cell model. As such, we
engineered a novel SERS nanoprobe composed of a 50 nm gold core, 4-
mercaptobenzoic acid (4-MBA) Raman reporter, poly(allylamine hydrochloride)
(PAH) protective coating, and anti-VCAM-1 targeting monoclonal antibody. We
demonstrate, for the first time, the application of microwave technology to produce
functionally stable SERS nanoprobes, capable of straightforward bioconjugation.
Furthermore, we demonstrated the successful application of this probe to both detect
and localize the upregulation of VCAM-1 in HCAE cells.

The results of this study are presented in following manuscript entitled
“Microwave-Assisted Synthesis of Surface-Enhanced Raman Scattering Nanoprobes
for Cellular Sensing”, which is under consideration for publication by the journal
Surface and Colloids B: Biointerfaces as of May 2014. The table of content graphic,

which accompanied this article is presented in Figure 9.1
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Figure 9.1 — Graphical depiction of the study conducted in Chapter 9. Surface-
enhanced Raman scattering nanoprobes were constructed via microwave
irradiation to detect and localize cardiovascular biomarkers in vitro.
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9.1 Abstract

The fabrication of 4-mercaptobenzoic acid (4-MBA) antibody-functionalized
gold nanoparticles via microwave technology for surface-enhanced Raman scattering
(SERS)-based cellular nanosensing is reported. Nanoprobes were characterized by
UV-vis absorbance, Raman scattering properties, and observed by TEM imaging.
Results showed that microwave irradiation rapidly yielded nanoprobes with
significant Raman scattering intensity and suitable stability to support antibody
conjugation in under 10 min. Functionalized nanoprobes demonstrated the ability to
map the expression of vascular adhesion molecule-1 (VCAM-1) in human coronary
artery endothelial (HCAE) cells, indicating that microwave fabrication presents a
viable and rapid approach to SERS nanoprobe construction. The successful
application of SERS nanoprobes to localize biomarker expression in vitro may

ultimately be used for early diagnostic and preventative functions in medicine.

9.2 Introduction

Surface-enhanced Raman scattering (SERS) detection using functionalized
tags is emerging as a valuable analytical tool in the field of cellular biosensing owing
to enhanced signal intensities, up to 10"”-10' fold [398]. This dramatic signal
enhancement is dominated by localized surface plasmon resonance (LSPR) [276,
277]. SERS has been applied to label cells [399], detect various analytes, including

proteins [400] and biomarkers [401], as well as monitor subtle cellular fluctuations,
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such as the effect of pH [402] and distinguishing between cell type [403, 404]. When
combined with confocal microscopy, SERS-based detection yields rich spectral
characterization data and spatial resolution of biomolecules or targets of interest
down to the single cell level [405].

Advantages of SERS compared to conventional detection and optical imaging
techniques, such as fluorescence or enzyme-linked immunosorbant assays, include
lack of photobleaching, narrow spectral bandwidths, the capability to simultaneously
provide structural information and spatial resolution, as well as perform multiplex
analysis [318]. SERS signal enhancement occurs when molecules are adsorbed or in
close proximity to surface-roughened noble metallic nanostructures. For indirect
sensing, this phenomenon can be exploited by fabricating SERS nanoprobes on the
order of 20-300 nm that support LSPR. Typically, these probes are composed of
gold, silver, copper or a combination thereof with common modifications such as:
studding with Raman reporters and attaching antibodies or aptamers to enhance
target selectivity [287]. For target biorecognition, the chemical and physical stability
of SERS probes is heavily affected by the percent surface coverage of reporter
molecules [406] and coating with a protective shell (e.g. polymer) [41]. Typical
Raman reporters include nitrogen- and sulfur-containing cationic dyes, or thiol small
molecules. For biological applications, thiol modified-probes are best for

chemisorption, since they are active in the NIR region and produce significant
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scattering signals due to the formation of self-assembled monolayers (SAMs) on the
surface of nanosubstrates [287]. However, inherent instabilities and aggregation
associated with the formation of SAMs can require rigorous optimization and deter
successful application in vitro [303]. Herein, these challenges have been addressed
by investigating the feasibility of microwave technology as a means to facilitate
chemisorption of the thiol small molecule to metallic nanostructures. Microwave
heating can serve to increase molecular rotations and speed up transfer between
molecules resulting in a significant reduction in reaction time for diverse applications
[407]. Recently, Grell et al. (2013) demonstrated that the formation of SAMs on thin
gold films using selective microwave heating was comparable to the formation of
SAMs at room temperature, albeit at a significantly reduced time frame [408].
Therefore, we hypothesized that microwave technology could be used to rapidly
fabricate SERS nanoprobes suitable for biomolecule functionalization, with
applications as biological nanosensors. Although other groups have employed
microwave technology to fabricate SERS substrates [409, 410], this work establishes
for the first time, application towards Raman reporter SAM construction and
demonstrated application for biomarker detection.

Recent evidence has highlighted the role of the immune system in the
initiation of atherosclerosis [8, 30], a cardiovascular disease (CVD) characterized by

a build-up of plaque in arteries. Consequently, various inflammatory adhesion
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molecules and cytokines have been investigated as a means to detect and localize
plaque during early stages of evolution [155, 224, 411]. Of particular interest is
vascular cell adhesion molecule-1 (VCAM-1), which is upregulated upon activation
of endothelial cells [412]. Accordingly, a robust technique to detect and localize
VCAM-1 on endothelial cells could provide a practical means for early diagnosis and
treatment of atherosclerosis.

In the present work, the preparation SERS nanoprobes consisting of 50 nm
citrate-capped gold nanoparticles (Au-NPs) coated with the Raman reporter, 4-
mercaptobenzoic acid (4-MBA), via microwave irradiation is described. For
biorecognition and mapping of VCAM-1 in human coronary artery endothelial
(HCAE) cells, probes were functionalized with anti-VCAM-1, as depicted
schematically in Figure 9.2A. To provide a surface for bioconjugation, a protective
layer of the cationic polymer, poly(allylamine hydrochloride) (PAH), was coated on
the surface of the nanoprobes. Resultant amine modified nanoprobes were activated
with glutaraldehyde to bind anti-VCAM-1. The optical absorbance, SERS activity,
and structural properties were examined to characterize the nanoprobes. Control data
from nanoprobes prepared via a conventional SAM formation technique is included
to validate the microwave radiation technique. Finally, engineered SERS nanoprobes
were tested for their ability to detect and map the VCAM-1 expression in HCAE

cells using confocal Raman spectroscopy, represented in Figure 9.2B.
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Figure 9.2 — (A) Fabrication of antibody-conjugated SERS nanoprobes via
microwave irradiation. (B) Experimental approach to detect inflammatory
biomarkers in HCAE cells using SERS nanoprobe technology.

9.3 Materials and Methods

9.3.1 Materials

Citrate-stabilized gold nanoparticles (Au-NPs, 3.51x10" particles/mL), 4-

mercaptobenzoic acid (4-MBA), 25% gluteraldehyde solution, and poly(allylamine

hydrochloride) (PAH, MW 15 kDa) were purchased from Sigma Aldrich (St. Louis,

USA). Recombinant human C-reactive protein (CRP), anti-VCAM-1 and mouse

IgG-1 antibodies were purchased from Fisher Scientific (Rockford, USA). Ultra pure

water (UPW) from a Millipore filtration system was used for all experiments. All

other chemicals were analytical grade.
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9.3.2 Preparation of Antibody-Conjugated SERS Nanoprobes

Au-NPs at room temperature were mixed with 50 mM of 4-MBA under
vigorous stirring and reacted in an open vessel under microwave irradiation with a
power of 50 W (2.45 GHz) and temperature of 50°C for 10 min (Discover, CEM
Corporation). Excess 4-MBA was removed by washing for 3 rounds of centrifugation
at 3000 rpm for 20 min. Next, the SERS-active probes were added drop-wise to a 1
mg/mL solution of PAH and reacted for 3 h. Excess PAH was removed by repeated
rounds of centrifugation (3000 rpm, 15 min). To functionalize antibodies onto the
surface of the probe, the particles were activated using the glutaraldehyde spacer
method. After washing, SERS nanoprobes were rehydrated with a 5% glutaraldehyde
solution in borate buffer (pH 9.2) and incubated under gentle rotation for 1 h.
Afterwards, anti-VCAM-1 monoclonal antibodies were added to the activated SERS
nanoprobe suspension and reacted for 2 h at room temperature. For negative controls,
the same procedure was used to prepare SERS NPs conjugated to non-specific
murine IgG-1 antibodies. Conventional 4-MBA adsorption was carried out by
dropping a solution of 4-MBA into a suspension of Au-NPs, under vigorous stirring.
The reaction was carried out overnight at room temperature, since shorter time
periods were not sufficient to produce significant Raman scattering signals.
Thereafter, particles were washed, as described above for the microwave technique.

