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Abstract

Cardiovascular devices such as stents, balloons and artificial heart valves are foundational in
the treatment of cardiovascular diseases, yet their long-term performance is limited by local
inflammatory responses. Depending on the device and its location within the vasculature, these
responses can manifest in distinct forms of maladaptive tissue remodelling including fibrosis,
neointimal hyperplasia, and -calcification. Contemporary devices mitigate downstream
consequences of this response by eluting anti-proliferative or cytotoxic drugs, but they do not
address the underlying inflammation nor actively promote healing around the device, resulting
in poor durability. Although inflammation has long been considered a central driver of device
failure, it has remained a challenging therapeutic target due to off-target risks associated with
systemic immunosuppression. This thesis explored strategies to overcome this challenge by
combining selective immunomodulation as a new drug strategy with advanced localised

delivery platforms to enhance cardiovascular device longevity.

The first component of this thesis evaluated MCC950, a selective NLRP3 inflammasome
inhibitor, as an alternative drug-elution agent for vascular materials. In vitro studies
demonstrated its ability to reduce inflammatory cytokine secretion without cytotoxic effects,
while also reducing clot weight and fibrin deposition through inhibition of platelet-driven
inflammation. /n vivo, MCC950 promoted functional endothelialisation and sustained
suppression of neointimal hyperplasia, outperforming current commercial agents and
highlighting that selective inhibition of inflammation can both reduce restenosis and promote
vascular healing. These findings provide the first evidence for MCC950 as a targeted anti-

inflammatory drug-elution strategy for vascular devices.

The second component focused on developing a delivery platform to translate these benefits to
other vascular settings. Plasma polymerised nanoparticles (PPN) were characterised as a novel
nanocarrier, showing predictable biodistribution, clearance through normal physiological

X



routes, and no off-target accumulation. PPN enabled simple, one-step conjugation of diverse
anti-inflammatory agents, preserving the activity of both MCC950 and IL-10. In vivo, PPN
improved arterial retention of cargo leading to enhanced therapeutic effects of MCC950 and
IL10, reducing neointimal hyperplasia and promoting endothelial repair. These results
highlight the potential of PPN to extend the therapeutic potential of selective

immunomodulation beyond conventional drug-eluting devices.

Finally, this thesis applied PPN technology to bioprosthetic heart valves through a novel
coating strategy. A cysteine pre-treatment enabled PPN binding to glutaraldehyde-fixed
pericardium while reducing residual aldehydes and enhancing cell compatibility with no
impairment of mechanical properties. PPN coatings enabled rapid immobilisation of diverse
therapeutics including apixaban, MCC950, and phytic acid, each addressing key pathways of
valve failure including thrombosis, inflammation, and calcification, respectively. Importantly,
PPN coatings preserved the hydrodynamic performance of a commercial bioprosthetic valve,
supporting their scalability and clinical feasibility. Together, these findings establish PPN
coatings as a new platform for actively engaging with the biology surrounding bioprosthetic

valves to improve their long-term durability.

Collectively, this work demonstrates that pairing selective immunomodulatory drugs with
versatile PPN-based delivery may offer new pathways to reduce inflammation-driven failure

and pave the way toward more durable cardiovascular devices.
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Chapter 1

General Introduction



1. General introduction

1.1. The cardiovascular system

1.1.1. Arteries

Arteries are blood vessels that transport blood away from the heart to tissues and organs.
Arteries are responsible for the transportation of oxygen (excluding the pulmonary artery),
nutrients, waste products, electrolytes and hormones to maintain cellular homeostasis [1]. They
have specific structures and properties that allow them to withstand the pressure produced by
the heart and to ensure constant blood flow around the body. Specifically, arteries comprise of
three distinct layers arranged concentrically: the tunica intima (innermost layer), tunica media
(middle layer), and tunica adventitia (outermost layer) (Figure 1.1) [2]. It should be noted that

the described structures in this chapter are those found in homo sapiens and not other primates.

Tunic intima
Endothelium

Internal elastic lamina

\ N} Tunic media
—— Smooth muscle cells
: ;r— Elastin fibres

AV
1 L) RV 8 .
) —?\fﬁ— External elastic lamina
{5 A M/

Tunic adventitia

Collagen bundles

17
ﬁ— Fibroblasts

Figure 1.1: Anatomy of an artery

Schematic showing that arteries comprise of three distinct layers including the tunica intima, tunica
media, and tunica adventitia. The tunica intima consists of the endothelium and the internal elastic
lamina. The tunica media largely consists of smooth muscle cells, elastin fibres and the external elastic
lamina. The tunica adventitia consists of collagen networks and resident fibroblasts.



The tunica intima consists of a monolayer of endothelial cells (EC) anchored to a continuous
basal membrane, and the internal elastic lamina which separates the tunica intima from the
tunica media. The endothelium consists of the ECs and the basal membrane and acts as a
cellular barrier between the blood passing through the lumen and the underlying tissues [3].
The ECs which make up the endothelium are tightly connected via tight junctions and adherens
junctions to form an aligned monolayer. This aligned monolayer prevents the adherence and
aggregation of platelets, creating a non-thrombogenic surface for the blood to flow over. ECs
additionally prevent blood coagulation by expressing anti-thrombotic molecules such as
thrombomodulin and prostacyclin [4]. Thrombomodulin is a glycoprotein that binds to
thrombin and inhibits its procoagulant functions, whereas prostacyclin is a prostaglandin which
inhibits platelet aggregation. These molecules are major components of the endothelial
glycocalyx, a network of various membrane bound proteoglycans, glycosaminoglycans, and
glycoproteins that present on the luminal side of the endothelium [5]. By producing and
secreting other signalling molecules, ECs are also capable of regulating vascular homeostasis
and inflammation. For instance, ECs can regulate local blood pressure and vascular tone by
secreting vasoactive factors including nitric oxide (vasodilator) and endothelin-1
(vasoconstrictor), which relax or constrict the smooth muscle cells (SMCs) in the tunic media,
respectively [3]. In regards to inflammation, ECs can control the adhesion and transmigration
of immune cells circulating in the blood into the underlying tissue by expressing adhesion
molecules including intramolecular cell adhesion molecule 1 and 2 (ICAM-1, 2) and vascular

cell adhesion molecule 1 (VCAM-1) in response to inflammatory stimulus [3].

The tunica media consists of smooth muscle cells layered throughout a collagen and elastin
rich extracellular matrix (ECM). As mentioned above, SMCs respond to the molecular signals
produced by endothelial cells, causing them to either relax or contract, resulting in vasodilation

3



or vasoconstriction, respectively . Elastin is an ECM protein that is organised into elastic fibres

and gives arteries their ability to expand and recoil as blood pressure oscillates [6].

The tunica adventitia plays a crucial role in maintaining structural integrity of arteries. Similar
to the tunica media, it mainly consists of collagen and elastin. However, the tunica adventitia
has a significantly higher collagen content [7]. This collagen is organised into thick, dense
bundles which provide the artery with most of its strength. The adventitia also has an active
role in arterial healing and inflammation, owing to the various types of cells residing in this

layer including fibroblasts, adipocytes, leukocytes, and a number of progenitor cells [8].

1.1.2. The heart

The heart is a muscular pump which receives and displaces blood throughout the vasculature
[9]. It is located in the thoracic cavity enclosed in a protective sac called the pericardium [10].
The heart is divided into four main champers: the right atrium (upper right section), left atrium
(upper left section), right ventricle (lower right section), and the left ventricle (lower left
section). Deoxygenated blood from the body flows into the right atrium and then into the right
ventricle through the tricuspid valves [11]. Valves are an essential component of the heart as
they ensure unidirectional flow of blood, preventing backflow during ventricular contractions
[9]. When the right ventricle contracts, it sends blood into the pulmonary artery (through the
pulmonary valve) and into the lungs where carbon dioxide in the blood is exchanged or oxygen.
The now oxygenated blood returns to the left atrium via the pulmonary veins and flows into
the left ventricle through the mitral valve. Here, the left ventricle contracts, pumping

oxygenated blood into the aorta through the aortic valve and to the rest of the body.



1.1.3. The aortic valve

The aortic valve acts as a one-way doorway that regulates blood flow from the left ventricle
into systemic circulation. It is considered clinically the most important valve due to its pivotal
role in maintaining unidirectional blood flow, preventing regurgitation and ensuring efficient
cardiac output [12]. The aortic valve is a tricuspid valve composed of three semilunar leaflet
cusps which attach to the aortic root. This site of attachment is known as the annulus ring and
gives structural support to the valve. The space directly behind each leaflet, between the leaflets
and the aortic wall, is called the Sinus of Valsalva and plays a critical role in facilitating smooth
valve closure by creating swirling blood flow, helping the leaflets close evenly without
excessive stress [12]. Each leaflet is comprised of three distinct layers: fibrosa which faces the
aorta; spongiosa which is the middle layer; and the ventricularis which faces the ventricle
(Figure 1.2). The fibrosa is rich in type 1 collagen arranged circumferentially in parallel bundles
giving the leaflets their tensile strength. The spongiosa is primarily made up of
glycosaminoglycans that act as shock absorbers, providing the flexibility and deformability
function of the leaflets. The ventricularis contains mostly elastin fibres arranged along the

radial direction which facilitates leaflet motion and recoil during the cardiac cycle [13].
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Figure 1.2: Aortic valve anatomy and cellular composition

Schematic showing how the aortic valve forms the doorway between the left ventricle and the aorta.
Each leaflet consists of three main layers: the fibrosa (aortic side), spongiosa (middle) and ventricularis
(ventricular side). Endothelial cells (EC) line the leaflets. Valvular interstitial cells (VIC) are found in
each layer of the valve. Collagen is predominately found in the fibrosa layer, glycosaminoglycans
(GAG) are found in the spongiosa, and elastin fibres make up the ventricularis.

The cellular composition of the aortic valve is essential to its functionality. It consists of two
primary cell types: ECs and valve interstitial cells. ECs line the leaflets along the fibrosa and
ventricularis. They perform the same function as discussed previously for arteries, regulating
immune responses, preventing thrombosis and maintaining homeostasis. However, they show
some genetic differences to arterial ECs, most important of which is their higher propensity to
undergo endothelial to mesenchymal transition, making them a more dynamic population [14].
Valve interstitial cells make up the majority of the valve and are responsible for producing and
regulating the ECM, providing mechanical strength to the valve [15]. Even more so than valve
ECs, they exist in a dynamic state, capable of different phenotypes depending on environmental
conditions, particularly hemodynamic factors and mechanical stresses. This makes valve

interstitial cells a key factor in pathologies related to the aortic valve.

The aortic valve operates in a complex hemodynamic environment, opening and closing with

each cardiac cycle in response to pressure differentials between the left ventricle and the aorta.
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During systole, when ventricular pressure exceeds aortic pressure, the valve opens fully to
allow rapid ejection of blood into the aorta. This phase is characterised by high-velocity,
laminar flow through the valve, with peak velocities ranging between 1.0 to 1.7 m/s in normal
physiological conditions [16]. Peak velocities are reached when the leaflets are fully open.
When this occurs, the pressure between the ventricle and the aorta is minimal. As the heart
relaxes, the pressure in the ventricle drops, lowering to diastolic pressure of the aorta causing
the valves to close [17]. Due to the high-pressure gradient and the anatomic design of the leaflet

cusps, the valve closes efficiently and rapidly, with very little retrograde blood flow.

1.2. Cardiovascular diseases

1.2.1. Vascular disease

Cardiovascular diseases (CVD) are disorders of the heart and circulatory system. They are the
leading cause of death globally, claiming more lives annually than all forms of cancer and
chronic lower respiratory disease combined, the second and third leading causes of death
respectively [18]. One of the major hallmarks of CVD is atherosclerosis, the build-up of plaque
inside arterial vessels [19]. This plaque is made up of mostly fatty substances, cholesterol and
cellular waste products which initially develop in the vessel wall and underlying smooth
muscle. Over time, the plaque grows along with the build-up of fibrous tissues and the
proliferation of surrounding smooth muscle, creating an obstruction inside the arteries that
reduces blood flow to the organs (known as vessel occlusion) [20]. This can eventually lead to
plaque rupture and clotting, resulting in complete obstruction of blood flow causing severe

vascular complications including death.



Depending on where plaque develops, atherosclerosis can manifest as different types of CVD.
Coronary artery disease (CAD) arises from plaque development in the coronary arteries and
can cause heart failure. CAD is the leading cause of death globally. In 2022, there were 315
million prevalent cases of CAD globally [21]. In Australia alone, CAD was the underlying
cause of 18,600 deaths, attributing to 9.8% of all deaths [22]. Alternatively, peripheral artery
disease (PAD) is caused by atherosclerotic development in the lower limbs which can lead to
claudication (leg pain when walking), numbness, and in severe cases, limb amputation [23]. In
Australia, PAD was the cause of 1,900 deaths in 2022, equating to 1% of all deaths [22]. In the
U.S., critical limb threatening ischemia (CLTT), the most severe presentation of PAD, leads to
approximately 200,000 limb amputations each year, significantly impacting patient quality of

life [24].

For over 50 years, high levels of low-density lipoprotein cholesterol (LDL-C) in arterial vessels
has been considered the major cause of atherosclerosis. These lipoproteins are able to migrate
across the endothelium into the tunic intima where they accumulate and become oxidised,
initiating a pro-inflammatory cascade. However, substantial evidence suggests that factors
other than lipoproteins can also initiate this pro-inflammatory vascular environment and drive
atherogenesis [25]. Inflammatory biomarkers including high-sensitivity C-reactive protein and
interleukin-6 (IL-6) have a strong association with increased risks of atherosclerosis,
independent of cholesterol levels [26]. Hence, despite being once considered “a bland lipid
storage disease”, atherosclerosis is now understood to be fundamentally an inflammatory

disease.



The atherosclerotic inflammatory cascade is initiated by endothelial injury caused by
cardiovascular risk factors including hypertension, smoking and diabetes. These conditions can
produce free radicals that disrupt the balance of nitric oxide (NO) within the vasculature,
damaging the endothelium [27]. Loss of biological activity and NO production in the
endothelium leaves it overly permeable, allowing toxins to pass into the vascular wall leading
to increased expression of proinflammatory cytokines and chemotactic factors [28]. A
prominent cytokine with growing clinical importance is interleukin-1p (IL-1B). Its significance
is evident in several population studies which showed genetic polymorphisms in IL-1f to be
associated with premature onset of atherosclerosis and acute myocardial infarction [29]. IL-1
is a pro-inflammatory mediator which, upon activation, amplifies the inflammatory response
characterised by increased SMC proliferation, increased cytokine and chemokine production
in leukocytes, and recruitment of monocytes and lymphocytes into the vascular wall through
the upregulation of cell adhesion molecules including ICAM-1 and VCAM-1 [30]. Of these
adhesion molecules, VCAM-1 is most notable as it binds monocytes to the endothelium. Once
adherent to the endothelial layer, chemoattractant cytokines (chemokines) cause monocyte
migration between intact endothelial cells into the arterial intima where they subsequently
differentiate into macrophages. This accumulation of inflammatory cells in arterial vessels and

their invasion into the intima is a key step in nascent atherosclerotic plaque formation [31].

Macrophages are key effector cells in inflammation [32]. They ingest excess LDL-C deposited
in the intima leading to foam cell formation, large constituents of atherosclerotic plaques and
the major component of the first grossly visible atherosclerotic lesion known as fatty streaks
[33]. These lipid-laded macrophages release more proinflammatory cytokines, propagating a
vicious cycle of inflammation in the lesion site resulting in plaque growth. SMCs also play a
key role in plaque progression [34]. For instance, cytokines (including IL-1f) increase SMC

9



proliferation and migration from the tunica media into the intima. SMCs in turn enhance the
rate of ECM synthesis which can entrap lipoproteins and promote further lipid accumulation
at the lesion site. During repeated cycles of inflammation, macrophages and SMCs begin to die
and contribute to the formation of an advanced complicated stable atherosclerotic lesion
characterised by a fibrous cap of SMCs overlaying a necrotic core, mostly containing dead
macrophages [35]. As the lesion increases in size, it intrudes into the lumen and restricts blood
flow to the organs. If unabated, the plaque becomes unstable and ruptures, resulting in severe

clinical manifestations including thrombosis, heart attack, stroke or aneurysm [20].

1.2.2. Valvular disease

Valvular heart disease is another leading cause of CVD morbidity and mortality worldwide. It
involves dysfunction of the valves which otherwise ensure unidirectional flow of blood through
the heart. Stenosis is the primary driver of valvular disease, characterised by valve leaflet
thickening and narrowing. In healthy individuals, there is a perfect match between valve leaflet
thickness and the force the heart generates to open them. However, as stenosis develops, the
leaflets thickens and the valve narrows, reducing blood flow. To compensate, the heart must
work harder to supply blood to necessary organs around the body. Overtime, the heart can tire,

leading to heart failure.

While stenosis of all heart valves can occur, aortic stenosis is the most common [36]. Aortic
stenosis (AS) can arise from congenital abnormalities, rheumatic heart disease, and/or can
develop due to calcification over time. With prevalence dramatically increasing in an aging
population, approximately 7% of individuals over 65 suffer from AS, which is expected to

increase by 25% by 2027. In Australia alone, there is an estimated minimum of 97,000
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Australians living with severe AS [37]. Furthermore, the burden of moderate to severe AS is
projected to impact 266,000 Australians in 2051 [38]. In severe cases, AS boasts a 30%-50%
mortality rate at only 12 months after symptom onset [39]. These symptoms may include

feelings of fatigue, chest pain and shortness of breath, particularly during exercise.

While rheumatic fever is a serious condition that can lead to AS and is largely considered the
most common cause in developing countries, inflammation is becoming increasingly
implicated in the pathogenesis of AS [40]. Increased systemic C-reactive protein concentrations
as well as inflammatory macrophage activity has been shown to correlate with AS severity [41,
42]. As such, the pathogenesis of AS has many similarities to that of atherosclerosis. EC
damage for example is believed to be the initiating event which begins the inflammatory
cascade leading to AS [43]. Endothelial damage is most commonly caused by increased
mechanical stress on the valve and changes to shear stress. This leads to early lesion
development, characterised by subendothelial thickening on the aortic side of the leaflets [44].
It has been shown that these lesions primarily develop at the base of the leaflet (the flexion area
of the cusps near their attachment to the aortic root) where ECs are under oscillatory shear and
high mechanical stress during systole, and high pressure during diastole [45]. Interestingly, the
more extreme mechanical forces experienced in patients born with a bicuspid aortic valve
correlates with a significantly higher incidence and, on average, 20 years earlier development
of AS compared to patients with tricuspid valves [46]. This illustrates the significant role

mechanical forces play in the pathogenesis of AS.

Damage to endothelial cells reduces their ability to control the infiltration of proteins and cells

into the underlying fibrosa. In particular, lipoproteins including low-density lipoprotein and
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lipoprotein(a) migrate across the endothelium and accumulate in the subendothelial layer where
they undergo oxidative modification [47]. Again, similar to that of atherogenesis, this
propagates an intense inflammatory cascade, initially characterised by infiltration of T
lymphocytes and monocytes into the subendothelial space. Here, the monocytes differentiate
into macrophages which exacerbate the inflammatory progression by secreting pro-
inflammatory and pro-fibrotic cytokines including transforming growth factor-beta-1 (TGF-
B1), tumour necrosis factor alpha (TNF-a), and IL-1p [44]. Circulating pro-inflammatory and
pro-fibrotic cytokines additionally drive the differentiation of valve interstitial cells (the
majority of which are fibroblasts) into myofibroblast- and osteoblast-like cells. Myofibroblasts
secrete large amounts of collagen, matric metalloproteinases (MMPs), fibronectin and laminin,
all of which help to form a disorganised layering of ECM on the valve surface. This
accumulation of fibrous tissue (known as fibrosis) leads to thickening of the leaflets and
increased stiffness, thereby disrupting the proper mechanical function of the valve, further
contributing to the vicious cycle. One study reported that under pathological conditions, the
percentage of myofibroblasts in valve leaflets increases from 5% (percentage under normal

conditions) to 30%, and was closely associated with loss of valve structural integrity [48].

As the vicious cycle of inflammation and fibrosis continues over many years, calcification
begins to occur. As the degree of valvular calcification increases, so does the severity of valve
stenosis and likelihood of adverse events. In the early stages of disease progression, ECs and
valve interstitial cells undergo cell apoptosis in response to high mechanical stress,
inflammation and/or oxidative damage, releasing apoptotic bodies and promoting release of
extracellular vesicles (EVs) from macrophages [49]. These structures serve as nucleation sites
for calcium phosphate deposition, leading to hydroxyapatite crystal formation. This process is

amplified over time by inflammatory signalling which promotes the differentiation of valve
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interstitial cells into osteoblast-like cells, key drivers of mineralisation. Despite not being real
osteoblasts, these osteoblast-like cells display similar mineral resorption capabilities and begin
to coordinate calcification within the leaflets, a process similar to that of new bone formation
[49]. This progression leads to increased valve stiffness and functional impairment,

contributing to the pathophysiology of aortic stenosis.

1.3. Endovascular intervention: Overview of existing technologies

Endovascular intervention refers to a minimally invasive procedure that is performed within
the vasculature without the need for open surgery. It has become the gold standard for the
majority of occlusive cardiovascular diseases due to its minimal invasiveness translating to
more favourable patient outcomes including faster recovery times, decreased risk of major
surgical complications and often better disease treatment compared to traditional open surgical
procedures [50, 51]. Endovascular intervention has revolutionised treatment for many
cardiovascular related diseases, originating first for treatment of vascular disease and later
expanding to valves. The two mainstay endovascular treatment options for arterial disease are
currently percutaneous transluminal angioplasty (PTA) and stenting. Despite the advancements
in the devices used during these procedures, the fundamental percutaneous transluminal nature
of the operation has stayed consistent since it was first performed in 1977 [52]. For other, more
complicated cardiovascular diseases such as valvular disease, it wasn’t until this century before
endovascular intervention started to be performed as a treatment option. Dr Alain Cribier
performed the first transcatheter aortic valve replacement (TAVR) in 2002, establishing a new

frontier in the treatment of valvular disease [53].

1.3.1. Percutaneous transluminal angioplasty
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PTA, also known as balloon angioplasty, revolutionised the treatment of vascular disease by
providing a minimally invasive alternative to surgical revascularisation (Figure 1.3). Before its
introduction by Andreas Griintzig in the late 1977, patients with symptomatic arterial disease
often required open surgical procedures such as endarterectomy or bypass grafting, both
associated with prolonged hospitalisation and limited applicability in high-risk populations.
PTA dramatically changed this landscape by enabling revascularisation through a percutaneous
approach, reducing procedural risk, recovery time, and expanding the pool of patients eligible

for intervention [54].

In contrast to open surgery techniques which require general anaesthesia, PTA is generally
performed under local anaesthesia with or without mild sedation. Access to the vasculature is
provided by a small incision often in the femoral or radial artery. A thin flexible guidewire is
inserted through the access site and navigated through to the lesion site under fluoroscopic
guidance. The balloon catheter is then advanced over the guidewire to the site of blockage.
Balloons are available in a wide range of diameters, and it is generally considered that the
diameter of the inflated balloon should approximate or only slightly exceed the diameter of the
normal arterial segment [55]. Correct sizing of the balloon is a critical component of the
procedure. Oversizing of the balloon risks vessel rupture or dissection, while under sizing can

result in residual stenosis [55].

Once positioned, the balloon is inflated to high pressures, often between 8-12 atm for coronary
applications and up to 20 atm for calcified or peripheral lesions, using a radiopaque contrast
solution to assist with visibility. Inflation times are usually short, ranging from 30-60 seconds
per inflation cycle [56]. Longer inflation times greater than 60 seconds have been associated

with lower risk of residual stenosis and reduced need for adjunctive procedures in both
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coronary and peripheral vessels, however long-term data is heterogeneous and inconsistently
reported, and remains an option only for heavily calcified or resistant lesions [57]. The balloon
compresses atherosclerotic plaque against the arterial wall and stretches the vessel, thereby
enlarging the lumen and restoring blood flow. Multiple inflation-deflation cycles are often

required depending on the lesion type [58].

A major advantage of PTA compared with open surgical approaches is the reduced invasiveness
of the procedure. Because it is performed percutaneously, patients generally require only short
periods of monitoring, with many discharged within 24-48 hours. Same-day discharge is also
possible for some low-risk patients, having been shown to have no increased risk of major
adverse events compared to overnight stay [59]. Complications such as access site bleeding,
vessel dissection, or acute thrombosis can occur, but advances in catheter and procedural design
have markedly reduced rates of major adverse events. Recovery is rapid, with most patients
able to return to normal activities within a week [60]. This is in contrast to bypass grafting

which requires 6-12 weeks of recovery before exercise is recommended [61].

In summary, PTA transformed vascular intervention by offering a safe, effective, and minimally
invasive treatment for occlusive vascular disease. The technical refinements in balloon design,
sizing strategies, and inflation protocols, coupled with shorter recovery times and avoidance of
general anaesthesia, highlight why PTA remains the fundamental procedure on which
subsequent innovations such as stent implantation and TAVR have been built. However, plain
balloon angioplasty on its own is now rarely practiced, as high rates of restenosis and elastic

recoil limited its long-term durability and frequently led to acute vessel failure. These
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shortcomings ultimately drove the development of metallic scaffolds, ushering in the stent era

and establishing a new standard for percutaneous vascular intervention.
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Figure 1.3 Endovascular intervention

Schematic showing how a balloon catheter, with or without a crimped stent depending on the procedure,
is inserted through a small incision in the femoral artery (common access site) and fed through the
vasculature to the site of occlusion. Here, the balloon is inflated, compressing the plaque against the
arterial wall and reopening the artery to blood flow. If the procedure involves stenting, a stent is
deployed after balloon inflation and remains in position post-surgery.

1.3.2. Stenting

After the initial work done by Griintzig in PTA, it was apparent that angioplasty by itself was
unable to maintain luminal patency in the long-term. One major contributing factor to this was
elastic recoil in the artery. As outlined in section 1.1.1 of this thesis, arteries contain a layer of
elastic tissue known as the elastic lamina which helps them accommodate the high pressure of
blood flow through the body. Immediately after angioplasty, the artery therefore can recoil
inwards, leading to a rebound occlusion of the artery [62]. This led to the invention of the stent,
a metallic tubular scaffold that can be implanted into the artery and kept in position, thereby
maintaining constant outward pressure on the vascular wall, preventing elastic recoil and
reducing likelihood of vessel re-narrowing. The first reported coronary stent implantation in a

human coronary artery was performed by Sigwart and Puel in 1986, however its clinical utility
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was limited due to its poor delivery system and was withdrawn from market in 1991 [63]. It
was the Palmaz-Schatz stent (Johnson & Johnson), developed in 1987, the first balloon-
expandable, stainless steel stent that began the transition away from balloon angioplasty to

stenting throughout the 1990s and into the early 2000s [64].

There are currently two main types of stents, balloon expandable (like the Palmaz-Schatz) or
self-expanding. Both stent types are implanted at the site of blockage in a surgery identical to
PTA. In the case of balloon-expandable stents, these stents are crimped over the deflated
angioplasty balloon inside the catheter and then, upon balloon inflation, deployed. They are
primarily made of stainless steel or cobalt-chromium and because they are being expanded at
high pressure assisted by the balloon, provide greater radial pressure to the vascular wall [65].
As such, balloon-expandable stents are the preferred choice for CAD, where all clinically used
stents are balloon-expandable, and in other large or heavily calcified vessels [66, 67]. However,
due to the rigidity of the alloys they use, they are more susceptible to permanent deformation
under external forces, making them less suitable for locations subject to repetitive movement
or compression. In contrast, self-expanding stents are made from shape-memory alloys, such
as nitinol (nickel-titanium), which allow them to expand automatically upon deployment
without the need of an angioplasty balloon. These stents are compressed within a delivery
sheath and expand to their predetermined diameter once released. Their flexibility and ability
to conform to vessel movement make them ideal for treating PAD, particularly in the
femoropopliteal arteries located in the leg, where vessels are subject to extensive motion,
bending, and external compression [68]. One study showed that between balloon-expandable
and self-expanding stents, only self-expanding stents were associated with significant
improvements in patency rates out to two years in patients with PAD of the femoral arteries
[68]. Self-expanding stents can also recover from mild deformation, making them resistant to
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fractures in high-mobility areas. However, they generally exert lower radial force compared to

balloon-expandable stents, which make them less suitable for heavily calcified lesions [67].

1.3.3. Transcatheter aortic valve replacement

Transcatheter aortic valve replacement (TAVR) is the current gold standard treatment option
for patients over the age of 65 with severe AS. It involves minimally invasively replacing a
diseased aortic valve with a bioprosthetic valve [69]. Before TAVR, surgical aortic valve
replacement (SAVR) was the standard of care for these patients. SAVR requires open-heart
surgery, traditionally performed through a median sternotomy characterised by a vertical
midline incision and sternal division with a saw, followed by cardiopulmonary bypass and
valve excision. Although effective, SAVR is highly invasive and associated with considerable

perioperative morbidity, rendering it unsuitable for high-risk patients [70].

To overcome this, Alain Cribier developed the first catheter-based treatment approach for AS
in 1985 which involved balloon inflation within the diseased valve to break-up calcified
regions, known as balloon aortic valvuloplasty [71]. While this technique provided
symptomatic benefit, it demonstrated poor long-term efficacy. This limitation led to the
hypothesis that a permanent intravalvular scaffold could achieve more sustained outcomes,
echoing the earlier trajectory of vascular stent development for treatment of vascular disease.
In 1989, Henning Rud Andersen tested this concept by suturing porcine aortic valves into metal
stents and implanting them into the native aortic valves of pigs using a balloon catheter [72].

Although promising, this prototype never reached first-in-human trials.
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Building upon this foundation, Cribier subsequently refined the concept by mounting three
bovine pericardial leaflets within a stainless-steel balloon-expandable stent. In 2002, he
performed the first successful human TAVR procedure using this design, termed the
percutaneous heart valve [53]. Despite subsequent refinements in stent architecture, delivery
systems, and procedural techniques, the essential principle of a stented frame supporting

animal-derived pericardial leaflets still forms the basis of TAVR valves used today.

Similar to balloon angioplasty and stenting, TAVR involves inserting a catheter through the
femoral artery (most common access point) and guiding the bioprosthetic replacement valve
via the arterial system to the aortic valve. Depending on the valve type, either an angioplasty
balloon is inflated to expand the valve into place (balloon-expandable), or the valve will expand
on its own when released from the catheter (self-expanding). The replacement bioprosthetic

valve pushes aside the native valve leaflets, anchoring itself securely in the aortic annulus

(Figure 1.4).
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Figure 1.4: Transcatheter aortic valve replacement

Schematic showing how the bioprosthetic transcatheter aortic valve pushes aside the native valve when
implanted. Blood flows from the left ventricle to the aorta through the new bioprosthetic valve which
contains three flexible leaflets directionally aligned similar to the native valve leaflets. This is a self-
expandable transcatheter aortic valve.
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Since its introduction in 2002, TAVR has increasingly become the preferred treatment option
for AS patients over the age of 65, and in particular those over the age of 80 who are deemed
too high risk for SAVR [73]. This can largely be attributed to the minimally invasive nature of
the procedure. Patients undergoing SAVR typically spend around 3-4 days in the intensive care
unit, with full recovery in 8-12 weeks [74]. This is compared to TAVR where patients are
frequently discharged within 24 hours and full recovery occurs within 1-2 weeks [74, 75]. For
this reason, TAVR has clear benefits over SAVR. Over the last two decades, clinical trials have
progressively evaluated TAVR against SAVR in different patient populations, initially
beginning with patients at high surgical risk to most recently evaluating TAVR in low-risk

patients.

The CoreValve High-Risk Study was a landmark trial which evaluated TAVR versus SAVR in
patients with severe aortic stenosis and who were at increased surgical risk [76]. It showed that
TAVR was associated with a significantly higher rate of survival at 1 year compared to SAVR.
The authors largely attributed this improvement to the less-invasive nature of TAVR and the
more rapid mobilisation and recovery that occurs with this approach. Other studies have shown
comparable results between TAVR and SAVR in the short term. For instance, the PARTNER
Cohort A study compared TAVR and SAVR in high operative risk patients and showed similar
rates of survival after 1-year [77]. These studies led to an update in the 2017 American College
of Cardiology/The Society of Thoracic Surgeons (ACC/STS) guidelines which included a
recommendation for TAVR for symptomatic patients with severe AS at prohibitive and/or high

risk for SAVR [78].
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Subsequent trials, including the PARTNER 2 and Surgical Replacement and Transcatheter
Aortic Valve Implantation (SURTAVI) trials, assessed the long-term outcomes of TAVR as
compared with SAVR in patients with severe aortic stenosis and intermediate surgical risk.
These studies concluded that there were no significant differences in major clinical outcomes
including the incidence of death or disabling stroke, at 5 years across the two groups [79, 80].
Patients randomised to TAVR in the PARTNER 2 trial received the SAPIEN XT (Edwards
Lifescience) valve, a second-generation balloon-expandable valve approved by the FDA to
treat severe AS in 2014 [79]. Conversely, SURTAVI randomised patients to TAVR with the
self-expandable CoreValve system, receiving either the CoreValve or Evolut R (Medtronic)
[80]. In this way, these trials demonstrated the non-inferiority of both types of TAVR valves to
SAVR, leading to both the European and Unites States guidelines granting a TAVR

recommendation for use in intermediate-risk patients [81].

Following on from these landmark studies, clinical trials including PARTNER 3 and EVOLUT
Low Risk evaluated TAVR against SAVR in patients with low surgical risk. These trials both
included the use of third generation valves for patients randomised to TAVR. At the 5-year
follow-up for both trials, there were no significant differences in death, stroke or
rehospitalisation between TAVR and SAVR [82, 83]. The average ages in these trials were also
significantly lower than earlier studies discussed above, with the mean age in the PARTNER 3
trial being 73 years and the mean age in the EVOLUT Low Risk trial being 74 years. Taken
together, these pivotal studies have led to the most recent ACC/STS guidelines recommending
SAVR for patients <65 years of age and with life expectancy of 20 years, SAVR or TAVR for

patients 65 to 80 years, and TAVR for those >80 years of age [84]. As a result, new clinical
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trials are beginning to be drawn out that evaluate the newest-generation TAVR valves in
younger patients, preferably under 65. In this use case, valve durability is a major factor which
needs to be considered due to the extended life-expectancy and more-exercise filled lifestyles

seen for younger patients.

1.4. Role of inflammation in endovascular device failure

1.4.1. Restenosis

Despite the incorporation of drug-elution technology for stents and balloons, restenosis remains
the primary cause of failure for these endovascular interventions [85]. Inflammation plays a
central role in the pathophysiology of restenosis [86]. This underlying inflammatory cascade
is triggered by balloon dilation (barotrauma) and/or stent placement during endovascular
intervention, causing mechanical injury to the vascular wall and damaging the endothelial layer
[87]. In a similar manner to atherogenesis, damaged ECs undergo oxidative stress, producing
reactive oxygen species (ROS) which upregulate endothelial adhesion molecules, facilitating
leukocyte recruitment into the vessel wall. Monocytes and neutrophils can also infiltrate into
the tunic intima from the vasa vasorum, a network of blood vessels which run through the tunic
adventitia and tunic media. Monocytes can then differentiate into macrophages which release
various growth factors and pro-inflammatory cytokines including IL-1B, interleukin-18 (IL-
18) and IL-6 which drive further inflammatory cell recruitment and activation, creating a

vicious cycle.

The primary cause of the vessel narrowing characteristic to restenosis is the over proliferation

of SMCs in the lumen, a phenomenon known as neointima hyperplasia [86]. Under
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physiological conditions, contractile SMCs reside in the tunica media with minimal
proliferation. However, following vascular injury and secretion of pro-inflammatory cytokines
and reduced endothelium-derived inhibitory factors (nitric oxide), SMCs transition into a
synthetic phenotype, characterised by increased migration, proliferation, and ECM secretion.
In the early stages of restenosis, the synthetic SMCs proliferate mainly within the tunica media.
However, resident adventitial macrophages are eventually signalled to migrate into the sub-
intimal space where they release MMPs that degrade the existing ECM, facilitating SMC
migration past the internal elastic lamina into the tunica intima [88]. Once in the sub-
endothelial space, SMCs continue to hyper proliferate and are able to pass through the damaged
endothelium into the lumen where they again secrete ECM, forming a stable neointima. As the
SMCs continue to proliferate and secrete ECM, the neointima increases in size, narrowing the

vessel lumen and ultimately leading to restenosis (Figure 1.5) [86].

