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Abstract

Introduction

Coronary artery disease is the leading cardiovascular related death worldwide. The
mainstay therapeutic intervention is either coronary artery bypass grafting or
endovascular approaches, inserting a metallic scaffold to maintain the opened state of
the vessel. There are many scaffolds currently available and under development, with
bare metal stents being first designed followed by drug eluting stents which are now
commonly used. This necessitates the use of dual anti-platelet therapy to evade
thrombosis. Bare metal stents pose a significant risk of in-stent restenosis followed by
late stent thrombosis risk caused by the drug eluting stent. Importantly, drug eluting
stents have significantly decreased the incidence of in-stent restenosis. Consequently,
there remains the need to develop a complication-free stent, and thus we propose
combining the structural strength of metallic stents, bare metal stents, with the surface
characteristics of graphene to promote vessel healing and prevent complications.
Graphene is a mono layered sheet of hexagonal structured carbon atoms, and has been
hailed as the ‘wonder’ material across many disciplines. We aim to incorporate many of
the desirable qualities of graphene and graphene oxide; strong, flexible, anti-corrosive,
smooth, biocompatible, antibacterial, into a coronary stent coating in order to alleviate
some of the complications of currently available stents.

Methods

Graphene was prepared by liquid phase exfoliation using a stabilising agent known as 1-
pyrene sulfonic acid sodium salt while graphene oxide was prepared by Hummer’s
exfoliation method. The quality of the dispersions were characterised using a range of
techniques, particularly Raman spectroscopy and atomic force microscopy. Dip-coating,
with applied bias and spray coating techniques were tested to select the optimal method
of graphene/graphene oxide coating of bare metal stents. The selected technique was
then investigated further to optimise coating to achieve thin, uniform and maximal
coverage of the stent. Human coronary artery endothelial cell growth was investigated in
vitro by incubation with the coated stents for durations of one and eight days (n=3).
Following this, stents coated with graphene and graphene oxide underwent ex vivo
incubation on porcine aortic tissue for a period of 14 days in order to determine the
formation of neointimal hyperplasia. Following 14 days, visualisation by scanning electron
microscopy was performed as well as Miller’s staining and immunohistochemistry for
endothelial cells.

Results

Spray coating was selected at a spray distance of 10cm and 400uL at 0.4 mgmlL?
concentration to spray the stents for a duration of 60-80 minutes. Enhanced human
coronary artery endothelial cell growth was observed from day one to day eight, on the
graphene coated stents when compared to uncoated stents and graphene oxide coated
stent. Porcine coronary and aortic tissue culture demonstrated no significant difference in
neointimal thickness between any of the coated/uncoated bare metal stent groups.
Graphene and graphene oxide were not inferior to uncoated bare metal stents in

12



neointimal thickness. There were no endothelial cells present after 14 days of aortic
tissue culture, even though endothelial cells were present before tissue culture.
Conclusion

Graphene coating prototype of coronary artery bare metal stents was achieved by spray
coating. Graphene coating supported enhanced viability and growth of human coronary
artery endothelial cells. Ex vivo study of neointimal hyperplasia in the porcine aortic tissue
revealed no benefit of graphene coating in reducing neointimal thickness.

13
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CHAPTER 1

Introduction

1.1 Coronary Artery Disease

Coronary artery disease (CAD) arises from the substantial narrowing of the arteries
responsible for supplying oxygen- and nutrient-rich blood to the heart. The narrowing of
these arteries is attributed to luminal artery wall lesion growth, which protrudes into the
coronary artery lumen, restricting lumen diameter and resulting in hindered blood supply
to the heart. This leads to mal-perfusion of the cardiac tissue that can result in myocardial
infarction (Ml). This indicates the urgency of intervention to re-establish perfusion by

opening/widening of the narrowed coronary artery.

1.1.1 Coronary artery anatomy

The coronary arteries responsible for cardiac perfusion stem from two main coronary
arteries branching from the base of the aorta: Right main coronary artery (RCA) and left
main coronary artery (LMCA). The LMCA divides into the left circumflex (CX) artery and
the left anterior descending artery (LAD), the predominant arteries affected by CAD
(Fig.1.4A). The order by which lesion development affects the coronary arteries has been

reported as follows; LAD, RCA CX and the LMCA (1).

Healthy artery comprises of three principal layers; an outer layer, adventitia, a middle
layer, media, and an inner layer known as the intima (Fig. 1.1). The intimal layer surface is
covered with a monolayer of endothelial cells (EC) shielding the underlying cells from
blood components that when in contact, can adhere to the underlying cells, triggering
thrombus formation or inflammatory responses. The endothelial cells maintain fluidity of
blood via promotion of several anticoagulation pathways; protein C and protein S
pathways (2). Secretion of nitric oxide (NO) by ECs has a vasodilatory effect on the vessel
as well as an anti-proliferative influence on the underlying smooth muscle cells (SMC) (3).
EC disruption can lead to endothelin secretion that influences atherogenesis in addition
to pro-platelet adhesion via expression of platelet adhering binding sites, such as P-
selectin, on the cell surface (2, 4). Hence, the vital role the endothelial layer plays in the
integrity and health of vessel walls. The components of the medial layer consist of
primarily smooth muscle cells, whereas the intimal layer contains a network of connective

tissue and a layer of elastic fibres (5).
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Figure 1.1: Schematic representation of an artery. Adventitial, medial and intimal layers
depicted. The adventitial layer compromises of fibroblasts and connective tissue. The medial layer
compromises of predominantly smooth muscle cells and elastin fibres. The intimal layer includes
the subendothelial layer consisting of connective tissue followed by a monolayer of endothelial
cells exposed to the artery lumen.

1.1.2 CAD Incidence

Coronary artery disease is the leading cause of cardiovascular related mortality and
morbidity worldwide (Fig. 1.2) and contributes to an annual mortality of 66,000 in the UK
alone (6). In spite of the many advances in the field of coronary artery intervention, CAD
remains the main contributor to the 17.9 million cardiovascular related deaths worldwide

(7). CAD contributes to 16% versus 10% of male and female deaths, respectively (8).
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Top 10 global causes of death, 2016
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Figure 1.2: Global cause of death worldwide. Statistics of worldwide mortality and their causes in
2016 (6).