Ultrapure water (UPW) from a Millipore filtration system was used for all reactions
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and washing steps, expect for the glutaraldehyde activation, which was carried out in

borate buffer (pH 9.2).

9.3.3 SERS Nanoprobe Characterization

Ultraviolet-visible (UV-vis) absorption spectra of aqueous nanoparticle
suspensions were measured by a Cary Eclipse Fluorescence spectrophotometer
(Varian, Palo Alto, USA) with quartz cuvettes of 1 cm path length. Visualization of
the shape and surface structure of nanoprobes was carried out by transmission
electron microscopy (TEM). Briefly, 10 pL of nanoparticle suspension was dropped
onto a carbon-coated copper grid. The sample was then air-dried overnight. Imaging
was performed with a Carl Zeiss Libra 120 Plus TEM Microscope operating at an
accelerating voltage of 120 kV. Mean particle size and size distribution was
determined by Nanosight measurents, which utilizes nanoparticle tracking analysis
technology (NanoSight, North Carolina, USA). The zeta potential (C-potential) of
colloidal solutions was measured using a ZEN3600 Zetasizer Nano-ZX (Malvern

Instruments, Worcestershire, United Kingdom).

9.3.4 Cell Culture and Labeling with SERS Nanoprobes

HCAE cells used in cell culture experiments were grown in tissue culture
flasks, maintained in 5% CO, at 37°C. The culture medium was prepared using an

EGM-2 BulletKit containing Endothelial Basal Medium-2, 10% FBS, and EGM-2
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SingleQuots comprised of appropriate growth factors, cytokines and supplements to
support cell growth (Lonza, Basel, Switzerland). Cells to be used for experimentation
were released with 0.25% trypsin/0.1% EDTA (Gibco, Invitrogen) and seeded at a
concentration of 1x10* cells/cm” onto glass coverslips, which were placed in culture

dishes. Cells were allowed to reach ~ 80% confluence prior to treatment.

9.3.5 Analysis of VCAM-1 Expression by SERS

Prior to experimentation, sodium azide was removed from CRP preparations
by dialysis using a Float-A-Lyzer® G2 device (Spectra/Por, molecular weight cutoff
of 3.5-5 kDa, Spectrum Laboratories Inc. USA). As a secondary purification step,
contaminating lipopolysacharrides were removed using a Detoxigel column
according to the manufacturer’s instructions (Fisher Scientific). To upregulate the
expression of the inflammatory biomarker, VCAM-1, by SERS, HCAE cells were
treated with 25 pg/mL CRP. After 24 h of incubation, media was removed and cells
were fixed with 3.7% paraformaldehyde. After washing, cells were blocked using 1%
BSA for 20 min, then incubated with freshly prepared SERS nanoprobes (0.003 pM)
for 4 h at room temperature. Finally, cells were washed and examined under the
Raman microscope. The following controls were used: non-specific IgG-1 SERS
probes to assess non-specific binding and cells incubated without SERS tags to

assess background cell scattering.
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9.3.6 SERS Microspectroscopy

An XploRA Raman confocal microscope system (JY Horiba, Edison, NJ)
was used for all surface enhanced Raman scattering measurements. Spectra were
collected on an inverted microscope with an ULWD 50X (0.55 NA) objective to
focus the 785 nm laser with a power of 3mW onto the sample. Rayleigh scattering
was removed using a holographic notch filter. Spatial resolution was obtained using
100- and 200 um confocal pinholes. A Peltier-cooled CCD camera was used as
detector. Peak frequencies were calibrated with silicon at 520 cm™ prior to each use.
Data was analyzed using LabSpec NGS. The integration time was 10 s for all SERS

measurements.

9.4 Results and Discussion

9.4.1 SERS Nanoprobe Synthesis

Microwave technology is of interest to the field of synthetic and colloidal
chemistry since dielectric heating can significantly decrease reaction time and
improve system reproducibility [413]. In fact, reactions typically requiring several
hours can be reduced to a few minutes with the application of microwave heating
[414]. Accordingly, since microwave technology increases molecular rotation and
speeds up material transfer, we therefore sought to investigate whether microwave

irradiation could be used in the synthesis of stable SERS nanoprobes intended for
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biosensing applications.

Studies on the optical properties of the nanoprobes demonstrated that the
plasmon resonance absorption of 50 nm citrate-capped gold nanoparticles (Figure
9.3A, curve a) shifted slightly from 535 to 536 nm after formation of 4-MBA SAMs
by microwave irradiation (Figure 9.3A, curve b). This small shift likely corresponds
to changes in the dielectric medium surrounding the gold nanoparticle surface.
Analysis of the SERS spectra of 4-MBA coated nanoparticles (Figure 9.3B, curve b)
shows that the dominant Raman band of 4-MBA, at around 1074 cm™, is also present
after only 10 min of microwave irradiation compared to uncoated citrate-capped gold
nanoparticles, which do not show any SERS activity (Figure 9.3B, curve a) [325].
Typically, the reaction between gold nanoparticles and 4-MBA can take anywhere
from 3 to 24 h [42, 325, 415], however a microwave irradiation time of 10 min was
shown to be sufficient to yield probes with suitable Raman scattering intensities for
detection. Control probes fabricated conventionally by overnight incubation showed
no significant changes in optical absorbance (Figure 9.3A, curve c), or in Raman
scattering data (Figure 9.3B, curve c). Furthermore, no morphological changes were
observed by transmission electron microscopy (TEM) between nanoprobes fabricated
by microwave (Figure 9.4A) and conventional adsorption (Figure 9.4B),
demonstrating that the probes do not undergo any damaging effects after microwave

irradiation.
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Figure 9.3 - (A) Visible absorbance of (a) citrate-capped Au-NPs, Au-NPs
encoded with 4-MBA by (b) microwave and (c) conventional techniques, (d)
anti-VCAM-1 studded SERS probes. (B) SERS spectra of (a) citrate-capped Au-
NPs, nanoparticles coated with 4-MBA by (b) microwave and (c) conventional
methods, (d) anti-VCAM-1 conjugated nanoprobes. (C) Expanded visible
absorbance spectrum of anti-VCAM-1-conjugated SERS nanoprobes (An.= 281
nm, 539 nm).

To test the biomarker targeting properties of the SERS nanoparticles, probes
were conjugated with anti-VCAM-1, since VCAM-1 expression is a marker for the
early onset of atherosclerotic plaque formation [416]. Following PAH coating and
antibody functionalization by glutaraldehyde activation, nanotags prepared by
microwave radiation exhibited a further redshift of ~3 nm to 539 nm in optical
absorbance (Figure 9.3A, curve d). This is likely due to the presence of the antibody
on the nanoprobe surface, which causes an increase in the local refractive index of
the medium [417]. The extinction spectrum of anti-VCAM-1 biofunctionalized

SERS labels also showed an absorption peak at 281 nm, representing the presence of

the antibody after activation and conjugation (Figure 9.4C). The characteristic peak
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of 4-MBA at 1074 cm™ was likewise maintained after biofunctionaliztion (Figure
9.3B, curve d), while TEM imaging of the final probes demonstrated the presence of
a PAH/anti-VCAM-1 shell (Figure 9.4C). The mean particle size and C-potential of
the particles recorded after the adsorption of 4-MBA via microwave irradiation and
bioconjugation of the SERS nanoprobes are presented in Table 9.1. Results showed
an increase in mean diameter of the particles after each step of the synthesis. The T-
potential of the particles was recorded to be >10-20 mV, the absolute value of which
indicates adequate particle disparity and stability of the system [311]. Taken
together, these results demonstrate the successful coupling of antibody to SERS
active gold nanoparticles synthesized via microwave radiation, with reproducible

SERS spectra and no loss of the characteristic 4-MBA Raman peak.