Resident adventitial fibroblasts also respond to ROS-mediated oxidative stress and
inflammatory cytokines by differentiating into myofibroblasts. These cells contribute to
restenosis through increased proliferation, migration, and collagen synthesis [89].
Myofibroblasts play a dual role in restenosis by participating in both neointimal formation and
negative remodelling. In the neointima, myofibroblasts deposit ECM and contribute to lesion
stability, while in the adventitia, they promote vascular stiffening and chronic constriction. The
excessive ECM deposition in the adventitia results in fibrotic thickening, which reduces vessel
compliance and luminal diameter, a process known as negative remodelling. Unlike acute
elastic recoil, which occurs within minutes, negative remodelling develops gradually over
weeks to months and is a key contributor to restenosis following PTA [90]. The contractile
properties of myofibroblasts further exacerbate vessel constriction by generating sustained
tension within the adventitia, effectively reducing vessel patency over time. Additionally,
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crosstalk between myofibroblasts, macrophages, and ECs perpetuates a chronic inflammatory

state, further driving maladaptive remodelling and restenosis [91].
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Figure 1.5: Restenosis pathophysiology

Schematic depicting how vessel injury results from balloon angioplasty and/or stent deployment,
damaging the endothelium and releasing reactive oxygen species (ROS). This promotes monocyte and
other immune cell recruitment and eventual migration into the tunica media where they differentiate
into macrophages. Macrophages secrete pro-inflammatory cytokines, causing contractile smooth
muscle cells (SMC) to differentiate into synthetic SMC which hyperproliferate and migrate across the
damaged endothelium and into the vessel lumen. The inflammatory environment also causes the
phenotypic switch of tunica adventitia resident fibroblasts into myofibroblasts, resulting in negative
remodelling.

1.4.2. Structural valve degeneration

Key clinical trials have shown the advantages of TAVR up to five years post-implantation.
However, due to the only recent introduction of this technology, there are currently very few
long-term follow up studies that look at TAVR performance up to and past 10 years. Of these

few studies, the majority point to increasing cases of valve failure over time. The Nordic Aortic
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Valve Intervention (NOTION) trial, which evaluated TAVR and SAVR performance across a
broad range of surgical risk patients with severe AS showed that while risk of major clinical
outcomes was comparable to SAVR group, bioprosthetic valve failure occurred in 9.7% of
TAVR patients after 10 years, an increase from 0.01% at 3 years [92]. The primary driver of
TAVR valve failure, and bioprosthetic valve failure more generally, is a biological response
known as structural valve degeneration (SVD) which develops around and within the prosthesis
over time [93]. SVD limits the durability of bioprosthetic valves, ultimately leading to valve
failure and/or redo valve replacement, a major surgical intervention. The NOTION trial showed
that 15.4% of TAVR patients had moderate to severe SVD at 10 years compared to only 0.02%

at 6 years, highlighting that SVD is a gradual process which develops over time [92].

SVD is fundamentally an inflammation-driven process that manifests through leaflet
thrombosis, fibrosis, and calcification (Figure 1.6). Following implantation, bioprosthetic heart
valves, including both surgical transcatheter valves, trigger the foreign body response, a highly
inflammatory reaction characterised by the adsorption of serum proteins onto the valve surface,
leukocyte adhesion, and immune cell activation [94]. Dysfunctional ECs populate the leaflet
surface as early as day 1, potentially impairing their ability to prevent thrombosis formation
[95]. As the inflammatory response progresses, fibroblasts and myofibroblasts secrete ECM
components on the leaflet surface, leading to stiffening and restricted leaflet mobility,
ultimately contributing to stenosis [96]. In the later stages, build-up of calcium deposition
across the leaflet exacerbates leaflet stiffening and loss of physiological function [97]. Studies
have shown that the chronic inflammatory environment established by persistent thrombus and
excessive fibrosis likely fosters conditions that accelerate calcium deposition, culminating in

irreversible leaflet dysfunction [95, 98].
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Figure 1.6: Determinants of structural valve degeneration

Structural valve degeneration generally comprises of three interconnected biological processes
including thrombosis, inflammation, and calcification. Inflammation acts as the intermediary between
thrombosis and calcification, both exacerbating these two modes of failure and forming the underlying
link between them.
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2. Chapter 2 - Opinion review

2.1  The need for longer lasting cardiovascular devices

Cardiovascular disease (CVD) remains the leading cause of death globally and is projected to
almost double in prevalence over the next 25-30 years [99]. In advanced cases such as arterial
occlusion, structural heart disease, and heart failure, where mortality risks are highest,
cardiovascular devices are playing an increasingly prominent role, complementing and/or
taking precedence over drug therapies. Devices such as vascular stents, balloons, grafts, and
bioprosthetic heart valves are now frontline treatments, offering immediate and often life-
saving intervention. The added benefit of these devices being deliverable through minimally
invasive procedures has further accelerated their use across broader patient populations,

reinforcing their role in modern cardiovascular care [100].

While these devices are effective at restoring acute cardiovascular function, there is currently
no cardiovascular implant that guarantees permanent, lifelong function without risk.
Implantation of all cardiovascular devices triggers local injury responses driven by chronic
inflammation which commonly manifests as excessive tissue growth around the
implant/deployment site, leading to device failure [101]. Efforts to overcome these
inflammatory and tissue responses have increasingly come to rely on drug-eluting
technologies, which remain the most effective solution for extending device longevity [102].
However, vascular inflammation is difficult to suppress indefinitely, and current drugs used to
modulate it either influence tissue remodelling in ways that ultimately limit long-term device
performance and/or place patients at elevated risks from systemic off-target effects. This
reliance on drugs has also shifted focus away from the translation of novel vascular materials,

which remain largely unchanged despite decades of research. Most implants are still made from
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the same metals and polymers first introduced in the 1950s and efforts to deviate from these
have been hindered by challenges in scalability, reproducibility and regulatory approval of
promising new materials. As life-expectancy continues to rise, the field increasingly seeks
cardiovascular devices with high durability and low risk. This review proposes an emerging
paradigm in cardiovascular biomaterials, in which actively modulating inflammation to
promote tissue healing may serve as the main driver of long-term device performance and
safety. Recent advances in drug selectivity and delivery platforms point toward next-generation

cardiovascular technologies that engage, rather than evade, vascular inflammation.

2.2 Transition from anti-proliferative to anti-inflammatory drug strategies

Drug-eluting approaches have traditionally relied on non-specific anti-proliferative agents that,
while effective at preventing short-term device failure, also hinder tissue remodelling/healing
essential for long-term durability [103, 104]. Advances in the field’s understanding of vascular
inflammation have prompted a shift toward selective anti-inflammatory strategies that more

precisely target pathological pathways while supporting tissue repair.

2.2.1 Current clinical approach

Since the early 2000s, sirolimus and paclitaxel have been the cornerstone drugs used in drug-
eluting stents and balloons [105-108]. Sirolimus, a mammalian target of rapamycin (mTOR)
inhibitor, and paclitaxel, a microtubule stabilizer with cytotoxic effects, were initially selected
for their potent ability to suppress smooth muscle cell proliferation and reduce neointimal
hyperplasia after device implantation. Early trials investigating their benefits highlighted a

dramatic 40-70% decrease in restenosis rates in coronary lesions compared to uncoated/non-
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eluting devices, and their success helped solidify drug-eluting platforms as the clinical standard
[106, 108, 109]. These anti-proliferative agents, along with several other -limus family drugs,
remain the gold standard clinical choice today. However, there is growing recognition of their

inherent biological trade-offs including off-target effects and poor implant integration.

Both sirolimus and paclitaxel are non-selective inhibitors of cell proliferation, suppressing
pathological smooth muscle cell proliferation and also impairing endothelial repair. Delayed
re-endothelialisation drives late thrombosis and restenosis, while persistent inflammation
creates a pro-thrombotic and pro-fibrotic environment that these drugs fail to address. Despite
improving short-term durability, anti-proliferative drugs still fail to prevent long-term device
failure, reflecting a focus on immediate outcomes rather than the ultimate goal of implants that
remain functional in the body forever (Figure 2.1A). For instance, over 40% of patients
required repeat vascular intervention within 5-year post-treatment for PAD with a paclitaxel-

coated balloon [110].

Safety concerns of anti-proliferative drugs, particularly with paclitaxel, also remain a major
issue since Katsanos et al., first reported links to increased mortality and major amputation
[111, 112]. This is especially concerning for devices in direct contact with the circulatory
system, where the drugs can enter systemic circulation and cause off-target effects. Although
several follow-up studies have now cast uncertainty over these findings, the lingering
ambiguity has drawn increased regulatory scrutiny from the FDA, prompting the field to seek
safter alternatives. Most recently, the Swedish Drug-Elution Trial in Peripheral Arterial Disease
2 (SWEDEPAD?2) associated paclitaxel-coated devices with significantly higher mortality rates

over 5 years in patients undergoing infrainguinal endovascular revascularisation, reigniting the
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fields concerns with non-specific anti-proliferative solutions [113]. These collective limitations
underscore the need to explore inflammation, the primary driver of device failure, as a
potentially more specific target for achieving long-term efficacy, while still acknowledging

systemic safety risks.

2.2.2  Non-specific anti-inflammatories

Corticosteroids such as dexamethasone (DEX) and prednisone were amongst the first explored
anti-inflammatory approaches, owing to their broad immunosuppressive activity and
established pharmacologic profiles [114]. However, despite their conceptual appeal, they
largely underperformed and were deemed unsafe. Early pre-clinical and clinical studies showed
that DEX coated stents failed to reduce restenosis compared to non-coated controls, and in
some models compromised vessel wall integrity and impaired endothelialisation [115, 116].
These results were in fact inferior to those achieved with anti-proliferative agents, underscoring
that broad suppression of inflammation is inherently non-specific. Since inflammation
regulates a wide spectrum of vascular processes beyond cell proliferation, non-targeted

inhibition can similarly impair critical tissue remodelling of endothelial repair and healing.

To overcome the safety and efficacy limitations of broad-spectrum anti-inflammatories,
researchers have investigated naturally derived anti-inflammatory compounds with more
favourable safety profiles. Incorporation of Quercetin, a flavonoid with antioxidant and anti-
inflammatory properties, into bioprosthetic valve leaflets reduced macrophage activation and
oxidative stress in vivo without systemic or local toxicity [117]. However, it failed to
meaningfully enhance endothelialisation or immune-mediated tissue integration,

demonstrating that its effects were largely passive and insufficient to reprogram the long-term
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immune responses. Similarly, resveratrol-coated angioplasty balloons demonstrated no adverse
effects in porcine vessel injury models, but failed to improve endothelialisation, underscoring
the persistent challenge of translating short-term anti-inflammatory activity into tangible
regenerative outcomes [118]. Bio-inspired strategies have also shared this limitation. Hu et al
investigated exosome-eluting stents derived from mesenchymal stem cells in a rat abdominal
aorta model [119]. These stents significantly suppressed inflammation and reduced restenosis
compared to bare metal controls, while outperforming traditional anti-proliferative stents in
endothelial coverage. However, they offered no improvement in endothelialisation relative to
bare metal stents. This demonstrated that inflammation could be targeted to achieve restenosis
suppression comparable to anti-proliferative drugs without the drawback of impaired healing.
Importantly, it also underscored the need for the next generation of eluting agents that are
capable of not only passively avoiding harm to endothelialisation, but actively driving

regenerative repair.

Collectively, these findings highlight progress in moving beyond anti-proliferative or broad
immunosuppressive drugs toward safer functional agents. However, most current non-specific
anti-inflammatory strategies remain passive, capable of halting pathological inflammation but
unable to actively promote robust vascular regeneration. This unmet need has driven interest
in more selective, targeted immunotherapies that can both suppress harmful immune responses

and directly support long-term tissue repair.

2.2.3 Selective anti-inflammatories
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Active immunomodulation strategies have either combined complementary agents in dual-drug
systems or focused on single agents capable of simultaneously suppressing pathological

inflammation while promoting/preserving vascular regeneration.

Recent advances in dual-elution platforms highlight the value of combining agents that act on
distinct but complementary processes, incorporating one agent directed toward suppressing
pathological inflammation, while the other supports endothelial repair and regeneration. Tu et
al designed a co-delivery stent coating pairing vascular endothelial growth factor (VEGF) with
copper-mediated nitric oxide (NO) generation [120]. VEGF drives endothelial migration and
vessel coverage, while the promotion of endogenous NO generation facilitated vascular
homeostasis, reducing smooth muscle hyperproliferation and inflammatory activation.
Together, these functions achieved both rapid re-endothelialisation and sustained suppression
of neointimal hyperplasia after 30-days in a rabbit iliac stenting model. Furthermore, bilayer
vascular grafts designed to release both hydrogen sulfide, which has shown to promote
inflammation resolution and inhibit smooth muscle cell proliferation, and exogenous NO, to
stimulate endothelial regeneration and angiogenesis, have been extensively studied. Li et al
demonstrated in a long-term rat abdominal replacement model that this approach promoted
endothelialisation with 100% patency rates, while additionally highlighting no observable oft-
target inflammation or injury [121]. A similar dual approach has been employed in vascular
grafts incorporating 4-octyl itaconate and the REDV peptide. Here, 4-octyl itaconate acted as
the inflammation-focused component, suppressing M1 macrophage activation and limiting
smooth muscle proliferation, while the REDV peptide functioned as the regenerative element,
selectively promoting endothelial adhesion and coverage resulting in a 21% increase in patency
after 1-month in vivo [122]. Collectively, these examples demonstrate how dual-elution
strategies can suppress pathological inflammation and prevent downstream device failure
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modes while providing cues that encourage vascular repair and integration. While promising,
these approaches are limited to short-term benefits and scaling them for longer-term durability
will be challenging due to the complexity of coordinating multiple drugs and the need to
maintain precise release kinetics over extended periods. These challenges have motivated
efforts to identify single molecules capable of achieving multifunctional effects, offering a

streamlined path towards selective immunomodulation.

MCC950, a selective NLRP3 inflammasome inhibitor, has been shown in a mouse carotid
grafting model to reduce neointimal hyperplasia while enhancing re-endothelialisation,
outperforming paclitaxel and sirolimus and also achieving better endothelialisation than un-
coated controls [123]. These benefits stem from its selectivity for targeting NLRP3-driven
inflammation, which is implicated in restenosis but not in vascular healing/angiogenesis,
enabling suppression of pathological inflammation while preserving, and potentially enhancing
natural vascular repair. Targeting macrophage polarisation has also shown to selectively
resolve inflammation while actively supporting tissue repair. Local delivery of IL-10 post-
balloon inflation in a rat carotid injury model led to a three-fold increase in proportion of pro-
reparative M2 phenotype macrophages within the vasculature, resulting in reduced neointimal
thickening and enhanced endothelial coverage after 14 days compared to injury only control
[124]. IL-4 coated grafts showed comparable effects, driving M2 polarisation and significantly
reducing neointimal hyperplasia by 51%-69% compared to non-coated groups, depending on
the section of the graft [125]. Together, these examples illustrate a new paradigm in drug
approaches in which inflammation may be redirected into a driver of vascular repair and

functional restoration (Figure 2.1B).
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Figure 2.1: The benefits of a selective anti-inflammatory drug-elution approach

A) Anti-proliferative agents including paclitaxel (PTX) and sirolimus (SMS) are able to reduce smooth
muscle cell (SMC) proliferation in the short-term, but damage endothelial cells (EC) and to not address
the underlying inflammation, resulting in neointimal hyperplasia in the long term. B) Selective anti-
inflammatories contrastingly are able to reduce vessel inflammation and promote vessel healing,
resulting in improved long-term outcomes.
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2.3 Drug delivery platforms

While drug selection is a critical determinant of device longevity, the choice of delivery
platform is equally important. Effective platforms must offer controlled and durable drug
release, be adaptable for different device use cases, and remain suitable for scalable
manufacturing and off-the-shelf use. The most common delivery platforms being currently

researched include polymeric coatings, hydrogel coatings and nanoparticle platforms.

2.3.1 Polymeric coatings

Polymer based coatings remain the most established platform for drug delivery in
cardiovascular devices, with strategies such as dip-coating, layer-by-layer (LbL) assembly, and
chemical linkage each offering distinct advantages. Their strongest contribution has been the
ability to achieve sustained and precisely tailored drug release. Dip-coating, the most clinically
adopted approach, can sustain release for over 12 months, aligning with the long-term
progression of neointimal hyperplasia [126]. This durability has underpinned the clinical
success of drug-eluting vascular devices. LbL assembly further extends control over release
kinetics, enabling sequential or environmentally responsive delivery of multiple agents [127,
128]. Similarly, chemical linkage strategies tether biological agents directly to the device
surface, preventing premature washout under flow conditions and enabling bioactivity to be
preserved at the implantation site. For example, N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide/ N-hydroxysuccinimide (EDC/NHS) coupling has been used to attach
recombinant type III collagen or chemerin 15 peptides to stents for local inflammation
resolution [129, 130], while ROS-responsive chemistries have enabled exosome-eluting stents

that selectively release their cargo under oxidative stress [119]. Collectively, these features
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position polymeric coatings as a highly effective platform for tailored drug functionalisation

and release.

Despite these strengths, polymeric coatings show limited adaptability across cardiovascular
device classes. Dip-coated films are inherently thick [131], a feature tolerated on rigid stent
struts but problematic on delicate, dynamic substrates like bioprosthetic valve leaflets, where
cracking and delamination may occur under repetitive strain as well as the potential to disrupt
leaflet mechanics. LbL coatings would similarly add thickness to the coated device, a factor
that is undesirable for valves as this can impair leaflet motion or other mechanical functions of
moving tissues, limiting translation beyond relatively static surfaces. Chemical linkage
strategies offer ultrathin, stable modification but require complex chemistries and precise
control over surface functional groups, complicating use on bioprosthetic tissues. These
limitations highlight why polymeric coatings, despite excelling in drug release for stenting,

remain less suited for dynamic environments such as those experienced by bioprosthetic valves.

From a translational standpoint, polymeric coatings perform relatively well on
manufacturability and off-the-shelf properties. Dip-coating is simple, scalable, and already
embedded in clinically approved stents, supporting feasibility for mass production [132]. This
maturity distinguishes polymeric coatings from other platforms, even if their broader
application requires careful tailoring to the mechanical and biological constraints of specific
devices. Overall, polymeric coatings represent a proven and effective strategy for stents and
grafts, but their role in next-generation cardiovascular devices will depend on overcoming

limitations in adaptability.
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2.3.2 Hydrogel coatings

Hydrogels have emerged as a promising platform for cardiovascular device functionalisation
because of their high water content, tissue-like mechanics, and inherent biocompatibility [133].
Their soft, elastic structure makes them particularly well-suited for coating delicate or dynamic
substrates such as valve leaflets, where rigid polymer coatings would otherwise crack or
delaminate [134, 135]. Hydrogels can encapsulate a wide range of therapeutics, and release
profiles can be tuned by adjusting crosslinking density, degradability, or responsiveness to local
cues such as pH, reactive oxygen species, or enzymatic activity [135-137]. These properties
provide clear advantages for tailoring delivery to inflamed or injured vascular environments,
and multifunctional hydrogels capable of sequential release show potential for addressing

multiple failure modes simultaneously.

Nevertheless, hydrogel coatings provide only moderate control over drug release. Many
formulations degrade relatively quickly within 6-months in vivo, which limits their ability to
sustain delivery over long periods [138, 139]. This instability raises concerns in scenarios such
as restenosis or chronic inflammation, where therapeutic benefit often requires drug release
over 6-12 months. Burst release is also common due to their high-water content, particularly
for hydrophobic molecules. These limitations suggest that, although hydrogels can be
engineered for short- to medium-term delivery, they remain less effective than polymeric

platforms at achieving prolonged elution.

Hydrogels offer better adaptability across cardiovascular devices compared with polymers,
especially in contexts that demand flexibility or tissue-like compliance. However, their

performance under high shear stress and pulsatile flow remains largely unexplored. The
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hydrated, loosely crosslinked networks that give hydrogels their biocompatibility also make
them prone to detachment in dynamic conditions. While preclinical studies have demonstrated
local bioactivity in static or subcutaneous models, very few have examined hydrogel retention
in pulse duplicators or accelerated fatigue systems that replicate the arterial or valvular
environment [135]. Li et al have made headway into this space, evaluating their hydrogel
coating in an abdominal aorta transplantation model, however there is still a significant gap for
testing in physiological environments [140]. This lack of data raises unresolved questions
about whether hydrogel coatings can maintain stability on devices exposed to repetitive strain

or constant flow.

From a translational perspective, hydrogel systems perform poorly in terms of
manufacturability and off-the-shelf readiness. Many rely on multi-component formulations,
complex chemistries, or in situ polymerisation methods that hinder large-scale production and
complicate regulatory pathways. Unlike polymeric coatings, which already have a long clinical
precedent, hydrogel platforms lack established processing pipelines for integration into
cardiovascular devices. As such, their path to translation will require simplification of
chemistries, better demonstration of durability under clinically relevant conditions, and
strategies to extend drug retention. Overall, hydrogels represent an adaptable and biologically
appealing coating strategy, but their future in cardiovascular medicine depends on solving the

challenges of mechanical stability and translational feasibility.

2.3.3 Nanoparticle platforms

Nanoparticles represent another promising drug delivery strategy for cardiovascular devices

due to their ability to improve localisation, retention, and arterial uptake of drugs. By
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encapsulating biological agents within nanoscale carriers, these systems can improve drug
pharmacokinetic properties, a key determinant that has long limited the translation of many
agents, especially in the case of drug-coated balloons. Their capacity to enhance tissue
penetration and retention has enabled less lipophilic drugs, such as sirolimus, to achieve
comparable clinical efficacy to paclitaxel in drug-eluting balloons [141]. Nanoparticles have
also been shown to reduce required drug concentrations without compromising efficacy,
thereby lowering systemic exposure and potentially improving safety. This principle is
exemplified by the SirPlux Duo balloon, which co-encapsulates paclitaxel and sirolimus into
biodegradable nanoparticles at significantly reduced drug doses while maintaining efficacy in
pre-clinical models [142]. Beyond small molecules, nanoparticle carriers have been adapted
for gene-based therapeutics such as CRISPR-Cas9, offering opportunities for highly selective
modulation of pathological pathways and the potential for gene-editing therapies to be
incorporated into drug-eluting cardiovascular devices [143]. Together, these findings
demonstrate that nanoparticle systems are capable platforms for improving drug delivery in
cardiovascular devices. See section 4.1.3 of this thesis for a more detailed review of current

nanoparticle-based drug delivery strategies.

Their adaptability across device types, while promising, remains less established.
Nanoparticles can be engineered for sustained or stimuli-responsive release, and surface
modifications allow for selective targeting to inflamed or injured tissues. Designs such as
microenvironment-responsive carriers coated onto vascular stents release anti-inflammatory
drugs in response to MMP activity, reducing neointimal hyperplasia, highlighting the potential
for pathology-linked delivery [144]. Furthermore, biomimetic formulations, including red
blood cell-coated nanoparticles, have shown improved biocompatibility and reduced
calcification when applied to bioprosthetic heart valves [145]. These examples underscore the
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conceptual adaptability of nanocarriers to diverse cardiovascular settings. However, evaluation
in physiologically relevant models is sparse. Like hydrogels, nanoparticle coatings have
seldom been tested under conditions of high shear stress or pulsatile flow, raising questions
about their stability on valve leaflets or within large arteries. Furthermore, their exposure to
systemic circulation introduces additional concerns, including rapid clearance and
unpredictable biodistribution, as well as the risk of accumulation or toxicity with non-
degradable carriers [146, 147]. These uncertainties limit the confidence with which

nanoparticles can be extended across all device classes.

From a translational perspective, nanoparticle coatings face considerable hurdles.
Manufacturing complexity is a central challenge, particularly when multifunctional
formulations or responsive chemistries are involved, and reproducibility across batches
remains difficult to control. Scale-up has proven especially challenging in large-animal models
of vascular inflammation, where macrophage-targeted nanotherapies highlighted the key
considerations required to move towards clinical translation [148]. Unlike polymeric coatings,
nanoparticles lack established pipelines for device integration, and off-the-shelf readiness is
limited. Despite these drawbacks, their unique ability to improve drug localisation and
retention makes nanoparticles a leading candidate for next-generation cardiovascular drug
delivery, provided that future work addresses durability under flow, systemic clearance, and

manufacturing standardisation.
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Figure 2.2: Engineering next generation cardiovascular devices

In order to achieve cardiovascular devices that last the entire lifespan of patients, devices can be coupled
with selective anti-inflammatory drugs which prevent scar-like tissue growth around the implant whilst
promoting healthy integration between the implant and the body. Drug delivery strategies should be
tailored to the specific device type and environment that the device is subject to. Commercial viability
and translatability of both the drug agent and the drug delivery platform should be taken into account.

Finally, pre-clinical testing should be performed under dynamic conditions (e.g. under flow with
pressure and shear stress) and in biologically relevant large animal studies.

2.4 Future directions and concluding remarks

The clinical translation of immunomodulatory cardiovascular devices requires careful
consideration of practical requirements beyond experimental efficacy. Ensuring the safety of
both the drug and delivery platform is essential, given that locally delivered agents are
inevitably exposed to systemic circulation when applied to most cardiovascular devices.

Equally important are feasibility and scalability. The most promising solutions will employ

drugs with favourable safety profiles, cost-effectiveness, and regulatory familiarity, alongside
coating or delivery methods that are reproducible and compatible with current manufacturing

practices. For widespread adoption, platforms must also integrate seamlessly into surgical
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workflows. Fundamentally, the field must prioritise aligning the right drug with the right

delivery platform for the biomechanical and biological environment of the specific device.

Future development in the field hinges upon developing novel platforms and device strategies
and translating them into the clinic. Over the last 50 years, the progress made in better
understanding biological failure modes and device pathology has significantly outpaced the
innovations made in cardiovascular device design. Drug-eluting strategies first described over
two decades ago remain the gold-standard treatment for patients suffering from cardiovascular
diseases [106, 108, 149]. To overcome this, a greater commitment to translation and
commercial viability should be enforced in the early period of device development. Currently
too many studies present promising therapeutic strategies and technologies that do not take
translational capabilities into consideration, causing this build-up of platforms and literature in
the basic science research phase of the translational pathway. By better understanding
commercial requirements and interacting with clinicians early in the development stage,
devices will more likely progress into pre-clinical and clinical studies, enhancing the potential
for commercial viability [150]. Parallel to this, preclinical testing must advance from static,
non-functional models toward large animal studies that better recapitulate the flow, stress, and
scale of cardiovascular environments. Such models will be critical for assessing coating
retention, drug release, and long-term integration under conditions that mimic clinical reality,

and will help identify platforms with translational potential.

As progress approaches human studies, variability in immune responses across patients will
represent one of the greatest hurdles. Differences in comorbidities, pharmacological

backgrounds, and immune function may significantly impact therapeutic outcomes [151].
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Addressing this challenge will require strategies for patient stratification, as well as adaptive
platform designs that retain robustness across diverse populations. Equally, reproducibility of
manufacturing, scalability of production, and ease of surgical uptake will determine which
platforms advance to clinical use. Meeting these translational challenges will depend on
coordinated efforts across disciplines, but doing so offers the opportunity to deliver a new
generation of cardiovascular devices that not only restore function but actively guide healing

and improve long-term durability.

2.5 Aims

This thesis is concerned with developing immunomodulatory solutions to improve the

durability of cardiovascular devices. The specific aims are as follows:

1. To evaluate the potential of MCC950, a novel selective anti-inflammatory, as a drug-
eluting agent for vascular materials.

2. To establish and validate plasma polymerised nanoparticles (PPN) as a localised drug
delivery platform for the selective anti-inflammatory agents MCC950 and interleukin-
10, in the context of vascular injury.

3. To develop a PPN-based coating for bioprosthetic heart valves that enables drug

immobilisation to address key failure modes.
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Selective NLRP3 inflammasome inhibitor MCC950
suppresses inflammation and facilitates healing in vascular
materials
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Minimally invasive interventions using drug-eluting stents or balloons are a
first-line treatment for certain occlusive cardiovascular diseases, but the
major long-term cause of failure is neointimal hyperplasia (NIH). The drugs
eluted from these devices are non-specific anti-proliferative drugs, such as
paclitaxel (PTX) or sirolimus (SMS), which do not address the underlying
inflammation. MCC950 is a selective inhibitor of the NLRP3-inflammasome,
which drives sterile inflammation commonly observed in NIH. Additionally, in
contrast to broad-spectrum anti-inflammatory drugs, MCC950 does not
compromise global immune function due this selective activity. In this study,
MCC950 is found to not impact the viability, integrity, or function of human
coronary endothelial cells, in contrast to the non-specific anti-proliferative
effects of PTX and SMS. Using an in vitro model of NLRP3-mediated
inflammation in murine macrophages, MCC950 reduced IL-18 expression,
which is a key driver of NIH. In an in vivo mouse model of NIH in vascular
grafts, MCC950 significantly enhanced re-endothelialization and reduced NIH
compared to PTX or SMS. These findings show the effectiveness of a targeted
anti-inflammatory drug-elution strategy with significant implications for

1. Introduction

Minimally-invasive endovascular interven-
tion has become the preferred treatment for
certain occlusive cardiovascular diseases,
due to low incidences of in-hospital mortal-
ity and faster patient recovery times com-
pared to open surgery.!l These therapies
rely on the deployment of balloons and/or
stents within diseased blood vessels which
push aside plaque deposits and restore
blood flow. Despite their acute benefits,
endovascular therapies commonly fail in
the long-term due to post-operative ves-
sel re-narrowing caused by smooth muscle
cell (SMC) invasion of the vessel lumen, a
pathological process known as neointimal
hyperplasia (NIH).?l Both balloon expan-
sion and stent placement cause collateral
damage to the endothelium and vessel wall,
triggering a chronic inflammatory injury

cardiovascular device intervention.
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response.?l Macrophages are the dominant

responders to this injury, up-regulating the

secretion of pro-inflammatory cytokines,
namely interleukin-18 (IL-1f), which initiate the phenotypic
switching of SMCs in the vessel wall toward a hyperproliferative
“synthetic” phenotype.}] Without an intact endothelial barrier,
highly proliferative SMCs grow into the vessel lumen, driving
NIH and vessel re-narrowing.[* This has inspired the widespread
use of drug-eluting technology which attempts to minimize NIH
by inhibiting SMC growth and extend the acute beneficial out-
comes of endovascular intervention.

The evolution of commercial drug-eluting stents (DES) and
drug-eluting balloons has seen the development of device coat-
ings with water-insoluble antiproliferative agents including pa-
clitaxel (PTX), sirolimus (SMS), and more recently, SMS family
derivatives.I’! PTX prevents cell proliferation by promoting the
assembly of stable microtubules and inhibiting their depolymer-
ization, leading to cell-cycle arrest and apoptosis.[®! Conversely,
SMS inhibits the activation of mammalian target of rapamycin
(mTOR), an essential kinase that regulates cell proliferation, ar-
resting cells in the G1 phase of the cell cycle causing a cytostatic
effect.l”] Although numerous clinical trials have now validated
the efficiency of drug-elution technology in preventing NIH, it is
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also widely recognized that these drugs compromise the prolif-
eration of many different cell types.[®] Drug-eluting devices fail
to address the underlying causes of inflammation, inhibit en-
dothelial cell recovery and healing, and have only limited elution
times, ultimately resulting in NIH in the long-term.”! Further-
more, safety concerns have emerged regarding the use of PTX
in particular for drug-eluting devices, with studies showing an
overall increased risk of all-cause mortality.'°! Despite the need
for further studies to confirm these findings and determine the
mechanisms underlying the increased risk, the non-specific, cy-
totoxic nature of these drugs is an important concern relating
to safety and efficacy of drug-eluting approaches. PTX and SMS
are also inherently limited as they target only end-stage vessel
re-narrowing, rather than the early stages of inflammation trig-
gered by the initial injury to the vessel wall.l2! The ideal drug
would instead simultaneously inhibit SMC proliferation while al-
lowing endothelial cell re-growth. Recent studies have indicated
that drugs which target this initial inflammatory response hold
significant promise for improving the long-term performance of
vascular devices.

Despite the well characterized role inflammation plays in
NIH and the recent therapeutic links identified between
inflammation-targeting drugs and better cardiovascular out-
comes, their use in drug-eluting devices has yet to be clini-
cally established. An emerging target in vascular inflammation
is the NLRP3 (NOD-, LRR-, and PYD-containing protein 3) in-
flammasome, a cytosolic signaling pathway of the innate im-
mune system responsible for the proteolytic activation of IL-
1.1 Driven by a growing number of studies implicating its
role in the pathogenesis of cardiovascular disease and injury,
antagonism of the NLRP3 inflammasome is an increasing fo-
cus in vascular medicine.['™® MCC950 was the first developed
small molecule inhibitor which covalently binds to and pre-
vents NLRP3 oligomerization. In mouse models of atherosclero-
sis, intravenous MCC950 attenuates IL-1f, significantly reducing
atherosclerotic plaque development.['] Further studies in mouse
models of myocardial infarction have shown that intraperitoneal
injections of MCC950 reduces fibrosis and improves cardiac
remodeling.['*] More importantly, in vascular healing studies,
MCC950 causes no significant impairments to native angiogen-
esis, suggesting that the selective functions of MCC950 carry
robust and targeted anti-inflammatory actions without the anti-
angiogenic effects of antiproliferative drugs.l'"¥! However, despite
overlapping inflammatory mechanisms with atherosclerosis, ev-
idence demonstrating the potential of MCC950 and NLRP3 inhi-
bition in suppressing NIH has not yet been reported in the con-
text of vascular devices/materials.

In this paper, we conduct a comparative study of MCC950
against the established agents PTX and SMS, as a potential alter-
native for long-term suppression of NIH. Functioning through
an entirely distinct mechanism to PTX and SMS, we first show
in vitro that MCC950 is non-toxic to vascular cells critical to ves-
sel remodeling. MCC950 also selectively reduces expression of
inflammatory factors from cultured macrophages which drive
NIH while supporting endothelial integrity and function. Further
evaluation of MCC950 in a 28 days in vivo vascular graft model
of NIH demonstrated superior performance to PTX and SMS
across a range of key metrics. MCC950 showed long-term reduc-
tion in vascular inflammation coupled with an early enhance-
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ment of endothelial coverage and function. These events were
ultimately consistent with a significant and long-term reduction
of NTH and reduced fibrin deposition. These findings collectively
highlight MCC950 as a potentially more targeted, effective, and
safer drug-eluting approach for vascular devices (Figure 1A).

2. Results
2.1. MCC950 Is Non-Toxic to Vascular Cells

The distinct modes of action for each drug were investigated
by performing cytotoxicity assays in the three major cell types
relevant to the pathophysiology of vessel injury and repair
(macrophages, endothelial cells, and SMCs). A viability dosage
response curve was generated for each cell type after 3 days of
treatment with each drug. Across all cell types both PTX and
SMS led to dose-dependent reductions in viability compared to
control (Figure 2A). PTX showed the most significant decreases
when dose matched against SMS. Immunostaining showed that
when compared to control, PTX and SMS drastically reduced
cell density in macrophages (Figure 2B), compromised junction
formation in endothelial monolayers (Figure 2C), and impaired
cytoskeleton spindles SMCs (Figure 2D). In contrast, MCC950
treated cells had no observable differences compared to control,
highlighting that cytotoxicity was not its primary mechanism of
action or an adverse side effect. Similar effects were observed in
human THP-1-derived macrophages (Figure S1, Supporting In-
formation).

2.2. MCC950 Immunosuppression Is Selective to the NLRP3
Inflammasome In Vitro

Validation of MCC950 function was conducted by establishing
an in vitro model of NLPR3-mediated inflammation. Stimulated
macrophages were treated with each drug for 24 h followed by
quantification of IL-18 secretion and pyroptosis-mediated cell
death, the major products of NLRP3 inflammasome activation
(Figure S2, Supporting Information). TNF-a secretion was also
quantified to serve as a control inflammatory cytokine non-
specific to the NLRP3 pathway (TNF-a is collaterally secreted by
the priming LPS stimulus as the first component of NLRP3 acti-
vation). PTX and SMS treatment showed broad suppression of
inflammatory cytokine release, reducing both IL-14 and TNF-
a (Figure 3A,B). However, neither drug was able to elevate lev-
els of intracellular F-actin staining relative to stimulated groups,
indicating an inability to rescue macrophages from pyroptosis
(Figure 3C). In contrast, MCC950 showed markedly reduced lev-
els of IL-1p relative to stimulated control and to a greater degree
than both PTX and SMS (6.6 + 0.76 vs 27.78 + 3.08, 16.27 + 2.02,
and 17.91 + 2.0 pg mL™!, respectively). Additionally, MCC950
alone rescued stimulated macrophages from pyroptosis raising
F-actin levels by 76% above stimulated controls (90.5 & 1.98% vs
21.77 + 1.13%). MCC950 had no effect on TNF-a secretion,
highlighting that its anti-inflammatory functions were specific to
the NLRP3 pathway. Similar observations, though with a higher
degree of variability, were recorded in human THP-1-derived
macrophages due to the non-adherent nature of this cell type,
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Figure 1. Schematic representation of A) current drug-eluting endovascular interventions using anti-proliferative drugs, paclitaxel (PTX) and sirolimus
(SMS). Endovascular interventions cause injury to the vessel wall (black arrows), stimulating macrophage-driven immune responses that causes neointi-
mal hyperplasia (NIH), an over-proliferation of smooth muscle cells (SMC) into the vessel lumen. Elution of non-specific anti-proliferative drugs PTX and
SMS reduces NIH in the short-term, but also negatively impacts endothelial cells and macrophages, preventing vessel healing and leading to long-term
outcomes of recurrent NIH. B) Targeting NLRP3-mediated inflammation, a potential underlying cause of NIH, using the selective inhibitor MCC950 may
suppress NIH without adverse impacts on vessel healing which could ultimately lead to superior long-term suppression of NIH compared to PTX and

SMS.

where MCC950 inhibited IL-18 secretion and rescued pyroptosis,
with negligible effect on TNF-a (Figure S3, Supporting Informa-
tion).