1.1.3 CAD risk factors

There are several risk factors for the development of atherosclerosis. These include
hypercholesterolaemia, smoking, diabetes, hypertension, advanced age and male sex (9,
10). Hypercholesterolaemia, as one of the main risk factor of atherosclerosis, plays a
major role in its development due to the elevated levels of low density lipoproteins (LDL)
which accumulate within the intimal layer of the vessel, where the LDL undergo oxidation
that renders them susceptible to engulfing by macrophages (detail in section 1.2.1) (11).
The risk factors influence atherosclerosis and thus CAD by chronically elevated circulating
harmful stimuli, such as free radicals, thereby damaging the vascular endothelium and
disrupting the balance of nitric oxide that costs the endothelium its selective permeability

(12).

The continued rise of CAD predisposing factors suggests a continued increase of CAD
outlook. The world population is growing to advanced age and the choice of lifestyle, lack
of exercise and poor eating habits, is leading to an increase risk of diabetes, hypertension,
hypercholesterolaemia and obesity, all significantly contributing to the risk of developing
CAD (13-15). Adding to this, is the evidence in 17% of American teenagers who have

shown a pathological thickening of their coronary artery intima (16).
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1.2 Pathogenesis of atherosclerosis

CAD arises from a build-up of atherosclerotic plague, growing from the intimal layer of
coronary arteries. The developing atheroma is a lipid-filled lesion on the arterial wall that
grows predominantly by smooth muscle cell proliferation and inflammatory responses.
Atherosclerosis was historically believed to be a lipid storing illness (17, 18).
Consequently, in an attempt to alleviate circulating lipid levels and thence

atherosclerosis, life style changes (exercise and dietary intake) were promoted.

The origin and progression of atherosclerosis has been widely debated, though its
mechanism has now been to some extent elucidated (10). There is a complex relationship
between risk factors and the inflammatory response, where a role is played by LDLs,
inflammatory cells, endothelium and smooth muscle cells in initiating and developing
atherosclerosis. Studies on humans as well as animals have both demonstrated the early
signs of atheroma to originate from fatty streaks, also known as intimal xanthoma (19).
Fatty streaks form as a consequence of chronically harmful stimuli (generated from risk
factors), that lead to endothelial dysfunction, where there is a decrease in NO secretion
and vasodilation as well as a move towards prothrombotic and proinflammatory state (EC
dysfunction causes overproduction of pro- thrombotic and inflammatory factors) (2).
Endothelium disruption means there is capability of non-selective entry via the
endothelium, such as the infiltration of C reactive proteins (CRP) into the subendothelial
layer; this protein is produced in the liver and believed to induce inflammation, to inhibit
NO and prostacyclin production within the vessel wall (2). Fatty streaks can develop early
in teenage years and progress from the infiltration of monocytes into the intimal layer,
due to the loss of selective permeability of the endothelium, where they differentiate into
macrophages, engulfing intimal-accumulated oxidised LDLs (19, 20). These oxidised-LDL
filled macrophages, now termed foam cells reside subendothelially, being responsible for

the ‘fatty’ descriptions of atherosclerosis.

1.2.1 Early atherosclerosis- fatty streak development

The initial trigger of atherosclerosis is predominantly caused by elevated blood LDL
particles that penetrate the endothelium (diffuse via endothelial junctions), where the
LDL constituent, apolipoprotein B, interacts with the matrix proteoglycans to accumulate
within the intimal layer of arterial walls (10). Enzymatic alterations to these LDL particles
occur, including oxidation, lipolysis and aggregation, that can render them susceptible to

inflammatory reponses, inciting the innate immune response within the intima (10). It is
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thought that lipid deposits also accumulate within the cytoplasm of the SMCs (19).
Subsequent summoning of inflammatory cells, such as monocytes into the intimal layer
occurs, where they differentiate into macrophages, engulfing lipid particles that lead to a

lipid-rich cell, thus termed as ‘foam cells’ (19).

As mentioned previously, there is a substantial inflammatory component to the
development and progression of atherosclerotic plaque. Some also hypothesised that this
response was attributed to endothelial dysfunction or denudation that promotes
leukocyte and platelet adhesion and infiltration mediated by von Willebrand factor and P
selectin (2, 21, 22). Dysfunction of endothelial cells causes excessive production of
Enothelin-1 (stimulate ETB receptors on monocytes), monocyte chemotactic protein-1
(MCP-1) and macrophage colony-stimulating factor (M-CSF) that all contribute to the
recruitment of monocytes into the intimal layer (10). The disrupted endothelium also
exhibits increased generation of macrophage activating inflammatory mediators,
including interleukin 6, interleukin 8, tumour necrosis factor, prostaglandin E2 and
superoxide anion (2). Moreover, dysfunction of endothelial cells produce adhesion
molecules on their surface; P-selectin (potent promotor of platelet and leukocyte
adhesion), E-selectin, platelet endothelial cell adhesion molecule-1 (PCAM-1, also known
as CD31) and vascular cell adhesion protein-1 (VCAM-1), capturing inflammatory cells

streaming past them in the blood (10, 23).