— — ” S
50 nm 30 nm 200 nm

Figure 9.4 - TEM of 4-MBA coated nanoprobes prepared by (A) microwave
irradiation, (B) conventional adsorption, (C) anti-VCAM-1-conjugated SERS
nanoprobes prepared by microwave.
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Table 9.1 - Results of particle size and {-potential analysis of SERS nanoprobes
fabricated by microwave irradiation. Data represent average + standard
deviation (n=3).

Size (-Potential
Sample (nm) (mV) H
Citrate-capped
Au NPs 47 + 33 -34+2 7.8
4-MBA Au NPs 64 +43 42+ 6 7.8
Anti-VCAM-1/
PAH/4-MBA 119+ 36 -39+6 9.2
Au NPs

9.4.2 Detection and Localization of VCAM-1 Expression in Human Coronary

Artery Endothelial Cells

To demonstrate the functionality of developed SERS tags, antibody-
functionalized SERS biosensors were employed to carry out detection of VCAM-1 in
HCAE cells after CRP challenge. Recently, the authors have shown that CRP
increases the inflammatory response in HCAE cells and specifically upregulates the
expression of VCAM-1 [13]. Accordingly, cells were treated with CRP for 24 h to
upregulate VCAM-1 expression, then fixed, blocked with 1% BSA, and incubated
with anti-VCAM-1 SERS nanoprobes, as depicted schematically in Figure 9.2B.
SERS spectra from HCAE cells incubated with anti-VCAM-1 bioconjugated probes
are shown in Figure 9.5A. Spectra from three different intracellular locations,
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represented in the corresponding light micrograph (Figure 9.5B), show the
characteristic 4-MBA SERS peak at 1074 cm’ indicating cellular binding of the
nanoprobes after incubation and washing. Raman spectra were also measured on
cells incubated with IgG-1-conjugated SERS nanoprobes as a non-specific control, as
well as cells devoid of nanoprobes to assess background scattering. Relative to the
anti-VCAM-1 bioconjugated probes, no signal was observed at 1074 cm™ for cells
incubated with IgG-1-conjugated SERS probes (Figure 9.7A, supplementary
information), nor for cells lacking nanoprobes (Figure 9.8A, supplementary
information), which were similarly collected from distinctive points on the cell

(Figure 9.7B and 9.8B, supplementary information).
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Figure 9.5 - (A) Representative SERS spectra of intracellular regions of HCAE

cells incubated with anti-VCAM-1 SERS nanoprobes. (B) Light micrograph of
HCAE cells incubated with anti-VCAM-1 SERS nanoprobes.
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SERS maps at 1074 cm™', which is the most intense peak of 4-MBA, were
then measured to assess the expression and distribution of VCAM-1. Figure 9.6A
shows a SERS map of anti-VCAM-1 nanoprobes on HCAE cells. In tandem with the
light micrograph and overlay (Figure 9.6B and C), the outer membrane of the cells
appeared to be labeled with a dense population of nanotags as compared to probes
functionalized with IgG-1 (Figure 9.9, supplementary information) and control cells
devoid of nanoprobes (Figure 9.10, supplementary information), which showed
limited non-specific adsorption and low levels of background scattering. These
observations suggest that microwave-assisted SERS nanoprobes can successfully be

applied to localize and detect VCAM-1 expression in vitro.

Figure 9.6 - (A) SERS map measured at 1074 cm™ showing the cellular
distribution of anti-VCAM-1 SERS nanoprobes. Corresponding (B) light
micrograph and (C) overlay image.

A precise analytical technique for sensing and localizing the distribution of
inflammatory cell adhesion markers, such as VCAM-1, is critical to diagnosis

atherosclerosis and detect plaque in the early stages of formation [155]. Ideally, this
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technique would be non-invasive, non-destructive, and provide both highly specific
target identification, as well as localization information. Although traditional
methods of biomolecule detection, such as fluorescence and quantum dots, can yield
distribution information, surface-enhanced Raman scattering offers this dual
advantage of both localization and accurate target identification. Furthermore, the
quick and non-destructive nature of Raman spectroscopy makes it ideally suited for
work in cells, with great potential for translation to in vivo models [418]. Despite
these advantages, the complexity, time intensive, and sensitive nature of SERS
nanoprobe construction can be a deterrent to more widespread use. Therefore, an
alternative method to produce Raman-active nanoprobes using microwave
technology is presented. Microwave technology serves to decrease reaction time for
SAM construction, while yielding nanoprobes with suitable signal intensity and
stability for functionalization. Compared to traditional heating, which relies on
energy migration from the outside of the vessel (slow and non-specific transfer),
during microwave heating the energy transfer occurs in fractions of a second (with
each cycle of electromagnetic energy). This allows for a large amount of energy to be
directly applied in a very efficient manner, resulting in rapid molecular rotations and
therefore significantly reduces the time required for functionalization [407].

Overall, results presented in this paper indicated that microwave irradiation

can be used to successfully fabricate SERS probes with appropriate stability and
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functional capabilities for antibody conjugation. The approach is versatile since it
could be applied to fabricate SERS probes bearing various Raman reporter
molecules, which is especially important in multiplex analysis [332]. Furthermore,
microwave technology could be applied to prepare targeted SERS nanoprobes for a
variety of applications, in addition to CVD biomolecule detection demonstrated in
this work. For example, to trace intracellular drug delivery, distinguish cancerous
cells, or measure cell viability. Future investigations will explore the microwave-
assisted fabrication of probes for simultaneous multiplexing of cardiovascular
disease biomarkers, which has the potential to significantly improve the prognosis of
atherosclerosis and inflammatory-based diseases.
9.5 Conclusions

The synthesis, characterization, and in vitro application of a SERS-based
nanoprobe fabricated via microwave technology for the analytical nanosensing of
atherosclerotic biomarkers was presented in this paper. Nanoprobes were shown to
exhibit strong SERS scattering signals after coating with Raman reporter, 4-MBA,
via microwave, and were subsequently capable of straightforward functionalization
with a protective polymer and target antibody. Using these microwave-assisted
nanoprobes with surface-enhanced Raman spectroscopy, the detection and
localization of cellular adhesion molecules in HCAE cell was demonstrated. Overall,

results indicated that microwave technology can be a viable option to rapidly
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fabricate SERS nanoprobes for biomarker detection. This approach has potential for
use as a simple and rapid fabrication technique in the burgeoning field of SERS-
based nanosensing and immunoassays.
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9.7 Supplementary Information

9.7.1 SERS Spectra of Intracellular Regions on a HCAE Control Cells

SERS spectra were measured from cells incubated with IgG-1-conjugated
SERS nanoprobes as non-specific control, in addition to cells incubated without
nanoprobes to assess non-specific background. Relatively no signal was observed at
1074 cm™ for cells incubated with IgG-1-conjugated SERS probes (Figure 9.7), nor

for cells devoid of nanoprobes (Figure 9.8).
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Figure 9.7 - (A) Representative SERS spectra of intracellular regions on a
HCAE cell incubated with IgG-1 nanoprobes and (B) corresponding light
micrograph.
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Figure 9.8 - (A) Representative SERS spectra of intracellular regions on a
HCAE cell devoid of nanoprobes and (B) corresponding light micrograph.
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9.7.2 SERS Maps of HCAE Control Cells

SERS maps of HCAE cells treated with CRP and incubated with I1gG-1
functionalized probes or devoid of nanoprobes are presented in Figure 9.9 and Fig.
9.10, respectively. No background signal was observed at 1074 cm™ for cells lacking

nanoprobes and a marked decrease was observed for cells incubated with IgG-1.

A)
10 pm

Figure 9.9 - HCAE cells incubated with IgG-1 SERS nanoprobes. (A) SERS
map measured at 1074 cm™. (B) Light micrograph. (C) Overlay of SERS map
and light micrograph.