2.3. MCC950 Does Not Compromise Endothelial Cell Integrity or
Function In Vitro

The major limitation of anti-proliferative drugs like PTX and
SMS are their non-specific cytotoxic effects which compromise
functional re-endothelialization and subsequent vessel healing.
To determine any negative effects MCC950 may have directly
on endothelial cells, levels of vascular endothelial-cadherin (VE-
cadherin) and endothelial nitric oxide synthase (eNOS) were
measured to assess endothelial integrity and regulatory func-
tion. Compared to untreated controls, VE-cadherin expression
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was reduced at junctions between neighboring endothelial cells
after treatment with PTX or SMS by 55% and 61%, respec-
tively (Figure 4A,B), an effect which appeared to be dose-
dependent (Figure S4A, Supporting Information). MCC950 how-
ever showed strong VE-cadherin staining with no quantifiable
differences in expression compared to control. Similarly, cells
treated with PTX or SMS showed an 81% and 79% reduc-
tion in eNOS expression, respectively, in contrast to MCC950
which maintained levels of eNOS comparable to control groups
(Figure 4C,D). The effects of PTX and SMS were also dose de-
pendent (Figure S4B, Supporting Information). Additional anal-
ysis using real-time qPCR of typical endothelial phenotype and
function genes cadherin 5 (CDHS5), platelet endothelial cell adhe-
sion molecule (PECAM), and eNOS further supported the com-
patibility of MCC950 by showing no downregulation of these
genes (Figure S4C-E, Supporting Information). Collectively, this
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Figure 2. MCC950 is non-toxic to key vascular cells. A) Viability of |774a murine macrophages, human coronary artery endothelial cells, and smooth
muscle cells (SMCs) 3 days after being treated with MCC950, sirolimus (SMS), or paclitaxel (PTX). Data represents mean + SEM (n = 4). Statistical
significance was determined using Dunnett’s multiple comparison test (““*p < 0.0001). Representative images of B) macrophages, C) endothelial cells,
and D) smooth muscle cells treated with highest dose (20 pm) MCC950, SMS, or PTX. DAPI stained in blue, F-actin stained in red, green, and light
orange, respectively. Scale bars represent 100, 200, and 500 um, respectively.
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Figure 3. MCC950 selectively suppresses components of the NLRP3 inflammasome pathway in murine macrophages. The effect of high dose (20 um)
MCC950, paclitaxel (PTX), and sirolimus (SMS) on A) IL-18, B) TNF-a and C) pyroptosis levels post-NLRP3 inflammasome stimulation with LPS (1 pg
mL~") and ATP (2.5 mwm) in J774a macrophages. Stim refers to stimulated only group. IL-1§ and TNF-a levels measured by ELISA. Data represents
mean + SEM (n = 3-4). Statistical significance was determined using Dunnett’s multiple comparison test relative to stimulated group ("p < 0.05,
p < 0.01, " p < 0.001, “*p < 0.0007). D) Representative images of control, stimulated only, and stimulated and drug treated macrophages used
for pyroptosis quantification. Cells stained with DAPI (blue) and rhodamine phalloidin (red) to visualize cell nucleus and F-actin, respectively. Scale bar

represents 50 um.

suggested that MCC950 had negligible adverse effects on en-
dothelial cells.

To further investigate the effects of MCC950 on endothelial
function over PTX and SMS, a HCAEC tube formation assay
was performed (Figure 4E). Both PTX and SMS significantly
impaired tubule formation, decreasing branching tube length,
number of tube junctions, and number of tube meshes formed
(Figure 4F). This contrasted with MCC950 which showed no sig-
nificant reduction in any of these outcomes. This further high-
lighted that MCC950 does not compromise endothelial cell in-
tegrity or function, suggesting that it may not have the nega-
tive impacts on re-endothelialization in vivo known for PTX and
SMS.

2.4. MCC950 Improves Hemocompatibility In Vitro

Drug hemocompatibility, a key feature of eluted agents used in
vascular settings, was studied using an established in vitro hu-
man whole blood clotting assay. Fresh human blood was added
to silk scaffolds and treated with PTX, SMS, or MCC950.[%% Scaf-
folds were then washed and their surface analyzed to determine
the weight of clotting blood (Figure 5A). No significant differ-
ences in clot weight were observed after PTX or SMS treatment
compared to control, whereas MCC950 significantly reduced clot-
ting weight by 69% (Figure 5B). SEM imaging of these samples
was conducted to qualitatively examine fibrin network formation,

Adv. Sci. 2023, 10, 2300521

a critical precursor event to thrombus formation (Figure 5C). In
these experiments, PTX and SMS again were indistinguishable
from control whereas MCC950 showed a substantial decrease in
fibrin networks. Taken together, these findings demonstrated the
improved hemocompatibility of MCC950 over PTX and SMS.

2.5. MCC950 Suppresses Vascular Inflammation In Vivo

Drug evaluation was next performed in vivo by passively ad-
sorbing each drug onto vascular grafts prior to implantation in
a mouse carotid interposition model of graft healing and NIH
for 28 days (Figure 6A). To test the anti-inflammatory effects
of MCC950 in vivo, macrophage recruitment was quantified by
CD68* immunostaining to first determine changes to local vas-
cular inflammation (Figure 6B). From day 7 to 28, macrophage
recruitment was found to decrease across all groups (Figure 6C).
Significant differences occurred at day 28 only in grafts treated
with MCC950 which showed an average 57% decrease in to-
tal macrophages compared to control. The majority of these
macrophages were observed on the exterior of the graft sur-
face. The effects on vascular inflammation were further exam-
ined by analyzing IL-18 and TNF-a expression (Figure 6D,E and
Figure S5, Supporting Information). By day 28, MCC950 had
the largest significant reductions in IL-1f expression followed by
PTX when compared to control (0.13 + 0.01 and 0.41 + 0.13 vs
0.96 + 0.2 mm?, respectively) (Figure 6D). For TNF-q, all drugs

2300521 (5 0f16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. MCC950 does not impair endothelial functionality in vitro. A) Representative images of human coronary artery endothelial cells 3 days after
treatment with high dose (20 pm) paclitaxel (PTX), sirolimus (SMS), or MCC950. DAPI stained in blue, vascular endothelial (VE)-Cadherin in orange.
Scale bar represents 100 um. B) Quantification of total VE-cadherin staining represented as a percentage of total area. C) Representative images of
human coronary artery endothelial cells 3 days after treatment with paclitaxel (PTX), sirolimus (SMS), or MCC950. DAPI stained in blue, endothelial
nitric oxide synthase (eNOS) in green. Scale bar represents 50 um. D) Quantification of total eNOS staining represented as a percentage of total area.
E) Representative images of HCAEC tubule formation assay following 6 h treatment with high concentration (20 um) paclitaxel (PTX), sirolimus (SMS),
or MCC950. Scale bar represents 150 um. F-H) Quantitative analysis of tubule formation assay presented as G) branching tube length, H) number of
tubule junctions formed, and I) number of tubule meshes formed. Data represents mean + SEM (n = 3—4). Statistical significance was determined using
Dunnett's multiple comparison test against control group (“p < 0.05, p < 0.01, “*p < 0.001, “**p < 0.0001).
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Figure 5. MCC950 shows greater hemocompatibility compared to commercial agents PTX and SMS. A) Representative images of human whole blood
clotting assay using high porosity silk scaffolds treated with 30 um paclitaxel (PTX), sirolimus (SMS), or MCC950 for 1 h. Scale bar = 0.5 cm. B)
Quantitative analysis of blood clot weight following 1 h drug incubation. C) Representative scanning electron micrograph images of silk scaffolds
following clotting assay. White arrows demonstrate fibrin networks and black arrows show the underlying silk scaffold fibers. Scale bar = 20 um. Data
represents mean + SEM (n = 2-4). Statistical significance was determined using Dunnett’s multiple comparison test against control group (“p < 0.01,

p < 0.001).

led to significant reductions compared to control (0.66 = 0.18,
0.42 + 0.12, and 0.35 + 0.12 vs 1.98 + 0.34 mm?, respectively)
with the most significant reductions occurring in the MCC950
groups (Figure 6E). Collectively, these results suggested MCC950
was more effective at achieving comprehensive suppression of lo-
cal inflammation.

2.6. MCC950 Promotes Re-Endothelialization In Vivo

To determine the effects of each drug on functional endothe-
lialization, grafts were immunostained for endothelial cover-
age (CD31) and function (eNOS), respectively. Endothelialization
peaked at day 7 with no changes by day 28 in all grafts (Figure 7A).
Control, PTX, and SMS treated grafts showed patchy and in-
complete CD31* endothelial coverage of the graft lumen at day
7 when compared to the endothelial layer in MCC950 groups
which appeared almost complete. This coverage was quantified
at 97 + 1.8% of the total graft lumen, a 25% increase compared
to control (Figure 7C). Similarly, at day 7, low levels of eNOS*
staining were evident across the luminal surface of control, PTX
and SMS grafts compared to grafts with MCC950 which showed
almost complete positive staining (Figure 7B). Over 28 days
eNOS was found to increase in control grafts. Notable changes
in eNOS™* coverage was observed at day 7, where both PTX and

Adv. Sci. 2023, 10, 2300521

MCC950 showed increased recovery of eNOS function compared
to control, although to a significantly higher degree in MCC950
groups (50.49 + 0.04% and 82 + 3.14% vs 33.62 + 3.65%, re-
spectively) (Figure 7D). By day 28 these increases had largely
resolved with both PTX and SMS showing decreased eNOS™*
coverage compared to control. In contrast, eNOS™ coverage in
MCC950 had returned to control levels. These findings suggest
that MCC950 promotes more rapid and functional endothelial-
ization.

2.7. MCC950 Suppresses Fibrotic Encapsulation and Neointimal
Hyperplasia In Vivo

The ultimate functional outcomes of each drug were assessed by
measuring the development of fibrotic encapsulation and NIH
using haematoxylin and eosin (H&E) staining (Figure 8A,B). The
area of the fibrotic capsule surrounding control grafts decreased
marginally between day 7 and day 28 (Figure S6A, Supporting
Information). Compared to controls, PTX showed a 51% reduc-
tion in capsule area at day 7 which was largely maintained by
day 28 (1.38 + 0.16 vs 2.8 + 0.28 mm?, Figure 8C). SMS had no
effect on capsule area at day 7 but was found to decrease capsule
area by 65% by day 28 (0.8 + 0.14 vs 2.3 + 0.76 mm?). Similar
to PTX groups, MMC950 showed increasing reductions across

2300521 (7 of 16)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. MCC950 strongly suppresses vascular inflammation. A) Schematic representation of the in vivo interposition vascular graft model used in
this study. B) Quantification of total number of CD68* cells. C) Representative images of CD68 stain taken from middle region of explanted grafts. DAPI
stained in blue, CD68 stained in orange. Scale bar represents 100 um. D,E) Quantification of total IL-14 (D) and TNF-a (E) positively stained area at day
28. Data represents mean + SEM (n = 3-4). Statistical significance was determined using Dunnett’s multiple comparison test ("p < 0.05, “p < 0.01,
% p < 0.0001).
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Figure 7. MCC950 promotes rapid re-endothelialization. A,B) Representative images of CD31% (A) stained sections in red and eNOS* (B) stained
sections in green taken from middle portion of explanted grafts after 7 and 28 days. Scale bar represents 50 um. C,D) Quantification of CD31* (C) and
eNOS™ (D) staining at day 7 and day 28. Data represents mean + SEM (n = 2-3). Statistical significance was determined using Dunnett’s multiple
comparison test against control (““p < 0.001, “**p < 0.0001).

both timepoints. However, despite a smaller a 27% reduction  in neointima occlusion compared to control at day 28 (75.84 +
at day 7, MCC950 showed a much larger reduction of 81% at  3.34% vs 50.88 + 7.68% occlusion) (Figure 8D). Interestingly, at
day 28. both days 7 and 28, treatment with MCC950 significantly reduced

Neointima occlusion in the graft lumen of control groups was  neointimal occlusion by 49% and 33%, respectively, compared to
also found to increase over 28 days (Figure S6B, Supporting Infor-  control (15.64 + 0.9% vs 30.75 + 6.29% and 34.13 + 13.23% vs
mation). PTX treatment showed no significant difference to con- ~ 50.88 + 7.68% occlusion). Collectively, this suggested that by sup-
trol groups at any timepoint while SMS showed a 33% increase  pressing the inflammatory microenvironment surrounding the
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Figure 8. MCC950 reduces fibrotic encapsulation, neointimal hyperplasia, and fibrin deposition. A) Representative images of hematoxylin and eosin-
stained grafts at day 28 showing fibrotic capsule surrounding the graft. Scale bar represents 300 um. B) Representative images of hematoxylin and
eosin-stained grafts at day 28 showing neointimal hyperplasia. Black dotted lines show graft outline. Scale bar represents 100 um. C) Quantification of
fibrotic capsule area surrounding graft. D) Quantification of neointimal area expressed as a percentage of total lumen area. E) Representative brightfield
images of Martius Scarlet Blue stain. Mature fibrin is stained in red (demonstrated with black arrows), fresh fibrin in yellow, and collagen in blue.
Scale bar = 100 pm. F) Quantification of mature fibrin (red) deposition within the neointima at days 7 and 28, represented as a percentage of the
positive staining area versus total lumen area. Data represents mean + SEM (n = 2—4). Statistical significance was determined using Dunnett’s multiple
comparison test against control (*p < 0.05, “p < 0.01, “p < 0.001, “*p < 0.0001).
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graft, MCC950 was able to achieve better long-term suppression
of NIH.

Fibrin deposition within the graft lumen was also analyzed
using Martius Scarlet Blue staining as an additional measure
of hemocompatibility and indicator of potential thrombosis
(Figure 8E). Over the 28 days, fibrin deposition increased across
all groups except for grafts treated with MCC950, which showed
a sustained reduction in fibrin (Figure 8F). Compared to control,
MCC950 significantly decreased fibrin by 49% and 74% at day 7
and 28, respectively. Although SMS decreased fibrin deposition
atday 7, it was unable to sustain this effect at day 28. PTX showed
no significant reduction in fibrin levels at either time point com-
pared to control.

3. Discussion

Current drug-eluting endovascular balloons and stents using
anti-proliferative agents PTX and SMS largely fail to address the
underlying inflammation which drives NIH. This leads to poor
long-term patency and frequent re-intervention in areas of ag-
gressive NIH, such as the legs.l’] Additionally, in the case of PTX
use in peripheral applications, high doses and long elution times
have led to increases in amputation rates and mortality, high-
lighting the need for a safer, more effective drug-eluting strat-
egy with more durable benefits.'” The NLRP3 inflammasome
is a component of the innate immune system with growing ev-
idence for its involvement in vascular inflammation specific to
athero-occlusive cardiovascular diseases.'®! However, examina-
tion of the NLRP3-inflammasome as a potential drug-eluting tar-
get for endovascular devices and vascular injury has not yet been
studied. Here, we evaluate antagonism of the NLRP3 inflamma-
some using the selective small molecule inhibitor MCC950, in
comparison to commercial agents used in drug-eluting devices,
PTX and SMS.

Driven by non-specific anti-proliferative functions acting
broadly on all cells present within the vessel wall and lumen,
PTX and SMS compromise long-term vessel inflammation and
healing.['’] Consistent with these actions, these drugs caused a
dose-dependent decrease in cell viability within macrophages,
endothelial cells, and SMCs in vitro. In agreement with clini-
cal observations, this effect was most notable in PTX. PTX ac-
tion as a cytotoxic agent is strategically utilized to treat more ag-
gressive cases of NIH occurring in settings such as peripheral
arterial disease.['®! Additionally, PTX usage comes with a trade-
off between effective suppression of NIH and patient safety. Its
significant cytotoxic effects can be detrimental to organs down-
stream from the vasculature from where its delivered.['%) SMS
showed similar reductions in cell viability but to a lesser extent.
This was most likely due to its cytostatic rather than cytotoxic
mechanism of action, which halt cell division rather than promot-
ing cell death.l”] These features make SMS beneficial in regions
such as the coronary arteries where NIH is less aggressive and al-
lows clinicians to prioritize patient safety.!®"! However, these col-
lective anti-proliferative effects are of greatest impact to endothe-
lial cells, highlighting safety limitations in preventing short-term
vessel healing and increased risk of thrombosis, demonstrated
by the poor clinical performance of first-generation DES in coro-
nary applications.[') In contrast, MCC950 showed negligible cy-
totoxic effects on all tested cell lines. This is the first direct
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evidence to show biosafety of MCC950 on vascular endothe-
lial cells, macrophages, and SMCs in direct comparison to PTX
and SMS. Support of MCC950 cytocompatibility has increasingly
been reported, previously shown to be non-toxic to human kidney
HEK293 and liver HepG2 cell lines.?°! More broadly, these re-
sults also suggest that MCC950 functions through mechanisms
distinct from blocking proliferation, representing a fundamental
departure from PTX and SMS.

Further examination of MCC950 mechanism of action was
performed in macrophages using an immune activation model
that aims to model the NLRP3-inflammasome. LPS stimulation
was used as a priming signal to activate TLR4 receptors, trig-
gering the secretion of TNF-a and initiating the transcription
of the NLRP3 protein. Secondary co-stimulation with ATP fa-
cilitated the oligomerization/activation of the NLRP3 inflamma-
some leading to the secretion of IL-14 and initiation of pyrop-
totic cell death. Quantification of TNF-a was used as a surrogate
measure of systemic inflammation while IL-14 and rate of py-
roptosis was measured as a specific output of NLRP3-mediated
inflammation. In this model, both PTX and SMS decreased IL-
1p and TNF-a, but showed no effect on pyroptosis. These results
can be largely attributed to the broad effects these two drugs are
known to have on inflammation. In an LPS-induced liver injury
model in mice, PTX was shown to decrease levels of TNF-a, IL-
1p and IL-6 by upregulating miR-27a, a known inhibitor of cell
proliferation and systemic inflammation.?!l Similarly, SMS has
been reported to down-regulate widely acting inflammatory cy-
tokines including IL-6 and TNF-« in THP-1 macrophages treated
with LPS.I?2I Although the immunomodulatory effects of SMS
are still poorly understood, some reports have indicated that the
drug can increase sirtuin 1 which leads to decreased NF-«x B activ-
ity, reducing pro-inflammatory cytokine production.[?>?*) In con-
trast, MCC950 showed no effect on TNF-a secretion but instead
reduced IL-18 secretion and prevented pyroptosis only. As exclu-
sive products of NLRP3-inflammasome activation, this validated
that MCC950 was highly selective for NLRP3-mediated inflam-
mation. Previous studies have similarly validated inhibition of
the NLRP3 inflammasome without affecting other elements of
the innate immune system including activation of other inflam-
masomes such as AIM2, NLRC4, or NLRP1.12*] Our study evalu-
ated both murine and human derived macrophages, and found
the trends to be similar. However, consistent with previous stud-
ies, we observed that the murine derived cell line, being adherent
and more responsive to stimuli, yielded less variability.!?! Col-
lectively, our results demonstrate the targeted anti-inflammatory
functions of MCC950 on NLRP3-mediated inflammation and fur-
ther highlight its distinction from PTX and SMS.

Further evidence of the potential benefits of MCC950 as an al-
ternative drug-eluting approach was observed in endothelial in-
tegrity and function assays. In response to vascular injury, lo-
cally derived endothelial cells and endothelial progenitor cells
repair and repopulate the endothelium.?*! However, delayed re-
endothelialization is common in the context of drug-eluting de-
vices. In endothelial cells in vitro, PTX and SMS caused reduc-
tions in the expression of vascular endothelial cadherin (VE-
cadherin) and eNOS, indicating impairment to critical aspects of
endothelial recovery. VE-cadherin is an endothelial specific ad-
hesion molecule essential to controlling the integrity and perme-
ability of junctions within the healing vessel endothelium.!?*! The
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healing endothelium also requires functional eNOS to synthesize
nitric oxide which plays numerous central roles from the regula-
tion of vascular tone to injury recovery.?” Reduced expression
of both markers are key indicators of endothelial dysfunction.
MCC950 alone preserved the expression of both VE-cadherin and
eNOS, suggesting its improved suitability for endothelial recov-
ery. This was supported with transcriptional analysis of CDHS5,
PECAM, and eNOS genes that showed MCC950 caused no signif-
icant reductions in their expression compared to control. Further
analysis using the established Matrigel-based tubule formation
assay!®®! to examine endothelial function exemplified the nega-
tive effects of both PTX and SMS on endothelial recovery. Both
drugs function mechanistically to disrupt cell growth and divi-
sion, preventing neo-capillary formation. In contrast, MCC950
had no impact on tubule formation, demonstrating a clear dis-
tinction between its mechanism of action which had no adverse
effects on endothelial cells and showcases its potential for im-
proved re-endothelialization in vivo.

Hemocompatibility and the risk of thrombosis is a major con-
cern for all vascular devices. Current devices that employ PTX
or SMS can lead to high rates of late-stage thrombosis due to
poor re-endothelialization and excessive fibrin accumulation in
the vessel wall.l?! Drugs eluted from these devices should ideally
have high hemocompatibility and can carry additional benefit by
reducing the risk of thrombosis. In human whole blood clotting
assays, MCC950 decreased clotting weight and fibrin accumula-
tion. Previous studies have shown the NLRP3 inflammasome to
be activated in platelets during thrombosis resulting in the secre-
tion of both IL-1f and tissue factor (TF).* IL-18 along with other
mediators are known to promote platelet activation and aggrega-
tion, while TF helps to initiate the coagulation cascade by increas-
ing platelet production of fibrinogen, the precursor to fibrin.3!!
Our study is in agreement with previous research suggesting a
link between NLRP3 inhibition and reduced arterial thrombosis.
However, our findings are the first to directly compare the effi-
cacy of MCC950 with commercial drug standards PTX and SMS.

Extending these findings to the in vivo, drug evaluation was
conducted using vascular grafts passively absorbed with each
drug prior to implantation in an established mouse carotid in-
terposition grafting model of NIH for 7 and 28 days.[*?] Vascular
inflammation was first assessed by quantifying macrophages.
Macrophages resolved over the 28 days, however PTX and SMS
showed no differences in macrophage levels compared to con-
trol. In contrast, MCC950 enhanced resolution of macrophages
by day 28, indicative of strong anti-inflammatory effects. As the
principal drivers of vascular inflammation, large populations
of macrophages surrounding vascular lesions are associated
with increased risk of NIH.33! Surprisingly, this was not entirely
associated with pro-inflammatory cytokine expression. Both PTX
and SMS showed reductions in IL-18 and TNF-a despite no sig-
nificant changes to macrophage content. This could potentially
be explained by increased macrophage retention by PTX and
SMS, compared to MCC950 which enhanced macrophage reso-
lution. Previous studies have suggested that both PTX and SMS
shift the balance of macrophage polarization toward the pro-
inflammatory M1 phenotype directly via the TLR4 and mTOR
pathways, respectively, independent of cytokine stimuli and/or
cytokine production.* M1 macrophages are enriched within
inflamed tissue until signaled to resolve by anti-inflammatory
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cytokines. Increased macrophage retention together with en-
hanced cellular dysfunction because of PTX and SMS treatment
could also explain how cytokine levels were lowered. Compared
to PTX and SMS, MCC950 showed even greater reductions of
both IL-18 and TNF-a together with reduced macrophage levels.
As the major product of NLRP3-mediated inflammation, IL-18
promotes the recruitment and retention of macrophages during
inflammatory conditions.[** In agreement with our observations,
a previous study showed MCC950 decreased infiltrating CD68*
macrophages in a mouse model of myocardial infarction and sug-
gested IL-1f suppression was, at least in part, a driving factor.'3]
However, contrary to previous in vitro findings, MCC950 also re-
duced TNF-a. This was suggestive of indirect anti-inflammatory
effects that reflect a broader immunosuppressive effect. These
outcomes demonstrate the widespread effects MCC950 had
on the local inflammatory microenvironment surrounding
the graft.

Re-endothelialization is a critical step in healing and reducing
NIH in the long term.3%] Despite the short-term benefits PTX
and SMS have on NIH, a limitation of these anti-proliferative
agents is delayed re-endothelialization.’”! We chose the mouse
grafting model to study this as it has been previously well char-
acterized and demonstrated to be a highly reproducible model of
re-endothelialization in a compressed 28-day time frame, mak-
ing it ideal for comparative studies identifying promising new
candidate molecules.*?! Here, endothelial coverage was found
to occur prior to the re-establishment of endothelial function.
PTX and SMS showed no differences from control at day 7 or
28, indicating that both drugs had only achieved baseline lev-
els of re-endothelialization. This was also associated with re-
duced eNOS function in both groups by day 28, suggesting that
both drugs were impairing the re-establishment of endothelial
function. Contrary to these findings, MCC950 grafts not only
had the highest levels of endothelial coverage, achieving near
complete re-endothelialization by day 7, but also enhanced rates
of early eNOS expression compared to control. Antagonism of
NLRP3 has been previously linked to similar endothelial protec-
tive effects. NLRP3 inflammasome-mediated pyroptosis has been
shown to closely associate with endothelial membrane rupture
and cell lysis, releasing various cellular contents including pro-
inflammatory cytokines and high-mobility group box 1 which fur-
ther exacerbate endothelial dysfunction by increasing cell perme-
ability and disrupting endothelial junctions.®] These effects are
likely to occur naturally in control implants potentially explain-
ing the enhanced re-endothelialization of MCC950 grafts com-
pared to control. These results are the first to show positive re-
endothelialization effects due to MCC950 in the context of mate-
rials implanted directly into the vasculature. Interestingly, these
enhanced rates of eNOS expression had resolved back down to
control levels by day 28. This may suggest that these effects are
dependent upon MCC950 acting directly upon endothelial cells,
rather than indirectly through changes to macrophages and the
local immune microenvironment.

Inflammatory processes drive fibrotic capsule formation
and NIH, the main biological causes of endovascular device
failure.®”! Minimizing fibrotic encapsulation is associated with
a suppressed local inflammatory response and has been closely
linked to end-stage tissue healing.[*”) Following stent implanta-
tion, a fibrous capsule made up of mostly collagen fibers forms
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around the implant and induces the progression of NIH.[*!l Con-
sistent with the benefits MCC950 showed in suppressing in-
flammatory conditions discussed above, we also demonstrated
the striking reductions MCC950 had in fibrotic capsule devel-
opment, further highlighting its ability to reduce the inflamma-
tory microenvironment and promote healthy vascular remodel-
ing. In addition, contrary to clinical observations, PTX and SMS
showed no reductions in NIH in our model. Given that this
carotid grafting model is an accelerated model of NIH, the dosage
and rate of drug delivery may have been insufficient for both
drugs, while their usual physiological mode of action is heav-
ily dependent on absorption into the native vascular wall. In our
context, SMS appeared to worsen hyperplasia development at
day 28. However, the aggressive formation of NIH in this model
did demonstrate the striking impact of NLRP3-antagonism and
MCC950. In this model, MCC950 was comparatively stronger
at suppressing hyperplasia, showing significant reductions as
early as day 7 which persisted to day 28. Hemocompatibility is
a critical factor that affects the long-term performance of vas-
cular materials. When fibrin accumulates on the material sur-
face, it increases the risk of thrombus formation which can ob-
struct blood flow and potentially lead to life-threatening con-
ditions. PTX and SMS were unable to sustain a reduction in
fibrin deposition within the neointima, while MCC950 signifi-
cantly decreased fibrin levels at day 28. Fibrin deposition and re-
endothelialization are closely related, as excessive deposition can
impede the re-endothelialization process. Rapid endothelializa-
tion on the other hand is associated with a reduced risk of fibrin
deposition. Achieving rapid re-endothelialization is a key strat-
egy to improving the long-term performance of vascular mate-
rials and devices both in limiting NIH development, fibrin de-
position, and thrombus formation.[*”] Coupled with enhanced
rates of re-endothelialization, these results showcase the poten-
tial long-term benefits of MCC950. Collectively, these in vivo find-
ings represent crucial proof-of-concept data for the therapeutic
benefit of a selective immunosuppressive MCC950 approach.
This has important implications for stenting and balloon appli-
cations with this study justifying further testing and validation of
our approach in established large animal models specific to these
applications.

4, Conclusion

This study demonstrated the advantages of a selective anti-
inflammatory approach using the NLRP3-inflammasome in-
hibitor MCC950 over the current clinical standards for reduc-
ing NIH employing anti-proliferative drugs. Compared to the
non-specific function of PTX and SMS, MCC950 does not im-
pair the viability or function of endothelial cells, allowing re-
endothelialization and vessel healing to occur. By instead selec-
tively targeting NLRP3-mediated inflammation, MCC950 exhib-
ited a robust suppression of the inflammatory microenvironment
surrounding implanted vascular grafts leading to sustained re-
ductions of NIH. Our findings are the first to demonstrate the
effectiveness of MCC950 as a drug-elution strategy for materials
implanted in the vasculature. Further validation of this targeted
anti-inflammatory approach in large animal models is now war-
ranted.
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5. Experimental Section

Cell Culture:  Murine macrophages (J774a.1, passage 3-6, Sigma
Aldrich, MA, USA), SMCs (CSC-C4357X, passage 4-6, Creative Bioarray,
Shirley, NY, USA), human coronary artery endothelial cells (HCAECs, 300
05a, passage 4-6, Cell Applications, San Diego, CA, USA), and THP-1 (pas-
sage 3-6, Sigma Aldrich, MA, USA) were maintained at 37 °Ciin a 5% CO,
humidified incubator. Macrophages were cultured in Dulbecco’s Modi-
fied Eagle Medium (10 mL,) supplemented with Fetal Bovine Serum (10%
v/v,) and 1% antibiotics (100 U mL~" Penicillin and 100 ug mL~" Strepto-
mycin), SMCs in SMC medium (Merck, Darmstadt, Germany), HCAECs in
Mesoendo medium (Merck, Kenilworth, NJ, USA), and THP-1s in RPMI-
1640 medium (Merck, Kenilworth, NJ, USA). The cell culture media was
replaced with fresh media every 2 — 3 days. Cells were subcultured after
reaching >85% confluency by first aspirating the old medium, washing
with Phosphate-Buffered Saline (10 mL, PBS), and adding fresh medium
(10 mL). A cell scraper was used to mechanically detach macrophages
from the flask while SMCs and HCEACs were trypsinized. THP-1s were as-
pirated from flask. Resulting cell suspension was transferred to a falcon
tube for centrifugation (1200 rpm, 5 min). The supernatant was aspirated,
and the pellet was resuspended in fresh medium (2-5 mL, depending on
size). Cell concentration was determined by staining with Trypan Blue (1:1)
and manually counting cells using a haemocytometer. The cell suspension
was triturated before seeding the required volume onto a new T75 flask
and adding fresh medium (10 mL).

Cell Viability Assay: Cells were seeded into 96-well plates at a density
of 3 x 10* cells per well followed by immediate treatment with drug groups
(200 pL medium in total with drug) at specified concentrations. For THP-
1s, cells were treated with phorbol 12-myristate 13-acetate (PMA, 100 ng
mL~") for 24 h before seeding. Cultures were left to incubate for 3 days.
Cell viability was quantified using an Alamar Blue assay at a ratio of 1:10
with fresh cell culture media. Plates were incubated for 3 h and quantified
using a microplate reader (Infinite M1000 PRO) for fluorescence analysis.
Excitation and emission wavelengths were set at 560 and 590 nm, respec-
tively. Complementary morphological analysis of treated cultures was con-
ducted at 3 days post-seeding. Cells were rinsed twice with PBS prior to fix-
ation with 10% formalin for 10 min and an additional two 5 min washes in
PBS. Cells were then permeabilized using a Triton X-100 detergent (0.1% in
PBS) for 10 min followed by two 5 min washes in PBS. Cell nuclei were flu-
orescently stained using NucBlue Fixed Cell ReadyProbes Reagent (DAPI,
ThermoFisher Scientific, 1 drop per mL PBS) and F-actin with ActinRed
555 Reagent (Rhodamine phalloidin, ThermoFisher Scientific, 1 drop per
mL PBS). Cells were visualized and imaged using Zen inverted fluorescent
microscope.

NLRP3 Inflammasome Activation Assay: )774a.1 murine macrophages
were seeded onto a 24-well plate at a density of 1.2 x 10° cells per well. Fol-
lowing pre-treatment with PMA (100 ng mL™") for 24 h, THP-1s were also
seeded at the same density as murine macrophages. NLRP3 inflamma-
some activation was achieved in two steps. First, the inflammasome was
primed by stimulating cells with lipopolysaccharide (1 ug mL™") for 3 h
at 37 °C, inside the humidified incubator (5% CO,). After 90 min, drugs
were added at the specified range of doses. After an additional 90 min
(3 h post-LPS stimulation), cells were stimulated with ATP (1.25 mm) to
activate the inflammasome and left in the incubator overnight. Enzyme-
linked immunosorbent assay (ELISA) kits for TNFa (Abcam, ab208348
and ab181421) and IL-18 (Abcam, ab197742 and ab214025) were used
to quantify cytokine levels in supernatants according to manufacturer’s
instructions. Pyroptosis was evaluated through measurement of F-actin
degradation by co-staining cells with DAPI and Rhodamine Phalloidin, as
described above. Percentage of cells undergoing pyroptosis was quantified
by manually counting DAPI positive cell nuclei containing an intact F-actin
ring and normalized against total amount of DAPI positive cell nuclei.

In Vitro Endothelial Integrity Assay: Endothelial cell integrity was as-
sessed using immunohistochemistry. HCAECs were seeded as per cell
viability protocols and on day 3 were similarly fixed and permeabilized
as described above. Cells were then blocked with bovine serum albumin
(BSA, 5% in PBS-Tween 20) for 1 h at room temperature. After blocking,
cells were stained with primary antibodies against vascular endothelial
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(VE)-cadherin (1:200, ab33168, Abcam) or endothelial nitric oxide syn-
thase (eNOS) (1:100, ab76198, Abcam) for 48 h at 4 °C. Cells were then
washed with PBST (2 x 10 min) and secondary antibody (1:500, ab150077,
Abcam) was added for 1 h at room temperature. After a series of washes
with PBST (2 x 10 min) and PBS (1 5 min), DAPI solution (ThermoFisher
Scientific, T drop per mL PBS) was added. Cells were left to rest in the dark
for 10 min before being visualized and imaged using Zen inverted fluores-
cent microscope. Using a constant threshold, amount of VE-cadherin and
eNOS positive staining was measured as a percentage of total area.

qPCR: Quantitative PCR was performed using iQ SYBR-Green
Supermix and the iCycler real-time PCR detection system (Bio-Rad).
Angiogenesis-related gene expression was calculated using primers for
eNOS (forward, 5-CGGAGAATGGAGAGAGCTTTG-3’; reverse, 3'-TGCT-
GTTGAAGCGGATCTTA-5"), CDH5 (forward, 5-CGCAATAGACAAGGAC-
ATAAC-3'; reverse, 3'-TATCGTGTGATTATCCGTGAGG-5'), PECAMI
(forward, 5’-AGATACTCTAGAACGGAAGG-3’; reverse, 3’-CAGAGGT-
CTTGAAATACAGG-5'), KDR (forward, 5'-GTACATAGTTGTCGTTGTAGG-
3'; reverse, 3'-TCAATCCCACATTTAGTTC-5’), and 18S (forward, 5'-
GTAACCCGTTGAACCCCATT-3'; reverse, 3'-CCATCCAATCGGTAGTAGGG-
5). 18s was used as a universal housekeeping gene and fold change
calculated using the delta—delta CT method.