1.2.2 Intermediate lesions and advanced atheroma

The above, along with the continuation of the harmful circulating stimuli (e.g. free-
radicals, LDL, low bioavailability of NO), triggers secretion of further inflammatory factors
as well as triggering proliferation and migration of vascular SMCs, progressing the size of
the atheroma within the intima and leading to the formation of an in intermediate lesion,
known as pre-atheroma (24). As the lesion increases in size within the intimal layer, a
compensatory response triggers arterial remodelling to dilate the vessel (25, 26). The
relentless involvement of the immune system in this process provokes further
recruitment of monocytes and lymphocytes into the lesion, expressing Interferon-gamma
(IFN-y) and secreting signalling proteins, enzymes (plasminogen activating and matrix
metalloproteinases (MMP)) and growth factors (platelet derived growth factor), some

inducing necrosis (27, 28).
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The damaged endothelium causes changes to SMCs which subsequently secrete
chemoattractant and chemokines, including fibroblast growth factor-2, homocysteine and
angiotensin Il, that lead to the migration and proliferation of the SMCs into the intima
(10). Gradually, SMC extracellular matrix, immune cell and necrotic tissue accumulation
ensues within the lesion, resulting in a lipid core and necrotic core that is enclosed by a
fibrous cap (23). This fibrous cap forms just below the endothelium and is derived from
SMCs and collagen connective network, resulting in advanced atheroma (Fig. 1.3).
Eventually, the enlargement is so severe that the vessel cannot dilate anymore causing
the protrusion of the atheroma into the lumen and eventually restricting the flow of
blood, and consequently starving the distal tissue from oxygen and nutrients. This can
finally cause myocardial ischaemia and then infarction in the acute settings and in the

chronic settings where partial blockade persists, resulting in stable angina.

There are two consequences/phenotypes of atherosclerotic plaques, the lethal and acute
option; plaque rupture, or the more stable alternative, plaque erosion (Fig. 1.3). The
atheroma grows in size, capable of eventual rupture and then thrombosis. This is the
acute state, where rupture of the atherosclerotic plaque causes an acute thrombosis
event, occluding the artery completely, resulting in myocardial infarction. Thrombosis
occurs as a response to contact with atherosclerotic content causing a surge of platelet

and inflammatory recruitment, resulting in blockade of blood flow.

Plaque rupture

Thinning of the fibrous cap makes it susceptible to rupture. MMPs, stromolysin,
gelatinases, collagenases and cathepsin, play a major role in thinning the fibrous cap by
degrading the extracellular matrix (ECM) and collagen (responsible for the tensile
strength of the plaque) (10, 28). Apoptosis of the collagen producing cells, SMC, is
believed to add to the weakening of the plaque, due to reduced collagen secretion (28).
Macrophages have been reported to reduce collagen production by either inducing SMC

apoptosis, or rendering them incapable of secreting collagen (28).

Plague rupture is a very acute process of thrombus formation, where direct contact of the
thrombus with the lipid core exists. Rupture of an atherosclerotic plague exposes its
thrombogenic, tissue factor and necrotic contents, leading to a rush in thrombogenic
response that leads to acute recruitment and aggregation of platelets and fibrin

crosslinks, producing thrombosis at the site of rupture and blocking blood flow. About
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76% of lethal MI events are attributed to rupture of the plaque which either occludes
blood supply to the distal tissue completely or near-maximally (29). Vulnerable plaques
are characteristic of their thin fibrous cap (poor collagen and SMC component) that
envelopes the large lipid core consisting of a large immune cell and pro-coagulant
material content (Fig. 1.3) (23). Macrophage accumulation within the subendothelial
layer, along with the elevated expression levels of MMP1 are associated with stress and
strain sensitivity (30), implicating again an inflammatory role to plague rupture although
physical disruption has been reported as the main culprit (19, 23). Highly elevated blood
pressure is an example of physical disruption that may aggravate or tear the fibrous cap,
causing 'rupture' (Fig. 1.3). Subsequent release of the necrotic debris and
lipid/inflammatory content material into the coagulation proteins in the blood leads to a
rush in coagulation processes, platelet activation and aggregation forming a large
thrombus that occludes the flow of blood to the myocardium, causing oxygen starvation

and M.

Plaque erosion

Plaque erosion describes the formation of thrombus on the plaque fibrous cap surface,
without contact between the thrombus and the plagque content (31). Endothelial
dysfunction and erosion that result in atherosclerosis are alleged to be exacerbated by
inflammation, however inflammatory processes have been described to play a reduced
role in erosive plaques (32). Erosive plaques are significantly different to ruptured
plaques, as is demonstrated by their contrasting inflammatory profiles (33). Unlike
ruptured plaques, eroded plaques have been documented to exhibit a significantly thicker
media due to larger SMC numbers as well as a more stable phenotype (32). The fibrous
cap of an erosive plaque is also described to be thick and intact in contrast to ruptured

plaques (34).

Raised levels of inflammatory markers like macrophages and MMP1, which are often
associated with atherosclerotic plaques, are lacking in erosive plaques as well as the
sparse or absence of the lipid core (32). The true process by which erosion incites cardiac
events has not been well elucidated. It is believed that endothelium erosion allows
contact between circulating platelets and collagen within the plaque resulting in
formation of a platelet rich plaque (34). The composition of erosive plagues is dominated

by extracellular matrix, collagen, glycosaminoglycan and proteoglycans (34). Literature
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has described communication between circulating platelets and collagen (on fibrous cap)
to activate platelet degranulation that then secretes leucocyte chemoattractant such as
RANTES (also known as CCL5) and pro-inflammatory cytokines such as CD40L, further
ensuing platelet activation and aggregation (34). These platelets then incite the
recruitment of polymorphonuclear leukocytes that then contribute to summoning of

neutrophils and granulocyte (34).

Normal artery Fatty Streak Vulnerable plaque Rupture plaque

9

Lipid necrotic
core

Fibrous cap Thrombus

T-cells %Dendritic cells Macrophage
foam cell

Figure 1.3: Schematic representation of atherosclerotic plaque formation. Elevated circulating
lipid levels initiate the process of atherosclerosis, forming a fatty streak at first, which progresses
to vulnerable plaque that may also lead to rupture. Image obtained from (35).