A)
10 pm

Figure 9.10 - HCAE cells without nanoprobes. (A) SERS map measured at 1074
cm’'. (B) Light micrograph. (C) Overlay of SERS map and light micrograph.
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Chapter 10: Conclusions and Perspectives

The overall aim of this thesis was to develop a nanoparticulate drug delivery
system with the ultimate goal of treating the inflammatory component of early onset
atherosclerosis. To this end, a liposome-based delivery system for the sex steroid,
17@-estradiol (E2), composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
cholesterol, and a cationic charging agent, dimethyldioctadecyl-ammonium (DDAB)
was optimized and evaluated in an a vascular cell model. The secondary objective
was to investigate an approach to detect and localize early-onset inflammation via
surface-enhanced Raman scattering (SERS). The imaging component of the project
was achieved by the development of a novel Raman scattering nanoprobe composed
of a gold core, 4-mercaptobenzoic acid (4-MBA) Raman reporter, and
poly(allyamine hydrochloride) (PAH) protective coating. Functionalization with
target monoclonal antibodies enabled in vitro detection and localization of VCAM-1
in HCAE cells. Herein, we review the sub-objectives of this dissertation (Chapter 3)
and include a brief summary of the results.

10.1 Summary of Objectives and Achievements

10.1.1 Development and Physiochemical Characterization of a Liposomal
Delivery System for 17[-Estradiol

Although liposome-based vehicles are widely used in the pharmaceutical

field for the delivery of hydrophilic drugs, the knowledge and study of hydrophobic
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drugs loaded into the phospholipid bilayer for cellular delivery is less well known. In
particular, the study of loading efficiencies and cellular delivery of hydrophobic
drugs is still an unmet goal in the development of such drug delivery systems. This
work introduces the development and characterization of nanoliposomes for delivery
of the hydrophobic E2, with the ultimate aim of treating the inflammatory-based
component of atherosclerosis. A selection of lipids and charge inducers were used to
prepare liposomes by thin film hydration in conjugation with tangential flow
filtration for vector purification. DOPC-based liposomes were found to improve E2
encapsulation efficiency and loading capacity compared to those composed of egg
phosphatidylcholine (EPhC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DSPC). Ultimately, an encapsulation efficiency of 51.2 + 3.6% and loading capacity
of 7.3 £ 0.5 pg/mg were achieved for DOPC liposomes loading with a 5% molar
loading of E2 (Chapter 7).

10.1.2 In Vitro Assessment of Liposomal-E2 Nanoparticles in Human
Coronary Artery Endothelial Cells

To meet the second objective of this project, we demonstrated the application
of our delivery system by studying the cellular uptake and cytotoxicity in a human
coronary artery endothelial cell model, which is relevant to the future investigation of
the effect of E2 on vascular-based diseases. The optimized DOPC liposomes were

tested for their release kinetics over 48 h, as well their cytotoxicity and cellular
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uptake properties in HCAE cells. The effect of liposomal charge was investigated by
comparing neutral liposomes to those formulated with the cationic charging agent
dimethyldioctadecyl-ammonium (DDAB) or the anionic charging agent 1,2-
ditetradecanoyl-sn-glycero-3-phospho-(1°rac-glycerol) (DMPG). Results showed that
charge had no significant influence on in vitro release over 48 h, however cellular
uptake of positively charged liposomes increased significantly compared to neutral
and anionic liposomes of the same composition. We show for the first time the
effects of liposomes composition on cellular uptake for hydrophobic drug delivery,
as well as distribution within the cell after uptake in HCAE cells (Chapter 7).

10.1.3 Investigation of E2-Loaded Liposomes to Attenuate CRP-Activated
Inflammation in Human Coronary Artery Endothelial Cells

E2-loaded liposomes were studied for their ability to attenuate the
inflammatory response incited by CRP in HCAE cells. Results from the Western blot
immunoassay demonstrated that pre-treatment with E2-loaded liposomes
successfully down-regulated the expression of VCAM-1 in CRP-activated HCAE
cells. Similar responses were observed for the secretion of inflammatory cytokines,
IL-8 and TNF-a, which were shown to decrease in significantly liposome-treated
cells. We demonstrate for the first time that E2 encapsulated into nanoliposomes can

successfully attenuate the inflammatory response in vitro. Overall, these studies
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indicate that the developed liposome vector may be a promising approach to deliver
E2 for inflammation-based cardiovascular diseases (Chapter 8).

10.1.4 Development of Surface-Enhanced Raman Scattering Nanoprobes Via
Microwave Technology

Surface-enhanced Raman scattering (SERS) nanoprobes were successfully
fabricated by microwave technology and characterized by optical absorbance, Raman
scattering spectrum, transmission electron microscopy, size, and zeta potential.
Results showed that gold nanoparticles coated with a self-adsorbed monolayer
(SAM) of 4-MBA by microwave technology yielded a stable system capable of
straightforward functionalization in under 10 min. Biofunctionalization of the target
antibody, anti-VCAM-1, via glutaraldehyde activation was achieved on microwave-
synthesized nanoprobes coated with PAH. We demonstrate and report for the first
time, the successful application of microwave technology for SERS nanoprobe
fabrication (Chapter 9).

10.1.5 Detection of Inflammatory Activation by Surface-Enhanced Raman
Spectroscopy

To meet the final objective of this thesis, the SERS nanoprobes developed to
meet Objective #4 were applied to detect the upregulation of VCAM-1 expression in
HCAE cells. Indeed, we showed that anti-VCAM-1 SERS nanoprobes specifically

bound to cells, which had been treated with CRP. The Raman signal peak,
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characteristic of 4-MBA, at 1074 cm™ was detected and confocal Raman mapping of
VCAM-1 expression and distribution was demonstrated (Chapter 9).

10.1.6 Original Contributions

The novelty of this thesis lies in both the development and application of
nanotechnology-based approaches to treat and diagnose the inflammation component
of early-onset atherosclerosis. The liposome-based delivery vehicle is the first of its
kind optimized specifically for the transport of E2 into human coronary artery
endothelial cells. Other novel aspects of the liposome-based work are highlighted

below:

Optimized loading (encapsulation efficiency and loading capacity) of

E2 into liposomes

Applied tangential flow filtration for separation of unencapsulated E2
drug
*  Demonstrated significant increase in uptake of cationic E2-liposomes

in HCAE cells compared to neutral/anionic liposomes

First to show liposome distribution within HCAE cells
*  Demonstrated anti-inflammatory properties of E2-liposomes in vitro
The SERS-based nanoprobe fabrication and application are also original

contributions of this project. The detection of the expression of VCAM-1 in an
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endothelial cell model was demonstrated for the first time. Further novel aspects of
this project include:
* Fabricated SERS nanoprobes by microwave technology
* Established a simple and effective bioconjugation technique after
microwave irradiation
* Demonstrated SERS nanoprobe application for detection & mapping
of VCAM-1 expression in vitro
10.2 Discussion and Future Work
Although the objectives set forth at the beginning of this thesis were
successfully met, some improvements and future work could improve the ultimate
application and success of the proposed systems for diagnosing and treating the
inflammatory-based components of atherosclerosis. Accordingly, future directions
and possible limitations to this approach are discussed in the following sections.
10.2.1 Questions Remaining in Regards to the Liposome Delivery Vehicle
It is clear from the review presented in Chapter 5 that liposomes have and
will continue to successfully be applied to treat and diagnose cardiovascular disease.
Within this context, we feel that the vector developed and characterized in Chapter 7
and 8 has the potential to be used in clinical applications for the treatment of vascular
inflammation. However, prior to this undertaking, further investigations, which are

outlined below, should be considered.
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First of all, although the liposomes showed the ability to control the delivery
of E2 over a 48 h timeline, it would be valuable to investigate various features that
could be employed to attenuate this release or control it over a longer time period.
Changing the degree of release could be employed to consequently affect the anti-
inflammatory effects observed in vitro. Suggestions include altering the ratios of
drug, lipid, and/or the cationic charging agent DDAB, which could alter the
electrostatic interactions and, accordingly, the release rate. The application of
polymer coats on the surface, could also serve to control the release rate of E2 from
the liposomes, as shown by Haider et al. (2007) [419]. In conjunction, an in-depth
study of the release kinetics and specifically the application a mathematical model,
such as the Higuchi equation, could serve to inform the mechanism of drug release
from the liposomal matrix.