Endothelial Cell Tube Formation: Matrigel (Corning, 354 248)-coated
96-well plates were used to culture HCAECs at a concentration of 10 000
cells per well. Drugs were mixed with fresh HCAEC growth media to the
listed final concentrations, and then added to the Matrigel cultures. The
cells were monitored for 16 h and time-lapse images were captured using
an IncuCyte Zoom live cell imager (Essen Bioscience). To analyze the capil-
lary network, four representative images were selected at 5 h post-seeding
from each condition with five replicate wells. The number of junctions,
meshes, and segments were analyzed using the angiogenesis analyzer plu-
gin in Image).

Silk Graft Manufacture:  Bombyx mori silk cocoons (Tajima Shoji Co.,
LTD., Yokohama, Japan) were purified as previously described.[43] Briefly,
silk cacoons (5 g) were boiled in sodium carbonate (0.02 m, 2 L) for 30 min
to remove sericin. Extracted silk fibers were washed in ultrapure water (Ar-
ium Pro, Sartorius, Géttingen, Germany) and dried overnight at room tem-
perature before being dissolved in lithium bromide (9.3 m, LiBr) for 4 h at
60 °C to produce a 20% w/v solution. Dissolved silk-LiBr solution was
transferred to SnakeSkin dialysis tubing (3500 kDa MWCO; Themo Fisher
Scientific, Waltham, MA, USA) and dialyzed against 5 L of ultrapure wa-
ter for 72 h. Water was changed three times a day to maintain diffusion
gradient and ensure complete removal of LiBr. The solution was then cen-
trifuged twice to remove impurities (12 000 g, 4 °C, 20 min). Silk solution
was then lyophilized for 48 h and dissolved in hexafluoroisopropanol at
15% wiv.

This solution was electrospun using an IME Medical Electrospinner
(IME Medical Electrospinning, Leiden, Netherlands) from a 0.6 mm di-
ameter needle with an applied voltage of 16 kV onto a 0.5 mm stainless
steel mandrel rotating at 500 rpm. Flow rate was 2 mL h=1, controlled
by a syringe pump (Elite 11, Harvard Apparatus), and distance between
needle and grounded mandrel was 220 mm. Relative humidity was reg-
ulated within the chamber and maintained at 30 & 5%. Immediately fol-
lowing electrospinning, silk grafts were crosslinked on the mandrel by wa-
ter annealing for 18 h.[*4] Residual HFP was removed by gently stirring
grafts in 2 L ultrapure overnight, followed by drying at room temperature.
Grafts were stored in a plastic container at room temperature with silica gel
desiccant.

Mouse Carotid Graft: Study was approved by the University of Syd-
ney Animal Ethics Committee (protocol number 2020/1785). Experiments
were conducted in accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purpose. C57BL/6 mice (male, 9—
10 weeks old, 25 + 2 g), purchased from Animal Resources Center (Can-
ning Vale, WA, Australia), were used for this model. Silk grafts 10 mm in
length and 0.5 mm in diameter were disinfected in 70% ethanol and ex-
posed to ultraviolet light for 30 min. The drugs were loaded by submerg-
ing silk grafts in a high concentration solution of each drug (1 mg mL™!
in PBS) and incubated overnight at 4 °C to ensure complete drug satu-
ration. Drug-coated grafts were implanted into the right common carotid
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artery as previously described.132] Briefly, the midpoint of the right com-
mon carotid artery was double ligated and dissected between the ligations.
Polyimide cuffs (Cole—Parmer North America, Vernon Hills, lllinois) were
guided onto each end of the arteries and clamped. Overhanging ends of
the arteries were everted over cuffs and secured using 8-0 sutures. Silk
grafts were sleeved over each cuff and secured using 8-0 sutures. Clamps
were released and blood flow was confirmed with pulsation, therefore indi-
cating successful graftimplantation. After 7 or 28 days, mice were perfused
using heparinized saline (50 U mL~") and the grafted carotid artery was
isolated and dissected proximal and distal to the graft.

Hemocompatibility Assay:  Wells in a 24 well plate were coated with 3%
BSA for 1h. Plates were then washed 3x with PBS and left to dry overnight.
High porosity silk scaffold sheets, electrospun using the same proper-
ties provided above were cut into 0.8 X 1.2 cm samples, pre-weighed and
placed into individual wells. Fresh blood was collected and mixed with hep-
arin (0.3 U mL™"). Blood (750 uL per well) was added onto samples fol-
lowed by treatment by MCC950 (30 um), PTX (30 um), or SMS (30 um).
Samples were left for 1 h on an orbital shaking incubator (65 rpm, 37 °C).
Blood was removed and samples were washed 3x with PBS before being
weighed. Clot weight was calculated by subtracting the weight of the scaf-
fold post-blood incubation by initial scaffold weight.

Histology and Immunohistochemistry:  Explanted grafts were fixed in
paraformaldehyde (4%) overnight at room temperature. Samples were de-
hydrated through an ascending ethanol gradient, embedded in paraffin
and sectioned transversely at 5 um from proximal to distal anastomosis.
For histology staining, five slides from equidistant points along the graft
(proximal to distal) were deparaffinized, rehydrated, and stained with H&E
staining and Martius Scarlet Blue staining. The same procedure was con-
ducted for immunohistochemistry staining but stained with primary anti-
bodies against CD68 (1:500, ab125212, Abcam), IL-14 (1:500, ab205924,
Abcam), TNF-a (1:200, ab34674, Abcam), CD31 (1:100, ab182981, Ab-
cam), and eNOS (1:50, ab300071, Abcam). Secondary antibodies against
rabbit (1:250, ab150080, Abcam and 1:500, ab150077, Abcam) were used
to detect primary antibodies. Sections were mounted and cover slipped
with DAPI-containing mounting media (Sigma Fluoroshield with DAPI,
F6057).

Quantitative Analysis: Analysis of histology and immunohistochem-
istry slides was done using Image). For H&E staining, neointima was quan-
tified as percentage of total lumen area defined by the inner graft wall. For
Martius Scarlet Blue staining, fibrin deposition was quantified using the
“Colour Threshold” function in Image] to calculate amount of positive red
staining present within the neointima, which was then represented as a
percentage of total lumen area. Fibrotic capsule was represented as to-
tal adventitial tissue area surrounding the graft. For CD68 staining, total
CD68* cell count and CD68* cell count within the graft wall was quantified
using a constant threshold intensity. Total IL-14 and TNF-a positive stain-
ing area was also measured. CD31 lumen coverage was quantified by first
measuring the lumen circumference, followed by measuring the length of
endothelium showing positive staining. Lumen coverage was then calcu-
lated as length of CD3 17 staining divided by lumen circumference. eNOS
lumen coverage was quantified in the same way, represented as length of
eNOST staining divided by lumen circumference.

Statistical Analysis: Data are expressed as mean + standard error of
the mean. Analysis was performed in GraphPad Prism 9 (Graphpad Soft-
ware, San Diego, California) and statistically significant differences were
determined by t-test, or using one- or two-way analysis of variance fol-
lowed by Dunnett’s multiple comparisons test. For in vivo data, statistical
analysis was performed on the grouped data comprising of all five graft
regions. In vivo figures in this paper represent the respective averages of
aII reglons for each graft. P < 0.05 was considered statistically significant.
< and **** display P < 0.05, P < 0.01, P < 0.001, and P < 0.0001
respectively.
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Figure S1: MCC950 is non-toxic to THP-1 derived macrophages. Viability of THP-1 derived
macrophages 3 days after being treated with MCC950, Sirolimus (SMS), and Paclitaxel (PTX). Data

represents mean + SEM (n = 4). Statistical significance was determined using Dunnett’s multiple
comparison test (“*“p < 0.0001)
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Figure S2: Inhibitory effects on products of the NLRP3 inflammasome pathway. The effect of
MCC950, Paclitaxel (PTX) and Sirolimus (SMS) at doses between 2nM-2uM on IL-1B (A), TNF-a (B)
and pyroptosis (C) levels post-NLRP3 inflammasome stimulation with LPS (1 ug/mL) and ATP (2.5
mM) in J774a macrophages. Stim refers to stimulated only group. IL-1p and TNF-a levels measured
by ELISA. Data represents mean £ SEM (n = 3-4). Statistical significance was determined using
Dunnett’s multiple comparison test relative to stimulated group (p < 0.05, *p < 0.01, ***p < 0.0001).
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Figure S3: MCC950 is selective to the NLRP3 inflammasome pathway in THP-1 derived macrophages.
The effect of high dose (20pM) MCC950, Paclitaxel (PTX) and Sirolimus (SMS) on IL-1p (A), TNF-
o (B) and pyroptosis (C) levels post-NLRP3 inflammasome stimulation with LPS (1 pg/mL) and ATP
(2.5 mM) in THP-1 derived macrophages. Stim refers to stimulated only group. IL-1 and TNF-a levels
measured by ELISA. Data represents mean + SEM (n = 3-4). Statistical significance was determined
using Dunnett’s multiple comparison test relative to stimulated group (“p < 0.01, *p < 0.001, *p <
0.0001). D) Representative images of control, stimulated only, and stimulated and drug treated
macrophages used for pyroptosis quantification. Cells stained with DAPI (blue) and rhodamine
phalloidin (red) to visualize cell nucleus and F-actin respectively. Scale bar represents S0pm.
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Figure S4: Endothelial functionality assay. Quantification of total HCEAEC expression of VE-
Cadherin (A) and eNOS (B) 3 days after treatment with Paclitaxel (PTX), Sirolimus (SMS) or
MCC950 at doses between 2nM-2uM. C, D, E) Quantitative RT-PCR detection of Cadherin 5
(CDHY) (C), platelet endothelial cell adhesion molecule (PECAM) (D), and eNOS (E) mRNA
expression. Data represents mean = SEM (n = 3-4). Statistical significance was determined using
Dunnett’s multiple comparison test relative to control (‘p < 0.05, *p < 0.01, **p < 0.001).
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Figure S5: Treatment effect on cytokine production in vivo. A,B) Day 7 representative images of IL-
1B (A) and TNF-a (B) stain taken from middle region of explanted grafts. DAPI stained in blue, IL-1
or TNF-a stained in red. Scale bar represents 100 pm. C, D) Quantification of total IL-1 (C) and TNF-
a (D) positively stained area at day 7. Data represents mean + SEM (n = 3-4). Statistical significance
was determined using Dunnett’s multiple comparison test (“p < 0.05, ***p < 0.0001).
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MCC950

Figure S6: MCC950 reduces fibrotic capsule formation and neointimal hyperplasia. A) Representative
images of hematoxylin and eosin-stained grafts after 7 days showing fibrotic capsule surrounding the
graft. Images were taken from middle portion of each graft. Scale bar represents 300 pm. B)
Representative images of hematoxylin and eosin-stained grafts after 7 days showing neointimal
hyperplasia. Black dotted lines show graft outline. Scale bar represents 100 pum.
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4. Chapter 4 — Localised delivery of immunotherapies using
plasma polymerised nanoparticles for cardiovascular

applications

4.1 Introduction

4.1.1 Need for localised drug delivery after vascular injury

Percutaneous endovascular interventions such as balloon angioplasty and stenting restore blood
flow to obstructed vasculature by mechanically reopening the vessel lumen. For angioplasty in
the coronaries, this usually requires pressures of 8-12 atm in order to effectively collapse the
occlusive atherosclerotic plaque while peripheral angioplasty requires slightly higher pressures
ranging from 15-20 atm [152, 153]. This pressure causes overexpansion of the blood vessel,

resulting in significant injury to the vessel wall.

Vascular injury primarily involves damage to the endothelium, often exposing subendothelial
collagen triggering platelet activation and the coagulation cascade [154]. In many cases, the
internal elastic lamina is fractured, causing stretching, compression, or rupture of smooth
muscle cells residing in the tunica media. These cells undergo necrosis or apoptosis, releasing
intracellular contents that amplify local danger signals. Surviving medial smooth muscle cells
undergo phenotypic modulation from a contractile to a synthetic state, re-entering the cell
cycle, proliferating, and migrating into the intima where they deposit extracellular matrix
proteins such as collagen and proteoglycans [86]. The net effect is the formation of a neointimal

layer that progressively grows into the lumen.

Stent implantation following angioplasty compounds this injury. Stent struts penetrate into the

vessel wall, crushing plaque into the media, further tearing the elastic lamina, and sometimes
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extending injury into the adventitia [86]. At sites of malapposed struts, local turbulence and
altered shear stress exacerbate the inflammatory response and hinder re-endothelialisation
[155]. Intravascular imaging has confirmed that strut-associated regions often remain
uncovered or poorly healed long after implantation, creating an avenue for hyperproliferating

smooth muscle cells to migrate through into the lumen [156, 157].

This understanding is what drove the field to couple drugs with endovascular interventions.
Mechanical structures are limited in their ability to control biological responses, whereas drugs
are purpose built for this. The first generation of drug-eluting devices were introduced to
directly suppress smooth muscle cell proliferation, attenuate neointimal hyperplasia, and
maintain long-term vessel patency. While next generation drug strategies are targeting
inflammation (as discussed in section 2.2.3 of this thesis), delivery of these agents becomes

paramount.

The vascular injury is heterogeneous and layered, meaning that the drug must act precisely at
the site of endothelial denudation, medial tearing, and strut penetration. Systemic therapies
rarely achieve sufficient concentration within these microdomains without producing systemic
effects [158, 159]. Local delivery ensures high drug levels where they are required, promoting

more selective modulation of the vascular healing response leading to reduced restenosis.

4.1.2 Drug-eluting approaches for vascular injury

There are currently two prominent drug-eluting approaches in the vasculature: drug-eluting

stents (DES) and drug-coated balloons (DCB). This section will go into detail regarding how
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drug-eluting technology was introduced into these devices, and how this technology enables
localised delivery of drugs to injury sites, highlighting their essential characteristics and how

the devices have progressed towards a “leave nothing behind” approach.

4.1.2.1 Drug-eluting stents

Stents act as permanent reservoirs for local drug delivery, meaning DES do not rely on rapid
arterial uptake in the way DCB do (see section 4.1.2.2 below). Instead, DES are coated in
polymer platforms that slowly release the drug over time as chemical bonds break between the
polymer and the drug. In this way, their success relies heavily on controlled and sustained drug
release [160]. DES were developed to overcome the high rates of in-stent restenosis associated
with bare-metal stents seen in patients with CAD. To this day, DES remain the gold-standard
treatment option for the majority of CAD cases. Their success has relied heavily on the
evolution of drug-polymer platforms that control not only how much drug is released but also
when, and for how long. The biocompatibility of the polymer, type of drug being eluted, the
drug elution profile, and the push to “leave nothing behind” are critical factors which have

impacted DES evolution over time (Figure 4.1).
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Figure 4.1: Drug-eluting stent timeline

Schematic showing the evolution of drug-eluting stents, from traditional bare-metal stents (BMS) to
drug-eluting bioresorbable scaffolds.

First generation DES

First-generation DES used durable polymer coatings that combined anti-proliferative drugs
with relatively thick polymer layers. The Cypher stent (Cordis) released sirolimus from a
polyethylene—co-vinyl acetate (PEVA) and poly n-butyl methacrylate (PBMA) coating [161],
while the Taxus stent (Boston Scientific) released paclitaxel from a poly(styrene—isobutylene—
styrene) (SIBS) matrix [162]. These devices shared similar drug elution profiles, releasing their
drugs rapidly in the first 10 days, before slower sustained elution out to 2-3 months. For patients
with CAD, this technology greatly improved vascular outcomes. In the pivotal RAVEL trial (A
Randomised Comparison of a Sirolimus-Eluting Stent With a Standard Stent for Coronary
Revascularisation), the 1-, 3-, and 5-year rates of survival free from target lesion
revascularization were 99.2%, 93.8%, and 89.7%, respectively, in CAD patients randomly
treated with sirolimus-eluting stents versus 75.9%, 75.0%, and 74.0% for patients assigned
bare-metal stents, respectively [163]. Furthermore, 0% of patients in sirolimus-eluting stents,
compared to 26.6% in the bare-metal stent group, experienced over 50% luminal occlusion
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within 1 year [109]. Similarly, the TAXUS-IV trial demonstrated that the Taxus stent reduced
1-year rates of target-lesion and target-vessel revascularisation for de novo coronary lesions by
73% and 62%, respectively, compared to bare-metal stenting [164]. This benefit was
maintained through 5 years [165]. In both cases, the polymer coatings used were permanent,
meaning the polymers remained even after complete drug release. Despite allowing for
sustained drug release, long-term follow-up studies revealed that these durable polymers
provoked local inflammation and prevented endothelialisation contributing to late and very
late-stage thrombosis [166, 167]. Non-uniform coatings and inconsistent drug distribution
further compounded these issues, limiting reproducibility. Thus, while first-generation DES
established proof that polymer-based drug release could dramatically reduce restenosis for
patients with CAD, their shortcomings underscored the need for safer polymer strategies and

set the stage for the development of second-generation platforms.

Second generation DES

Second-generation DES were designed to overcome the safety limitations of their predecessors
by introducing thinner stent struts, more biocompatible polymers, newer limus drugs, and more
tailored drug eluting kinetics. The everolimus-eluting stent Xience (Abbott Cardiovascular)
used a fluoropolymer coating that was significantly less thrombotic and inflammatory
compared with the durable polymers of first-generation devices. Its release kinetics were
carefully tuned, with ~80% of everolimus released within 30 days and complete elution by 120
days, ensuring therapeutic exposure during the critical window of neointimal proliferation
while allowing drug levels to fall as endothelial repair advanced [168]. Similarly, the Resolute
stent (Medtronic) employed the proprietary BioLinx polymer system which was a polymer

blend of hydrophilic C19 polymer, water-soluble polyvinyl pyrrolidinone, and hydrophobic
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C10 polymer designed to extend zotarolimus release for up to 180 days, maintaining
suppression of neointimal growth in higher-risk patients [169]. These material refinements
translated into tangible clinical improvements for patients with CAD. In the SPIRIT III
(Clinical Evaluation of the XIENCE V Everolimus Eluting Coronary Stent System in the
Treatment of Patients with De Novo Native Coronary Artery Lesions) trial, the pivotal trial for
XIENCE V approval in the United States, patients receiving the XIENCE V everolimus eluting
stent demonstrated a 21.2% decrease in coronary target lesion failure and 36.2% reduction in
major adverse cardiac events compared to TAXUS paclitaxel eluting stent at 5-year follow up
[170]. Similarly, results from the RESOLUTE trial comparing the two primary second
generation DES (Resolute zotarolimus eluting stent and XIENCE V everolimus eluting stent)
in patients with CAD showed the two systems were non-inferior to each other, with both
devices demonstrating very low rates of late stent thrombosis (0.3%) [171]. The 5-year
cumulative follow up reported definite or probable stent thrombosis of only 1.2% [172].
Together, these findings confirmed that second-generation DES not only optimised polymer-
mediated drug delivery but also markedly improved safety over their predecessors, firmly

establishing them as the new clinical standard for treatment of CAD.

Biodegradable polymer DES sought to further improve safety while eliminating the long-term
risks of a permanent polymer. In these designs, the polymer coating degrades after drug release,
leaving behind a bare-metal scaffold. Examples include the Biomatrix stent (Biosensors) with
a polylactic acid coating releasing biolimus [173], and the Synergy stent (Boston Scientific)
with a polylactide—glycolide (PLGA) coating releasing everolimus [ 174]. In these devices, drug
delivery was front-loaded into the first 30-90 days before the polymer was fully degraded.
Tissue retention of drugs like biolimus remained strong in the first weeks but declined as the
polymer resorbed. These designs aimed to reduce very late stent thrombosis by removing
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residual polymer once its purpose was fulfilled. Clinically, biodegradable-polymer DES
demonstrated clear long-term safety benefits over first-generation durable-polymer stents,
while head-to-head trials against second-generation durable-polymer everolimus stents
generally showed non-inferiority [173, 175]. Following this, in an attempt to remove the need
for polymer coatings all together, polymer-free DES attempted to deliver drugs without any
polymer matrix, relying instead on microporous or nanoporous metal surfaces, reservoirs, or
carrier layers such as titanium oxide. These stents generally provided rapid drug release within
the first few days to weeks, but struggled to maintain prolonged therapeutic levels [176]. Drug
doses delivered and retained in the arterial wall was therefore reduced in the long-term
compared with polymer-based systems. While these designs avoided polymer-related
inflammation, the shorter drug exposure often proved insufficient to suppress neointimal

growth over the long-term [177].

Current generation DES

Current-generation DES are dominated by everolimus- and zotarolimus-eluting stents with
ultra-thin struts and highly biocompatible polymers. Devices such as the Xience Skypoint
(Abbott) and Resolute Onyx (Medtronic) remain widely regarded as clinical gold standards for
treatment of CAD, owing to their excellent safety profiles, predictable elution over 1-3 months,
and consistent endothelialisation [178, 179]. Alongside these, biodegradable-polymer
sirolimus stents such as the Orsiro (Biotronik) have shown superiority in some head-to-head
trials, particularly in acute coronary syndromes, and are increasingly recognised as front-line
options [180]. However, the transformational benefits of DES in the coronary arteries have
largely failed to translate to the peripheral arteries. This discrepancy reflects the unique

challenges of treating PAD, where long, calcified lesions and constant vessel motion can
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fracture stents and impair polymer coatings. As a result, conventional permanent DES have
seen limited adoption in PAD, prompting a shift toward more adaptable solutions. Consistent
with the broader push to “leave nothing behind”, resorbable DES have recently emerged as
promising stent-based options for patients with PAD. For example, the Esprit BTK system
(Abbott), which is currently the only FDA approved resorbable DES for chronic limb-
threatening ischemia (CLTI) [181]. This resorbable scaffold is comprised of poly(L-lactide)
(PLLA) which provides radial strength similar to a metallic stent within the first six months of
implantation to avoid vessel recoil. An everolimus coating is additionally applied to the
polymer scaffold, sustaining elution for up to 3 months. Over time, hydrolysis continuously
degrades the scaffold, with full resorption occurring after approximately 3 years, ultimately
leaving no implant behind [182]. One randomized trial with 261 patients with CLTI compared
the Esprit BTK balloon with standard angioplasty for infrapopliteal artery disease (specific
form of PAD) and revealed that the incidence of freedom from amputation above the ankle of
the target limb, occlusion of the target vessel, and clinically driven revascularization of the
target lesion at 1 year was higher in patients who received the Esprit BTK balloon compared
to those who received angioplasty [181]. Despite the success in CLTI, the use of resorbable
DES in the coronaries has not translated as well, largely failing in head-to-head comparisons

with permanent DES [183].

In summary, DES have evolved into the gold-standard treatment for CAD, and new
bioresorbable designs that leave no permanent implant behind are emerging as promising
options for patients with PAD. However, PAD clinical studies have yet to confirm the efficacy
of resorbable DES in the long-term. Instead, the PAD market has largely been dominated by

DCB, although long-term efficacy and safety is still a major concern.
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4.1.2.2 Drug-coated balloons

When first introduced, balloon angioplasty revolutionised the treatment of occlusive
cardiovascular disease. However, elastic recoil and restenosis limited long-term patency,
leading to the invention of the stent [184]. While stents reduced elastic recoil, stent thrombosis
and in-stent restenosis emerged as significant complications. DES were subsequently
developed to mitigate in-stent restenosis, but these too carried drawbacks, including late stent
thrombosis and persistent restenosis, particularly in patients with PAD. In the late 2000s, DCB
emerged as a promising way to restore vessel patency by delivering anti-restenotic drugs
without leaving a permanent implant [107]. This is known in the field as the “leave nothing
behind” initiative. DCB have since become an established treatment in settings where stenting
is undesirable, such as in peripheral arteries with small vessel diameters or in patients with
diffuse lesions. However, their utility heavily depends on the efficiency at which they can
deliver drugs to the arterial wall and how well the drug is retained/taken up by the tissue. Since
their introduction, DCB have progressed from early proof-of-concept paclitaxel coatings to
second-generation platforms with refined excipients to improve drug transfer, and now to

sirolimus-based balloons capable of sustained release (Figure 4.2).
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Figure 4.2: Drug-coated balloon timeline

Schematic showing the evolution of drug-coated balloons, from traditional plain old balloon angioplasty
to drug-coated balloons incorporating nanocarriers and excipients,

First generation DCB

Paclitaxel was identified early as the most promising drug for balloon-based delivery because
of its high lipophilicity and rapid arterial uptake which had been exemplified previously in
DES. However, these same physicochemical traits created challenges for local delivery by
balloon. Paclitaxel is poorly soluble in blood and prone to competitive binding with plasma
proteins, meaning much of the drug is lost to wash-off during balloon advancement and
inflation rather than being deposited in the vessel wall [185]. To overcome this, the drug must
be paired with an excipient, an inactive additive that improves the stability and solubility of the
drug coating, limits premature wash-out, and facilitates more efficient transfer of paclitaxel
into arterial tissue. The introduction of such excipients represented a critical turning point in
DCB development, transforming paclitaxel from a theoretically attractive option into a

clinically viable therapy [186].
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Scheller et al were the first to demonstrate the need for an excipient for DCB. They investigated
the use of paclitaxel mixed with the highly hydrophilic contrast medium iopromide, an
excipient-based matrix later developed by Bayer Schering Pharma termed Paccocath
technology [187]. lopromide was theorised to increase paclitaxel solubility, reduce drug wash-
off during the advancement and inflation stage, and lead to a greater dose transfer into arterial
tissue. In the first-of-its-kind study investigating the potential for paclitaxel-coated balloons
utilising iopromide to reduce in-stent restenosis in pig coronary arteries, Sheller et al
demonstrated a 63% reduction in neointimal area at 35-days follow up with the paclitaxel
balloon compared to traditional uncoated angioplasty and stent placement [107]. However,
despite confirming 92% of initial paclitaxel dose had been eluted from the balloon during
inflation, the percentage of initial paclitaxel dose in the vessel wall 40-60 mins after angioplasty
was only 9%. This suggested a significant amount of paclitaxel had not actually reached the
vessel wall, posing questions around long-term efficacy of this platform. Despite this concern,
clinical trials such as the Treatment of In-Stent Restenosis by Paclitaxel-Coated Balloon
Catheters (PACCOCATH ISR) trial and the Femoral Paclitaxel (FemPac) trial, showed marked
reductions in-stent restenosis and restenosis following angioplasty in femoropopliteal arteries,
respectively [188, 189]. In both cases, the authors suggested that these results were seen
despite approximately 80-90% of initial paclitaxel dose being lost in the bloodstream, and
therefore not having any therapeutic benefits at the site of injury in the arterial wall. This
ushered in the next generation of DCBs which trialled different excipients and designs in an

attempt to maximise drug-delivery to the vascular wall.

Second generation DCB
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Second generation DCB sought to improve paclitaxel delivery by coupling paclitaxel with
alternative excipients or carriers. Modern excipients including butyrl-tri-hexyl citrate and urea
showed superior paclitaxel delivery capabilities compared to traditional iopromide. Butyrl-tri-
hexyl citrate showed to stabilise paclitaxel in a micro-crystalline structure, enhancing its tissue
absorption properties, achieving close to 50% of initial dose taken up by the vascular wall after
coronary angioplasty in pigs [186]. Importantly, detectable concentrations of paclitaxel were
found up to 7 days post intervention, highlighting significant drug retention was achieved. Urea
was additionally tested as an excipient for paclitaxel, forming the proprietry FreePac™ coating
which was applied to the IN.PACT Admiral balloon (Medtronic vascular, Galway, Ireland)
designed for treatment of PAD [190]. Similar to traditional excipients, urea is hydrophilic and
soluble in blood, allowing it to act as a release agent for paclitaxel to promote transfer from the
balloon to the vessel wall. Unique to urea, it additionally demonstrated a slow rate of paclitaxel
dissolution, enabling paclitaxel to last and remain functional in the tissue for longer than any
other available DCB at that time [190]. In fact, paclitaxel was observed for over 180 days at
therapeutic levels in the vessel wall post-angioplasty with the IN.PACT Admiral balloon. As
evident in the IN.PACT SFA Trial, which compared IN.PACT Admiral DCB relative to
traditional angioplasty in subjects with femoropopliteal artery disease, this improved retention
led to a 54% increase in vessel patency rates for at 3-year follow-up [191]. Notably, IN.PACT
Admiral was given FDA approval in 2014 for the treatment of femoropopliteal artery disease,

marking only the second FDA approval for DCB at that time [192].

Another key innovation was the development of shielding techniques which protected
paclitaxel from early wash-off during insertion, such as the shellac coating used on the second-
generation DIOR balloon (DIOR-II). Shellac is a natural hydrophilic coating originally FDA
approved as a coating for food. Using shellac, DIOR-II achieved up to a 20-fold higher tissue
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paclitaxel concentration compared with first generation paclitaxel coated balloons [193], which
translated to significant suppression of neointimal hyperplasia [194]. Despite significant
improvements in paclitaxel delivery and retention, high blood concentrations of paclitaxel were
still being observed and the long-term safety of paclitaxel was beginning to be questioned
[111]. As a result, the field began to look beyond paclitaxel toward sirolimus, mirroring the

transition already seen in stent technology and paving the way for a new generation of DCB.

Current generation DCB

Third generation DCB marked a transition from paclitaxel to sirolimus, motivated by its proven
efficacy in DES and a broader movement away from paclitaxel due to issues with toxicity.
However, sirolimus is far less lipophilic compared to paclitaxel, has lower tissue permeability,
and exhibits rapid clearance from the vascular wall, making its delivery via a short balloon
inflation technically challenging [195]. To overcome these limitations, several innovative
delivery technologies have been developed. For example, the Selution SLR™ balloon
(MedAlliance, Nyon, Switzerland), encapsulates sirolimus in PLGA micro-reservoirs that
adhere to the vessel wall upon balloon inflation, where they then begin to release sirolimus in
a controlled fashion for up to 90 days [196]. The micro-reservoirs are a mix of 4-micron
sirolimus-PLGA particles and three phospholipid-based excipients which blend together to
reduce paclitaxel wash-off during the procedure, optimise drug transfer, and help increase
adherence to the surrounding tissue. The first-in-human trial was performed with the Selution
SLR™ for treatment of femoropopliteal lesions and demonstrated 91.2% freedom of restenosis
after 6 months, highlighting its ability to sustain tissue drug levels well beyond the inflation

period [197].

80



Similarly, the MagicTouch balloon (Concept Medical, India) employs a phospholipid-based
nanocarrier system, known as Nanolute, that coats sirolimus onto the balloon in sub-micron
particles. This nanocarrier system incorporates two excipients, the first being a lipid-based
component that forms a phospholipid bilayer encapsulating sirolimus, and the second being a
calcium phosphorus-based component employed to release sirolimus during changes in pH
[198]. Pre-clinical testing demonstrated detectable sirolimus levels in the tissue 14 days after
initial procedure, as well as highlighting drug migration from the lumen surface to deeper
structures of the vessel wall even when exposed to blood flow [198]. Despite showing
promising first-in-human patency after 6 months, a head-to-head study comparing MagicTouch
to 2" generation paclitaxel coated balloons concluded that MagicTouch failed to demonstrate
noninferiority compared to paclitaxel coated balloon in patients with de novo small vessel
disease [199]. Therefore, despite promising technology, future long-term trials are still needed
to evaluate sirolimus coated balloons against prior generations. As a result, paclitaxel-coated
balloons continue to dominate the current PAD market. Nevertheless, the increased desire to
shift away from paclitaxel, at least in the research and development stages, has prompted the
field to explore new drug delivery strategies that can improve drug retention and localisation,
thereby creating the next generation of DCB that can effectively deliver a broad range of

therapeutics.

4.1.3 Nanoparticles as effective drug carriers

While DES and DEB have established the clinical value of local drug delivery, both approaches
carry inherent limitations. Stents leave behind permanent scaffolds, while balloons may not
ensure sufficient or sustained drug retention. Nanoparticles have emerged as promising

solutions offering the potential for targeted, controlled drug release while minimising systemic
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exposure and device-related complications. Their small size and high surface area allow
efficient drug loading, while tunable surface chemistry enables controlled release and the
potential for selective targeting of injured vascular tissue [200]. Unlike balloons or stents,
which provide a single burst or surface-limited release, nanoparticles can circulate or embed
within the vessel wall to achieve sustained exposure [201]. They also expand the range of
deliverable therapeutics, from small hydrophobic drugs to biologics such as cytokines or
nucleic acids, which are difficult to retain with conventional coatings. However, their
effectiveness of current platforms depends on toxicity, retention at the injury site, and ability
to conjugate cargo without changing functionality, challenges that continue to drive innovation

in nanoparticle design.

4.1.3.1 Current nanocarrier platforms for drug delivery

Nanoparticles are increasingly being explored as drug carriers post-endovascular intervention,
either systemically or incorporated with DCB or DES. By encapsulating therapeutic agents and
improving their pharmacokinetics, nanoparticles can improve local retention and broaden the
range of drugs that can be delivered to injured vessels. Current platforms are generally

categorised as either organic or inorganic nanoparticles.

Organic nanoparticles

Organic nanoparticles are composed of organic compounds including lipids and polymers
[202]. Among the most widely studied platforms are lipid-based nanoparticles which have been
popularised by their recent use in COVID-19 vaccines [203]. They are spherical self-assembled
vesicles, composed of a lipid bilayer encapsulating an aqueous core. For drug-delivery

applications, they are an ideal platform due to their ability to encapsulate therapeutic cargo,
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carry it across the cell membrane, and deliver it into the cytosol [203]. Lipid-based
nanoparticles have been tested for the use in vascular applications. Lemos et al developed a
phospholipid encapsulated sirolimus nanocarrier which, when delivered from a balloon, was
successfully delivered to the vessel wall and retained there for days after inflation [198]. In a
28-day preclinical porcine model, this formulation significantly suppressed neointimal
proliferation compared to plain old balloon angioplasty control [198]. Liposome nanocarriers
have also been trialed for the delivery of other therapeutic agents including gene delivery in
the context of restenosis. Yin et al demonstrated successful delivery of tissue factor pathway
inhibitor gene using a HVJ-AVE (Hemagglutinating Virus Japan — Artificial Viral Envelope)
liposome vector to treat restenosis after balloon angioplasty [204]. This novel gene therapeutic
strategy significantly reduced neointimal hyperplasia in rabbits, but failed to reach clinical
trials due inconsistent efficacy across pre-clinical models. These examples highlight the
promise of liposomes as biocompatible carriers of therapies that don’t possess the features that
makes paclitaxel an ideal drug for local delivery. However, their modest retention in the

vascular environment and absence of promising long-term data remain limitations.

Polymeric nanoparticles have also been utilised for vascular applications such as those made
from poly(lactic-co-glycolic acid) (PLGA). For example, Westedt et al developed a paclitaxel-
loaded modified poly(vinyl alcohol)-graft-PLGA (PVA-g-PLGA) nanoparticles which, when
delivered locally after balloon injury in a rabbit iliac artery model, showed a 50% reduction in
neointimal area compared to control [205]. Despite lacking a free paclitaxel control, this study
confirmed the ability for polymeric nanoparticles to effectively deliver drugs to the vascular
region and result in neointimal suppression. Perhaps even more exciting is the potential of
polymeric nanoparticles to open the door to the delivery of new drugs after endovascular
intervention. For instance, dexamethasone-loaded PLGA nanoparticles demonstrated high
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encapsulation efficiencies of 99.2% and sustained release for up to 30 days in vitro [206].
Similarly, a novel PLGA nanoparticle loaded with quercetin showed to be have potent anti-
proliferative effects on vascular smooth muscle cells and were highly resistant to wash out in
vitro [207]. These studies show the promise of polymeric nanoparticles in expanding drug
delivery options. However, none have yet made it past pre-clinical testing, citing concerns over
complex synthesis, requiring multi step protocols that result in batch-to-batch inconsistency,

and issues with drug retention at site of injury.

Inorganic nanoparticles

Inorganic nanoparticles are composed of non-organic materials such as metals, metal oxides,
and silica. Their unique physicochemical properties, including high surface area-to-volume
ratio, tuneable surface chemistry, and mechanical robustness, have made them attractive
candidates for drug delivery in many applications [208]. Although, their use in vascular
applications is not as established as organic platforms, most likely due to issues with toxicity
in systemic circulation. In saying this, a few groups have explored their potential in vascular

settings, primarily studying gold, silica and iron oxide nanoparticles.

Gold nanoparticles are attractive due to their stability in biological environment and relative
biocompatibility. Meyers et al. developed a gold nanoparticle functionalised with a collagen
targeting peptide that were systemically administered in rats following carotid balloon injury
[209]. These nanoparticles selectively bound to exposed collagen at sites of vascular injury and
were retained for at least 24 hours, with minimal off-target accumulation. Importantly, no
endothelial apoptosis, systemic toxicity, or hepatic/renal dysfunction were observed,

highlighting a favourable safety profile [209]. This study demonstrates how gold nanoparticles
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can be tailored for lesion-specific vascular targeting, offering a potential use in DCB or DES.
Despite promising localisation, no therapeutic benefit was investigated due to complexities

related to therapeutic cargo functionalisation intrinsic to gold nanoparticle platforms.