1.3 Coronary artery disease therapeutic strategies
There are three broad intervention strategies for CAD, with sub-treatment strategies
outlined below for each:
1) Pharmacological
2) Surgical revascularisation
a. Coronary artery bypass grafting (CABG)
3) Endovascular - Percutaneous coronary intervention (PCl)
a. Balloon angioplasty

b. Bare Metal Stent (BMS)

c. 1% Generation Drug Eluting stents (1G-DES) Adjunct long-term
dual anti-platelet
d. 2" Generation Drug Eluting stents (2G-DES) therapy necessary

Importantly, all these interventions carry their own risk of associated complications,

explaining the continued need to design new subgroup of interventions.
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There remains debate in the selection of the ‘best’ method of treating CAD. Currently,
there are several interventions for CAD; drug therapy, surgical revascularisation, as well
as minimally invasive endovascular procedures i.e. angioplasty/stenting of which there

are a vast number of options to choose from.

The intervention selected is personalised to the severity and extent of coronary vessel
occlusion as well as the location of the occlusion (which coronary artery and site at which
it exists in the artery) with considerations to the fitness and co-morbidities of the patient.
Lifestyle alterations would be recommended to patients to reduce their risk factors of
exacerbating their condition or to avoid additional artery narrowing, this includes;
cessation of smoking, increased exercise and low-fat/healthy diet. Often pharmacological

intervention is used as an adjunct to these steps.

1.3.1 Pharmacological treatment of CAD

Prophylaxis treatments that aid regression or halt progression of atherosclerosis are
available, targeting predominantly circulating lipid particles. The predominant mode of
prophylaxis is the use of statins. There are also pharmacological aids utilised to reduce
stress on the atherosclerotic plagque as well as reducing myocardial oxygen demand. It is
now well known that inflammatory response is a major contributing factor to
atherosclerotic development. Thus, by logic, an anti-inflammatory pharmacological target

would be a reasonable approach to tackling atherosclerosis and consequently CAD.

An approach addressing the anti-inflammatory pathway was recently trialled. This
involved an inflammatory target for treating atherosclerosis particularly in patients with
persistently high proinflammatory markers such as high sensitivity C reactive proteins.
The Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) randomised
10,061 patients with previous Ml and elevated levels of high sensitivity CRPs (>2mgL™?) to
3 doses of canakinumab or placebo groups, to assess the efficacy of canakinumab in
reducing repeated vascular events (36). Canakinumab, an anti-interleukin-1p agent that
results in the inhibition of the interleukin-6 (pro-inflammatory cytokine) signalling
pathway as well as the multiple roles it is believed to play in the progress of
atherothrombotic plaque, the drive towards coagulation activity, vascular SMC growth,
and leukocyte and monocyte adhesion to ECs (36). Canakinumab demonstrated a
significant reduction in interleukin-6 and high sensitivity CRP levels compared to placebo,

as well as a significantly reduced incidence of recurrent vascular events in comparison to
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placebo group (36). This is an important finding, affirming the strong inflammatory
component to acute coronary events as well as an importantly novel therapeutic
direction for CAD. However, alarmingly an increased incidence of fatal infection as well as
sepsis was also observed in the treatment group than the placebo group, suggesting
further investigation and analysis is necessary prior to introducing to the wider CAD
patient population (36). Additionally, supplementary analysis of the CANTOS trial would
be beneficial in order to determine possible effects of canakinumab in relation to the
incidence of recurrent ST segment elevation Ml (STEMI) and non-STEMI. Perhaps in the
immediate sense, there is potential to introduce this as a therapeutic strategy only in the
patient group at high risk of repeated acute coronary events with simultaneous
consideration to patients’ infection risk profiles. This trial has confirmed the advantage of

further investigating inflammatory targets as an intervention to CAD.

Nevertheless, current medical intervention focuses on treating the risk factors that
exacerbate CAD; hypercholesterolaemia, hypertension. This includes the use of statins to
treat hypercholesterolaemia and to lower circulating lipid levels, angiotensin-converting
enzyme inhibitor or beta-blockers to lower blood pressure and thereby attenuating stress
on arterial walls, as well as calcium antagonists or nitrates to lessen myocardial oxygen

demand and elevate myocardial oxygen supply (37).

1.3.2 Coronary artery bypass graft (CABG)

A surgical intervention to re-establish cardiac perfusion was first introduced in humans in
1961 (38). Prior to this, Carrel attempted the first surgical intervention of cardiovascular
tissue in dogs and later successful intervention of the coronary artery also in dogs by
Murray and colleagues in 1954 (39, 40). This was the first step in direct intervention to
treat CAD that is still regularly performed and its superiority over PCl (with stent)
continuously debated (41, 42). CABG involves the use of expendable vessels to bypass the
location of vascular occlusion and thus allow perfusion of the area of myocardium distal
to the obstruction via the new grafted vessel. The vessel used for the bypass is often a
healthy saphenous vein (SV) or the internal mammary artery (IMA). Use of the SV involves
initial isolation followed by anastomosis to a larger vessel such as the aorta and to the
coronary artery distally to the occluded site (Fig. 1.4A). To use the IMA, a free end of the
internal mammary artery is sutured to the affected coronary artery, therefore bypassing

the region of occlusion/atherosclerosis (Fig. 1.4A). The outcome data of this procedure
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are promising, though IMA is a preferred line of intervention against CAD compared to
SV. This is attributed to the enhanced long term (10 year) patency associated with IMA
(85%) versus SV (61%) (43). The raised failure rate of SV versus IMA is confirmed in other
studies and is thought to be attributed to the resistance of the IMA to atheroma

development (44).

On the other hand, CABG is a very invasive approach to revascularisation and at times not
suitable for acute intervention or frail patients, consequently an alternative to this was
sought. Hence, the introduction of a minimally invasive approach to revascularise the

coronary arteries, PCl or also known as balloon angioplasty.
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Figure 1.4: Intervention strategies for treatment of coronary artery disease. A: lllustration of
Coronary artery bypass grafting, graft from saphenous vein connecting aorta to coronary artery
distal to site of occlusion vessel and one end of the mammary graft rerouted to coronary artery
vessel, again distal to the site of occlusion. Annotated from (45) accessed on 18/12/18). B:
Percutaneous coronary intervention without or with stent scaffold (35).