A more in depth study of the effects of liposomal-E2 on vascular
inflammation should also be conducted in order to expand our knowledge on the
anti-inflammatory properties of the proposed system. Specifically, an experiment
quantifying other biomarkers, such as ICAM-1, CRP, and IL-6, should be undertaken
to achieve a more detailed understanding of effects on inflammation. Although we
demonstrate that attenuation of VCAM-1 expression, I1-8 and TNF-& excretion by
E2-loaded liposomes is comparable to water-soluble E2, the controlled delivery of

E2, as well as perhaps the ultimate localization of the drug within the cell, may
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ultimately impact effects on inflammation. That is, due to dissimilar timings and
expression of such biomarkers, the extension of this study would provide a more
complete picture of the effect of liposomal E2 on vascular cells. As well, given the
multi-faceted effects of E2 on the cardiovascular system outlined in Chapter 4, it
would be relevant to expand the study to properties other than the regulation of
inflammatory biomarkers. For instance, the effects of liposomal E2 on nitric oxide
[107]/nitric oxide synthase [420] production, reactive oxygen species formation
[113] and antioxidant properties [377], as well as smooth muscle cell proliferation
[85] could also be investigated within the framework of the attenuation of
inflammation and atheroma development in general.

Next, although we demonstrate the successful incorporation of E2 within
liposomal vectors, in order to be used as a pharmaceutical grade product the question
of long-term stability should be addressed. In particular, it would be of interest to
investigate the effects of lyophilization on liposomal samples and to test the
physiochemical properties (e.g. size and zeta potential) and E2 loading before and
after rehydration. The applicability of such a formulation in the clinical is conditional
on its ability to be easily transported and stored, thus this study should be undertaken
prior even to in vivo application.

Potential limitations of the current system, particularly in regards to

translation into in vivo or clinical trials, is the lack of specific targeting to areas of the
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inflamed vasculature. Given the successes of immunoliposome formulations in
particular for treating and diagnosing CVD outlined in Chapter 5, it would be
suggested to investigate the effects of actively targeting our system to sites of
inflammation. This concept is expanded further in Section 10.2.3.

10.2.2 Questions Remaining in Regards to the SERS Imaging Agent

The application of SERS to detect and localize inflammatory biomarkers in
vitro was successfully demonstrated in HCAE cells, however the question of whether
the system can be used to quantify of the upregulation of such biomarkers remains.
The next step in this aspect would be to develop a technique to quantify the
expression of biomarkers, as demonstrated in a paper by Amendola et al. (2011),
who successfully correlated the concentration of SERS nanoprobes with Raman
signal intensity to quantify uptake by macrophages [421]. This would significantly
improve and expand the range of applications for our SERS nanoprobe-based
imaging. It could allow for the determination of inflammatory biomarker expression
in response to various stimuli, for example the application of our liposomal-E2
delivery vectors.

Similar to the issue of liposomal stability detailed in Section 10.2.1, it would
also be suggested to study the long-term stability of SERS probes. In particular, the
question of whether SERS probes undergo significant aggregation or loss of Raman

signal should be addressed.
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Another question that remains to be investigated is whether the SERS-based
imaging technique is comparable to traditional detection methods, such as Western
blot, fluorescence, and/or ELISA approaches. The applicability of the SERS
nanoparticle imaging technique developed in this thesis would accordingly benefit
from a rigorous and direct comparison to the detection of cellular adhesion biomarker
expression via such techniques would be recommended to demonstrate relevance
within the field of biomarker detection.

It is certain that the study and application of multicomponent nanoparticle-
based delivery and diagnostic systems necessitate similarly complex characterization
approaches. Although conventional techniques, such as dynamic light scattering, zeta
potential and UV-vis, were used to characterize the developed systems in this thesis,
the application of these systems in vitro was the ultimate test of their utility.
Assumptions made throughout this thesis work, such as liposomal stability in cellular
environments and functionality of the majority of SERS nanoprobes, could also be
explored in future studies. Such results would aide to confirm whether the majority
of the delivered particles are being utilized by cellular systems.

10.2.3 Future Work

This dissertation sets forth the foundations for the application of nanoparticle-

based vectors, specifically liposomes and SERS nanoprobes, for the diagnosis and
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treatment of early onset of atherosclerosis. Future directions for the application and
continuation of this project are proposed herein.

Delivery efficiency to cells could be altered if liposomes were specifically
targeted to cell adhesion molecules (CAMs), such as VCAM-1 or CD36. Indeed, the
success of such formulation might be significantly improved, particularly in the
context of translation to in vivo models, where specific targeting agents can
significantly improve localization and retention at sites of interest in the highly
dynamic vascular system. The addition of a targeting moiety to a CAM, such as
VCAM-1 [168, 257], ICAM-1 [422], as well as E- or P-selectin, or CD36, which are
expressed at early stages of plaque evolution, is proposed. E- or P-selectins, in
particular, afford low basal expression, which can serve to reduce ‘background
targeting’ and improve delivery [423]. The addition of such a targeting moiety could
serve to improve the affinity of our system for the endothelium, as depicted in Figure
10.1, which is particularly relevant for translation to in vivo models and eventual

clinical translation [422].
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Figure 10.1 — Delivery of nanoparticles targeted towards cellular adhesion
molecules (CAMs) to the vasculature.

Given the inherent suitability of SERS for multiplexing applications, it would
be interesting to explore the detection of multiple inflammatory biomarkers, to
further validate our system. Precise and simultaneous quantification of biomarker
expression could be used to rigorously characterize the effects of active agents and,
specifically, the administration of E2-loaded liposomes on vascular cells. The
multiplexing capability of such a system would give it a marked advantage over
conventional methods such as quantum dot imaging and fluorescence, while also
providing the precise expression information supplied by Western blot and ELISA
approaches.

Certainly, the ultimate goal and culmination of this project would be to

incorporate the two systems developed in this dissertation into a theranostic device,
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which could be used to simultaneously detect, target, and treat the inflammatory-
based components of atherosclerosis. Such an optically traceable drug delivery
nanocarrier could improve our understanding of the interaction between delivery
vehicles and cells, as well as improve delivery efficiency and facilitate the current
drive towards personalized medicine, since both diagnostic and therapeutic goals
could be addressed in a single system. Figure 10.2 depicts two proposed systems in
which the E2-loaded liposomes and SERS nanoprobes are amalgamated into a single
theranostic device. Figure 10.2a illustrates a system in which SERS nanoparticles
encoded with a Raman reporter such as 4-MBA are encapsulated within a liposome
loaded with E2. Figure 10.2b shows an alternative system in which the SERS
nanoprobes are attached or conjugated to the surface of the liposomes. Both
proposed vectors could be employed to simultaneously deliver a therapeutic payload
of E2 to cells as well as facilitate biomarker detection and imaging. In fact, a
comparison of the two systems could also be pursued in future studies to advance this

line of esearch.
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Figure 10.2 - Schematic depicting theranostic vehicles proposed based on the
work conducted in this thesis.

Although significant work must be undertaken in order to apply the
nanomaterial-based systems developed throughout thesis to in vivo or clinical
applications, it is clear that the results presented represent a significant step in the
goal of treating and diagnosing the early onset of atherosclerosis, and perhaps, one

day, preventing pathogenesis of the disease altogether.

181



Appendix A: Biomedical Applications of Hybrid Organic and Inorganic
Nanomaterials

The following chapter was prepared for the textbook “The Biomedical
Engineering Handbook, Fourth Edition” edited by Joseph D. Bronzino and Donald R.
Peterson, which is set to be published in October 2014 by CRC Press. The book
chapter highlights the fabrication and usage of organic and inorganic nanoparticles in
biomedicine-based applications. The chapter offers perspectives on employing
hybrid nanomaterials for applications such as bone tissue engineering, theranostic

drug delivery vehicles, and cellular imaging.
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A.1 Abstract
This chapter reviews recent developments and applications of hybrid

nanomaterials, made of both organic and inorganic elements, to the field of medicine.
These complexes offer novel properties and treatment solutions to treat diseases,
such as cancer, diabetes, and bone disorders. Specifically, nanoparticulate systems,
designed for therapeutic delivery and/or cellular imaging, are explored with a focus
on liposomes functionalized with ceramic materials and magnetic particles coated
with polymers. Nanocomposite scaffold materials for tissue engineering are also
examined. In particular, biomimetic scaffolds embedded with nano-hydroxyapatite
and scaffolds reinforced with bioactive glass for bone regeneration are detailed. The
aim is to provide the reader with an introduction to the field of hybrid nanomaterials

and examine their function in disease treatment and diagnosis.
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A.2 Introduction
The application of nanotechnology to the field of medicine has engendered

many novel molecular-scale devices and technologies for disease prevention,
diagnosis, monitoring, and treatment [424, 425]. Indeed, recent interest and growth in
the area of nanotechnology has been associated with a marked increase in the number
of nanotechnology journals [426], patent applications [427], as well as governmental
research funding [428]. Nanomedicine is expected to continue to revolutionize the
practice of medicine by ameliorating old therapies and technologies, and by
providing entirely new ones [429, 430].