Iron oxide nanoparticles have also been explored both as drug carriers and imaging agents in
vascular applications. Kim et al. compared cRGD-targeted and collagen-targeted iron oxide
nanoparticles in ApoE—/— mice with early atherosclerotic plaques [210]. Using near-infra-red
fluorescence and MRI, they showed that cRGD-targeted iron oxide nanoparticles accumulated
more efficiently within plaques than collagen-targeted ones, corresponding to the high
angiogenic activity of early lesions. Prussian blue staining confirmed nanoparticle retention
within the vascular wall [210]. However, studies demonstrating therapeutic benefits of iron
oxide nanoparticles for vascular lesions are not available, highlighting that despite their ability

to localise in vascular regions, complexities are limiting their potential.

Mesoporous silica nanoparticles (MSNPs) on the other hand have shown therapeutic benefits
in vascular settings. MSNPs allow high drug loading and controlled release of their cargo. Wei
et al. investigated honokiol-loaded MSNPs (HNK-MSNPs) for restenosis prevention [211]. In
a rat carotid balloon injury model, periadventitial application of HNK-MSNPs markedly
reduced neointimal formation at 14 days, with a ~72% decrease in intimal area and ~65%
reduction in intima-to-media ratio compared to free honokiol. However, this study lacked a
comprehensive toxicity screen of MSNP nanoparticles in key vascular cells such as endothelial
cells [211]. Regardless, this work underscores the potential of silica-based carriers to enhance

efficacy of otherwise poorly retained drugs.
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Together, these examples demonstrate the promise of inorganic nanoparticles in vascular drug
delivery, enabling targeted retention and possible therapeutic benefits. However, concerns
remain around long-term toxicity and the complexity of manufacturing reproducible
formulations [212, 213]. These limitations have thus far hindered translation into clinical

vascular applications.

4.1.3.2 Limitations of current platforms

While nanoparticle platforms show promise, their clinical translation is limited by concerns

over toxicity and the complexity of manufacturing.

Toxicity

Toxicity remains a major obstacle for nanoparticle translation, with both organic and inorganic
platforms demonstrating adverse effects in clinical and preclinical studies. Some liposomal
formulations such as cationic liposomes used for drug encapsulation have been consistently
associated with toxicity when systemically delivered, limiting their widespread clinical use
[214, 215]. Similarly, polymeric platforms, while generally regarded as safe, have been
reported to exacerbate vascular inflammation under certain conditions. Xiong et al.
demonstrated PLGA nanoparticles increased the release of TNF-a when tested on macrophages
in vitro, exhibiting up to a 3-fold increase compared to untreated cells [216]. Furthermore,
PLGA nanoparticles have been shown to induce acute brain ischemia after intravenous
injection in rats [146]. Among inorganic systems, intravenous administration of mesoporous
silica nanoparticles has been shown to induce vascular endothelial damage as measured by
reductions in endothelial nitric oxide production and increase release of inducible nitric oxide

synthase, an enzyme produced under inflammatory stress [217]. A similar study highlighted
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that intravenous injection of silica nanoparticles in mice could increase blood platelet
aggregation, leading to a thrombogenic environment [218]. These findings underscore even
widely studied platforms can provoke significant toxicity or vascular inflammation that limit
their clinical potential, especially for vascular applications where these platforms are exposed

to systemic blood flow.

Equally concerning are biodistribution patterns that reveal substantial off-target accumulation
of nanoparticles in sensitive organs. Nanoparticles are commonly cleared by the liver and
spleen after intravenous injection due to the presence of mononuclear phagocytic system
(MPS) cells in these organs [219]. However, some platforms have been shown to undergo
systemic distribution and accumulate in vital organs which are unable to properly clear the
particles, leading to off-target effects. In in vivo biodistribution studies, PLGA nanoparticles
have been reported to accumulate in the brain. Semete et al reported approximately 13% of
PLGA nanoparticles localised in the brain after 7 days post-oral administration in mice [220].
Such high concentrations of PLGA nanoparticles in the brain can lead to acute damage to
neuronal tissue as observed by Poulios et al [146]. Inorganic nanoparticles such as gold
nanoparticles also show undesirable biodistribution for vascular applications. One study
performed tail vein injections of gold nanoparticles in rats and showed distribution not only to
liver and spleen, but also to the heart and brain within 24 hours, raising concerns about
unintended cardiac and neurological exposure [221]. These findings emphasise that both
organic and inorganic platforms suffer from poor toxicity and biodistribution profiles, which

directly limits their progression into clinical settings.

Complex manufacturing
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Another major limitation of current nanoparticle platforms is the complexity of their
manufacturing processes. Many platforms require multi-step wet chemistry protocols to
achieve reproducible drug loading and surface functionalisation. For instance, polymeric
nanoparticles such as PLGA often demand emulsification-solvent evaporation followed by
multiple purification steps, thereby requiring approximately 2-3 days to successfully
functionalise the nanoparticle surface with therapeutic cargo [207]. Similarly, inorganic
nanoparticles are mostly chemically inert and/or hydrophobic and therefore require chemical
linker molecules to immobilise drugs [222, 223]. This often translates to a time-consuming and

expensive functionalisation process ultimately unsuitable for scalable production.

Furthermore, in order for drug conjugation to occur with a nanoparticle platform, some sort of
chemical conformational change must take place. As a result, it is imperative that drug
functionality is not impaired post-conjugation, a phenomenon seen across some current
platforms. For instance, van der Valk et al. successfully developed a liposomal based
nanoparticle encapsulating the corticosteroid prednisone which demonstrated targeted
accumulation to sites of atherosclerotic plaques in patients with iliofemoral atherosclerosis
[224]. However, there was no observed reduction in arterial inflammation, a response expected
to be seen due to prednisone’s potent anti-inflammatory properties. Although there could be
several reasons for this, it is believed that encapsulation of prednisone with the liposome
impaired drug function, resulting in poor efficacy [224]. Similarly, in a separate study, gold
nanoparticles reported a 50% and 89% loss of bioactivity for L218C and D453C enzymes
respectively post-functionalisation [225]. Together, these findings underscore that nanoparticle
translation is constrained not only by the technical demands of complex drug functionalisation,

but also by the potential loss of drug activity following conjugation or encapsulation.
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Overcoming these barriers will be critical for developing clinically viable platforms for

vascular applications.

4.1.3.3 Plasma polymerised nanoparticles

Plasma polymerised nanoparticles (PPN) represent a new class of drug carriers designed to
overcome the limitations of conventional nanoparticle platforms in cardiovascular applications
[226]. They are synthesised through plasma polymerisation, a process in which a monomer gas
is introduced into a vacuum chamber and exposed to an energetic plasma source, inducing
polymerisation and the formation of functional plasma. While this technique has traditionally
been used to deposit thin polymer films for industrial processes including plasma etching,
lithography, and semiconductor manufacturing [227], it can also give rise to so-called “dusty
plasmas,” where charged nanoclusters aggregate into particulates within the plasma volume
[228]. Once considered contaminants, these particulates share many of the same chemical
functionalities as plasma coatings and can be harnessed as stable, functional nanoparticles for
biomedical use. In practice, PPN are generated via radiofrequency plasma polymerisation using
carbon-based precursors, during which reactive nanoclusters aggregate into charged
nanoparticles that diffuse out of the plasma and deposit onto exposed surfaces including tissue
culture well plates (Figure 4.3) [226, 229]. The result is a carbon-based nanoparticle with a

highly reactive surface chemistry.
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Figure 4.3: Formation and collection of PPN

Schematic showing how the formation of protoparticles in the plasma volume (phase 1) results from
reactive plasma polymerisation of carbon-based precursors. Protoparticles (nanoclusters) rapidly
aggregate to form spherical PPN with reactive surfaces (phase 2). PPN are dragged out of the plasma
once they reach a critical size by iron drag and thermophoretic forces, and can be collected using a
tissue culture well plate (phase 3). RF = radiofrequency; -CN = cyano-radical; -CH = methylidyne-
radical

The physical and chemical properties of PPN can be tailored by altering plasma conditions
during synthesis, enabling the generation of nanoparticles with unique surface reactivity and
stability. Using a reactive mixture of acetylene, nitrogen and argon in the plasma
polymerisation process creates a functional PPN surface characterised by free radical species
such as cyano-radical and methylidyne-radical [226]. When removed from the vacuum
chamber, atmospheric oxygen reacts with these radicals, restructuring the PPN surface and
producing amine and carboxyl functional moieties. These surface functional groups facilitate
the rapid attachment of multiple molecules of various sizes in a simple one-step incubation
process, bypassing the need for chemical linkers or complex wet chemistry procedures which
have stymied the clinical use of other nanoparticle platforms [230]. Whilst doing so, PPN also
maintains cargo bioactivity post-conjugation. In aqueous solution, PPN acquire a positive net
charge at neutral pH due to the protonation of functional groups. Surface charge and stability
of PPN can be fine-tuned by changing the pH of the suspension solution, improving surface

hydrophilicity and increasing surface reactivity depending on the type of molecular cargo
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[226]. Post-synthesis, PPN can be stored at room temperature for at least 16 months without
losing functionality, demonstrating a long shelf-life [229]. As such, PPN reduces the
complexity, time and cost of manufacturing and functionalisation compared to other

nanoparticle platforms, making it more suitable for up scaled commercial production.

In addition, PPN have shown significant promise for functional therapeutic applications.
Delivery of PPNs with siRNA against the vascular endothelial growth factor (siVEGF) were
successfully transfected in primary endothelial cells (hCAECs), a cell line notoriously difficult
to transfect, and proved to significantly decrease VEGF expression compared with commercial
lipid-based nanoparticle platforms carrying 150-fold higher siVEGF concentrations [230]. In a
different in vitro setting, PPN effectively delivered the anti-proliferative drug paclitaxel
resulting in an increase in apoptotic cells [230]. This demonstrated that PPN could conjugate
and deliver multiple types of cargo whilst improving their biological function when compared
to other nanoparticle platforms. Similar results were seen in vivo, with PPN carrying a
combination of siVEGF and paclitaxel effectively reducing orthotopic breast tumours in mice
[230]. Furthermore, PPN have undergone extensive toxicity studies in vitro and in vivo, and
have demonstrated extremely low toxicity profiles [231]. These studies have highlighted PPN
as a safe, easy to use nanoparticle platform which can effectively deliver therapeutic cargo.
This makes PPN a promising nanoparticle platform that could potentially overcome issues with
current drug delivering vascular devices. However, the biodistribution and retention

capabilities of PPN still need to be examined before pre-clinical evaluation can take place.

4.1.4 Therapeutic rationale for MCC950 and IL-10
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As highlighted in section 2.2.3 of this thesis, selective anti-inflammatories have emerged as
promising drug candidates for treatment of vascular injury post-endovascular intervention.
MCC950 and IL-10 represent two leading candidates that have demonstrated potent anti-

inflammatory effects combined with pro-healing capabilities.

4.1.4.1 MCC950

MCC950 is a small-molecule drug that has generated considerable interest for its ability to
selectively block the NLRP3 inflammasome, a cytosolic multiprotein complex strongly
implicated in vascular inflammation and restenosis [232]. MCC950 was first identified through
high-throughput screening efforts at The University of Queensland and Trinity College Dublin
as a potent, selective inhibitor of the NLRP3 inflammasome [233]. Originally characterised in
the context of inflammatory diseases such as rheumatoid arthritis, it quickly gained attention
for its potential in other applications. Its specificity and potency made it a valuable tool for
inhibiting sterile inflammatory pathways and has increasingly emerged as a promising
cardiovascular therapy. A study investigating atherosclerotic lesion development in
apolipoprotein E—deficient mice showed MCC950 treatment significantly reduced the
development of atherosclerotic lesions as determined by average plaque size and plaque
volume [234]. This was the first study to highlight MCC950’s potential in vascular settings.
Importantly, additional studies suggest that MCC950 targeting of the NLRP3 inflammasome
does not compromise activation of other inflammasomes critical to pathogenic inflammation
[235]. For instance, MCC950 does not inhibit the NLRC4 inflammasome, a key component of
the pathogenic immune response which secretes low levels of IL-1 and TNF-a in the presence
of pathogens such as Gram-negative bacteria [233]. These studies point to MCC950 as a

specific inhibitor of NLRP3-mediated sterile inflammation common to vascular injury, while
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still allowing other nontargeted inflammatory pathways to perform basic immune pathogenic
functions such as fighting infection. MCC950 selectively prevents NLRP3 inflammasome
assembly by inhibiting ASC oligomerisation, distinguishing it from broader anti-inflammatory
agents which act on upstream pathways or cytokine products and broadly suppress immune
function [232]. This selectivity makes MCC950 particularly attractive for addressing sterile

vascular inflammation associated with restenosis, without compromising host defence.

The rationale for using MCC950 after vascular injury stems from the central role the NLRP3
inflammasome plays in sterile inflammation leading to vascular inflammation [236].
Endothelial denudation and medial injury during angioplasty or stent deployment release
damage-associated molecular patterns (DAMPs) that trigger NLRP3 activation [237]. In a two-
step priming and activation model, NLRP3 assembles with ASC and caspase-1, cleaving pro-
IL-1B and pro-IL-18 into their mature forms [238]. These cytokines amplify inflammation,
recruit inflammatory cells and stimulate smooth muscle cell proliferation leading to restenosis
[87]. Concurrently, caspase-1-mediated cleavage of gasdermin D induces pyroptosis, an
inflammatory form of programmed cell death [239]. Pyroptotic cells release further cytokines

and DAMPs, fuelling a self-perpetuating cycle of vascular inflammation and remodelling.

By targeting NLRP3 directly, MCC950 has the ability to inhibit this inflammatory cascade.
Chapter 3 in this thesis highlighted the selectivity of MCC950, reducing neointimal hyperplasia
and promoting endothelialisation in a murine vascular grafting model. This study confirmed
that selectively inhibiting NLRP3 inflammasome formation was an effective strategy for
preventing restenosis. However, a more optimised delivery strategy for MCC950 needs to be

developed in order to see its efficacy in other endovascular device settings.
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In summary, MCC950 offers a highly targeted approach to disrupt the inflammatory processes
that drive restenosis after endovascular intervention. By halting both cytokine-mediated
inflammation and pyroptotic cell death, it directly addresses the key mechanisms of neointimal
hyperplasia. These characteristics make MCC950 an excellent candidate for localised delivery,
especially when paired with platforms like plasma polymerised nanoparticles that can enhance

retention at the injury site.

4.1.4.21L-10

Interleukin-10 (IL-10) is an anti-inflammatory cytokine originally described as a cytokine
synthesis inhibitory factor due to its ability to suppress pro-inflammatory responses in T-helper
cells [240]. Since then, IL-10 has been recognised as a key regulator of immune balance,
limiting damaging inflammation while promoting resolution and repair [241, 242]. This dual
role has positioned IL-10 as an attractive therapeutic candidate in a range of inflammatory

diseases, and increasingly as a potential intervention for vascular injury and restenosis.

The therapeutic rationale for IL-10 lies in its ability to shape the macrophage response
following vascular injury. After angioplasty or stent implantation, endothelial denudation and
vessel wall trauma trigger rapid recruitment of circulating monocytes, which differentiate into
macrophages at the injury site [87]. In the presence of inflammatory signals, these macrophages
adopt a pro-inflammatory M1 phenotype, secreting high levels of TNF-a, IL-1p, and reactive
oxygen species. This M1-driven environment promotes smooth muscle cell proliferation and
extracellular matrix deposition, driving the development of neointimal hyperplasia [243]. IL-
10 acts through its receptor and downstream JAK-STATS3 signalling to inhibit NF-kB-mediated

transcription of these pro-inflammatory mediators, while simultaneously inducing a shift

94



toward the anti-inflammatory M2 phenotype [244, 245]. M2 macrophages are characterised by
secretion of IL-10 and TGF-B, upregulation of scavenger and mannose receptors, and
production of pro-healing factors that support angiogenesis, matrix remodelling, and
endothelial repair [246]. This M 1-to-M2 transition reprograms the local immune environment

from one that perpetuates inflammation to one that promotes resolution and vascular healing.

Evidence from preclinical studies supports this immunomodulatory role in the setting of
vascular injury. In a hypercholesterolemic mouse model of restenosis, knocking-out IL-10
resulted in a significant 1.9-fold increase in neointima hyperplasia compared to non-IL-10
knock-out controls [247]. Conversely, IL-10 overexpression in the same mouse model led to a
45% reduction in neointima formation, with a significant reduction in pro-inflammatory
cytokine secretion. Furthermore, Li et al developed a platelet membrane coated PLGA
nanoparticle for encapsulation of IL10 and evaluated the platform in a rat model of angioplasty-
induced vascular injury [124]. In vitro, the IL-10 nanoparticle formulation effectively drove
macrophage polarisation towards the ant-inflammatory M2 phenotype and promoted
endothelial function, translating to decreased neointima areas at 14 days in vivo. Taken
together, these studies highlight IL-10 as a uniquely suited therapeutic candidate for post-
angioplasty vascular injury. By actively shifting macrophage populations towards a pro-
healing phenotype while supporting endothelial recovery, IL-10 offers an immunomodulatory

mechanism that directly addresses the inflammatory drivers of restenosis.

As shown in Li et al’s study, freely delivering IL-10 inside the vasculature results in poor

efficacy, most likely due to poor drug retention because of wash out [124]. The authors here
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highlight the need for a drug carrying vessel to improve such properties, concluding that
nanoparticles show promise. In this chapter, we evaluate PPN as a platform to improve IL-10

delivery, expanding it’s potential as a therapy in endovascular interventions.

4.-2 Methods

4.-2.1 Plasma polymerised nanoparticles (PPN) synthesis

The PPN were synthesized in reactive dusty plasmas via plasma polymerization from
acetylene, nitrogen, and argon using low pressure (200 mTorr), radiofrequency discharges
(13.52 MHz), as previously described [226]. Nanoparticle formulations were synthesized in
this study to assess the biodistribution and toxicity/biosafety profiles of the PPN, as well as
their ability to delivery biological cargo. The plasma parameters, including the input power,
gas flow rates, and discharge pressure, were chosen based on previous studies [226]. The PPN
were collected from the plasma discharge using 24-well polystyrene plates (CLS3524, Merck,
Darmstadt, Germany), as previously described [229]. This method allowed for the controlled
collection and post-synthesis handling of high yields of PPN with well-defined physical and
chemical properties and without inducing nanoparticle aggregation. The nanoparticles were
then resuspended directly from wells under sterile conditions with RT-PCR-grade water

(4387936, Life Technology, Carlsbad, CA, USA).

4.-2.2 Physical characterisation of PPN

The hydrodynamic size and zeta potential of the PPN were measured using a dynamic light-
scattering Zetasizer Nano ZS system (Malvern Panalytical, Almelo, The Netherlands). PPN

were dispersed in RT-PCR-grade water and transferred to disposable folded capillary cells
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(DTS1070, Malvern Panalytical, Almelo, The Netherlands). The hydrosizes and zeta potentials

were then measured for each sample.

4.-2.3 Preparation of Zr radiolabelling

The following methods (section 4.2.3 — 4.2.6) were performed by the Centre for Advanced
imaging at the University of Queensland. Final report with data was prepared by Dr Karine
Mardon, Dr Nick Fletcher and James Humphries, and figures were reconfigured for the purpose
of this thesis. Zirconium-89 (**Zr) was provided by Austin Health in 0.05 M Oxalic acid. Prior
to labelling, the ¥Zr was neutralised to pH = 8-9 with 10% v/v 1M Na,COs. An equal volume
of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (0.5 M, pH 7) was
added. Specific activity (Megabecquerels/mL, MBg/mL) was calculated with a Capintec CRC-

25 dose calibrator.

PPN was conjugated with a hexadentate chelator, desferrioxamine (DFO), and suspended in
HEPES buffer (0.5 M, pH 7). PPN-DFO was then mixed with ¥Zr from the working solution
at a ratio of 1 MBq per 10° PPN. The reaction was incubated at room temperature without
shaking for 30 minutes prior to assessment of radiolabelling efficiency and radiochemical

purity.

4.-2.4 In vitro serum stability of 3°Zr-PPN

Serum stability measurements were also evaluated for the potential degradation and
transmetalation behaviour of the labelled compounds. An aliquot of 3Zr-DFO-PPN (10 MBq,
simplified as PPN-%Zr in subsequent text) was transferred to an Eppendorf tube containing an

equal volume of human serum (H4522, Sigma). The resultant mixture was maintained at 37 °C
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in a humidified incubator for 8 days and periodically assessed with
diethylenetriaminepentaacetic acid (DTPA) to determine ¥ Zr transchelation using the radio-
instant thin-layer chromatography (radio-iTLC). Briefly, a 2 puL aliquot of radiolabelling
reaction mixture was spotted on silica-impregnated TLC paper. A further 2 pL aliquot was
taken and mixed with DTPA (5 pL, 5 mM) for 5 minutes. The DTPA-containing conjugate
radiolabelled sample was spotted on TLC paper and subsequently run with 50:50 v/v H20:
Ethanol mobile phase. TLC plates were then visualised on an Eckert & Ziegler Mini-Scan and
Flow-Count iTLC Reader. The area-under-curve (AUC) was calculated for all peaks. In this
solvent system, ¥Zr bounding to the DFO-PPN conjugates and free 3°Zr (if present) would
have an Rf~0, while 3°Zr chelated by DTPA (¥Zr-DTPA) and 3°Zr-DFO (if present) would have
an Rf~1.The sample was vigorously mixed prior to sampling each time to account for settling

of labelled particles.

4.-2.5 In vivo imaging and biodistribution

All the animal procedures were approved by The University of Queensland Animal Ethics
Committee (AEC Approval Number: 2022/AE000841). All protocols confirm to the NHMRC
animal welfare guidelines. Healthy male Sprague Dawley rats (291 + 62.9 g) from 10-12 weeks
old were obtained from The University of Queensland Biological Resources. Zr-radiolabelled
carbon-based nanoparticles (*Zr-PPN) were administered intravenously to rats. For PET/CT
(Positron emission tomography/Computed tomography) imaging, a total of 18 healthy male
Sprague Dawley rats were anaesthetised using an anaesthetic chamber (3% isoflurane in
oxygen at a flow of 2L/min, IsoFlo, Abbott Laboratories), a catheter was inserted into the lateral
tail vein before the animal being placed in the Si78 PET/CT scanner (Bruker, Germany). Rats

were maintained under 1 to 2% isoflurane in air-oxygen mixture at a flow rate of 1L/min for
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the duration of the imaging session and monitored by a breathing pillow (SA Instrument, USA).
A single intravenous injection of °Zr-PPN was performed with a total injected volume 300
puL/animal, containing no greater than 15 MBq of radioactive compound in a solution of 1M of
Phosphate buffer saline (PBS)(pH 7.4). %Zr-PPN was infused slowly over one minute period.
A 60 min dynamic PET scan was started simultaneously with the radiotracer injection and was
followed by a 5 min CT attenuation scan for 1 hour. Rats were also imaged with static scans,

at 24 hrs, 48 hrs, 72 hrs, and 8 days after radiotracer injection.

For PPN biodistribution, rats received ¥Zr-PPN via intravenous injection and were sacrificed
at different time points (n=3 per time point; 1 hr, 4 hrs, 24 hrs, 48 hrs, 5 days and 8 days).
Organs were removed, weighed and conducted ex vivo gamma-counting analysis using a
gamma counter (Wizard 2480, Perkin Elmer, USA). Data were decay corrected to the time of

the radiotracer injection and results expressed as percentage of injected dose per gram of tissue

(%ID/g).
4.-2.6 Biodistribution data processing and analysis

The CT images were acquired through an X-ray source with the voltage set to 60 kV and the
current set to 600 pA with an isotropic resolution of 200 um. The total CT scanning process
took approximately 5 minutes. The CT images were reconstructed using a Feldkamp cone beam

back-projection algorithm using Paravision 360 (version 3.4) (Bruker, Germany).

For the dynamic PET data acquisition, the emission data were normalized and corrected for
decay. The list-mode data were sorted into 41 frames (10 x 30 sec, 25 x 60 sec, 6 x 300 sec
time frames). The resulting sinograms were reconstructed with Paravision 360 (v3.4) using a
0.5mm 3D-maximum likelihood expectation-maximization iterative image reconstruction
algorithm. Fusion of CT and PET images and definition of region of interest (ROIs) were

performed using PMOD version 4.4 (Bruker, Germany). For each PET image, 3D region of
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interest (VOI) was drawn over organs of interest guided by the CT. Activity per voxel was
converted to nCi/cc using a conversion factor obtained by scanning a cylindrical phantom filled
with a known activity of ®Zr to account for PET scanner efficiency. Activity concentrations
were then expressed as percent of the decay-corrected injected activity per cm? of tissue that
can be approximated as percentage injected dose per gram of tissue (%ID/g). All data were
decay corrected to the time of injection of the radiotracer. The mean value in each VOI was
used to generate regional time activity curves (TACs). Individual TACs were normalised by

the injected dose and results were expressed as % ID/g.

4.-2.7 In vitro stimulation assay

PPN (5 x 10° PPN/mL) were conjugated to IL-10 (1.65 pg/mL) or MCC950 (3.65 pg/mL) in
RT-PCR Grade nuclease free (NFW) water for 30 mins at room temperature. For IL-10
functionality test, J774a.1 murine macrophages were seeded into 96-well plates (2 x 10*
cells/well) followed by treatment with liposaccharide (LPS) (1 pg/mL). Cells were left for 30
mins, followed by treatment with either PPN (5 x 10’ PPN/100uL), free IL-10 (16.5 ng/100uL)
or PPN-IL10 (corresponding doses for both PPN and IL-10 taken from PPN-IL10 conjugation)
and left to incubate for 24 hours. Supernatant was taken to perform TNF-a ELISA (ab208348)
and the cells were fixed and stained for F-actin using Phalloidin and nuclei was stained using
propidium iodide. For MCC950 functionality, J774a.1 murine macrophages were again seeded
into 96-well plates (2 x 10* cells/well) followed by treatment with LPS (1 pg/mL). Cells were
left for 90 mins, treated with either PPN (5 x 107 PPN/well), free MCC950 (36.5 ng/100uL) or
PPN-MCC950 (corresponding doses for both PPN and MCC950 taken from PPN-MCC950
conjugation), and left for another 90 mins before being treated with adenosine triphosphate

(ATP) (1.25 mM), followed by a 24-hour incubation period. Supernatants were then collected
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and analysed using ELISA for IL-1B (ab197741) and TNF-a (ab208348) according to
manufacturer’s instructions. As done for the IL-10 functionality test, cells were fixed and
stained for F-actin using Phalloidin and nuclei was stained using propidium iodide. Cells were

imaged using IncuCyte® Live-Cell Analysis microscope.

4.-2.8 Transmission and scanning electron microscopy

Carotid artery samples designated for scanning electron microscopy (SEM) were initially cut
open and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB) for 1 h. Samples then
underwent secondary fixation in 2% osmium tetraoxide (ProSciTech) with 0.1 M PB for 1 h.
After washing in 0.1 M PB 3 times, samples were dehydrated in increasing concentrations of
ethanol and dehydrated in hexamethyldisilane (Sigma Aldrich, MO, USA), and dried in a
desiccator overnight. Samples were mounted on SEM stubs (ProSciTech) with the lumen side
facing up, and coated with a 10 nm layer of sputtered gold (Emitech K550X). Samples were

imaged on the Zeiss Sigma VP HD Scanning Electron Microscope.

IL-10 (1.65 pg/mL) was conjugated to 10nm gold nanoparticles (ab269933) as per
manufactures instructions. 1L10-gold conjugates were then conjugated to PPN (5 x 10°
PPN/mL) and prepared for transmission electron microscopy (TEM). For TEM imaging, PPN-
IL10-gold conjugates were collected on a 300-mesh grid with an ultrathin carbon film
supported by a lacey carbon film (ProSciTech). Imaging was performed with a FEI Tecnai T12

Transmission Electron Microscope (TEM) at an acceleration tension of 120 kV.

4.-2.9 Rat carotid injury model
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Study was approved by the University of Sydney Animal Ethics Committee (protocol number
2022/AE002093). Experiments were conducted in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific Purpose. Sprague Dawley rats (male,
10-11 weeks) were obtained from Animal Resources Centre (Perth, WA, Australia). PPN (1 x
10° PPN/mL) were conjugated to IL-10 (0.33 ug) or MCC950 (0.73 pg) in RT-PCR Grade
NFW for 30 mins at room temperature. Samples, including a PPN only group (1 x 10°
PPN/mL) were spun down in a microcentrifuge for 5 mins at 21 000 g, supernatant was
removed and PPN pellet was resuspended in saline. Free IL-10 (0.33 pg/mL) and MCC950
(0.73 ng/mL) in saline were also prepared. Injury was performed to the left carotid artery and
treatments were performed as previously described [248]. Briefly, the right carotid artery was
isolated and clamps were placed approximately 1.5 cm apart on the exposed artery. A small
incision was then made on the proximal side of the artery and blood was washed out using
heparinised saline. Microforceps (World Precision Instruments 500373-T) were inserted
through the small incision and expanded inside the artery five times. A 22g catheter was then
inserted in and out of the artery a further five times for denudation. The artery was then flushed
using heparinised saline, and 50 pL of respective samples was injected slowly into the artery
through the proximal incision using a separate 22g catheter and syringe. Treatment catheter
remained inserted inside the artery for 2 mins to allow proper drug retention. The incision was
then closed using 9-0 silk sutures and blood flow was restored. After 14 days, the injured

section of the carotid was explanted and animal was euthanised. One artery per rat underwent

surgery.

4.-2.10 Retention study
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PPN (5 x 10° PPN/mL) was conjugated with CF750 (830 ng/mL, Sigma-Aldrich, MX750S100)
fluorescent tag following the same protocol outlined above. Rat carotid injury was performed,
and either PPN-750 or free 750 was delivered into the artery. After 1 and 5 days, the injured
section of artery was explanted and immediately taken for fluorescence imaging using an in
vivo imaging system (IVIS). Excitation and emission wavelengths were set at 755 nm and 777

nm, respectively.

4.-2.11 Histology and immunohistochemistry

Explanted samples were fixed in paraformaldehyde (4%) overnight at room temperature before
being dehydrated through an ascending ethanol gradient and embedded in paraffin wax.
Samples were then sectioned transversely at 5 pm using a microtome. For histology staining,
five slides from equidistant points along the artery were deparafinized, rehydrated, and stained
with haematoxylin and eosin (H&E) stain. The same procedure was conducted for
immunohistochemistry staining using the primary antibody against von willebrand factor
(VWF, 1:100, ab287962) and a secondary antibody against rabbit (1:250, ab6564). Sections
were mounted and cover slipped with DAPI-containing mounting media (Sigma Fluoroshield

with DAPI, F6057).

4.-2.12 Quantitative analysis

Analysis of histology and immunohistochemistry slides was done using ImageJ. For H&E
staining, neointimal hyperplasia area was calculated and presented as a percentage of total
lumen area to give percentage of vessel occlusion. vVWF positive lumen coverage was

quantified by first measuring the lumen circumference, followed by measuring the length of
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endothelium showing positive vVWF staining. Lumen coverage was then calculated as length of

vWF positive staining divided by lumen circumference.

4.-2.13 Statistical analysis

Data are expressed as mean + standard error of the mean. Analysis was performed in GraphPad
Prism 9 (Graphpad Software, San Diego, California) and statistically significant differences
were determined by t-test or one-way analysis of variance followed by Dunnett's multiple
comparisons test. P < 0.05 was considered statistically significant. *, **  *** and **** digplay

P <0.05,P<0.01,P<0.001, and P <0.0001 respectively.

4.3 Results

4.3.1 Radiolabelling PPN for biodistribution study

To assess PPN biodistribution, PPN was radiolabelled with Zirconium-89 (PPN-¥Zr). The
synthesis of PPN-¥Zr consisted of 2 steps (Figure 4.4A). First, PPN was complexed with
siderophore-derived, acyclic chelator desferrioxamine (DFO), bearing the hydroxamate
groups, and then PPN-DFO was complexed with ®Zr. In preparation for animal injection,
serum stability of PPN-%Zr was examined. PPN exhibited good retention of the ¥Zr
radionuclide at day 0 (Figure 4.4B), 1 (Figure 4.4C) and 8 (Figure 4.4D), with minimal activity
appearing in a second peak (highlighted in yellow) representing **Zr coordination to the added
competitive DTPA chelator. Over the 8 days, only 8.01% transchelation or degradation was
apparent during incubation with human serum (Table A1). These results indicated that PPN-

897r was stable over the time course required for subsequent animal in vivo imaging studies.
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Figure 4.4: Stability of PPN-%Zr in vitro
A) Schematic illustration of the conjugation process for PPN and ¥Zr. B-D) Stability of PPN-**Zr in
human serum at day 0 (B), 1 (C) and 8 (D).

4.3.2 PET/CT scan biodistribution

Following the quality and stability assessments of PPN-¥Zr, radiolabelled PPN-%Zr were
administered to healthy male Sprague Dawley rats via an intravenous bolus injection for
biodistribution studies using PET/CT scanning. A 60-minute dynamic PET/CT scan using a
Bruker Si78 scanner was initiated at the time of injection, followed by a static CT scan at
allocated time-points (Figure 4.5A). Using PET/CT image quantification, there was a
significant increase in PPN-*"Zr accumulation in organs, particularly the liver and spleen,
within minutes after injection and gradually decreased or stabilised within the first 1 h. Within
the first 5 min, 13.26 + 2.47 %ID/g and 11.79 + 2.94 %ID/g PPN-%Zr was found in the liver
and spleen, respectively. Relatively smaller amounts were found in the kidney (0.24 + 0.04
%ID/g), stomach (0.22 + 0.137 %ID/g), lung (1.11 = 0.122 %ID/g), and heart (1.124 £+ 0.144

oID/g igure 4.5B). Notably, no detectable ->Zr was observed in the brain.
%ID/g) (Fi 4.5B). Notabl d ble PPN-¥Z b d in the brai
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Representative images of the organs between 60 seconds and 210 seconds support this rapid
accumulation in the spleen and lungs, with very little signal being visible in any other organs

(Figure 4.5C).

Following PPN clearance from the blood circulation, subsequent static CT scans at 1, 2, 3, and
8 days post-injection were performed. Across all time points, the liver and spleen showed the
highest PPN accumulation (Figure 4.5D). In liver, PPN-¥Zr levels were relatively stable post-
injection with a decreasing trend by day 8 (day 1: 7.80 + 0.73 %ID/g, day 2: 9.71 + 0.83 %ID/g,
day 3: 5.46 = 0.60 %ID/g, and day 8: 6.96 + 1.21 %ID/g). Meanwhile, on days 2 and 3, there
was a significant increase in PPN-¥Zr accumulation in the spleen (day 2: 11.8 + 0.37 %ID/g,
day 3: 15.59 £ 0.59 %ID/g), which decreased to 8.99 +0.70 %ID/g by day 8. Less accumulation
was observed in the kidney (1.0+0.33 %ID/g) and stomach (0.74+0.48 %ID/g) at 8 days post-
injection. Throughout the scanning period, signal activity in the heart, lung, brain, and bone
remained low (<0.5 %ID/g), with no significant changes up to 8 days post-
injection. Representative images highlight PPN localisation in the liver and spleen across all

time points (Figure 4.5E).
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Figure 4.5: PET/CT biodistribution of PPN

A) Schematic design of biodistribution studies using PET/CT scanning in rats. B) Dynamic PET scan
showing tracer distribution up to 1-hour period. %ID/g: Percentage of injected dose per gram of tissue.
C) Representative PET/CT images at 60 seconds, 90 seconds, 180 seconds and 210 seconds. D) PET/CT
image analysis showing PPN-%Zr biodistribution at 1 hour, and 1-, 2-, 3, and 8-days post-injection. E)
Representative images highlighting nanoparticle localisation at each time point. Data represents mean
+ SEM (n = 3).
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4.3.3 Ex-vivo gamma-counting clearance analysis

To further support the safety of PPN for clinical applications, PPN-%Zr biodistribution and
clearance was determined by dissection and gamma counting. Upon sacrifice, ex vivo gamma-
counting was performed in the blood and major organs at 1 hour, 4 hours, 1 day, 2 days, 5 days,
and 8 days post-injection (Figure 4.6A). The relative percentage of PPN-*"Zr remaining in the
body throughout the 8-day time course was investigated to determine the propensity for PPN
to clear from the body. There was a steady decrease of PPN-¥Zr retention in the liver over
time, from the initial 73+5.7% at 1 h down to approximately 29.3+5.4% by day 8 (Figure
4.6B). The spleen showed a more stable retention profile, approximately 6.1+1.0% remained
on day 8. There were minimal levels of PPN persisting in the blood, heart and lungs, indicating
an efficient systemic clearance and minimal long-term retention of PPN. Collectively, these

results demonstrated that both the liver and spleen are the primary sites of PPN uptake.
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Figure 4.6: PPN in vivo clearance

A) Schematic design of ex-vivo gamma-counting analysis for PPN clearance. B) Clearance of PPN-
897r after intravenous injection. Results show percentage of PPN-¥Zr remaining in organs at different
time points during the study. Data represents mean = SEM (n = 3).
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4.3.4 PPN-immunotherapy conjugation and characterisation

PPN was conjugated to either IL-10 or MCC950 using a simple one-step incubation process
(Figure 4.7A). The binding characteristics of PPN to either IL-10 or MCC950 was first
evaluated using dynamic light scattering to determine the hydrodynamic size, size distribution
and surface charge of the resulting conjugates. PPN-IL10 conjugates resulted in a significant
increase in hydrodynamic size, increasing from 160.3 + 1.55 nm for PPN only to 442.2 + 9.96
nm for PPN-IL10 (p < 0.0001)(Figure 4.7B). No significant change in hydrodynamic size was
observed for PPN-MCC950 conjugates. Similarly, only PPN-IL10 showed a significant
increase in polydispersity index (0.038 = 0.02 vs 0.2 + 0.01, p < 0.0005) (Figure 4.7C), while
both PPN-IL10 and PPN-MCC showed a drop in Zeta potential highlighting a change to PPN
surface chemistry occurred as a result of conjugation (Figure 4.7D). Together, these results
highlighted IL-10 and MCC950 were successfully conjugated to PPN using a one-step

incubation process performed at room temperature.
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Figure 4.7: Characterisation of PPN conjugated with therapeutic cargo

A) Schematic demonstrating one-step incubation protocol for conjugating molecular cargo with PPN
surface. B) Hydrodynamic size of PPN and conjugates. C) Polydispersity index (PDI) of PPN and
conjugates. D) Zeta potential of PPN and conjugates. Data represents mean = SEM (n = 3). Statistical
significance is indicated by *p < 0.05, ***p < (0.001, ****p < 0.0001.