1.3.3 Percutaneous coronary intervention

1.3.3.1 Balloon Angioplasty

Coronary artery angioplasty was first performed by Griintzig in 1977 and rapidly became
the preferred method of revascularisation, particularly as an acute intervention (46). This
involved the use of a balloon-like apparatus that when inflated within the coronary artery
widens the stenosed location of the artery by compression of the atherosclerotic plaque
(Fig. 1.4B). As with any intervention, complications can arise, and the dominant limitation

of this approach was the 20-40% associated risk of restenosis within hours to weeks, in
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addition to its risk of sudden arterial collapse (47). These significant and major flaws

declined the initial appeal of angioplasty (48).

The primary reason for arterial collapse (also known as arterial recoil) and restenosis, is
the added stretch injury imposed on the already fragile arterial wall (49). Weakened
arterial wall and damage to elastin fibres means that after balloon deflation, it can no
longer support the open state leading to collapse. Balloon inflation can also cause
endothelial disruption, medial layer dissection and internal elastic lamina fracture (Fig.
1.1) (49). SMC proliferation and migration into the intimal layer leads to intimal
hyperplasia and arterial remodelling that protrudes into the arterial lumen causing intra-
luminal bulging that results in arterial restenosis (50). To address the unsupported and
weakened arterial wall, stent placement in conjunction to angioplasty emerged as a more

effective method to scaffold the arterial walls in the open state post angioplasty.

1.3.3.2 Angioplasty with bare metal stents

The accompanied scaffold with the balloon angioplasty is known as a stent, and the
predominant material make-up of stents are metals, particularly stainless steel, although
there continues to be a shift towards cobalt chromium even though both demonstrate
similar target vessel revascularisation incidence (51). The move away from stainless steel
is predominantly attributed to risk of hypersensitivity of the nickel within the medical
grade stainless steel, and nitinol stents (nickel/titanium alloy) (52). Some in literature

have claimed an association between the nickel in the stent scaffold and restenosis (52).

Bare metal stents (BMS) were first introduced as a therapeutic strategy in 1987 (53).
These stents are designed in a metal mesh like structure to support the vessel walls and
avert arterial collapse (Fig. 1.4B). The BENESTENT (BElgian NEtherlands STENT study) and
STRESS (STent REStenosis Study) trials presented a success rate of 96% and a restenosis
risk of 32% for BMS, whereas angioplasty alone demonstrates a success rate of 90% and a
restenosis incidence of 42%, rendering the BMS as the routine and preferred treatment
intervention (47, 54) until more advanced designs developed. Importantly though, the
recent BMS offer a greater efficacy with an improved haemodynamic design; thinner and

stronger struts (55).

Meta-analyses have been conducted to compare and review results from several
randomised control trials (RCT) investigating efficacy of balloon angioplasty in comparison

to BMS (56). Some advantages of BMS over angioplasty alone were identified, while there
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was no change in incidence of mortality or thrombosis (56, 57). Even though there were
improvements associated with BMS; lower occurrences of recoil/re-occlusion and
reduced rate in clinical events, there were also reported incidence of intervention related

complications; myocardial tissue damage and repeat revascularisation (57).

The mechanism of restenosis is described below in section 1.4.2. Neointimal hyperplasia
is the cause of restenosis and is believed to originate from the endothelial cell denudation
caused when deploying the stent. It is the healing response to this that leads to
neointimal hyperplasia, and consequently in-stent restenosis, and yet when compared to

angioplasty alone, still demonstrates an ameliorated morbidity incidence (58-60).

Elucidating the mechanism of restenosis and thrombosis was a vital step to determine
intervention targets, enabling design of pharmacologically active implants. The dominant
complication of BMS was the continued incidence of restenosis that encompass the stent
resulting to in-stent restenosis. When endothelial cell growth on the stent struts occur,
this enables smooth streaming of the blood past the stent struts as well as suppressing
adhesion of platelets by the anti-thrombotic characteristic of the re-established
endothelium (61). Neointimal hyperplasia re-narrows the vessel lumen diameter to a
significant degree. To address this complication and improve this incidence
pharmacologically active stents targeting SMC proliferation was designed and termed

drug eluting stents (DES).

1.3.3.3 Drug eluting stents

The aforementioned complications heralded the design of DES, a complication-improved
stent. These include the same metal scaffolds as BMS but with polymer and drug
coatings. BMS are associated with six months restenosis incidence of about 30%, whereas
DES ameliorate the risk by more than half, but they do not reduce restenosis entirely (62,
63). DES often are similar in design and substrate but have incorporated anti-proliferative
drugs on polymer coatings. The drugs are released gradually around the site of
implantation, and the duration depends on the type of stent ranging from 30 days to 12
weeks to release approximately 80% of the drug (64). The first DES introduced were
sirolimus eluting stent (SES) and paclitaxel eluting stent (PES), known as the 1%t generation

DES (65, 66).
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1%t Generation Drug eluting stents (1G-DES)

Sirolimus also known as rapamycin is an immunosuppressive and anti-proliferative drug.
It acts on the cytosolic protein, FK binding protein 12 (FKBP12) to suppress the protein
regulator termed mammalian target of rapamycin (mTOR), inhibiting protein synthesis for
cell growth and the G1 phase of the cell cycle, consequently suppressing cycle
progression and proliferation (67-69). An additional influence of Sirolimus is to repress
cytokine-incited T cell proliferation as well as reducing cell matrix generation (69). Its
abovementioned targets and action make sirolimus an advantageous drug for decreasing

neointimal hyperplasia and thus in-stent restenosis.

Similarly, another drug predominantly acting on the cell cycle is Paclitaxel. Paclitaxel acts
on the cell cycle by stabilising microtubules, which in effect halts cell cycle progression
from G2 to M phase as well as GO to G1 (70). Centrosome and spindle microtubule
arrangement is crucial in mitosis, and disruption in this allows paclitaxel to hinder cell
cycle progression and SMC proliferation and migration, thereby suppressing in-stent

restenosis due to neointimal hyperplasia (71, 72).