Hybrid nanomaterials are composed of discrete organic and inorganic
components and have at least one physical dimension in the nanometer range [431].
The combination of organic and inorganic materials is commonly found in nature,
from seashells to our own amorphous skeletons, but has recently been applied to
nanomedical applications [432, 433]. Biomedical hybrid systems unite properties
from both elements with the aim of improving existing tools and technologies, whilst
potentially presenting new properties and novel capabilities.

Although there are many forms and variations of hybrid nanomaterials used
in diverse biomedical applications, this chapter will focus particularly on two of the
following areas (1) multifaceted nanoparticles for imaging and drug delivery and (2)
hybrid nanocomposite scaffolds for tissue engineering. Figure A.1 schematically

depicts the topics covered in this chapter.
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Figure A.1 - Schematic diagram of hybrid materials covered in this chapter.
Micrographs reprinted from Cao ef al. [434], Rahmini et al. [435],
Ngiam et al. [436] and Kim et al. [437].

A.3 Hybrid Nanoparticles for Therapeutic and Diagnostic Applications
Nanoparticles (NPs) can be used to encapsulate therapeutic agents, including

drugs [438], vaccine adjuvants [439], and plasmid DNA [440], to improve
biocompatibility, control release kinetics, and aid to avoid clearance by the
reticuloendothelial system (RES). Numerous materials have been investigated to
construct delivery vehicles, most notably synthetic [441, 442] and natural polymers

[443, 444], lipids [445, 446], and inorganic materials, such as silica [447, 448]. Other
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types of luminescent, semiconductor, and magnetic NPs are used as contrast agents
in imaging applications to study cellular interactions and biological processes [449],
track cells [450], or characterize diseased tissue [451]. Example particulate imaging
systems include superparamagnetic iron oxide nanoparticles (SPIONs) [452] and
quantum dots (QDs) composed of cadmium, selenium, zinc, sulfur, and/or tellurium
[453].

Combining the abovementioned organic and inorganic components may
generate multifunctional NPs with the ability to deliver active agents and image
tissues. Hybrid systems can also present other capabilities, such as increase stability
over single component devices, alter physiochemical properties, and change
transfection or delivery efficiencies [454]. The following paragraphs detail a
selection of nanoparticulate hybrids that feature liposomes and magnetic particles for
therapeutic delivery, imaging or a combination of applications. It should be noted
that a large portion of hybrid nanoparticulate research is also dedicated to modifying
inorganic QDs by encapsulation into liposomes [455, 456], polymers [457, 458], or
decorating with ligands [459, 460]. The reader is directed to other review papers that

have already extensively covered this topic [453, 461-464].
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A.3.1 Ceramic-Coated Liposomes

Liposomes have been explored as cellular models [465], imaging agents
[466], and delivery vehicles for both drugs [467] and genetic material [468].
However, liposomes can be unstable in vivo, where circulatory proteins mark
particles for clearance by the RES [434]. In an attempt to improve in vivo stability,
researchers have coated liposomal surfaces with materials such as poly(ethylene
glycol) (PEG) [469, 470], antibodies [471], as well as modified the surface with
ultra-thin layers of ceramic moieties to form hybrid ‘cerasomes’ [472, 473].

Cerasomes are typically formed by self-assembly and sol-gel reactions [474]
where a silica- or ceramic layer is covalently attached to the lipid bilayer (see Figure
A.2). Functionalization can often improve mechanical stability compared to
conventional liposomes or silica NPs, as the rigidity of the inorganic layer is
balanced by the lipid fluidity [475, 476]. In addition, ceramic moieties decrease
aggregation related to vesicular fusion [474] and may also modulate release kinetics
[434], thereby improving therapeutic delivery efficiency. Table A.1 contains recent

papers detailing the formation of cerasomes for biomedical applications.
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Figure A.2 - Cerasomes and their interaction with cells.
Reprinted from [477].
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Table A.1 - Selected summary of recent ceramic-coated liposome systems.

Surface
Material

Organoalkoxysilane

Organoalkoxysilane

Tetra ethyl
orthosilicate

3-Isocyanatopropyl-
triethoxysilane

Colloidal silica,
Ludox®

Biomedical
Application Key Results
Drug Uptake of cerasomes reported to be
delivery by clathrin-mediated endocytosis, improved
system biocompatibility compared to silica NPs
. Cerasomes demonstrated better stability
Paclitaxel . :
delivery and encapsulation efficiency compared to
liposomes, modulated paclitaxel kinetics
Oral insulin Silica-liposomes reduced glucose levels
delivery in rats for a sustained time period

Encapsulate Cerasomes improved aqueous dispersion and
QDs photostability compared to conventional QDs

High encapsulation efficiency (70%),
exhibited controlled insulin release in vitro
and enzymatic protection

Oral insulin
delivery

Ref.

[477]

[434]

[478]

[479]

[480]

NP = nanoparticle; QD = quantum dot.

Cerasomes have been used as delivery vehicles for genes [474, 481] and

drugs, such as insulin [478, 480] and paclitaxel [434]. Cao et al. reported that

paclitaxel-loaded cerasomes exhibited enhanced stability, encapsulation efficiency

and in vitro release profiles compared to standard liposomes [434]. Though the

research is still in its relative infancy, Li et al. also demonstrated the ability to load

QDs into cerasomes and improve their photostability [479]. This development may

initiate the fabrication of multifunctional, theranostic cerasomes, capable of both

imaging and therapeutic delivery. Overall, the union of liposome and inorganic
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coating presents unique features that are difficult to attain in single-component
systems. It is clear that properties such as stability, loading properties and
biocompatibility in vivo, make cerasomes attractive vectors for therapeutic delivery.
However, further toxicological and in vivo experiments must be conducted before

functional translation to a clinical setting.

A.3.2 Polymer Functionalized Magnetic Nanoparticles

Inorganic magnetic nanoparticles (MNPs) have been employed as drug and
gene delivery vectors [482], and imaging agents [450] in several clinical applications
[452]. By applying external magnetic fields, these particles can target specific areas
of the body [483] and/or be heated to kill cancerous tissues, which are vulnerable to
localized changes in temperature [484, 485]. MNPs are frequently designed together
with an organic component to improve particulate stability and biocompatibility in
vivo, in addition to helping prevent aggregation [486, 487]. They can be encapsulated
in polymeric particles or assorted moieties may be grafted directly onto the surface
[488]. Particles have been functionalized with both synthetic and natural polymers,
including alginate [489], PEG [483], polyethylemeimine [486], polyvinyl alcohol
[490], and methylacrylic acid [491]. Chao ef al. developed a hybrid magnetic system
by modifying gold particles with PEG and loading with doxorubicin [489]. Resultant
complexes were biocompatible and drug concentrations were significantly higher in

the liver of rats upon application of an external magnetic field.
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SPIONs are a class of magnetic particles that are often coupled with a
polymer delivery system to target a specific site in the body, though they can also
serve as contrast agents for magnetic resonance imaging [452]. Biodegradable hybrid
SPION complexes typically consist of a magnetite, maghemite or hematite core,
surrounded by a polymer coat and may also include targeting ligands, specifically
selected to increase cellular internalization (see Figure A.3). A comprehensive list of
SPION coatings can be found in a review by Mahmoudi et al. [492]. Hybrid SPIONs
have been designed to treat and target a multitude of diseases, including brain tumors
[486], vascular dysfunctions [493] and atherosclerotic plaques [494]. Table A.2
provides a selection of recent papers detailing polymer functionalized magnetic
particles. Key results indicate that coupling MNPs with polymers reduces

aggregation compared to bare particles and can also impart multiple functionalities.