4.3.5 PPN-immunotherapy in vitro functional assessment

PPN-immunotherapy conjugates were then subject to functional tests specific to their drug type
and mechanism of action (Figure 4.8A,E). IL-10 was initially visualised bound to PPN using
transmission electron microscopy (TEM), highlighting that conjugation had occurred (Figure
4.8B). Validation of IL-10 function was conducted using an established in vitro model of
macrophage stimulation using liposaccharide (LPS) which resulted in cell swelling (Figure
4.8C) and TNF-a secretion (Figure 4.8D) in stimulated controls. Treatment of stimulated
macrophages with PPN-IL10 prevented cell swelling, with morphology more closely

resembling un-stimulated macrophages, and had no observable reduction in cell number
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compared to control. ELISA results indicated that PPN-IL10 significantly reduced TNF-a
secretion by 82% compared to stimulated control (p < 0.0001)(Figure 4.8D). This reduction
was a similar magnitude to that seen for free IL-10 at 81% compared to stimulated control (p
< 0.0001), highlighting IL-10 functionality was not impaired post conjugation with PPN.
Interestingly, PPN also significantly reduced TNF-a secretion by 46.9% compared to
stimulated control (p < 0.0001), although this was not to the same degree as IL-10 or PPN-

IL10.

MCC950 functionality was additionally validated using a modified macrophage stimulation
protocol in order to activate the NLRP3 inflammasome (Figure 4.8E). Adenosine triphosphate
(ATP) was used as a secondary priming agent post LPS-stimulation, resulting in cell death for
stimulated cells due to pyroptosis (Figure 4.8F). Treatment of stimulated cells with either PPN-
MCC950 or free MCC950 resulted in an increase in cell number compared to stimulated only
group, indicating these groups rescued cells from pyroptosis. IL-1f production occurs
specifically as a result of NLRP3 activation while TNF-a represents more broad inflammatory
activation. Therefore, secretion of IL-1B and TNF-a secretion was used as an indicator of
MCC950’s functional selectivity post conjugation with PPN. PPN-MCC950 demonstrated a
marked 82.9% suppression of IL-1f secretion compared to stimulated control (»p = 0.0003),
which was comparable to free MCC950 (82.2% reduction, p = 0.0003)(Figure 4.8G), but had
no effect on TNF-a levels (Figure 4.8H), highlighting MCC950’s selective mechanism of
action was retained post-conjugation to PPN. As above, PPN showed a slight 16.3% reduction
in TNF-a secretion (p = 0.0329), but did not show any significant decrease in IL-1p levels or

an ability to rescue cells from pyroptosis.
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Figure 4.8: In vitro functionality of anti-inflammatories post-conjugation with PPN

A) Schematic showing in vitro model used to validate PPN-IL10 functionality. B) TEM image of PPN-
IL10 (gold-tagged). Scale bars represent 200 nm and 100 nm for back image and insert, respectively.
C) Representative images of macrophages after stimulation protocol. Nucleus is visible in green and
actin visible in red. Scale bar represents 100 pm. D) Tumour necrosis factor (TNF)-a secretion by non-
stimulated (control) and stimulated (stim) macrophages. All treatment groups, as well as stim group,
underwent stimulation with LPS (n = 4). E) Schematic showing in vitro model used to validate PPN-
IL10 functionality. F) Representative images of macrophages after NLRP3 inflammasome stimulation
protocol with LPS and ATP. Nucleus is visible in green and actin visible in red. Scale bar represents 100
pm. F, G) Interleukin (IL)-1B (F) and TNF-a (G) secretion by non-stimulated (control) and stimulated
(stim) macrophages. All treatment groups, as well as stim group, underwent stimulation with LPS and
ATP. All data represents mean = SEM (G: n =4, H: n =5). Statistical significance is indicated by *p <
0.05, ***p < 0.001, ****p < 0.0001.
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4.3.6 PPN retention in in vivo rat carotid injury model

The ability of PPN to improve retention of cargo was evaluated by conjugating PPN with a
near-infrared fluorescent tag (PPN-750) and delivering the conjugate in vivo in a rat carotid
injury model. Initially, the carotid artery of a rat was injured using forceps and either free
fluorescent tag (free 750) or PPN-750 was delivered into the injured area at equal doses (Figure
4.9A). After 1 and 5 days, the treated section of the artery was explanted and imaged under
IVIS (Figure 4.9B). At day 1, there was 48.8-fold greater fluorescence signal coming from the
artery treated with PPN-750 compared to free 750 (Figure 4.9C). Despite a decrease in signal
at day 5, PPN-750 still demonstrated a 3.7-fold greater signal compared to free 750, suggesting
that 750 was still present after 5 days only when conjugated to PPN. Scanning electron
microscopy (SEM) was used to visualise the extent of vascular injury and determine where
PPN was localising to. Injury using forceps and denudation ruptured the endothelium and
internal elastic lamina, exposing sub-endothelial collagen which PPN preferentially bound to
(Figure 4.9D). PPN was also observed covering un-ruptured endothelium, although to a lesser

extent.
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Figure 4.9: Retention of PPN-fluorescent tag in vivo

A) Surgical procedure of the forceps injury model in rat carotid arteries. Scale bar represents 2 mm. B)
Representative fluorescent images of explanted arteries produced by in vivo imaging on days 1 and 5.
Free 750 represents freely delivered near-infra red fluorescent tag and PPN-750 represents the same tag
conjugated to PPN. The colour gradient indicates relative fluorescence (yellow corresponds to high
fluorescence and dark red to low fluorescence. Scale bar represents 2 mm. C) Graph showing total
fluorescent intensity within respective arterial sections. Data represents mean = SEM (n = 2). D) SEM
image of injured artery showing PPN binding to sub-endothelium space and endothelium. PPN are seen
as spherical balls indicated by black arrows. Scale bar represents 1 um for the sub-endothelium and
endothelium images and 500 um for injured vessel image.

4.3.7 PPN-immunotherapy conjugates in vivo functionality

To evaluate the effectiveness of PPN-IL10 and PPN-MCC950 conjugates at reducing
neointimal hyperplasia in vivo, these groups were used as treatments during the carotid injury
model outlined above. In order to compare efficacy, an injury control without treatment, a PPN
only group and freely delivered IL-10 or MCC950 groups were also performed. In this model,

vascular injury resulted in considerable neointimal hyperplasia within the vessel lumen after
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14-days, contributing to vessel occlusion (Figure 4.10A). The percentage of vessel occlusion
was therefore quantified based on the neointimal hyperplasia area and the total lumen area.
Neither freely delivered MCC950 nor IL-10 were able to reduce neointimal hyperplasia after
carotid injury (Figure 4.10B). In contrast, PPN-MCC950 and PPN-IL10 treatment significantly
reduced vessel occlusion percentage by 61% and 63%, respectively, compared to control (p =

0.0304 and p = 0.0168, respectively).
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Figure 4.10: In vivo neointimal hyperplasia reduction by PPN-anti-inflammatory conjugates

A) Representative images of hematoxylin and eosin-stained sections after 14-day injury model showing
neointimal hyperplasia. Black dotted lines outline the neointima. Scale bar represents 100 pm. B)
Quantification of neointimal area expressed as a percentage of total lumen area and presented as
percentage of vessel occlusion. Data represents mean + SEM (n = 4-5). Statistical significance is
indicated by *p < 0.05.

The re-endothelialisation outcomes of each treatment group were additionally assessed by
measuring the percentage of endothelial coverage, indicated by vWF" staining present after 14-
days (Figure 4.11A). Arteries that underwent the injury procedure but did not obtain any
treatment (control) showed poor, incomplete endothelial coverage at 19% + 1.2% of the total
artery lumen (Figure 4.11B). Treatment with either PPN-MCC950, IL10 or PPN-IL10 showed

marked increases in endothelial coverage compared to control, correlating to 2.9-fold, 2.4-fold,
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and 2.7-fold improvements, respectively (p = 0.0001, p = 0.0013, p = 0.0003, respectively).
Collectively, these results indicate MCC950 and IL-10 have therapeutic benefits when

delivered with PPN in an in vivo carotid injury model.
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Figure 4.11: In vivo endothelialisation promotion by PPN-anti-inflammatory conjugates

A) Representative images of von Willebrand Factor (vWF) stained sections after 14-day injury model.
DAPI stained in blue, vWF stained in red. Scale bar represents 100 um. B) Quantification of vWF
positive staining within the lumen of the artery. Data represents mean = SEM (n = 4-5). Statistical
significance is indicated by **p < 0.01, ***p < 0.001.

4.4 Discussion

Endovascular intervention causes vascular injury that initiates an inflammatory cascade leading
to device failure. Current strategies using DCBs or DESs rely on non-specific anti-
proliferatives, which reduce neointimal hyperplasia in the short term but delay vessel healing
and fail to provide durable outcomes [157]. Selective targeting of relevant inflammatory
pathways while promoting endothelial repair is increasingly recognised as essential for long-
term device success, particularly as the field moves toward temporary implants that demand
rapid restoration of vessel integrity. Nanoparticle-based delivery systems offer a potential

solution, but their translation has been limited by poor biodistribution, efficacy and complex
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functionalisation protocols [213]. PPN present favourable surface properties that overcome
several of these barriers. This chapter aimed to evaluate PPN as a local delivery platform for
the selective anti-inflammatory agents MCC950 and IL-10 to improve vascular outcomes

following arterial injury.

Radiolabelling is an established method for investigating nanoparticle biodistribution in vivo.
In this chapter, PPN was radiolabelled with 3°Zr, an ideal radioisotope for PET imaging due to
its long half-life of 78.4 hours and proven compatibility with in vivo pharmacokinetics [249].
To do so, PPN was first complexed with DFO, currently the only chelator used in clinical
settings [250], and then *°Zr was added, forming a PPN-DFO-*Zr (PPN-*Zr) complex which
was used for biodistribution experiments. Serum stability of PPN-*"Zr was evaluated prior to
animal injection and showed excellent stability with minimal degradation in human serum.
PPN-¥Zr is notably more stable than 3°Zr-DFO-liposome, where the radiolabel retention was
reduced to 83% after 48 hours storage in vitro [251]. This confirmed the stability of the PPN-
897r complex and justified progressing with intravenous injections into rats to visualise

biodistribution.

Within the first hour post-intravenous injection, PPN-¥Zr primarily localised to the liver and
spleen. Biodistribution of nanoparticles is strongly influenced by their physicochemical
properties [252, 253]. Interestingly, the observed clearance of PPN into the liver and spleen
aligned well with its size (~150 nm), spherical shape and surface charge [226]. Typically,
nanocarriers larger than 100 nm are eliminated through the liver, while nanoparticles smaller
than 5 nm are mainly eliminated through the kidney [254, 255]. Blood flow velocity of

nanomaterials between 100-500 nm have shown to reduce up to 1000-fold as they enter and
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traverse the liver, leading to significantly higher level of cellular interactions, correlating with
increased cellular uptake [256]. Larger particles are likely to be taken in by phagocytes, such
as macrophages and/or neutrophils, and activate the mononuclear phagocyte system (MPS)
[257]. Both the liver and spleen are key sites of the MPS. The liver in particular contains a high
abundance of phagocytic Kupffer cells which are known to sequester nanosized foreign
substances including nanoparticles. The spherical shape of PPN also facilitated its
accumulation in the phagocyte rich liver and spleen as phagocytes preferentially up-take and
internalise spherical substances [258]. Furthermore, nanoparticles with positive surface charges
such as PPN are known to interact more readily with phagocytic cells, and undergo clearing
mainly by Kupfter cells and splenic macrophages. Collectively, these results highlighted that
PPN is efficiently cleared out of the blood stream and begin to accumulate in organs with
specialised processing capabilities. Importantly, this feature is attributed to the synergistic

effects of PPN’s physicochemical properties which favour the MPS.

Extended biodistribution out to 8 days showed similar trends with PET/CT imaging, revealing
the liver and spleen as the two main organs for PPN accumulation. PPN accumulation in the
liver generally declined throughout the 8 days, suggesting effective clearing by the biliary
system and probable eventual removal in feces. Conversely, PPN levels in the spleen and
kidneys largely increased over time. This trend suggested that after the initial PPN uptake in
the first 24 hours, other organs could potentially re-distribute PPN to be sequestrated in the
spleen. The increase PPN accumulation in the kidneys could also be attributed to re-distribution
of partially broken down PPN which are taken to the kidney for urinary excretion [255].
Similarly, these results could be explained by 3°Zr radiometal being released from PPN when
undergoing clearance over time, re-circulating into other organs. Importantly, negligible levels
of PPN were found in the brain and heart across the 8 days. The blood-brain barrier prevents
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the entry of pathogens and/or foreign substances from the brain vasculature to the brain. It is
well established that the majority of nanoparticle platforms are unable to cross this barrier,
making nanoparticle accumulation in the brain rare. As this study is not related to diseases
within the brain, accumulation here would be undesirable and therefore the inability to cross
the blood brain barrier (BBB) is a positive feature of PPN, reducing the risk of off-target effects.
The same is true for the heart as it is not specifically designed for clearing and breaking down
molecular substances, accumulation here can induce off-target toxicity issues. For instance,
silica nanoparticles are known to accumulate within the heart following intraperitoneal

injection in rats, leading to excessive ROS production and tissue damage [147].

Gamma-counting analysis showed the percentage of radiotracer remaining in organs from the
time of injection to 8 days, highlighting PPN-¥Zr was efficiently cleared from the liver over
time. It is important to note that PPN injections in this biodistribution study were systemically
delivered rather than locally delivered. In the context of systemic administration of
nanoparticles, retention in organs is an undesirable outcome as this can lead to organ toxicity
and off-target effects [259, 260]. Therefore, taken together, these biodistribution results indicate
that intravenous administration of PPN is rapidly cleared from the bloodstream via the MPS

with minimal accumulation in vital organs, supporting its therapeutic potential as a drug carrier.

Complex nanoparticle-drug functionalisation protocols are a key barrier to commercialisation.
The reactive surface of PPN enables direct conjugation of bioactive cargo through a simple one
step incubation process [230]. This functionalisation protocol was tested in this chapter for the
separate binding of two different anti-inflammatory molecules, the large inflammatory

regulating cytokine IL-10 and the small molecular drug MCC950. IL-10 consists of two 18.5
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kDa monomers, forming a 37 kDa dimer complex [261]. Owing to its large size, successful
conjugation of IL-10 was confirmed by an increase in hydrodynamic size and PDI. However,
the molecular weight of MCC950 is only 404.5 Da, requiring conjugation to be validated using
zeta potential whereby a subsequent drop in surface charge of PPN post-functionalisation was
observed. Although successful cargo conjugation is a common feature of nanoparticles, the
majority of current platforms rely heavily on wet-chemistry protocols and the use of chemical
linkers to attach desired cargo, adding considerable complexity and cost to manufacturing
greatly limiting their feasibility for large scale clinical use [262]. Previous approaches for
conjugating a targeting peptide to a polymer-based nanoparticle for DCB delivery required pre-
functionalisation with poly-1-lysine to produce amine and carboxylic acid functional groups on
the otherwise bare surface, as well as to stabilize the particles and prevent aggregation [263].
Similarly, liposomal nanoparticles rely on drug encapsulation methods such as thin-film
hydration which require a time-consuming solvent removal step, often taking over 24-hours
[264, 265]. Comparing these multi-step conjugation protocols common to current nanoparticle
platforms to the simple one-step incubation required to conjugate cargo to PPN demonstrates

the added utility of PPN over competing platforms.

Consistent with previous PPN studies, functionality of MCC950 and IL-10 was retained post-
conjugation in in vitro macrophage inflammatory stimulation models [230]. This is a feature
that inorganic nanoparticles struggle to overcome, with one study reporting a 50% and 89%
loss of bioactivity for L218C and D453C enzymes, respectively, following conjugation with
gold nanoparticles [225]. By implementing more advanced surface modification techniques,
inorganic nanoparticle platforms are beginning to overcome this functional hurdle, although
efficacy issues are still common with certain types of cargo [266]. Interestingly, unconjugated
PPN suppressed TNF-a secretion but did not exhibit the selective anti-inflammatory effects
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characteristic of MCC950 in the NLRP3 inflammasome stimulation assay, including no rescue
from pyroptosis or suppression of IL-1pB release. This broader immunosuppressive effect is
likely related to the highly reactive PPN surface, which readily adsorbs proteins from the
culture medium including albumin. Albumin has been shown to bind to plasma polymer
coatings with similar surface chemistries to PPN [267], and albumin itself has been reported to
attenuate TLR4 signalling in leukocytes, leading to reduced NF-«B activation and downstream
cytokine production [268]. It is therefore possible PPN is conjugating albumin when added into
the cell culture media and, when interacting with macrophages, causing alterations to receptor-
ligand interactions resulting in modest anti-inflammatory effects. Regardless, this is the first
time the functionality of two selective anti-inflammatories of different forms has been

confirmed post-conjugation with PPN, validating the platforms therapeutic potential in vitro.

PPN markedly improved vascular retention of conjugated cargo in vivo following local delivery
to injured arteries. Compared to the free fluorescent dye, PPN-750 exhibited nearly 50-fold
greater signal at day 1 and remained detectable at significantly higher levels after 5 days. These
findings indicate that unlike freely delivered 750, PPN-750 were able to stick to the damaged
arterial wall and were resistant to wash-off from blood flow. This property of PPN overcomes
the limitations of conventional drug-coated balloon and stent platforms, where poor tissue
uptake and rapid washout of hydrophilic drugs remain major barriers to efficacy [269]. To
address this, most clinical devices have relied on lipophilic drugs such as paclitaxel, whose
favourable tissue binding properties underlies its dominance despite concerns about safety.
Alternative nanoparticle carriers, including liposomes and polymeric nanoparticles, have been
investigated to improve arterial retention and potentially open the door for delivery of therapies
other than paclitaxel. Yin et al developed a PLGA nanoparticle platform that could stick to the
vascular wall by hydrogen and covalent bonding, resulting in a 525% increase in sirolimus
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retention in vivo [270]. However, to achieve this, an adhesive coating had to be applied on the
PLGA particles using in-situ UV-triggered polymerisation. Contrastingly, PPN underwent no
extra coating modification in order to achieve arterial binding, further emphasising its usability
and commercial promise. SEM imaging highlighted PPN preferentially bound to the fibrous
collagen in the subendothelial layer, indicating that PPN uptake could favour more seriously
injured arteries with ruptured internal elastic layer. Together, these results highlighted for the
first time the ability of PPN to directly adhere to injured arterial surfaces and retain cargo for
several days, positioning PPN as a unique and potentially transformative approach to local drug

delivery.

In vivo functionality of PPN-anti-inflammatory conjugates was tested in the same carotid injury
model as done for the retention study, but extended out to 14 days in order to achieve relevant
neointimal hyperplasia levels. In this model, neither freely delivered MCC950 nor IL-10
significantly reduced neointimal hyperplasia, despite both agents show promising anti-
inflammatory effects in vitro. Despite the promise of MCC950 and IL-10 as anti-inflammatory
agents, they share common limitations experienced with other vascular drug delivery
candidates regarding poor intrinsic tissue retention. Compared to paclitaxel, MCC950 has
shown to have relatively poor bioavailability and half-life of only 3.27 hours, emphasising the
need for rapid and local retention of MCC950 at a desired site [233]. Similarly, as a protein
cytokine, IL-10 is inherently unstable in circulation, prone to proteolysis and rapid clearing
[271]. These features are potentially the reason for the inability of these freely delivered drugs
to reduce neointimal hyperplasia. In contrast, when conjugated to PPN, both MCC950 and IL-
10 significantly reduced neointimal lesion burden by ~60% relative to controls, translating into
marked improvements in luminal patency. This is most likely due to PPN improving the
retention and localisation of its cargo as seen for PPN-750 previously. By increasing drug
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retention through the use of carriers, many studies have demonstrated how this can translate to
superior biological function and outcomes. Most notably, Li et al evaluated platelet membrane-
coated PLGA nanoparticles carrying IL-10 against freely delivered IL-10 in a balloon-induced
carotid artery injury model in rats and demonstrated only IL-10 loaded nanoparticles showed
neointimal hyperplasia suppression, the authors attributing this to the improved localisation of

IL-10 at the injury site [124].

Parallel assessment of vVWF positive staining within the lumen demonstrated that conjugation
of MCC950 or IL-10 to PPN led to enhanced endothelialisation. Notably, free IL-10 delivery
also enhanced endothelial coverage to a similar extent as PPN-IL10. This likely reflects the
temporal nature of the processes being targeted. Endothelial regeneration occurs relatively
early after vascular injury, and even transient local exposure to IL-10 at the delivered dose may
be sufficient to stimulate pro-tissue regeneration signalling required for endothelial cell
proliferation and migration [272]. In contrast, suppression of neointimal hyperplasia requires
sustained modulation of inflammatory and proliferative pathways over a longer period [273].
Because free IL-10 was likely rapidly cleared from the injury site, it lacked the prolonged
presence necessary to influence these chronic remodelling processes. Thus, while free IL-10
promoted acute endothelialisation, effective suppression of neointimal hyperplasia required a
delivery system such as PPN that ensured extended local drug retention. MCC950 on the other
hand only promoted endothelialisation when delivered conjugated to PPN, highlighting the
benefits of PPN for improving therapeutic capabilities of drugs when performing local drug
delivery in the vasculature. As such, these results position PPN as a promising nanoparticle
platform that can effectively deliver selective anti-inflammatories including IL-10 and
MCC950 to an injured arterial wall. These nanoparticle-drug conjugates demonstrated both
suppressed neointimal hyperplasia and improved endothelialisation after 14-days. While other
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nanoparticle platforms have shown similar therapeutic benefits, the oft-the-shelf nature of PPN
makes it a significantly more commercially viable option, justifying evaluation of PPN-IL10

and PPN-MCC950 in future pre-clinical/large animal studies.

Despite the promise of PPN-IL10 and PPN-MCC950 highlighted throughout this chapter,
several limitations of this study should be acknowledged. PPN-**Zr demonstrated strong in
vitro serum stability with minimal evidence of degradation, meeting a requirement established
in the literature as a necessary step in biodistribution studies [251]. However, this study did
not include radiolabelled control particles or orthogonal analytical methods to assess PPN-%Zr
stability throughout the in vivo biodistribution model. Although generally not performed due
to technical constrains, future studies incorporating dual-labelling strategies, ex vivo
nanoparticle recovery, or complementary imaging modalities would help validate whether PET
signals represented intact PPN or free 3°Zr released following particle degradation or label
dissociation. In addition, while in vitro assays confirmed retention of IL-10 bioactivity post-
conjugation, the long-term physicochemical stability and functional persistence of PPN-IL10
conjugates under physiological conditions remain incompletely characterised. Given the
susceptibility of protein therapeutics to undergo proteolytic degradation, further investigation
of cargo stability, release kinetics, and biological activity over extended timeframes will be
required before clinical testing [274]. The in vivo functional model performed in this chapter
somewhat confirms short-term stability of PPN-IL10 and PPN-MCC950, but long-term
stability still needs to be validated in an in vivo setting. This could be achieved by doing an
additional 30-day and 90-day timepoint for the arterial injury model instead of only the acute

14-day study.
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Furthermore, although histological assessment demonstrated reduced neointimal hyperplasia
and improved endothelialisation following treatment with PPN-conjugated MCC950 and IL-
10 in vivo, the study did not include detailed molecular or cellular characterisation of vascular
inflammation. Additional assessment of inflammatory and vascular biomarkers, such as
immune cell infiltration, endothelial activation markers (e.g. eNOS, VCAM-1 and ICAM-1),
and macrophage phenotype profiling using CD206 and MHC class II stains, would provide
deeper mechanistic insight into how these therapies modulate vascular healing [125]. Similarly,
the in vivo model relied on histological endpoints to evaluate functional outcomes, providing
limited insight into broader immune regulation. Future work incorporating transcriptomic,
proteomic, and metabolomic profiling would enable a more holistic assessment of immune and
vascular signalling pathways, allowing detection of prolonged or unintended immune
suppression that may not be apparent from histology alone [275]. Importantly, such approaches
could distinguish adaptive, local immune modulation from global immunosuppression and
reveal how therapeutic responses vary across different injury severities and timepoints. Given
the highly context-dependent nature of cardiovascular biology, integrating multi-omics
profiling across acute and chronic injury models would be particularly valuable. In this context,
while IL-10 is a potent anti-inflammatory cytokine, excessive or sustained suppression of
immune surveillance could theoretically impair host defence or delay appropriate tissue
remodelling. Future studies should therefore combine molecular profiling with functional
immune assessments, including evaluation of immune competence, infection susceptibility,
and long-term vascular remodelling following PPN-IL10 delivery. Despite these limitations,
the findings presented in this chapter establish proof-of-concept for PPN as a local delivery
platform for selective anti-inflammatory therapies and provide a strong foundation for further

translational and preclinical development.
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4.5 Conclusion

Taken together, these findings further demonstrate the commercial promise of PPN, including
the first detailed study into its use as a delivery platform for two selective anti-inflammatory
agents including IL-10 and MCC950 in the context of vascular injury. When injected
systemically in rats, PPN showed preferential accumulation in the liver and spleen, followed
by gradual elimination over an 8-day period. Anti-inflammatory therapies IL-10 and MCC950
successfully conjugated to PPN using a simple one-step incubation protocol at room
temperature while retaining their function in vitro. In vivo, PPN improved the retention of a
fluorescent tag out to 5 days when exposed to blood flow. PPN’s ability to increase cargo
retention translated to improved therapeutic effects for PPN-IL10 and PPN-MCC950
conjugates which both reduced neointimal hyperplasia and promoted endothelialisation. These
promising outcomes highlight the commercial viability of PPN-IL10 and PPN-MCC950,

justifying further work evaluating these therapies in pre-clinical models.
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Chapter 5

Plasma polymerised nanoparticles as a platform for surface
biofunctionalisation of bioprosthetic heart valves
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5. Chapter 5 — Plasma polymerised nanoparticles as a platform

for surface biofunctionalisation of bioprosthetic heart valves

5.1 Introduction

Bioprosthetic tissue is increasingly recognised as the preferred biomaterial solution for surgical
and transcatheter aortic valve replacements [276]. While mechanical heart valves are made
from highly durable materials including stainless steel, titanium and/or pyrolytic carbon,
patients require life-long anticoagulation drug therapy to prevent valve thrombosis, placing
them at an ongoing long-term risk of clinically significant bleeding [277]. Introduced in the
1960s, bioprosthetic valves are made from glutaraldehyde-fixed bovine or porcine pericardial
tissue and were designed to improve blood compatibility while reducing the need for lifelong
anticoagulation [278]. In the early 2000s, bioprosthetic tissue also proved compatible with
transcatheter delivery systems, enabling valve deployment using minimally invasive
endovascular procedures [53]. For aortic valve replacement, this procedure is known as
transcatheter aortic valve replacement (TAVR), and has been proven to provide patients with
additional clinical benefits of reduced peri-procedural complications and faster post-operative
recovery compared to more traditional surgical aortic valve replacement (SAVR) [76]. These
combined advantages have led to the widespread adoption of bioprosthetic valves over

mechanical valves, despite several known limitations including structural valve degeneration

(SVD).

5.1.1 Biological drivers of structural valve degeneration

As outlined in section 1.4.2 of this thesis, SVD is the leading cause of bioprosthetic valve

failure and arises from a series of interconnected biological processes that progressively
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compromise valve leaflet integrity and function. The three principal drivers include thrombosis,
inflammation, and calcification. Together, these mechanisms act synergistically to accelerate

valve deterioration and ultimately lead to failure (Figure 5.1).
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Figure 5.1: Biological modes of structural valve degeneration

Schematic showing the biological modes of structural valve degeneration, a primary cause of
bioprosthetic valve failure. HAC refers to hydroxyapatite crystals, Ca?* refers to calcium ions, POs*
refers to phosphate ions, ROS refers to reactive oxygen species.

5.1.1.1 Thrombosis

Thrombosis is the pathological formation of a blood clot on the surface of bioprosthetic valve
leaflets that can impair motion and increase transvalvular gradients. In recent years, advances
in cardiac four-dimensional computed tomography (4D-CT) have revealed that leaflet
thrombosis occurs not only as a clinical obstruction, but also in a subclinical form characterised
by hypo-attenuated leaflet thickening (HALT) and, in some cases, reduced leaflet motion
(RLM) [279]. While often asymptomatic, these phenomena are increasingly recognised as

contributors to SVD.
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At the cellular level, dysfunctional endothelialisation and platelet activation are early drivers
of thrombus formation on leaflet surfaces. The altered surface chemistry of glutaraldehyde-
fixed tissue, combined with non-physiological shear stresses and areas of stagnant flow in the
native sinus and neosinus, causes dysfunctional endothelial cells to populate the leaflet surface
within the first day following TAVR [95]. This dysfunction promotes platelet activation,
leading to increased thrombin levels and platelet adhesion [280]. As the platelets become more
aggravated, they begin to secrete platelet factor 4 (PF4) which amplifies platelet recruitment
and promotes aggregation. Simultaneously, activation of the coagulation cascade leads to more

thrombin generation and fibrin deposition, stabilising platelet-rich blood clots [280].

Clinical thrombosis is a rare event, occurring in 0.6-2.8% of patients within the first year
following TAVR [281, 282]. On the other hand, subclinical thrombosis (SLT) is very common
post-TAVR, occurring in 10-15% of patients at 1 month and up to 30% by 1 year [283]. SLT is
only identifiable through 4D-CT imaging, where it appears as HALT. Importantly, SLT and
downstream conditions such as HALT and RLM are often asymptomatic, meaning many cases
have gone undiagnosed and unreported. As such, the clinical significance of SLT is largely
unknown. However, platelets and fibrin, the major components of SLT, have been shown to
serve as scaffolds for monocyte adhesion and macrophage differentiation, leading to local
inflammation and leaflet fibrosis, key drivers of SVD. These converging processes position

SLT as a central initiating event associated with a 2.5-fold increase in the risk of SVD [284].

Oral anticoagulant agents have been shown to reduce SLT risk following TAVR. The
GALILEO-4D and ATLANTIS substudies showed that oral anticoagulants significantly

reduced the incidence of SLT [285, 286]. However, these studies also demonstrated that routine
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use of oral anticoagulants after TAVR increases risk of bleeding, thromboembolic
complications and all-cause mortality, leading to the consensus that anticoagulation should be

reserved for patients with clear, clinical indications.

Within the field, SLT has shifted from being viewed as a benign imaging finding to a potential
early driver of inflammation and long-term SVD, with ongoing work examining whether

targeted prevention or early treatment could improve valve durability [287].

5.1.1.2 Inflammation

Inflammation is a central driver of structural valve degeneration, arising from the chronic
immune response to glutaraldehyde-fixed tissue. Although fixation reduces immunogenicity,
residual aldehyde groups, xenograft tissue, and the absence of viable endothelium create a
persistent inflammatory stimulus [94]. This chronic inflammatory response gradually remodels

the valve leaflets and accelerates SVD.

Macrophages are the dominant effector cells in this process. Following implantation,
circulating monocytes are recruited into the valve and differentiate into macrophages, where
they adopt predominantly pro-inflammatory M1 phenotypes [96]. These cells release pro-
inflammatory cytokines such as IL-1B, TNF-a and IL-6, which amplify leukocyte recruitment,
promote reactive oxygen species release, and drive fibrotic remodelling. Cytokine signalling
stimulates fibroblast proliferation and differentiation into myofibroblasts, which deposit excess
collagen and extracellular matrix proteins on the surface of leaflets [94]. This maladaptive

tissue deposition thickens the leaflet, reducing flexibility and contributing to increased
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transvalvular gradients. Histological analyses of 23 explanted transcatheter hearxt valves
demonstrated that all patients with valves implanted for over 60 days had high levels of fibrosis
in combination with thrombus [95]. In this study, progressive remodelling and maturing of

fibrosis was observed over time and strongly correlated with calcification in the long-term.

5.1.1.3 Calcification

Calcification represents the final stage of SVD and is strongly linked to the surface chemistry
of glutaraldehyde-fixed pericardial leaflets [288]. After fixation, residual free aldehyde groups
remain within the extracellular matrix and on the leaflet surface. These reactive carbonyl
groups act as nucleation sites, binding circulating calcium ions through electrostatic
interactions and forming stable complexes that initiate mineral deposition. Over time, these
calcium-aldehyde complexes provide the template for phosphate binding, which subsequently
mature into hydroxyapatite crystals. [289] Hydroxyapatite crystals are the principal mineral
deposits seen in failed explanted bioprosthetic valves. Once initial hydroxyapatite deposits
form, they act as further nucleation sites for calcium and phosphate, creating a vicious cycle of

calcification [94].

In addition to residual free aldehydes, devitalized resident cells within the pericardial leaflets
also contribute to calcification. These cells lose the ability to regulate intracellular calcium due
to dysfunctional calcium-dependent ATPases, resulting in calcium build up within the cell
[290]. In turn, these high calcium concentration areas act as foci for hydroxyapatite crystal
formation. Over time, these events culminate in widespread leaflet stiffening and loss of

physiological function.
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Notably, calcification has been observed exclusively in valves that also exhibited both fibrosis
and thrombosis, suggesting that these processes are not independent but rather sequential and
interdependent [95]. The chronic inflammatory environment established by persistent
thrombus and excessive fibrosis provides the biochemical conditions, including high oxidative
stress and ECM degradation, that promote calcium release and hydroxyapatite crystal
formation [94]. Ultimately, these processes lead to SVD, characterised by leaflet stiffening and

loss of valve function.

5.1.2  Overview of existing tissue treatment technologies

Several tissue treatment technologies have been developed to improve the durability of
bioprosthetic valves and reduce the risk of structural valve degeneration (SVD). The most
widely explored approaches include decellularization, alternative crosslinking methods, and
anti-calcification treatments, each representing distinct strategies to enhance long-term valve

performance

5.1.2.1 Decellularization

Residual cells and cellular debris present within bioprosthetic leaflets is known to accelerate
SVD [94, 290]. As such, decellularization of bioprosthetic heart valves is common strategy to
improve valve longevity. Decellularization is most commonly achieved by combining physical
and chemical treatments. However, it is imperative that the decellularization process does not
impair the native ECM architecture as this is essential for providing the leaflets with

mechanical strength and flexibility.
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Physical decellularization techniques can include sonication and agitation, and are
predominantly performed along side chemical treatment. The most commonly used chemical
treatments include amphiphilic detergents capable of solubilising cell membranes and
separating DNA from proteins [291]. Ionic detergents, such as sodium dodecyl sulfate (SDS),
combined with sonication, has been shown to effectively remove residual DNA from tissue.
Sonication allowed SDS to penetrate sample depths of up to 500 um within 24 hours, achieving
98% removal of DNA from aortic tissue ECM [292]. SDS treated glutaraldehyde-fixed bovine
pericardium showed a significant reduction in calcification compared to control
glutaraldehyde-fixed only samples in a 90-day rat subcutaneous model, highlighting its

potential to reduce SVD [293].