Landmark randomised control trials were conducted to assess the efficacy of the
sirolimus and paclitaxel eluting drugs. These included the first in man trials, RAVEL,
SIRIUS, and the Paclitaxel eluting stent trials TAXUS (65, 66, 73, 74). The revascularisation
and restenosis outcomes of these RCTs were promising and thus heralded the routine use
of DES from here on. A meta-analysis exploring the efficacy of the BMS and DES in
patients with ST segment elevation infarction (STEMI) and hence undergoing primary
percutaneous coronary intervention, validated the efficacy of DES, demonstrating lower
rates of revascularisation with DES but the realisation of a new morbidity, known as late
stent thrombosis (LST) or very late stent thrombosis (VLST) and very late re-infarction,
which was shown to be significantly higher in the DES group after 2 years (75). This is a
serious and life-threatening complication that occurs some months/years after stent
implantation. No significant difference between the groups in rate of mortality,
reinfarction or early stent thrombosis was found (75). In contrast, a prospective
multicentre primary PCI registry PREMIER (Prospective Registry Evaluating Myocardial
Infarction: Events and Recovery) presented a higher mortality frequency in the DES upon

withdrawal of dual anti-platelet therapy within six months of stent deployment (76).
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One of the main sources of late stent thrombosis is attributed to delayed re-
endothelialisation of the vessel luminal surface. BMS have been reported to show
complete endothelium recovery six months post implantation, whereas DES re-
endothelialisation remains incomplete even after 40 months (77). This delayed
endothelium recovery is attributed to the cell cycle inhibition effect of the drugs on DES.
This de-endothelialised luminal surface then becomes prone to continuous fibrin
deposition and platelet adherence, encouraging thrombus formation (64, 77, 78). Some
patients can also develop local hypersensitivity to the stent materials; polymer, drug or
metal substrate causing an inflammatory response, although this is disputed since the

drugs themselves also have immunosuppressive effect (78, 79).

The safety and efficacy of 1G-DES in the long-term settings remains under doubt. This is
associated with the incidence of late stent thrombosis and the necessary and aggressive
long-term anti-platelet therapy as well as the very serious and fatal concern of local
thrombosis (73, 80-82). In addition to the previously mentioned concerns, there are also
bleeding complications associated with the long-term anti-platelet therapy incorporated
with DES implantation, particularly hazardous when CAD/non-CAD related procedures are
required, necessitating the temporary discontinuation of the anti-platelet therapy (83,
84). This is a persistent predicament that clinicians often face; the balance between

bleeding or thrombosis risk, with both exhibiting potentially fatal outcomes (85, 86).

2" Generation Drug eluting stents (2G-DES)

In the pursuit of a more effective DES with superior long-term safety outcomes, the
second generation DES (2G-DES) were designed and thence have now become the
mainstay coronary intervention implants. These employ a thinner strut design, a more
biocompatible polymer with a less toxic anti-proliferative drug (87). Everolimus eluting
stents (EES) are designed on a cobalt-chromium alloy substrate (88). The 2G-DES include
the everolimus eluting, zotarolimus-eluting (ZES), and ridaforolimus-eluting (RES) stents.
Their efficacy outcomes are rather similar to 1G-DES but with improved long-term
complication incidence of stent thrombosis, restenosis and thus Ml (87). The first in man
trial, SPIRIT, comparing the 2G-DES, EES with the 1G-DES, PES, demonstrated the
superiority of EES over PES, both in terms of late lumen loss and major adverse

cardiovascular events (89-91).
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Everolimus is an analogue of sirolimus, which acts on the FKBP12 cytoplasmic protein,
forming a complex that influences the regulatory protein mTOR, thereby inhibiting
proteins p70 s6 kinase and 4E-BP1 preventing initiation of protein synthesis as well as
supressing cell cycle progression at G1 to S phase (69, 91). EES acts on the same pathway
as sirolimus though affecting other cells than T-lymphocytes (69). It is noteworthy that
EES has demonstrated accelerated re-endothelialisation as compared to SES, PES and ZES
in a rabbit iliac artery model after 14 days and it is also known as the best in class DES (92,

93).

1.3.3.4 Adjunct Dual anti-platelet therapy (DAPT)

The routine and dominant drugs prescribed to patients after DES implantation are; aspirin
and P2Y1, adenosine diphosphate receptor blockers; clopidogrel, prasugrel, or ticagrelor
(94). The use of these drugs are crucial long-term, 6-12 months though some patients
require longer periods of up to 48 months with the purpose of preventing thrombus

formation (94).

In summary, although most of the previously mentioned therapeutic strategies are
effective in treating CAD in the first instance, later complications demand re-intervention
(Fig. 1.5 and Table 1.1) or add significant additional risks, necessitating the design for a

more effective and complication-free stent.
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Table 1.1: Summary of advantages and disadvantages of coronary artery disease interventions.

Coronary artery bypass graft (CABG), Bare metal stent (BMS), Drug eluting stent (DES).

Advantages Disadvantages
CABG Lower incidence of repeated Very invasive procedure and
coronary intervention (either unsuitable for some
by CABG/PCI) (95) comorbidities
Balloon Transient lumen widening High risk of restenosis and
Angioplasty recoil
High incidence of repeated
coronary intervention (either
by CABG/PCI)
BMS Somewhat eradicated arterial High incidence of restenosis
recoil/collapse and in-stent restenosis
Maintains opened-state of
vessel
Complete re-endothelialisation
within six months (77)
Suitable for those due to
undergo invasive procedure in
the near future
DES Significantly reduced Poor re-endothelisation, even
restenosis and in-stent after several months
restenosis Incidence of late and very late
Less invasive and suitable for stent thrombosis
some patients with morbidities Long-term (>2 years) anti-
platelet therapy
- Unsuitable for those soon to
undergo major surgical
procedure or with high risk of
bleeding complications

1.4 Pathophysiology of stent related complications

The predominant shortcoming of PCI is the significant stent associated complications.
Complications often develop as a response to vessel wall injury caused when inserting
and deploying coronary artery balloon and stent. The type and severity of injury depends
on whether angioplasty alone is performed or whether it incorporates an added stent
scaffold. Balloon angioplasty poses stretch and vessel wall fracture injury, while
incorporation of a stent can also cause more focal injury with stent struts indenting into
the vessel wall as well as posing long term vessel wall strain (49, 96). Moreover, the
permanence of the stent, as a foreign material, in contact with the vessel wall may also
induce a systemic or local responses (97). The mechanism is not yet completely

elucidated but known details are outlined below (Fig 1.5).