Table A.2 - Selected summary of recent polymer-coated magnetic nanoparticle

systems.
Nanoparticle Surface Coat Blomedlgal Key Results Ref.
Core Application
Low cytotoxicity, ability to
Starch or oum Magnetic penetrate cells, NPs
. nore drug/gene administered by intra-carotid [486]
Iron oxide arabic, poly- ;
. carriers route were entrapped by
ethyleneimine

to brain tumors tumors following application
of magnetic field
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Vinyltrimethoxy-
silane, poly(N-

Coated NPs exhibited lower
toxicity compared to un-

Iron (II1) gnd 1sopropyl- Doxqru bicin coated particles, temperature  [435]
(IT) chloride -acrylamide- delivery o . .
acrylamide sensitivity, releas'eq bioactive
allylamine) doxorubicin
Oleic acid Doxorubicin PEG reduced aggregation,
Iron (IIT) and oly(eth lel’qe delivery and particles demonstrated long [487]
(IT) chloride p yl co}i) MRI contrast circulation time in vivo and
gy agent ability to image by MRI
. Coating prevented
Iron (IIT) and POlyi;?glloeslf xide mag?lg‘ltlilcafirug aggregation, PEO tail lengths 495]
(IT) chloride copolvmers delive above 2 kDa were
poLy Y biocompatible
Poly(N-isopropyl
Magnetite/ acrylamide- Hyperthermia  Exhibited thermosensitivity,
old hvbrid co-acrylamide)- and optical ability to be used as contrast  [484]
& y block-poly(e- imaging agent for optical imaging
caprolactone)
ozﬁz])f‘ceralgéillil‘;c Doxorubicin NPs inhibited liver tumor
SPION anhvdride delivery, growth in rabbits, functional [496]
chlori?i,e- folate MRI imaging as MRI contrast agent
Polyethylene Able to protect pDNA,
glycol moiety, . magnetotransfection
SPION poly- Gene delivery capabilities, high transgene [497]
ethyleneimine expression, no cytotoxicity

NP = nanoparticle; PEG = poly(ethylene glycol); PEO = polyethylenoxide; MRI = magnetic

resonance imaging; pDNA = plasmid DNA.

Hybrid polymer-coated MNPs have the potential to change the way we

diagnose and treat various disorders. Not only do polymeric coats offer protection

and a reservoir for therapeutic agents, they may also decrease aggregation and

improve longevity in the circulatory system. MNPs also impart the ability to
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accumulate in a given location, which can increase cellular internalization or
endocytosis by target cells, a condition generally required to produce a therapeutic
effect. Overall, the unique pairing of organic polymers and inorganic magnetic
particles properties can facilitate simultaneous site-specific therapy and imaging,
which would not be possible in traditional single-component systems.
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a. Surface engineering of a SPION b. Particles recognize a cell expressing specific receptors

Figure A.3 - Illustration of functionalized SPIONS and cellular interaction.
Adapted from [452].

A.3.3 Summary

Given the range of research and development of hybrid NPs, the above
discussion is only intended to detail a subset of systems and serve as a general
introduction to the field. Most evident are the enhanced properties exhibited by
hybrid NPs compared to single component devices and the capacity to combine

multiple functionalities into one system. This means that patients will be subjected to
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fewer therapies, which may also be required less often and at lower doses. Further
investigation into organic-inorganic NPs will certainly carry on, as the search for
suitable in vivo therapeutic delivery and imaging agents continues. Indeed,
researchers have already begun combining hybrid systems, such as encapsulating
both iron oxides and QDs into polymeric NPs [498] or QDs into cerasomes [479] .
These developments may be the future of hybrid NPs intended for use in
biomedicine.
A.4 Hybrid Nanocomposite Scaffolds for Tissue Engineering

Tissue engineering is a multidisciplinary field that requires the integration of
chemical and mechanical engineering, materials science, chemistry, and medical
knowledge, with the aim of promoting cellular attachment, regeneration, and
differentiation [499]. Research into the fabrication and application of biomaterials,
such as porous 3D scaffolds, has yielded promising results, though focus has
generally been at the cellular level. Recently, attention has shifted to the nano-scale,
where intricate processes involved in cell signaling and differentiation can be better
understood and developed [433, 500, 501].

Within the field of tissue engineering, nanocomposite matrices are typically
composed of inorganic fillers, nanofibers or NPs that are integrated into polymeric
matrices [433]. Hybrid organic-inorganic scaffolds may offer better structural

support [502] and more closely mimic native tissue environments compared to single
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component systems [503]. Indeed, combining organic and inorganic materials can
also improve cellular proliferation and adhesion [504] or alter biodegradation
kinetics [505]. As a result, various hybrid scaffolds have been studied, from poly(e-
caprolactone) and bioactive silica nanofibers [506] to ceric oxide NPs embedded in a
poly(lactide-co-gycolide) matrix [507]. Given the range of types and variations of
hybrid scaffolds, two notable inorganic fillers, nanohydroxyapatite (nHA) and
bioactive glass, have been selected for particular focus, and will be discussed further

in the following sections.

A.4.1 Nanohydroxyapatite Composite Scaffolds

Bone is a naturally occurring hybrid material, primarily composed of nHA
and a collagenous matrix [508]. To repair bone defects after injury or disease,
researchers have attempted to create biodegradable scaffolds, which can be used to
introduce cells to damaged tissue or implanted to promote growth and guide
remodeling. The focus is primarily on mimicking the natural extracellular matrix of
bone by varying ratios of hydroxyapatite and polymers such as chitosan [509],
polyamide [510], poly(L-lactide) [511] and poly(lactide-co-glycolide) [512],
poly(caprolactone) [513] and, collagen [514]. Table A.3 includes a summary of
recent papers detailing polymeric scaffolds embedded with nHA.

Kong et al. reported the fabrication of a chitosan scaffold, embedded with
nHA, which successfully increased the bioactivity of preosteoblasts in vitro,
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improved mineralization, and biocompatibility [515]. Despite promising results,

nanocomposite scaffolds are typically created by physical mixing, which makes it

difficult to homogeneously combine polymer and hydroxyapatite phases [516]. To

overcome this problem, Koo et al. proposed functionalized nHA, which can

covalently bind poly(L-lactide) scaffolds, resulting in a more uniform composite

[511]. In addition to mineralized bone repair, nHA has also been incorporated in

polymeric scaffolds to promote cartilage remodeling [512]. Based on these results

and those detailed in Table A.3, it is clear that the incorporation of nHA in scaffolds

for bone regeneration is a step towards developing functional materials that can

improve cellular growth and proliferation in damaged tissues. However, research into

the long-term effects of implantation and biodegradation is still required, in addition

to improving scaffold formation technologies and the incorporation of nHA.

Table A.3 - Selected summary of recent nHA-polymer composite scaffolds.

Scaffold Biomedical

Matrix Application Key Results Ref.
Polyvinyl PVA/Col/nHA showed similar structure to bone,

alcohol Bone addition of nHA increased tensile strength and (517]
nanofibers, regeneration elastic modulus of scaffolds compared to pure

collagen PVA and PVA/collagen

Incorporation of nHA increased
Bone Young's modulus dose dependently, collagen/nHA

Collagen regeneration scaffolds exhibited no significant differences in [>14]

cellular viability tests for biocompatibility
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Poly(L-lactic
acid),
collagen

Poly(L-lactic
acid)

Chitosan

Polyamide

Poly(DL-
lactide-
co-glycolide)

Poly(lactide-
co-glycolide)

Bone
regeneration

Bone
regeneration

Bone
regeneration

Repair of
mandibular
defects

Mineralization
by
preosteoblasts
for bone
regeneration
Cartilage
tissue
engineering

PLLA/col/nHA scaffolds seeded with BMP-2
transfected mesenchymal stem cells accelerated
bone formation in the radius of rabbits

Surface immobilized nHA enhanced
bone tissue growth in vivo compared to pure PLLA
and scaffold prepared by bulk-phase mixing
PLLA and nHA

In situ deposited nHA was similar to bone,
attachment and growth of human bone
mesenchymal cells increased compared to CS,
good biocompatibility

PA/mHA scaffolds seeded with mesenchymal
stem cells that were transduced with BMP-7
accelerated bone formation in mandible of rabbits

In vitro preosteoblasts secreted more mineral on
apatite-coated PLGA/nHA scaffolds and uncoated
PLGA/mHA compared to pure PLGA

Better viability and proliferation of mesenchymal
stem cells on PLGA/nHA scaffolds compared to
pure PLGA, better in vivo osteochondral repair

[518]

[511]

[509]

[510]

[519]

[512]

PVA = Polyvinyl alcohol; Col = collagen; nHA = nano-hydroxyapatite; BMP = bone morphogenetic protein;
PLLA = Poly(L-lactic acid); CS = chitosan; PA = polyamide; PLGA = poly(DL-lactide-co-glycolide).