Similarly, decellurization techniques can also help to eliminate xenogeneic antigens which are
known to activate immune responses post-bioprosthetic valve implantation. Li et al
investigated combining multiple freeze-thaw cycles with Triton X-100 treatment as an efficient
decellularization protocol for bovine pericardium [294]. Freeze-thaw cycles disrupt and lyse
residual cells by forming intracellular ice crystal. This combination protocol achieved a
significant reduction in a-Gal antigen and DNA components compared to non-treated bovine
pericardium, translating to reduced immune response and calcification in vivo [294]. While
experimental studies demonstrate reduced DNA content, antigen removal, and calcification,

translation into commercial products has proven more complex.

Despite apparent advantages, decellularization protocols have not been introduced in the
manufacturing of current, commercially available bioprosthetic valves, most likely due to the

lack of long-term data surrounding mechanical integrity and time-consuming protocols. In
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order to achieve complete decellularization, defined as samples with less than 50ng double
stranded DNA/mg of dry ECM, protocols take between 3-7 days, making it very challenging
for companies to incorporate this into already existing manufacturing pipelines [295]. In saying
this, Anteris Technologies developed a proprietary tissue treatment process for their DurAVR®
transcatheter heart valve called ADAPT® which, among other properties, removes remnant
DNA, phospholipids and a-Gal epitopes, achieving what they claim to be completely acellular
tissue [296]. Although 1-year data from their first-in-human trials suggests promising absence
of SVD and favourable hemodynamic performance, long-term follow-ups are still needed to

validate the treatment process [297].

5.1.2.2 Alternative cross-linking methods

Conventional glutaraldehyde crosslinking has long been the standard for stabilising
bioprosthetic heart valve tissue, providing durability and mechanical strength by forming stable
chemical bonds between collagen molecules. Glutaraldehyde contains two aldehyde groups.
One of these groups interacts with a collagen amino group, resulting in crosslinking. However,
the remaining aldehyde group remains free to other chemical interactions. These residual
aldehydes can act as sites for calcium binding and have shown to promote inflammatory
responses [94]. These limitations have motivated the development of alternative crosslinking
chemistries designed to retain mechanical stability while reducing calcification,

immunogenicity and long-term degeneration.

Several alternative crosslinking methods have been trialled to address the shortcomings of
glutaraldehyde. For instance, polyepoxy compounds such as polyethylene glycol diglycidyl

ether (PGDE) have shown promise as they contain multiple reactive epoxy groups which can
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form stable covalent bonds with amino, hydroxyl and carboxyl groups of collagen, achieving
strong cross-linking without residual aldehydes. In a rabbit subcutaneous model, polyepoxy-
crosslinked bovine pericardium showed a 1.5-fold reduction in calcification compared to
samples that underwent standard glutaraldehyde fixation [298]. Similarly, Yu et al used a
bicyclic oxazolidine (OX-Et) as a cross-linking agent for porcine pericardium [299]. Compared
to glutaraldehyde-crosslinked pericardium, OX-Et showed similar thermodynamic and
biochemical stability with superior anti-thrombotic and endothelisation properties. When
implanted subcutaneously in rats, OX-Et demonstrated significantly less CD68 positive

macrophage accumulation and reduced calcification at 30 and 60 days [299].

Dual and hybrid crosslinking strategies for bioprosthetic heart valve tissue have also been
investigating using natural compounds with intrinsic anti-oxidant and anti-inflammatory
properties. Utilising dialdehyde xanthan gum as the primary crosslinking agent providing
structural stability and curcumin, a natural occurring anti-inflammatory compound found in
turmeric, as a secondary crosslinker, Hu et al., developed a dual crosslinking strategy for
bovine pericardium that was able to promote endothelial cell proliferation and dampen the
inflammatory response in vivo [300]. A hybrid crosslinking method utilising neomycin
trisulfate, PGDE and Tannic acid showed similar biomechanical properties and 90-day
collagen stability compared to glutaraldehyde fixed bovine pericardium, but significantly
reduced inflammation and calcification after 90 days of subcutaneous implantation in a rat
[301]. With this method, PGDE crosslinked collagen, neomycin crosslinked
glycosaminoglycans, and the plant polyphenol Tannic acid stabilised elastin, the latter two of

which are not stabilised with glutaraldehyde fixation alone.
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Despite the promise of these novel strategies, none have yet achieved commercial viability.
The majority of alternative crosslinking methods remain confined to preclinical or early
feasibility studies, with limited long-term data on durability. Challenges include reproducibility
of protocols, scalability for commercial production, and ensuring that modified chemistries do
not compromise leaflet mechanics or hemodynamic performance over decades of use. As a
result, glutaraldehyde fixation remains the only clinically approved crosslinking method in
commercially available bioprosthetic heart valves, underscoring both its robustness and the

significant translational barriers that novel tissue treatments must overcome.

5.1.2.3 Anti-calcification treatment

Calcification remains the predominant cause of late bioprosthetic valve failure and represents
the terminal stage of SVD. Anti-calcification treatments have therefore become a critical focus
for commercial valve companies. Currently, two anti-calcification tissue treatments dominate
the market including RESILIA™ tissue (Edwards Lifesciences) and 2-amino oleic acid
(AOA™, Medtronic). These treatment protocols chemically modify the tissue to resist calcium

binding and hydroxyapatite crystal formation.

RESILIA™ tissue uses a proprietary tissue treatment process that combines aldehyde capping,
glycerolisation and ethylene oxide sterilisation [302]. Capping of aldehyde groups present in
glutaraldehyde fixed bovine pericardium prevents calcium binding and reduces risk of tissue
oxidation, while glycerolisation replaces water in the tissue with glycerol, allowing the valves
to be packaged and stored dry without glutaraldehyde [303]. Data on the performance of
RESILIA™ tissue in transcatheter heart valves is scarce, but has shown success in surgical

valves. In a preclinical juvenile sheep model study, bioprosthetic mitral valves containing
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RESILIA™ tissue showed 72% less calcium content after 8 months compared to the same
valves without RESILIA™ treatment [304]. In Edwards’ pivotal COMMENCE trials,
RESILIA™ surgical valves revealed 99.3% freedom from SVD at 7 years in patients with a
mean age of 67, generating significant clinical and commercial interest [305]. However, a
closer look at early data reveals signs of increasing transvalvular gradients and declining
effective orifice areas, suggesting that subtle valve dysfunction may already be emerging.
Long-term data (>10 years) is still required to fully assess RESILIA™ durability as well as
studies that apply the treatment technology within transcatheter valves to determine if these

benefits are maintained/applicable to TAVR.

Medtronic has developed a complementary anti-calcification technology based on treatment
of porcine bioprosthetic tissue with AOA™, a long-chain fatty acid derivative. Studies have
shown AOA to covalently bind free aldehyde groups of glutaraldehyde fixed tissue, leading to
reduced calcium ion diffusion compared to non-AOA pretreated bioprosthetic tissue [306].
Furthermore, AOA has been shown to act as a surfactant, removing residual phospholipids
which can otherwise function as nucleation sites of calcium ions. Anti-calcification efficacy of
AOA treatment was evaluated using left ventricle-to-descending thoracic aorta conduit
implantation in juvenile sheep. Quantitative calcium content analyses revealed AOA-treated
conduits experienced 93% less calcification of valve cusps compared to control [307]. Clinical
performance of AOA-treated surgical valves also shows promise, demonstrating 98% freedom
from reintervention after 7 years [308]. However, it should be noted that ‘freedom of
reintervention’ does not necessarily correlate with absence of SVD, as patients may still have
SVD but not undergo reintervention. As such, similar to RESILIA, AOA exhibits improved

chemical properties of bioprosthetic tissue leading to reduced calcification potential, but long-
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term data is still required and studies investigating the tissue treatment on transcatheter valves

still need to be performed.

Anti-calcification tissue treatments have emerged as the most commercially successful strategy
to date for mitigating SVD and extending bioprosthetic valve durability. Unlike
decellularization or alternative crosslinking methods, these approaches can be directly
integrated into existing valve designs without altering device design or manufacturing
workflows. This compatibility has made them particularly attractive commercially, offering a
practical, off-the-shelf upgrade within established regulatory and clinical pathways. As a result,
anti-calcification treatments such as RESILIA™ and AOA™ now dominate the commercial
landscape, reflecting their unique balance of biological efficacy and translational feasibility.
However, these technologies remain inherently passive, masking free aldehydes or removing
residual cellular debris in order to reduce calcium binding. As such, they fail to intervene with
the underlying biological cascades that drive SVD including thrombosis, inflammation and
calcification. An alternative approach that actively modulates these mechanisms represents the
next frontier in valve design, with the potential to dramatically improve long-term bioprosthetic

durability.

5.1.3 Promise of drug functionalisation/delivery

Modulating biological modes of failure through drug delivery has revolutionised transcatheter
interventions for atherosclerosis. DCBs and DESs locally release therapeutic agents that
modulate multiple aspects of their surrounding vascular biology, reducing restenosis and
extending durability. The benefits of these technologies have been highlighted in sections 2.2.1

and 4.1.2 of this thesis. To summarise, the introduction of drug-eluting technology for stents
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and balloons reduced failure rates by approximately 40-70%, making drug elution/coatings
standard clinical practice for improving device longevity [106, 108]. As such, introducing drug
delivery strategies into bioprosthetic heart valves could be a promising approach to improving
their performance and durability (Figure 5.2). However, applying this technology to
bioprosthetic valves has remained largely elusive due to technical challenges encountered at
the leaflet surface, including complex drug-crosslinking strategies for glutaraldehyde fixed
tissue and the difficulty of incorporating thick polymer drug-elution coatings onto the leaflet

surface without compromising leaflet motion.
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Figure 5.2: The promise of active biological modulation for bioprosthetic heart valves

Summary schematic highlighting the proposed drug functionalisation approach to improving
bioprosthetic heart valve durability. SVD refers to structural valve degeneration.
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5.1.4 Mechanical and hemodynamic factors

The aortic valve is situated in an extremely dynamic environment, opening and closing up to
40 million times per year [309]. During each cycle, the valve is exposed to transvalvular
pressures, pulsatile and oscillatory shear stresses, and bending and axial stresses. Patients
undergoing TAVR usually present with co-morbidities, hypertension being the most common .
In one TAVR trial in the US, 50% of patients undergoing TAVR had hypertension [310].
Furthermore, these patients have diseased vasculature. In turn, they experience even harsher
valve environments, with blood peak flow velocity through the aortic valve reaching 7.0 m/s,
compared to 1.2 m/s for healthy individual, and tensile strain and stress increasing by more
than 25% [311]. Furthermore, valves undergo bending stress and axial stretching during the

cardiac cycle, both of which are vital for sufficient leaflet opening and closing.

In addition to these mechanical forces, valve function is critically determined by hemodynamic
performance metrics. The three most important metrics related to valve function (both native
valves and bioprosthetic valves) include the effective orifice area (EOA), regurgitation fraction
(RF) and pulse pressure differential (PPD) [312]. EOA reflects the actual cross-sectional area
available for blood flow through a valve. RF quantifies retrograde blood flow during valve
closure, capturing how effectively the leaflets close together to prevent backflow. PPD reflects
the magnitude of the pressure difference across the valve during a cardiac cycle, providing a

measure for how well the valve can accommodate and transmit pulsatile blood flow.

For this reason, any tissue treatment technology or drug-functionalisation strategy must be
designed not only to resist the biological drivers of SVD but also to withstand the extreme

mechanical environment of the aortic root. Just as importantly, these modifications must
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preserve valve hemodynamics. A treatment that thickens the leaflets, narrows the EOA,
increases regurgitation, or alters the pressure differential would compromise performance and
accelerate degeneration, regardless of its biological advantages. Ultimately, the success of next-
generation valve technologies will depend on achieving this delicate balance between

biological protection and uncompromised hemodynamic function.

5.2  Methods

5.2.1 Plasma polymerised nanoparticle synthesis

PPN were produced in a capacitively coupled radiofrequency (rf) plasma reactor as previously
described in section 4.2.1 of this thesis. Briefly, an rf-driven (13.52 MHz) plasma discharge
was generated at a pressure of 200 mTorr by ionization of a gaseous mixture comprising of
argon, nitrogen, and acetylene. The total gas flow rate was set constant at 19 sccm and
monitored by mass flow controllers (Alicat Scientific, USA) throughout the process. The rf
power was delivered by a rf power supply (Seren, USA) and coupled to the plasma via an
automatic matching box (Seren, USA) to maximize power delivery. The plasma radiative
emission fingerprint was monitored in situ via optical emission spectroscopy (OES) using an
Ocean Optics HR4000 (Oceans Optics). The OES process was used for quality control
purposes by tracking the emission dynamics of selected molecular species, including molecular

nitrogen excited states and ions, as well as CN molecular radicals.

5.2.2 PPN collection

The nanoparticles produced within the plasma bulk were collected in 24-well polystyrene

plates (Corning) directly from the active plasma volume as previously described [229].
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Following synthesis, the plates were brought to atmospheric pressure by venting the chamber
with nitrogen and removed from the vacuum chamber for storage at room temperature and in
ambient air for at least 48 h before resuspension in aqueous solution. As PPN are produced in
a dry plasma state, they can be stored in their native dry state and only be resuspended in
solution as needed before functionalization with molecular cargo. Here, PPN were dispersed in
ultra-pure nuclease-free water (NFW) directly from the well plates, into 1.5 mL Eppendorf
tubes. The concentration of PPN in solution was determined by UV/VIS spectroscopy as

previously described, [226] by measuring the optical density of PPN in solution at 500 nm.

5.2.3 Immobilisation of PPN onto pericardium

Sheets of glutaraldehyde (0.625%) fixed pericardium (Maverick Biosciences) were either
biopsy punched into 6mm diameter circular discs or cut to desired size with a scalpel. Samples
were then washed twice in saline (2 x 5 mins) and treated with 4% L-Cysteine (pH: 1.8) for 6
hours on a plate shaker at room temperature. PPN resuspended in nuclease free water was then
added to the pericardium at concentrations ranging from 5x10° — 5x10'' PPN/mL overnight on
a shaker at 4°C. PPN concentration was 5x10'® PPN/mL unless otherwise specified. Samples
were then washed once in NFW to remove unbound PPN, followed by treatment with either
apixaban (20 uM), the small molecule anti-inflammatory MCC950 (20 uM), or naturally
occurring antioxidant phytic acid (20 uM) for 30 minutes, again on a shaker at 4°C. Samples
were washed twice in PBS (2 x 5 mins) to remove un-bound cargo. All treatments were done

in 96-well plate for 6mm biopsy punches or 24 well plate for larger pericardium patches.

5.2.4 Scanning and transmission electron microscopy (SEM/TEM)
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Pericardium samples designated for SEM analysis were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (PB) for 1 h followed by 2% osmium tetraoxide (ProSciTech) in 0.1 M PB
for 1 h. After thorough washing in 0.1M PB, samples were dehydrated in increasing
concentrations of ethanol and dehydrated in hexamethyldisilane (Sigma Aldrich, MO, USA),
and dried in a desiccator overnight. Samples were mounted on SEM stubs (ProSciTech) and
coated with a 10 nm layer of sputtered gold (Emitech K550X). Samples were imaged on the
Zeiss Sigma VP HD Scanning Electron Microscope. Quantification of PPN coverage was done
through manual false colouring of PPN on pericardium surface using Adobe Photoshop, and
analysing area of colour coverage using ImagelJ. SEM-energy dispersive X-ray spectroscopy

(EDS) was done using the Thermo Scientific Phenom XL Desktop SEM.

For SEM imaging of PPN-Apixaban (gold tagged) functionalised pericardium, Apixaban (20
uM) was first conjugated to 10nm gold nanoparticles (ab269933) as per manufactures
instructions. Apixaban-gold conjugates were then conjugated to PPN coated pericardium and
prepared for SEM as above. Imaging was performed using backscattered electrons on the Zeiss

Sigma VP HD SEM in order to visualise the gold nanoparticles.

For transmission electron microscopy (TEM), PPN were collected on a 300-mesh grid with an
ultrathin carbon film supported by a lacey carbon film (ProSciTech). Imaging was performed

with a FEI Tecnai T12 Transmission Electron Microscope (TEM) at an acceleration tension of

120 kV.

5.2.5 Retention of PPN under peristaltic flow

Six pericardium patches (1.2cm x 0.5¢cm) were treated with 4% L-Cysteine followed by PPN.
Three of the samples were prepared for SEM imaging (control group). Remaining samples

were sutured into a peristaltic pump loop system and washed with PBS for 28 days at 110 rpm.
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PBS was removed twice a week and replaced with fresh, sterile PBS. After 28 days, these
‘washed’ samples were then prepared for SEM imaging. PPN coverage was then quantified
using false colouring technique described earlier in this section. For retention under flow

analysis, one image for each replicate was quantified.

5.2.6 Free aldehyde visualisation

Icm x 1.2cm pericardium rectangles were prepared according to their designated treatment
group and were incubated in 1mL Schiff base reagent stain for 20 minutes. Shiffs reagent reacts
with aldehyde groups to form a purple colour. Samples were therefore imaged and amount of

purple on each sample was quantified using ImageJ.

5.2.7 Endothelial cell viability and attachment

Human coronary artery endothelial cells (HCAECs) were seeded onto 6mm pericardium
samples which were prepared according to their respective treatment group. For cell viability
assay, HCAECs were seeded (8000 cells/pericardium) onto samples. After 24 hours, cell-
seeded samples were incubated with Alamar Blue reagent (1:10 with cell culture media) for 3
h and viability was quantified using a microplate reader (Infinite M1000 PRO) for fluorescence
analysis. Excitation and emission wavelengths were set at 560 and 590 nm, respectively. For
cell attachment, HCAECs were seeded (25000 cells/pericardium) onto pericardium samples
and left for one hour. Samples were then gently rinsed 3 times with PBS, fixed with 4%
paraformaldehyde for 30 min and washed with PBS (3 X 5min) followed by fluorescent
staining of F-actin with actinRed™ 555 ReadyProbes® (Thermo Fisher Scientific, USA). Cells

on the pericardium were visualized and imaged using Zen inverted fluorescent microscope.
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5.2.8 Biaxial testing

The mechanical properties of the samples were tested using an ElectroForce 200N 2 Motor
Plan (one motor per axis). Briefly, pericardium samples (1.6 cm x 1.6 cm) were hooked and
connected to the four arms of the biaxial tester. Four hooks for each side of the sample were
used to guarantee an equal distribution of the load. Before testing, the samples were pre-
stressed to achieve a 1.0 N load. The samples were then stretched up to 3.5 mm in both
directions (axial and transversal) with a strain rate of 0.1 mm/s. The maximum load (achieved
at 3.5 mm displacement) and the stiffness (calculated as the ratio between the load and the
displacement) of each samples were recorded. Cyclic tests were also carried out, with the

samples subjected to ten cycles of a 3.5 mm displacement at 0.01 mm/s.

5.2.9 Water contact angle

Pericardium tissue samples were cut into 1 cm x 1 cm squares and treated according to their
respective treatment groups. Material surface wettability was measured via contact angle
goniometry (Flex, Attension, Biolin Scientific, Stockholm, Sweden). Samples were initially
dabbed dry with paper towel and a SuL droplet of Milli-Q water was placed on the pericardium
surface. The water contact angle between the water droplet and the pericardium surface was

measured using the systems inbuilt analysis software OneAttension.

5.2.10 Whole blood clotting assay

Wells in a 24 well plate were coated with 3% bovine serum albumin in PBS for 1 hour at room

temperature. Plates were then washed 3x with PBS and left to dry overnight. Pericardium
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samples were cut into 0.8 x 1.2 cm patches, prepared according to their treatment group, pre-
weighed and placed into individual wells. Fresh human blood was obtained from donors (male
or female, 18-60 years old) with informed consent, in accordance with guidelines of The
University of Sydney Office for Research Integrity, Human Ethics Committee (Project
2014/244) and the Declaration of Helsinki. Blood was drawn via standard venepuncture into
polypropylene syringes (Terumo, Tokyo, Japan) with heparin (0.3 U/mL, Pfizer, NY, USA) and
10% w/v saline. Whole blood (750 pL/well) was added onto samples and left for 1.5 hours on
an orbital shaking incubator (IntelliStack, Thermo Fisher Scientific, USA) at 70 rpm and 37
°C. Blood was removed and samples were washed 3x with PBS before being weighed. Clot
weight was calculated by subtracting the weight of the samples post-blood incubation by initial
weight. Photographic images were taken for representative purposes. An enzyme-linked
immunosorbent assay (ELISA) kit for platelet factor 4 (PF4, Abcam, ab100628) was used to
quantify PF4 secretion after whole blood clotting according to manufacturer's instructions.
Platelet-poor plasma was obtained by first centrifuging blood solution at 200 g for 14 minutes,

and secondly centrifuging the resulting plasma at 2000 g for 10 minutes at 22 °C.

5.2.11 Platelet rich plasma assay

Heparinized whole blood (0.3 U/ml) was centrifuged for 15 min at 1000 rpm in swinging rotors.
The supernatant, platelet rich plasma (PRP) was removed and incubated with each sample for
60 minutes while rocking on an orbital shaking incubator (IntelliStack, Thermo Fisher
Scientific, USA) at 70 rpm and 37 °C. Samples were fixed in 2.5% glutaraldehyde in 0.1 M

phosphate buffer and imaged by SEM as previously described.

5.2.12 In vitro inflammation assay
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Pericardium samples (6mm diameter circular biopsy punches) were prepared according to their
respective treatment groups. THP-1s (70k/pericardium) were seeded onto the pericardium
samples and immediately treated with PMA (100 ng/mL) for 24 h. Cells were then stimulated
with lipopolysaccharide (1 pg/mL) for 3 h at 37 °C, followed by ATP (1.25 mM), and left at 37
°C, inside the humidified incubator (5% CO2) overnight. Enzyme-linked immunosorbent assay
(ELISA) kits for TNFa (Abcam, ab181421) and IL-1B (Abcam, ab214025) were used to

quantify cytokine levels in supernatants according to manufacturer's instructions.

5.2.13 In vitro calcification assay on tissue culture plastic

Human dermal fibroblasts (hFB, ThermoFisher Scientific, Waltham, MA, USA) were seeded
into a 12-well plate (30000 cells/well) and left to grow until 90% confluency. Cells were then
starved using starving media (DMEM with 0.5% FBS and 1% P/S) overnight and replaced with
standard complete DMEM media along with treatment groups including 50uM Phytic Acid.
The next day, media was replaced with calcification media (3mM CacCl in complete DMEM)
and fresh 50uM Phytic Acid. Calcification media and treatment was changed every other day.
After 14 days, cells were washed in PBS (2 x 5 mins) and fixed in 4% paraformaldehyde
overnight. Cells were washed again in PBS (2 x 5 mins) and stained with 2% Alizarin red for
20 mins with gentle rocking on plate shaker. Stain was then removed and cells were washed
with miliQ water (5 x 1 mins) before being left to dry overnight at room temperature. 10%
Acetic acid (v/v) was added to wells for 30 mins and the contents was then transferred to
individual 1.5mL Eppendorf tubes. Eppendorf tubes were vortexed for 30 seconds and placed
under heat at 85°C for 10 mins. After heating, samples were placed on ice for 5 mins before

500 pL of contents were transferred to new Eppendorf tubes. 500 pL of 10% Ammonium
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hydroxide (v/v) was then added to tubes and mixed. 200uL of contents was then added to 96

well plate and absorbance at 405nm was measured using a Tecan M-1000 plate reader.

5.2.14 Calcification solution

Pericardium tissue samples (6mm diameter circular biopsy punches) were prepared according
to their respective treatment groups. Samples were placed in Eppendorf tubes containing 1 mL
of calcium phosphate solution comprised of 3.87 mM calcium chloride and 2.32 mM
dipotassium phosphate in Tris buffer (pH 7.4). Samples were incubated on a plate shaker set to
120 rpm at 37°C for 1 month. Calcium phosphate solution within each test tube was replaced

every other day. Samples were then prepared for SEM imaging.

5.2.15 In vivo rat subcutaneous model

Study was approved by the University of Sydney Animal Ehtics Committee (protocol number
2024/AE002532). Experiments were conducted in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific Purpose. 10 mm diameter circular discs
were created by biopsy hole punching pericardium tissue samples and prepared according to
their respective treatment groups. Pericardium samples were washed in saline (2 x 5 minutes)
prior to subcutaneous implantation into separate regions of 8-week-old Sprague Dawley male
rats. Rats were anesthetized with 3% isoflurane in oxygen and maintained under aseptic
conditions on a heated surgical platform. The dorsal surface was shaved and sterilized
sequentially with 70% ethanol. Four 1-1.5 cm dorsal incisions were made to create
subcutaneous pockets separated by ~2 cm. Pericardial tissue samples (untreated, PPN-coated,
PPN-drug functionalised or drug only treated) were inserted into each pocket, and incisions

were closed with 4-0 PDS interrupted sutures. Animals were monitored daily for wound
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healing, behaviour, and general health throughout the 28-day implantation period before
euthanasia and tissue collection for histological analysis. After 28 days, scaffolds were
explanted and fixed in 4% paraformaldehyde overnight at room temperature. Scaffolds were
then dehydrated through an ascending ethanol gradient, embedded in paraffin and sectioned at
5 um (Thermo Fisher HM340 semi-automated microtome). Histopathology staining included
Mason’s trichrome for collagen to visualize fibrous capsule formation and Alizarin red S to

visualize calcification.
5.2.16 Pulse duplicator valve testing

An EvolutTM 22.0 mm diameter TAVI valve (Medtronic) was tested, both before and after
PPN coating, in a pulse duplicator (HDTi-6000, BDC Laboratories) for hydrodynamic
performance under standard aortic conditions: 70 bpm, 5 L/min cardiac output, 35% systolic
duration, 120 mmHg systolic pressure, 80 mmHg diastolic pressure, isotonic saline solution of
0.9% sodium chloride as the test fluid, and 37 °C fluid temperature. Output metrics included
the effective orifice area (EOA; a measure of how well the valve opens), regurgitant fraction
(RF; a measure of how well the valve coapts during closing), and positive pressure difference
(PPD; a measure of the transvalvular pressure gradient across the valve). These parameters
were compared between the uncoated and PPN-coated valve, and against the ISO 5840-2
standards to demonstrate proper and clinically relevant functionality. Valve opening and
closing was also qualitatively analysed through the resulting images processed by the Statys
software (BDC Laboratories). For the coating, the valve was pretreated with 4% L-Cysteine
and incubated in a 30 mL falcon tube containing 5x10'° PPN/mL suspended in nuclease free

water and left on a shaker overnight at 4 °C.

5.2.17 Statistical analysis
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Data are expressed as mean =+ standard error of the mean (SEM). Analysis was performed in
GraphPad Prism 9 (Graphpad Software, San Diego, California) and statistically significant
differences were determined by t-test or using one- or two-way analysis of variance followed
by Dunnett's multiple comparisons test. Accepted statistical difference was at p < 0.05 and

indicated in the figures as * p < 0.05, *xp < 0.01, **xp <0.001, and ****p <0.0001.
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5.3 Results

5.3.1 Immobilisation of PPN on pericardium
Glutaraldehyde-fixed bovine pericardium sheets (Figure A2.1) were used as a model substrate
to develop and optimise PPN coatings prior to application on a bioprosthetic valve. Circular
samples of 6 mm diameter were biopsy punched from sheets, providing size-controlled samples
for high-throughput evaluation of functionalisation efficiency and bioactivity (Figure 5.3A).
Samples were pre-treated with Cysteine (Cys) to enhance PPN coverage during subsequent dip
coating. This pre-treatment resulted in more homogenous PPN attachment, with increasingly
greater PPN coverage across the pericardium surface as concentration increased (Figure
5.3B,C). Photomicrographs of PPN-treated pericardium appeared dark brown, serving as a
visual indicator of PPN coverage and further highlighted the need for Cys pre-treatment to
enable efficient PPN binding. Collectively, this validated dip coating as the foundational

application for binding PPN to bioprosthetic tissue.

Given the constant motion and dynamic forces that bioprosthetic leaflets are subject to in vivo,
we performed retention studies to determine the durability of PPN coatings under simulated
physiological conditions. A custom-built closed loop system driven by a peristaltic pump was
used to replicate pulsatile flow using PBS (Figure 5.3D). Pericardium samples were subjected
to flow for 28 days at an accelerated RPM equating to approximately 12 weeks of cardiac
cycles at average heart rate of 70 beats per minute. SEM images taken before (pre-wash) and
after (post-wash) 28 days flow period showed that PPN coverage was uniformly reduced across
the pericardium surface, without evidence of uneven/localised reductions (Figure 5.3E).
Quantification of PPN coverage after flow showed that there was retention of 74% + 3% of

pre-wash PPN coverage (p = 0.0015) (Figure 5.3F). This indicated a level of stability that may
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be sufficient to support early to intermediate post-implantation therapeutic activity for valves

in vivo.
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Figure 5.3: Immobilisation of PPN on pericardium

A) Schematic of plasma polymerised nanoparticle (PPN) coating process (scale bar represents 100 nm).
B) Quantification of percentage area of pericardium surface covered after PPN conjugation, with and
without pre-treatment with Cysteine (Cys). C) Scanning electron microscopy (SEM) and photographs
of pericardium after coating with PPN with and without Cys pre-treatment (scale bar represents 1pum).
D) Schematic representation of experimental set-up to test PPN retention under flow. E) SEM images
and photographs of PPN coated pericardium (5x10'® PPN/mL) before washing (pre-wash) and after
(post-wash) (scale bar represents 500nm). F) Quantification of the surface coverage of post-wash
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pericardium samples as a percentage of pre-wash samples. Simulated time was calculated as per the
methods. (n=3 per group). Statistical significance is indicated by ****p < 0.0001.

5.3.2 Reduction of residual free aldehydes on glutaraldehyde-fixed pericardium
Glutaraldehyde fixation leaves residual free aldehyde groups which have been linked to
cytotoxicity and leaflet calcification. Cys treatment can facilitate a nucleophilic addition
reaction between its thiol (-SH) or amine (-NH:) groups and the free aldehyde (-CHO)
functional groups, resulting in a stable thiazolidine derivative that effectively neutralises the
free aldehyde group (Figure 5.4A). This reaction was validated in Cys pre-treatment of
pericardium tissue using a Schiff-base reagent stain. Control untreated pericardium samples
showed strong purple staining indicating high residual levels of free aldehyde groups. In
contrast, no positive staining was observed on pericardium samples pre-treated with Cys only
nor Cys+PPN (Figure 5.4B). This suggested that Cys treatment was the main driver of free

aldehyde reduction and that PPN attachment did not inhibit this reaction.

Endothelial cell attachment and viability was assessed next to determine cell compatibility of
PPN coatings. (Figure 5.4C). Endothelial cells attached to Cys only and Cys+PPN treated
samples appeared larger and more abundant compared to untreated controls (Figure 5.4D).
Quantification of endothelial cell number and spreading after acute attachment showed a 5.8-
fold increase in cell number and 7.9-fold increase in cell spreading on Cys+PPN treated
samples compared to untreated controls (p = 0.0204 and p = 0.0359, respectively) (Figure
5.4E,F). This was consistent with AlamarBlue measurements which showed a 13.1-fold
increase in cell viability (p = 0.0005) (Figure 5.4G). Notably, cell compatibility observed in
Cys+PPN groups were not significantly different from Cys treatment only, indicating that the

observed improvements were largely a result of Cys treatment rather than PPN.
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Figure 5.4: Reduction of residual aldehyde groups and its effect on biocompatibility

A) Chemistry schematic showing the aldehyde reduction using Cysteine (Cys). B) Photograph images
of control, Cys or Cys+PPN treated pericardium stained with Schiff reagent which stains aldehyde
groups purple. C) Representative schematic showing endothelial cell (EC) seeding methodology. D)
Representative images of EC attachment after 1h (scale bar represents 20 pm). F-actin shown in red. E)
Quantification of EC number 1h after seeding. F) Quantification of EC F-actin staining after 1h
attachment. G) Quantification of EC viability after 24h. (n=3 per group). ). Statistical significance is
indicated by *p < 0.05, ***p < 0.001.
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5.3.3 Mechanical and surface properties of PPN coated pericardium
Distinct mechanical properties are required for pericardium tissue to function effectively as a
valve leaflet [313]. Biaxial mechanical testing was performed to assess whether Cys or PPN
treatment altered these properties (Figure 5.5A). Control pericardium tissue exhibited
anisotropic properties where in the axial direction, samples exhibited higher stiffness and a
larger maximum load at maximum deformation compared to in the transversal direction (Figure
5.5B,C). Importantly, Cys only and PPN treatment showed no significant differences compared
to control in either stiffness or maximum load (Figure 5.5B,C) in either direction. A cyclic
deformation test was also performed to evaluate changes in mechanical performance under
repeated loading, specifically assessing any reduction in max loading capacity. PPN treatment
showed no significant difference in degradation compared to control, indicating that PPN
coating does not compromise mechanical durability over repeated deformation cycles (Figure
5.5D). In contrast, Cys-only treated pericardium exhibited a significant relative decline in
maximum load, reaching 76% of its initial value after 10 cycles. However, this higher rate of
degradation is largely attributable to the elevated initial maximum load observed in Cys-treated
tissue (Figure A2.2). Across all cycles, Cys-treated samples retained a higher absolute
maximum load than control, suggesting that the relative decline does not reflect inferior

mechanical performance.

To further characterise the surface level effects of PPN treatment, water contact angle
measurements were performed to assess changes in tissue wettability (Figure 5.5E). Cys
treatment resulted in a 1.6-fold increase in water contact angle compared to untreated
pericardium (11° +2° vs 29° £4°, p = 0.0071) (Figure 5.5F). PPN treatment partially reversed
this effect, reducing the angle to 22° + 0.6°, though it remained significantly higher than that

of untreated pericardium (p = 0.0463).
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Figure 5.5: Mechanical and surface properties of PPN coated pericardium

A) Photograph of biaxial testing set up. A refers to axial and T refers to transversal direction in insert.
B) Results for stress test and maximum load (C) for control, Cysteine (Cys) treated and PPN treated
pericardium in both the axial and transversal directions. D) Quantification of max load degradation over
10 cycles. Values are given as a percentage of initial maximum load test. E) Representative images of
water contact angle testing. F) Quantification of water contact angle testing across control, Cysteine
(Cys) treated and PPN treated pericardium. (n=3 per group). Statistical significance is indicated by *p
<0.05, **p < 0.01.

5.3.4 Functionalisation of pericardium with apixaban to reduce thrombosis
When coated onto pericardium tissue, the remaining exposed surfaces of PPN coated onto
pericardium tissue serve as functional sites for drug loading/functionalisation. Aligning this
feature with the biological challenges of SVD, we chose the anti-coagulant Apixaban (APX),
a clinically approved drug used to prevent valve thrombosis, as a model compound for initial
PPN drug functionalisation (Figure 5.6A). PPN-coated pericardium samples were initially
incubated in solutions of APX tagged with gold nanoparticles for visualisation under SEM.

Gold nanoparticle-tagged APX was observed uniformly decorating the exposed surfaces of
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individual PPN nanoparticles (Figure 5.6B). Importantly, APX/gold nanoparticles were not
observed by themselves on the underlying pericardium fibers, highlighting the necessity of

PPN for immobilising APX on the pericardium surface.

Whole blood clotting assays were then used to evaluate APX functionality in vitro. Fresh
human blood was incubated with pericardium samples and blood clot weight measured after
1.5 hours. Untreated control pericardium showed large areas of thrombus formation on their
surface (Figure 5.6C). Only PPN-coated pericardium samples functionalised with APX (PPN-
APX) showed reduced thrombus formation, indicated by an 8.4-fold reduction in clot weight
compared to untreated controls (p = 0.0013) (Figure 5.6D). Interestingly, PPN only treatments
showed slight reductions in clot weight, however these were not significant (p = 0.1527).
Passively absorbed APX (Free APX) did not show any reductions in clotting weight, further

supporting the need for PPN to facilitate drug functionalisation.

Inhibition of platelet activation, determined through platelet aggregation and levels of PF4
secretion, is an indirect downstream anticoagulation mechanism of APX and was used to
further evaluate drug function. To test this, platelet rich plasma (PRP) was incubated with
pericardium samples for 1 hour. After incubation, PRP supernatant was removed for analysis
using PF4 ELISA and pericardium samples were imaged using SEM. Platelet attachment and
aggregation was observed to be significantly reduced on PPN-APX samples compared to
control (Figure 5.6E). This was consistent with PF4 secretion levels which showed a 4-fold
reduction only in PPN-APX groups when compared to control (p = 0.0236) (Figure 5.6F).