32



1.4.1 Elastic recoil of coronary artery post angioplasty

Elastic recoil results from a collapse of the artery within minutes to hours after balloon
angioplasty. Reports of an approximate 34% loss of the luminal diameter within a quarter
of an hour have been made, with recoil contributing to 50% of the luminal area loss (98).
Restenosis, elastic recoil and negative remodelling have all contributed to the incidence
of revascularisation in balloon angioplasty, while the latter two have almost been

eradicated with stenting.

1.4.2 Restenosis of coronary artery after angioplasty without/with stent

This is a complication of balloon angioplasty where the damage induced by balloon
inflation on the intimal and medial layers of the vessels results in recurrent stenosis of the
vessel. The process of restenosis can include both negative remodelling (vessel
constriction reducing lumen diameter) and neointimal hyperplasia (attributes to injury
caused to the atherosclerotic plaque). Restenosis initiates with elastic recoil in response
to balloon inflation (within hours of PCl), followed by negative remodelling arising from
collagen and ECM production/accumulation as well as thickening of the adventitia with a
final formation of neointima, developed from SMC proliferation and migration (99). This
process can take up to six months and includes a myriad of responses including
inflammatory, thrombus formation and SMC proliferation (98).

Restenosis incidence did significantly improve from 40% in balloon angioplasty to 25%
with the introduction of a metal scaffold, as well as only 7% requiring total lesion
revascularisation within six months (100), though presenting a novel challenge of in-stent

restenosis to address (47, 54).
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ECM- Extracellular matrix. Adapted and annotated from (55).
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1.4.3 In-stent restenosis after deploying stent

In-stent restenosis (ISR) is a complication of stenting and is predominantly caused by
neointimal hyperplasia originating from trauma inflicted by the stent. ISR describes the
reduction of the lumen diameter by >50% at the site of stent deployment, and commonly
arises within six months of BMS deployment, while the peak of DES is later at 8-12
months (49, 101). Origins of in-stent restenosis are multifactorial; hypersensitivity to the
stent material, denudation of the endothelial layer, inflammatory response attributed to
blood component communication with subendothelial layer (55, 101, 102). ISR occurs in

20-40% of cases (103, 104).

During implantation of the stent, endothelial cell denudation occurs, this along with the
response to the metal components draws inflammatory responses such as monocytes
into the intima, releasing chemokines and cytokines that stimulate SMC migration and
proliferation, adding to the thickness of the intima (Fig. 1.5) (101). Loss of endothelial
cells implies loss of the anti-thrombogenic influence of endothelial cells that also
contribute to potential exposure of the metal struts to subendothelial content, recruiting
a further inflammatory response. The SMCs also stimulate secretion of extracellular
matrix into the intima, resulting in further thickening of intima that concludes to arterial

obstruction. (105).

1.4.4 Late stent thrombosis after deploying drug eluting stent

Late stent thrombosis is predominantly a complication of drug eluting stents. It is a
multifactorial complication, influenced by: type of lesion; technical positioning of the
stents; patient co-morbidities, compliance to drug therapy; and stent related materials

(106).

Late stent thrombosis develops locally and is a result of the absence of endothelialisation
even months after stent implantation. This is attributed to the potent anti-proliferative
drugs eluted from the stents that are targeting neointimal hyperplasia by inhibiting SMC
mitosis, but also have an off-target effect on endothelial cell mitosis also (55, 81). This
delayed endovascular healing increases the susceptibility of the vessel to platelet
adhesion, activation and aggregation as well as relentless fibrin deposition that concludes
in acute and life-threatening thrombus formation, with an incidence of 0.6 % - 5% (64,
107). There are two options to tackling this local complication, either by systemic

pharmacological therapy (dual anti-platelet therapy) or by reducing stent
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thrombogenicity (improving stent design). One of the main risks of stent thrombosis, is
cessation of dual anti-platelet therapy for fear of excess bleeding, for instance if
undergoing a medical procedure with risk of bleeding, which can greatly accelerate risk of
stent thrombosis. One of the reasons for stent thrombosis, particularly in 1G-DES, such as
sirolimus and paclitaxel are the increased tissue factor expressions that set-up a pro-

thrombogenic environment (107).

1.5 CAD intervention comparison

1.5.1 CABG vs PCI

Approximately a third of those treated via PCl also require repeated intervention (either
by PCl or CABG) within three years, hence adding further to its morbidity and mortality
risks (108). The ASCERT trial which utilised retrospective data from the American College
of Cardiology Foundation and the Society of Thoracic Surgeons to compare effectiveness
of CABG and PClI, revealed no difference in rates of mortality between the two groups in
the one year after procedure, though CABG mortality rate after 4 years was
demonstrated to be lower to PCl; adjusted average of 0.2525 life years gained in CABG
patients relative to PCl over the observation period (109, 110). However, the ASCERT trial
did have important limitations, the severity of the CAD was not considered and the PCI
group consisted of varying implants; DES (78% of PCl group), BMS (16%) and unstented
(6%) intervention (109). On the other hand, the SYNTAX trial where CAD severity was
considered, there was no significant difference in outcome between the CABG and
paclitaxel eluting stent within a group of patients suffering from relatively mild CAD,
whereas in the patient groups with intermediate severity, increased MI and
revascularisation incidence was observed in the PES group vs the CABG group and in the
most severe group, almost all clinical endpoints were shown to be significantly enhanced
in the CABG compared to the PES group (111). These are 5 years follow up data
suggesting the superiority of CABG to PES (111).