A.4.2 Bioactive Glass Nanocomposite Scaffolds

Bioactive glass is typically composed of silica and varying amounts of

calcium, phosphorous, and sodium [520]. It has been used in several biomedical

applications, including solid implants and composite scaffolds, owing to unique

interactions with the biological milieu and favorable mechanical properties [521].

Lately, bioactive glass NPs and nanofibers have been incorporated into polymeric
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matrices to form composite scaffolds for tissue engineering [522, 523]. These
scaffolds are predominantly used in bone regeneration applications, where
structurally sound scaffolds are required to support a patient’s load [524]. Table A.4
provides a review of recent papers reporting the use of bioactive glass nanocomposite
scaffolds in tissue engineering.

Incorporation of bioactive glass NPs into polymeric scaffolds has been
detailed by several groups [525-527]. NPs, produced by sol-gel methods, provide
stability to organic matrices and may also promote osteoconductivity, which is
essential to bone reformation [528]. Hong et al. showed that bioactive glass NPs
improved the mechanical properties of their scaffolds, by studying the compressive
modulus and strength [525]. However, porosity decreased significantly once
bioactive glass reached 30% of the composite content by weight, which highlights

the importance of characterizing and adequately optimizing each individual device.
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Table A.4 - Selected summary of recent bioactive glass nanocomposite scaffolds.

Scaffold Organic Biomedical
Matrix Fillers Application Key Results Ref.
‘ Alveolar ' Protelp agisorp‘uon and .
Chitosan, BGNPs bone biomineralization increased with 1526]
gelatin . addition of BGNPs, improved
regeneration . ; .
degradation and swelling properties
CS/BGNPs were bioactive,
Bone cytocompatible, promoted cell
Chitosan BGNPs . attachment and spreading, exhibited [522]
regeneration L
slower degradation in buffer compared
to pure CS
Bioactive Nanofibers showed better
Poly(e- glass Bone biocompatibility, in vitro osteoblast 15291
caprolactone)  nanofibers  regeneration activity and in vivo bone forming
and BGNPs properties compared to BCNPs
. Bioactive Nanofibers improved in vitro apatite
Poly(lactic Bone .
acid) glass regeneration formation, osteoblasts showed good  [523]
nanofibers adhesion and proliferation on scaffold
Calcium BGNPs + Bone CaP/BGNPs/PCL showed improved
hosphate Poly(e- reseneration bioactivity, ability to differentiate [530]
phosp caprolactone) g human bone-derived cells

NP = nanoparticle; BGNP = bioactive glass nanoparticle; CS = chitosan; CaP = Calcium phosphate;
PCL = poly(e-caprolactone).

Fibrous bioactive glass can be created by laser spinning [531] or

electrospinning [532], yielding fibers with diameters as small as a few hundred

nanometers in magnitude. The mixture of nanofibrous bioglass and polymeric

matrices closely mimics the extracellular matrix of bone compared to single

component systems. Kim et al. incorporated bioactive glass nanofibers into collagen
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[437] and poly(lactic acid) matrices [533]. In both studies, it was determined that
hybrid nanocomposites increased the activity of human osteoblasts in vitro compared
to polymer alone. Furthermore, Jo et al. reported that nanofibrous bioactive glass in
poly(e-caprolactone) scaffolds was superior to the powdered form, in terms of both
bioactivity and strength [529]. In light of these results, it is evident that the
integration of bioactive glass, in either nanoparticulate or fibrous form, into an
organic matrix imparts superior mechanical properties and bioactivity in vitro.
Nevertheless, additional in vivo studies are essential to validate these findings and

further clinical research in this promising area.

A.4.3 Summary

The application of nanotechnology and hybrid blends to scaffolds has yielded
some promising devices and technologies, a subsection of which are detailed above.
By combining organic and inorganic elements, scaffolds are increasingly similar in
composition to many native extracellular matrices. These advancements move us
closer to reaching the ultimate goal of mimicking native tissues in an attempt to
promote cellular growth and regeneration after damages caused by injury or disease.
Further developments in the field of hybrid scaffolds include the combination of both
nanoparticles and nanofibers, which has just begun to be reported in recent literature

[534, 535]. Indeed, the combination of nanofibrous and nanocomposite hybrid
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scaffolds may be the best option to engineer hard tissues in particular, since they
most closely mimic the native environment.
A.S Conclusions

This chapter has been intended to provide an introduction to the field of
hybrid systems for nanomedicine, with a particular focus on composite nanoparticles
and scaffolds reinforced with inorganic material fillers. It is clear that the
combination of organic and inorganic materials in nano-ranged systems improves a
number of physiochemical properties, whilst also providing the opportunity to
develop multifunctional systems. Incorporation of a magnetic component into
polymeric nanospheres, for instance, can be used to direct particles to a specific
location and deliver their payload. Indeed, a new generation of multifunctional
nanoparticulate systems, with treatment, diagnostic, and imaging capabilities may

only be properly realized with the application of hybrid nanomaterials.
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Appendix B: High Performance Liquid Chromatography Method Validation
for 17p-Estradiol Quantification

In order to determine the amount of 17@-estradiol (E2) present in liposome
formulations and in the medium following release studies, a high performance liquid
chromatography (HPLC) method validation was conducted. The instrument
properties and conditions of measurement are outlined in Table B.1, while Figure B.1
shows a representative standard curve for E2 with a linearity over 0.500 — 100
ug/mkL.

Table B.1 - High performance liquid chromatography measurement properties

Parameter Value
Column Brownlee Spheri-5,
220x4.6mm, Spm
Mobile Phase 70:30 Acetonitrile:Water
(v/v)
Flow Rate 1 mL/min
UV Detection 281 nm
Temperature 25°C
Injection Volume 50 uL
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Figure B.1 — Standard curve for E2 fitted by Chromera software (Version 3.3,
Perkin Elmer). Linearity was assessed to be 0.9979 over 0.5 -100 pg/mL.
Figure B.2 shows representative chromatographs for an E2 standard and E2
released from a liposomal matrix. The amount of E2 was calculated by determining
the area under the curve and fitting it to the standard using the Chromera software

package by Perkin Elmer.

204



Absorbance (mAU)

E2 Standard
0
0 1 2 3 4 5 6 7
Time (min)
3 800 N
<é: Lipid component
3 600 E2
C
8 400
153
8 200 .
g E2 Released from liposomes
0
0 1 2 3 4 5 6 7
Time (min)

Figure B.2 — Chromatograph for E2 as represented in the Chromera software
(Version 3.3, Perkin Elmer). E2 retention time in the column is ~4.4 min.
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Appendix C: List of Manuscripts Accepted and Submitted for Publication, Book
Chapters, Patents, Selected Conference Proceedings and Awards

Manuscripts Submitted and Accepted

1. Bowey K, Tanguay JF, Sandros M, Tabrizian M. Microwave-assisted surface-
enhanced Raman scattering nanoprobes for vascular disease biomarker detection
and mapping. (Submitted to Colloids and Surface B: Biointerfaces, May 2014)

2. Bowey K, Tanguay JF, Tabrizian M. Nanolipsome-Delivered 17f-Estradiol
Effectively Protects Endothelial Cells Against Inflammation: A Potential for Anti-
Atherogenic Therapy. (Submitted to Proceedings for the International Conference
and Exhibition on Advanced and Nanomaterials, August 2014)

2. Bowey K, Tanguay JF, Tabrizian M. (2013) 1,2-Dioleoyl-sn-glycero-3-
phosphocholine—based liposomal nanoparticles as an effective delivery platform for
17f-estradiol. European Journal of Pharmaceutics and Biopharmaceutics.
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available online at:
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