Notably, both PPN only and Free-APX controls showed no reductions in PF4 expression.
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Figure 5.6: Functionalisation of pericardium with apixaban to reduce thrombosis

A) Schematic representation of molecular cargo dip-coating functionalisation step. B) SEM images
using back-scattered electron detector of gold-tagged apixaban (APX) functionalised onto PPN-coated
pericardium. C) Representative images of whole blood clotting assay. D) Quantification of blood clot
weight. E) SEM images of platelet attachment and aggregation on pericardium after lh incubation.
Platelets are false coloured in orange (scale bar represents 4um). F) PF4 ELISA results following whole
blood clotting assay. (n=3 per group). Statistical significance is indicated by *p < 0.05, **p < 0.01.
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5.3.5 Functionalisation of pericardium with MCC950 to inhibit inflammation
PPN was next evaluated for functional presentation of the anti-inflammatory drug MCC950 to
address pathological inflammation underlying SVD. PPN-coated pericardium tissue was
functionalised with MCC950 using the same incubation dip-coating process. Macrophages
were seeded onto pericardium samples and stimulated using LPS and ATP (Stim), to model
NLRP3 inflammasome—specific immune activation. Pericardium samples that were not pre-
treated with Cys showed no macrophages present after seeding, due to poor cell compatibility,
and therefore stimulation was not possible for these groups (Figure A2.3 A-C). All samples
were therefore treated with Cys before cell seeding to allow for cell attachment and stimulation
(Figure 5.7A). ELISAs were used to quantify the amount of IL-1B and TNF-a secreted from
the macrophages. Stimulation resulted in significantly increased secretion of both cytokines
compared to control (Figure 5.7B,C). PPN-MCC treated pericardium showed a significant 2.3-
fold decrease in IL-1P levels compared to stimulated control (»p = 0.0316, Figure 5.6B), while
TNF-a levels remained unchanged (Figure 5.7C). No significant differences in either cytokine
were observed between stimulated control groups and pericardium groups treated with either

PPN only or passively absorbed MCC (Free MCC).

Functionality of MCC950 bound to PPN coatings was further examined using an in vivo rat
subcutaneous implant model over 28 days (Figure 5.7D). The thickness of the fibrotic capsule
around pericardium samples was measured using a mason’s trichrome stain as an indicator of
the degree of immunomodulation (Figure 5.7E). PPN-MCC treated pericardium significantly
reduced fibrotic capsule thickness by 42 + 12% (p = 0.0400) compared to control after 28 days,
with no significant differences seen for PPN and free MCC treated samples (Figure 5.7F).
These findings demonstrate that MCC950 retains its functional bioactivity when coated onto
pericardium by PPN.
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Figure 5.7: Functionalisation of pericardium with MCC950 to inhibit inflammatory response

A) Representative images of control, stimulated only (stim), stimulated and PPN coated, and stimulated
and PPN-MCC950 coated (PPN-MCC) pericardium with macrophages seeded on the surface. All
groups were pre-treated with Cysteine to allow for macrophage adhesion and stimulation (scale bar
represents 50um). B) IL-1B and TNF-a (C) ELISA quantification from macrophages seeded on
differently coated pericardium samples post-stimulation. D) Schematic showing rat subcutaneous
implant model. E) Representative images of Masson’s Trichrom staining with the pericardium implant
outlined in black and fibrotic capsule denoted by a star (scale bar represents 500um). E) Quantification
of fibrotic capsule thickness surrounding the implant. (n=5 per group). Statistical significance is
indicated by *p < 0.05, ***p < 0.001.
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5.3.6 Functionalisation of pericardium with phytic acid to prevent calcification
Using an in vitro model of fibroblast calcification, we first showed that phytic acid (PA)
significantly inhibited calcium crystal formation indicated by reduced alizarin red staining
(Figure 5.8A,B). PPN was then evaluated for its ability to functionally present PA, as a strategy
to mitigate pathological calcification associated with SVD (Figure 5.8C). An established in
vitro bench-top model of accelerated hydroxyapatite crystal formation was used to assess PPN
coated pericardium functionalised with PA (PPN-PA) for 1 month. SEM imaging analysis
showed that the surface of untreated control pericardium was obscured due to extensive
calcification (Figure 5.8D, yellow). However, in both the PPN and PPN-PA coated groups, the
pericardium surface was clearly visible, indicating significantly reduced hydroxyapatite crystal
formation. No significant reduction in calcification was observed in samples treated with
passively absorbed PA alone (Free PA) (Figure 5.8E). Further evaluation using elemental
mapping analysis highlighted that all groups treated with Cys showed some level of reduction
in calcium content compared to control (Figure A2.4). These findings point to Cys as the
primary cause for the observed calcification reduction, confirming its aldehyde reducing

capabilities and validating the link between calcification and residual aldehydes.

Appreciating that in vivo calcification is a multifaceted biological process [314], we then
evaluated PPN-PA functionalised pericardium samples using an established 28-day rat
subcutaneous implantation model. After 28 days, Alizarin red staining of implanted
pericardium cross-sections showed large and dense areas of calcification in untreated control
samples. This appeared to be reduced in PPN treated controls and even further in PPN-PA
functionalised samples (Figure 5.8F). Percentages of positive alizarin red staining showed that
PPN-PA functionalisation led to a 4.5-fold reduction in calcification compared to untreated
control (p = 0.0033) (Figure 5.8G). PPN also showed a 2-fold reduction in alizarin staining

compared to control, although this was not statistically significant (p = 0.0644). Similar to
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previous findings of passively absorbed drugs, positive staining in Free PA groups was not
significantly different to untreated control. These findings demonstrate that PPN can

functionalise PA to reduce calcification on bioprosthetic tissue.
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Figure 5.8: Functionalisation of pericardium with phytic acid to prevent calcification

A) Representative images of human fibroblasts which underwent treatment with calcification media.
Alizarin red staining was performed (scale bar represents 1 mm). B) Quantification of Alizarin red
staining. C) Schematic representation showing phytic acid (PA) functionalisation and mechanism of
action. Free calcium and phosphate ions (1) traditionally bind together to form hydroxyapatite crystals
on pericardium surface. Phytic acid functionalised on PPN coated pericardium preferentially binds
calcium ions, inhibiting phosphate ion interactions (2), and preventing hydroxyapatite crystal formation
(3). D) SEM images of differently treated pericardium samples incubated with a calcium phosphate
solution showing hydroxyapatite crystal formation false coloured in yellow (scale bar represents 10um).
E) Quantification of hydroxyapatite crystal coverage across samples. (n=2-3). F) Representative images
of Alizarin red staining in the pericardium implant outlined in black (scale bar represents 500um). G)
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Quantification of percentage of implant stained positively by Alizarin red. (n=5 per group). Statistical
significance is indicated by **p < 0.01, ****p < (0.0001.

5.3.7 Hydrodynamic performance of PPN coated bioprosthetic valve leaflets
The challenge of translating drug functionalisation strategies to bioprosthetic valves is to
ensure the coatings do not interfere with the complex mechanics of leaflet motion.
Modifications to the leaflet surface must preserve key hydrodynamic metrics commonly used
to evaluate valve performance including regurgitation fraction (RF), effective orifice area
(EOA), and pulse pressure differential (PPD). PPN coatings were applied to a self-expanding
transcatheter porcine bioprosthetic aortic valve (Evolut R 26mm valve, Medtronic, Minnesota,
USA) using a scaled-up dip coating procedure to accommodate the large valve size and
complex leaflet geometry. Visual inspections of dark brown coloured pericardium leaflets
combined with SEM imaging verified successful PPN coating of the transcatheter valve (Figure
5.9A). Valves were then deployed in an industry-standard BDC pulse duplicator system to
subject valves to physiologically relevant flow and pressure (Figure 5.9B). Aortic views of the
deployed valve within the pulse duplicator showed uninterrupted motion of the valve leaflets
when coated with PPN in either an open or closed state (Figure 5.9C). This was verified through
readouts from the pulse duplicator showing no significant differences in RF, EOA, and mean
PPD when comparing PPN-coated valve to untreated valve (Figure 5.9D-F). Importantly, all
hydrodynamic measurements from the PPN-coated valve were well within compliance for ISO

5840 standards for heart valve substitutes.
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Figure 5.9: Translatability of PPN coating on commercial TAVR valve

A) Photograph images showing the dip-coating process used to conjugate PPN to a Medtronic
transcatheter valve. SEM images show the surface of the pericardium leaflets before and after PPN-
coating. (Scale bar represents 500nm). B) Photograph of pulse duplicator system. C) Photograph images
of Medtronic valve inside pulse duplicator system with and without PPN coating. RF refers to
regurgitation fraction and EOA refers to effective orifice area. D,E,F) Quantification of RF (D), EOA
(E), and mean pressure gradient (F). PPD refers to pulse pressure differential.
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5.4 Discussion

The durability of current bioprosthetic heart valves is limited by SVD, a pathological
combination of interconnected biological processes including thrombosis, inflammation and
calcification [94]. Current strategies to reduce SVD primarily comprise of chemically treating
the glutaraldehyde pericardial tissue to mask calcium binding sites. However, the long-term
effectiveness of these technologies is yet to be confirmed and their application to transcatheter
heart valves has only recently been introduced. Furthermore, these treatments offer only a
passive approach to reducing SVD and its underlying biological processes. An alternative
approach that actively modulates the biology at the leaflet interface could potentially enhance
bioprosthetic valve resilience to SVD. Here, we investigate the potential of a novel nanoparticle
platform PPN to allow active drug functionalisation on bioprosthetic valve tissue. By applying
the platform across three distinct drugs, we exemplify how it can separately target each of the

three underlying biological modes of SVD in thrombosis, inflammation and calcification.

First, a strategy for achieving efficient PPN coating on glutaraldehyde fixed bovine
pericardium was established. Pre-treating the pericardium samples with 4% L-Cysteine (Cys)
for 6 hours before applying PPN led to significant PPN coverage across the sample. Hence,
successful PPN coating was achieved with two dip coating steps, totalling an 18-hour protocol.
Coating was also macroscopically confirmed by qualitatively measuring pericardium
brownness. Previously reported coating strategies for bioprosthetic tissue, such as layer-by-
layer (LbL) assembly [315, 316] and covalent grafting [317], rely on multi-step chemical
protocols that present significant challenges for scalability and routine validation. LbL
techniques involve the sequential deposition of oppositely charged, drug-laden layers and

require multiple immersion and rinsing steps, making the process time-consuming and poorly

168



suited for large-scale application. Similarly, covalent grafting of nitric oxide-releasing
compounds requires surface pre-functionalisation via EDC/NHS chemistry and additional
coupling reactions [318]. Both approaches further depend on complex analytical techniques,
including XPS, elemental mapping, ATR-FTIR, and/or SEM to verify coating integrity and
uniformity. These requirements add labour and instrumentation burdens, limiting their practical
utility in high-throughput or manufacturing contexts. PPN coatings offer significant practical
advantages in comparison. PPN application is achieved using a simple dip-coating method,
while also offering ready visual confirmation of coating success, streamlining optimisation and
early-stage screening without the need for complex validation analytics. Importantly, PPN
coatings demonstrated good short to medium term retention capabilities under flow, remaining
present on pericardium surface after being exposed to the equivalent of approximately 12
weeks of pulsatile flow. Given the distinct temporal profiles of SVD mechanisms, with
thrombosis and inflammation typically manifesting acutely and calcification progressing over
time [94], the platform supports temporally targeted therapeutic intervention. In instances when
prolonged PPN surface retention is required, optimised coating protocols may enhance long-
term stability and extend therapeutic potential to chronic degenerative processes such as late-

stage calcification.

Next, the ability of Cys to reduce residual aldehyde groups was examined using a Schiff-base
reagent stain. Pre-treating glutaraldehyde-fixed pericardium with Cys successfully reduced free
aldehyde groups, the reaction of which was not interfered with by subsequent application of
PPN. This is expected as the Cys and free aldehyde groups have already formed stable
thiazolidine rings before PPN addition. The amine and carboxyl groups present on the PPN
surface are not strong enough nucleophiles to outcompete the thiol group of the cysteine,
making reversal of this reaction highly unlikely [226]. Furthermore, while potential side
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reactions such as Cys-Cys disulfide bridging or thiol oxidation could theoretically occur, the
significant reduction in Shiff-base staining indicates that the condensation reaction with tissue
aldehydes remains the dominant pathway. Despite prior mention of Cys as a potential aldehyde-
reducing agent for pericardium, its use for targeted aldehyde-capping has not been
systematically explored [319]. Our results demonstrate for the first time the ability of Cys to
effectively reduce residual aldehydes on pericardium with a single 6-hour incubation step,
comparable with the current gold-standard aldehyde capping technology Resilia™ (Edwards
Lifesciences) which takes between 4-6 hours to achieve complete free-aldehyde removal [320],
and far more efficient compared to Medtronic’s AOA™ treatment which takes 48-120 hours
for optimal performance [321]. Given that many commercially treated bioprosthetic tissues
already incorporate aldehyde-capping steps, this suggests that PPN coatings could be applied
directly to these valve leaflets without the need for additional pre-treatment. This positions
PPN as a compatible add-on that does not require alteration of existing leaflet chemistry or

design.

Furthermore, improving the cell compatibility of fixed pericardium is essential for promoting
beneficial cell remodelling that can positively impact valve durability [94]. For example, re-
establishment of an intact leaflet endothelium is critical for long-term maintenance of a non-
thrombogenic leaflet surface, regulating inflammatory responses and preserving tissue
homeostasis, all of which can contribute to enhanced resilience against SVD [322]. The effect
of the PPN coating protocol on endothelial cell attachment and viability was therefore
investigated. Both attachment and viability of endothelial cells improved when seeded onto
pericardium treated with either Cys only or Cys and PPN, with no observable difference
between the two treated groups. In this way, Cys was the primary cause of these improvements.
These effects were largely unsurprising, given previous studies showing similar amino acid
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pre-treatment, using L-glutamic acid, improved endothelialization and reduced long-term
thrombosis over 3 months in pericardium grafts used in sheep carotid arteries [323]. More
importantly, PPN attachment following Cys pre-treatment did not compromise this improved
cell compatibility, both supporting previous findings of low cytotoxicity of PPN [324] and
highlighting that surface modification can be achieved without sacrificing the biological

performance of the underlying tissue.

Distinct mechanical properties are required for pericardium tissue to function effectively as a
valve leaflet [313]. Biaxial mechanical testing was used to assess if any changes to these
properties occurs after Cys or PPN treatment. Firstly, pericardium exhibited anisotropic
mechanical properties, consistent with the directionally aligned orientation of collagen fibres
which make up the pericardium. Importantly, neither Cys or PPN negatively impacted
pericardium stiffness or maximum load capabilities in either the axial or transversal direction.
Cys has previously been shown to preserve tensile properties, likely because it does not disrupt
the macro-architecture of the pericardium collagen fibers [319]. Our findings demonstrated that
PPN coatings have no impact on mechanical performance, even after repeat loading stress,
supporting that they function as exclusively surface-level modifications that do not affect the
bulk properties of the tissue. This preservation of mechanical integrity reinforces the potential
for integrating PPN into existing bioprosthetic valve designs without compromising leaflet

function.

Water contact angle is a common measure of tissue wettability often used for assessing how
coatings alter surfaces of materials. Treated pericardium presented as more hydrophobic
compared to untreated pericardium. This decrease in wettability was largely due to Cys

reacting with aldehyde groups on the pericardium, which are known to form stable and
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hydrophobic thioether bonds which drive increased water contact angles [325]. PPN has
previously shown to enhance substrate hydrophilicity which was also observed here when
comparing PPN treated samples to Cys only [326]. However, the final contact angle still
remained markedly higher than that of untreated tissue. This increase in hydrophobicity may
be beneficial in the context of valve leaflet performance as hydrophobic surfaces can reduce
excessive water uptake and swelling, helping to preserve mechanical integrity [327], and may
limit undesired interactions with plasma proteins that trigger immune or thrombogenic
responses [328]. These findings suggest that PPN treatment not only enables surface
functionalisation but also contributes to tuning surface wettability to a level potentially

favourable for long-term leaflet durability and biocompatibility.

After characterisation and evaluation of the PPN coating, functionalisation of this coating with
therapeutic cargo was performed. PPN have been previously demonstrated as a versatile
nanocarrier platform for therapeutic molecules, enabling simple drug attachment by binding
biomolecules directly from solution without the need for additional linker chemistry [230, 326].
The direct factor Xa inhibitor apixaban (APX) was selected as a therapeutic agent to be
functionalised on PPN coated pericardium due to its anticoagulation properties. APX
functionalised PPN-coated pericardium reduced thrombus weight and platelet activation
compared to control, highlighting that APX remained functional post-functionalisation. This
represents a significant advance over previous work demonstrating that PPN can bind bioactive
cargo when applied on synthetic polymers [326]. These findings show PPN are still an effective
functionalisation platform on glutaraldehyde-fixed bioprosthetic tissue. Relevant to the anti-
thrombotic function of APX, similar effects on bioprosthetic tissue have been achieved using
anticoagulant-laden nanogel coatings [329]. However, this coating required preloading of drug
into nanogels, covalent grafting of PEG, and incorporation of enzymatic triggers, steps that add

chemical and logistical complexity which may pose translational challenges. In contrast, the
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PPN platform enables a simple, dip-coating process, followed by linker-free drug attachment
achieved within 30 minutes, offering greater flexibility and clinical feasibility. From a clinical
perspective, this strategy also addresses a critical limitation in the use of systemic
anticoagulation following valve replacement procedures. Oral drugs like APX have been
shown to reduce the incidence of SLT, however their systemic use has been associated with
increased bleeding and thromboembolic events [285]. Localised drug presentation at the leaflet
surface where SLT originates, may offer a safer alternative with reduced off-target effects. The
successful findings with APX supported broader investigation into versatility of the platform

to present other drugs targeting the remaining major modes of bioprosthetic valve failure.

MCC950 is a selective inhibitor of the NLRP3 inflammasome, blocking downstream IL-1[3
secretion without affecting broader immune signalling pathways such as TNF-o secretion
[233]. Maintaining this selectively presented a stringent test for drug functionalisation of the
PPN platform. This selective functionality was preserved post-functionalisation, evidenced by
the reduction in IL-1B but not TNF-a following macrophage stimulation. In addition, our
previous work has shown MCCO950 to significantly reduce foreign body fibrosis and
inflammation of implanted materials [330], providing an additional metric for evaluating its
functional activity. As such, the observed in vivo reduction of fibrotic capsule thickness of
MCC950 functionalised PPN-coated pericardium further validated the functional presentation
of MCC(C950. This effect was not observed in groups treated with free, passively adsorbed
MCC950, underscoring the importance of PPN in enabling therapeutically meaningful drug
presentation in vivo. This marks the first demonstration of PPN functioning as an effective in
vivo biomaterial coating capable of sustaining localised drug activity. This has important
clinical implications for bioprosthetic heart valves which inherently trigger foreign body
responses, leading to leaflet fibrosis and excessive extracellular matrix (ECM) deposition.
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Notably, leaflet fibrosis has been observed as early as 60 days post-implantation, restricting
mobility and impairing valve function, ultimately leading to SVD [95]. Leaflet fibrosis is
increasingly recognised as a key intermediate stage in the progression of structural valve
deterioration (SVD), bridging early thrombotic events and later calcific degeneration [331,
332]. Developing leaflets that can locally inhibit inflammation and promote better integration
with the vasculature is crucial for long-term valve performance and would represent a

significant advance in valve durability.

Enhancing pericardium resistance to calcification has arguably been the largest industry focus
to improve long-term valve durability, representing another key target for drug
functionalisation. Bioprosthetic valve calcification is a chronic process believed to be driven
by passive calcium phosphate deposition on collagen and elastin fibers within pericardium
ECM, leading to hydroxyapatite crystal formation [94]. Phytic acid (PA), a calcium-chelating
drug, has been shown to inhibit calcification by blocking calcium crystal nucleation and growth
in vascular applications such as decellularized grafts and arterial tissues [333]. These findings
support its potential utility in bioprosthetic valve leaflets, where similar ECM-driven
calcification mechanisms are known to occur. In our in vitro accelerated calcification model,
reduced hydroxyapatite formation was observed in all PPN-coated groups, consistent with the
well known anti-calcification effects of aldehyde capping pretreatments like Cys [329, 334-
336]. This validates the current industry strategy to employ tissue technologies that target
residual aldehydes to prevent calcification. However, it was in the in vivo setting where the
added value of PPN-PA functionalisation became evident. While Cys pretreatment alone
contributed to a trend toward reduced calcification, significant reductions were only achieved
in PPN-PA functionalised groups. This highlights the potential of combining passive anti-
calcification strategies (e.g. tissue technologies) with active drug functionalisation for
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enhanced clinical outcomes. However, it is important to note that the models used in this study
reflect accelerated calcification, whereas bioprosthetic valve calcification is a chronic process
that spans decades. Further studies are needed to assess the long-term durability of PPN-PA,
including both the PPN coating itself and the sustained activity of PA over time. Future work
may focus on optimising stability and drug binding to ensure prolonged anti-calcification

performance of PPN-PA coatings over the lifespan of a bioprosthetic valve.

Leaflet mechanics can be significantly altered by changing leaflet thickness even on a micron
scale. One study evaluated valves with varying leaflet thickness using a pulse duplicator system
and concluded that increasing leaflet thickness from 0.24 mm to 0.46 mm resulted in a
reduction in EOA (reduced from 2.5 cm? to 1.1 cm?) and an increase in mean pressure gradient
from 8 mmHg to 25 mmHg [337]. It also demonstrated that even changing leaflet thickness by
25 pum can markedly affect hydrodynamic performance. PPN are approximately 100-200 nm
in size [226] and therefore translated to no observable changes in leaflet mechanics when
coated onto bioprosthetic valve leaflets. However, polymer coatings currently range between
5-15 um and therefore are believed to directly impact leaflet mechanics, making them not
suitable for valve applications [338]. This highlights the translatability of PPN with regard to

commercial transcatheter aortic valves.

5.5 Conclusion

In this study, we present a novel approach for the biofunctionalisation of bioprosthetic valves
using PPN. PPN coatings can potentially enhance the long-term durability of bioprosthetic
valves by enabling a diverse range of targeting strategies to actively address key biological
mechanisms driving SVD. Our platform employs a simple two-step process completed within
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24 hours, eliminating the need for complex chemistries and lengthy production workflows.
Aligned more with an active approach to preventing SVD, the main advantage of PPN is its
role as a drug-functionalisation platform. Using Apixaban, MCC950 and Phytic acid, we
demonstrate the capability of PPN to immobilise therapeutic agents while preserving their
bioactivity in direct relevance to major SVD pathways. PPN successfully functionalised
Apixaban to provide enhanced resistance to clotting and platelet activation. Similarly, PPN-
MCC950 functionalised pericardium showed a reduction in inflammation in both in vitro and
in vivo inflammatory models. Lastly, PPN coatings of Phytic acid inhibited hydroxyapatite
crystal formation in vitro and reduced accelerated calcification in vivo. These findings establish
PPN as powerful platform for enhancing drug efficacy by immobilising therapeutics directly
at the leaflet surface. This approach is scalable and functionally compatible with transcatheter
self-expanding bioprosthetic valves. Collectively, this study showcases PPN as a
fundamentally new advance in leaflet innovation, offering new opportunities to enhance

bioprosthetic valve longevity and ultimately transform valve replacement therapy.
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Concluding remarks
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6. Chapter 6 — Concluding remarks

Cardiovascular disease (CVD) remains the leading cause of death globally [99]. With an ageing
population, CVD incidence is expected to increase dramatically into the future. In advanced
cases, cardiovascular devices and implants are playing an increasingly prominent treatment
role, often complementing and/or taking precedence over drug therapies. Cardiovascular
devices such as balloons, stents, and bioprosthetic heart valves have ushered in a new approach
to surgery, taking advantage of minimally invasive procedures which have accelerated their use
across broader patient populations [100]. However, current devices are not appropriately
designed to last for ever, and often don’t outlast the patient’s lifespan, resulting in repeat
surgical intervention. Reintervention carries an increased risk of procedural complication,
compromised device performance and significant burden on patients and their families [50,
51]. Recent innovation in the cardiovascular device space has aimed to extend device longevity
by coupling implants with anti-proliferative drugs which kill off tissue growth around the
implant which otherwise causes device failure. However, despite the introduction of drug
eluting technology, balloon angioplasty and stenting still routinely require reintervention within
3-5 years [110], and bioprosthetic heart valves rarely last longer than 10-12 years [92]. As such,
there is an urgent clinical need to improve durability of current cardiovascular devices.
Increasing evidence suggests targeting inflammation, the underlying cause and/or driver of

implant failure, could be a promising approach.

The results of this thesis contribute to the novel understanding that targeting inflammation
could be a better alternative for drug-eluting cardiovascular devices, and proposed innovative

solutions to incorporate this knowledge to existing devices.
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Chapter 3 of this thesis evaluated a selective anti-inflammatory drug-elution strategy for
cardiovascular materials against the current clinical anti-proliferative approach. Anti-
proliferative drugs paclitaxel and sirolimus have been the dominant drug-eluting agents for
cardiovascular devices since drug-elution technology was introduced in the early 2000’s [105-
108]. Despite considerable improvements in the understanding of the pathophysiology of
restenosis and the drivers of cardiovascular device failure since then, anti-proliferatives have
remained the clinical standard. As a result, there is significant lag between what is known
regarding the fundamental scientific understanding of device failure and the engineering
solutions which aim to improve device performance and longevity. What is known in the
literature is that both prevention of restenosis and vessel healing are necessary outcomes for
sustained vessel patency [339]. While sirolimus and paclitaxel are able to reduce restenosis in
the short term, they predominately fail to promote vessel healing characterised by rapid
endothelialisation, leading to failure in the long term. This chapter therefore investigated the
potential of the selective anti-inflammatory MCC950 to both inhibit restenosis and promote

vascular healing.

MCC950 is a specific inhibitor of the NLRP3 inflammasome pathway which is implicated in
vascular inflammation and restenosis [236, 237]. In vitro studies in Chapter 3 highlighted that
MCC950 was functioning through a completely distinct mechanism of action compared to
paclitaxel and sirolimus, being able to reduce pro-inflammatory cytokine secretion without
demonstrating anti-proliferative/cytotoxic effects. While this anti-inflammatory effect of
MCC950 has been established in the literature, this was the first time it has been investigated
in a vascular context. Notably, the ability of MCC950 to reduce clot weight and fibrin
deposition highlighted the importance of NLRP3 inflammasome driven inflammation in

platelets and the blood clotting cascade more broadly, a pathway that had never previously been
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targeted by the drug. This further suggested MCC950 could be a more favourable drug-elution

agent compared to paclitaxel and sirolimus.

MCC950 was then evaluated in vivo using an established mouse carotid interposition grafting
model for neointimal hyperplasia. While both paclitaxel and sirolimus showed no improvement
in endothelialisation at 7 or 28 days, MCC950 promoted more rapid and functional
endothelialisation, highlighting for the first time a vascular reparative effect. MCC950
treatment similarly enhanced long-term reduction of neointimal hyperplasia, firstly suggesting
that suppressing underlying inflammation is sufficient in reducing risk of restenosis, and
secondly, by selecting the right pathway, selective inhibition of inflammation can both decrease

pathological inflammation while not only preserving healing, but actively enhancing it.

These findings represent the first time a selective NLRP3 inflammasome inhibitor has been
evaluated both in vitro and in vivo against current commercial drug eluting agents in the context
of vascular materials, providing a basis for further investigation of selective anti-

inflammatories as a drug elution strategy.

Chapter 4 of this thesis aimed to evaluate the potential of plasma polymerised nanoparticles
(PPN) as a localised drug delivery platform for selective anti-inflammatory therapies in the
context of vascular injury. Nanoparticle-based carriers have long been proposed as a means to
improve tissue uptake and extend local drug retention for cardiovascular applications, but
translation has been limited by poor biodistribution, complex functionalisation protocols, and
loss of drug functionality upon conjugation [146, 207, 220, 225]. In this chapter, PPN were
investigated as an alternative nanocarrier platform to overcome these limitations and enhance

the therapeutic potential of the selective anti-inflammatories MCC950 and IL-10.

The first part of this chapter focused on biodistribution and clearance of systemically delivered

PPN, using radiolabelling with zirconium-89 and PET/CT imaging. PPN accumulated
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primarily in the liver and spleen shortly after administration, consistent with their
physicochemical properties which suggest clearance through the mononuclear phagocyte
system [257]. Accumulation in the heart and brain was negligible, reducing the risk of off-
target toxicity often observed for other nanoparticle systems such as silica or gold nanoparticles
[147, 259, 260]. Over time, PPN were cleared from the liver via the biliary system, reflecting
normal processing pathways for nanosized materials. These findings demonstrated that PPN
follow predictable biodistribution and clearance routes, with no evidence of prolonged

accumulation in vital organs, supporting their safety profile as a drug carrier.

The simplicity of conjugating therapeutic cargo to PPN and the retention of drug functionality
was additionally tested in this chapter. Unlike other nanoparticle systems that rely on multi-
step wet-chemistry protocols or require additional coatings to stabilise drug loading [262], PPN
enable one-step surface conjugation of bioactive cargo. Both a large protein cytokine (IL-10)
and a small molecule (MCC950) were successfully conjugated, confirmed by shifts in
hydrodynamic size, PDI, and zeta potential. Importantly, both retained their bioactivity in vitro,
suppressing inflammatory cytokine secretion in macrophage stimulation assays. This outcome
contrasts with inorganic platforms such as gold nanoparticles, where conjugation has
frequently impaired drug activity [225]. Thus, this study highlighted PPN as a practical,
scalable, and function-preserving platform for conjugation of two classes of selective anti-

inflammatory agents.

In vivo studies revealed the therapeutic advantages of PPN as a drug delivery platform for
vascular applications. Fluorescently labelled PPN showed markedly improved arterial retention
compared to free dye following arterial injury, adhering directly to the damaged vessel wall

and resisting washout under blood flow for up to 5 days. Building on this, PPN-MCC950 and
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PPN-IL10 conjugates significantly reduced neointimal hyperplasia and enhanced
endothelialisation after 14 days, whereas freely delivered drugs were unable to achieve both
outcomes simultaneously. These findings underscore the importance of drug retention.
Endothelialisation is an acute repair response that can be supported even by transient IL-10
exposure, but suppression of neointimal hyperplasia requires sustained drug presence, which
was only achieved when conjugated with PPN. By combining retention with functional
preservation, PPN enabled these selective anti-inflammatories to demonstrate favourable

vascular outcomes in vivo for the first time when delivered locally following arterial injury.

Together, these results identify PPN as a promising nanoparticle platform that addresses key
barriers to nanoparticle translation including predictable biodistribution and clearance without
accumulation in vital organs, simple drug-functionalisation protocol, preservation of drug
function, and robust in vivo efficacy through enhanced retention. This chapter therefore
provides proof-of-concept that PPN can effectively deliver selective anti-inflammatory agents
such as MCC950 and IL10 to sites of vascular injury, reducing neointimal hyperplasia while
promoting endothelial repair. These findings support further evaluation of PPN-MCC950 and
PPN-IL10 therapies in pre-clinical models and position the platform as a commercially viable

solution for next-generation cardiovascular drug delivery.

Finally, a novel approach for the biofunctionalisation of bioprosthetic valves using PPN was
developed in chapter 5 of this thesis. Here, a customised dip-coating protocol utilising
L-Cysteine (Cys) pre-treatment was developed which not only allowed PPN to effectively bind
to the glutaraldehyde-fixed bovine pericardium in less than 24 hours, but also chemically
reduced residual free aldehyde functional groups on the tissue surface, a common feature

current commercial bioprosthetic valves have adopted in order to reduce calcification [304,
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320, 321]. PPN coatings resulted in a dark brown colouration of pericardial tissue providing an
immediate visual validation for coating success, simplifying quality control and potential
clinical translation. Importantly, Cys pre-treatment drove enhanced cell compatability, with
implications for positive cell remodelling and host integration. This is particularly relevant for
re-establishing the leaflet endothelium, a critical component in maintaining a long-term non-

thrombogenic surface and mitigating early-stage complications such as SLT and HALT [94].

The mechanical and surface properties of pericardial tissue coated with PPN was then evaluated
to ensure the coating protocol did not cause any adverse effects. Using a biaxial mechanical
tester, no change in mechanical properties including stiffness, degradation or cyclic
deformation were observed when comparing PPN coated pericardium to control, highlighting
the potential of PPN to be incorporated into existing bioprosthetic valves without
compromising leaflet integrity. Interestingly, water contact angle testing indicated PPN coating
enhanced the hydrophobicity of the pericardium surface, potentially having favourable anti-
thrombogenicity implications by mitigating plasma protein adsorption and minimising blood-

surface contact.

Aligned more with an active approach to preventing SVD, the main advantage of PPN is its
role as a drug-functionalisation platform. Using apixaban, MCC950 and phytic acid, this
chapter additionally demonstrated the capability of PPN to immobilise therapeutic agents while
preserving their bioactivity in direct relevance to major SVD pathways. PPN successfully
functionalised apixaban to provide enhanced resistance to clotting and platelet activation.
Similarly, the selective inflammation inhibitory mechanism of action of MCC950 was retained
in vitro when functionalised onto PPN coated pericardium, which translated to reduced fibrotic
encapsulation of the material in vivo. Furthermore, PPN coatings of phytic acid inhibited
hydroxyapatite crystal formation in both in vitro and in vivo models of accelerated calcification.
These findings establish PPN as powerful platform for enhancing drug efficacy by
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immobilising therapeutics directly at the leaflet surface. This is the first demonstration of a
bioprosthetic valve coating platform that can functionalise a diverse range of therapeutics
which actively address key biological mechanisms driving SVD, without altering the coating

protocol.

Importantly, this approach is scalable and functionally compatible with transcatheter self-
expanding bioprosthetic valves. PPN coatings did not impair key hydrodynamic parameters
during pulse duplicator testing including regurgitation fraction, effective orifice area, and pulse
pressure gradients across the valve, all of which remained well within ISO standards for heart
valve substitutes. These findings validate that PPN coatings seamlessly integrate into current
bioprosthetic valve designs, reinforcing their clinical feasibility. Collectively, this chapter
showcased PPN as a fundamentally new advance in leaflet innovation, offering new
opportunities to enhance bioprosthetic valve longevity and ultimately transform wvalve

replacement therapy.

Overall, this thesis demonstrated a new strategy to improve cardiovascular device durability
through selective immunomodulation and active engagement with local biology. Evaluation of
MCC950, a novel NLRP3 inhibitor, in the context of vascular materials showed that targeted
anti-inflammatory drug-elution can suppress inflammation while promoting healing, offering
clear advantages over current commercially used anti-proliferatives. Building on this, PPN
were established as a localised delivery platform that enhanced drug retention and produced
favourable vascular outcomes, potentially extending the benefits of selective
immunomodulation to other vascular settings. Finally, a PPN-based, commercially viable
coating was developed for bioprosthetic heart valves, creating functional surfaces that
mitigated key failure modes without impairing performance. Collectively, these findings
highlight the potential of selective anti-inflammatories and PPN-based solutions to underpin
the next generation of cardiovascular devices with improved longevity.
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Appendices

Appendix 1

Al.1 Stability of radiolabelled PPN-Zr%

Day Identifier Area % Peaks

0 Peak 1 19996 100

1 Peak 1 15264.5 98.76
Peak 2 192 1.24

2 Peak 1 13059 99.09
Peak 2 120 0.91

5 Peak 1 6706 94.21
Peak 2 412 5.79

8 Peak 1 7668 91.99
Peak 2 667.5 8.01

Table Al: Serum stability of radiolabelled PPN-Zr®

Area-under-curve data presented and corresponding peak percentages at days 0, 1, 2, 5 and 8.

Appendix 2

A2.1 Bovine pericardium sheet
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Figure A2.1: Glutaraldehyde-fixed bovine pericardium sheet

6mm biopsy punches were taken from larger pericardium sheets supplied by Maverick Biosciences
(scale bar represents 1 cm).

A2.2 Cycle degradation test
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Figure A2.2: Cyclic degradation test

Cyclic maximum load testing of control, Cysteine (Cys) treated and Cysteine plus plasma polymerised
nanoparticle (Cys+PPN) treated pericardium across 10 cycles. (n = 3)
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A2.3 Cell viability on glutaraldehyde-fixed pericardium
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Figure A2.3: Macrophage seeding on pericardium

A) Representative images after THP-1 seeding was performed on non-Cysteine treated glutaraldehyde-
fixed pericardium. Actin is stained in red (scale bar represents 50pum). B) Interleukin (IL)-1f and tumour
necrosis factor (TNF)-a (C) ELISA quantification from macrophages seeded on non-Cysteine treated
pericardium samples post-stimulation.

A2.4 Calcification EDS analysis
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Figure A2.4: Calcification on pericardium surface

Scanning electron microscopy (SEM) images alongside respective SEM-energy dispersive X-ray

spectroscopy images of differently coated pericardium surfaces showing calcium (Ca) presence (scale
bar represents 100 um).
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