Another study analysing New York’s cardiac registry, demonstrated a significantly higher
in-hospital mortality in the CABG group versus the PCl group (specific stent unknown)
1.75% vs. 0.68% respectively (108). However this study as well as many others have
presented long-term (1-8 years follow-up) mortality incidence of CABG to be significantly
less than PCl, validating the merits of CABG over PCl in patients undergoing repair of two

or more coronary vessels (108, 112).
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In contrast to the above, a meta-analysis by Bravata et al. reported non-significance in the
mortality rate after 10 years of either PCl or CABG, however documented a raised risk of
stroke among CABG patients (41). Yet again, there remains essential benefits of CABG
over PCl, a follow-up of 10 years emphasised an improved efficacy of CABG at relieving
angina in addition to substantially lower occurrence of re-intervention with CABG in
comparison to PCl (20.3% vs 76.8%, respectively) (41, 95, 113). Surprisingly however,
CABG procedures are on the decline, potentially associated to the invasive nature of the
procedure or it may be that most CAD cases are first identified by cardiologists that

possibly undersell the benefits of CABG over PCl (114).

The financial implications of each procedure should also be considered. CABG is
considered a more expensive intervention, with a reported one-year overall cost of £8905
vs £6296 in PCl (115). This is mainly attributed to the cost of long hospital stay associated
with CABG, ward cost of £3915 compared to £1435 with PCI (115). This is also reflected in
the USA with higher lifetime costs associated with CABG $196,256 versus PCl $187,532
(110, 115). One year medication cost was documented to be cheaper in the CABG group

£455 compared to the £804 in the PCl group (115).

1.5.2 Bare metal stent vs Drug eluting stent

A study involving a sample size of just over 10,000, revealed in-stent restenosis incidence
of 30.1% and 13.4% for BMS and DES, respectively (63). Similarly, comparing ISR within
the DES group, ISR occurrence was 14.6% in 1G-DES and 12.2% in the 2G-DES (63).

According to a multicentre RCT, in-stent restenosis arising from BMS has been reported
different in morphology and clinical presentation when compared to ISR arising from DES;
describing second time (repeated) revascularisation by EES to target BMS related ISR to
be lower in second time morbidity and mortality when compared to DES related ISR (116).
Even though DES have been known as an enhanced stent to BMS, particularly when
comparing the incidence of morbidity and mortality outcomes, they demonstrate a worse
morbidity/mortality upon the development of ISR that necessitate second time
revascularisation; i.e. should ISR arise from DES implantation, a worse
morbidity/mortality is demonstrated in repeated vascularisation in comparison to

repeated revascularisation to target ISR caused by BMS implantation (116).

In summary, superiority of either PCl or CABG continues to be controversial. Due to some

of the reported similarity of mortality and morbidity incidence between CABG and PClI,
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understandably there is a preference of patients to undergo PCl as a means to avoid the
overwhelming and frightening prospect of open-heart surgery. However, in comparison,
numerous RCTs documented the better long-term mortality of CABG over PCI (42, 111,
117).

1.6. Coronary stents currently under development/investigation

1.6.1 Bioabsorbable metal alloy stents

This is a developing technology where the metal scaffold itself dissolves/corrodes
gradually within a few months in the vessel. There are several corrodible stents under
investigation; these include stents composed of metal alloys including Fe-, Mg- and Zn-
based metal stents. The first in man trial of magnesium alloy bioabsorbable stents on 63
patients revealed high restenosis occurrence within 4 months of implantation, mainly
attributed to the fast alloy degradation (118). Fe based metal stents were also
investigated by implantation to rabbit aorta demonstrating absence of thrombosis,
neointimal hyperplasia or inflammatory response within 6-18 months of stent
implantation; however significant safety risks were identified (even though authors did
not acknowledge these as safety concerns), damage and destroying of internal elastic
lamina and the medial layer of the vessel (119). Overall and to this time, biodegradable
metal stents have not presented superior efficacy over current angioplasty methods in
lower limbs, though contrasting animal results have been reported by the many studies

and investigations are still ongoing on these types of stents (120-122).

1.6.2 Biodegradable/bioabsorbable drug eluting stents

To carry the pharmacologically active materials on the stents, the majority of DES utilise a
biodegradable as well as a non-erodible polymer coating on a metal scaffold. Exploring
the DES available, the predominant scaffold for 1G-DES were 316L medical grade stainless

steel, while for the 2G-DES it was the cobalt-chromium alloy (69).

The main concerning complication of DES is late stent thrombosis. This is attributed
predominantly to the delayed re-endothelialisation of the vessel that then exposes the
scaffold to the subendothelial layer, triggering inflammatory response and platelet
activation against the ‘foreign material’. To address this, biodegradable drug eluting
stents were introduced, as these provide an earlier and complete pharmacological elution

in addition to complete bioabsorption of the mechanical scaffold (123).
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The first fully biodegradable stent to be deployed in the human coronary artery, Gaki-
Tamai PLLA, revealed promising results in a sample size of 50 patients, demonstrating a
4% stent thrombosis incidence during a 10 year period (124). It is noteworthy however
that the two events of stent thrombosis were unrelated to the stent implant, with the
first patient being attributed to inadequate heparinisation and the second patient
resulting from the treatment of a separate lesion by SES deployment at another site
(125). This design did not, however, advance further due to concerns raised from the
clinical trial; low-risk patients were selected for study participation and the technique of

stent expansion was by heat activation, adding to concerns of vessel injury (126).

Advances in this field are ongoing with several clinical trials recently conducted to
determine the efficacy of bioabsorbable stents over the mainstay stents currently used
(118, 127). One of the most promising bioabsorbable stent investigated was in the
ABSORB trials. Recent data presenting the long-term outcome of the everolimus eluting
bioabsorbable stent over the commonly used EES cobalt-chromium concluded the non-
superiority of the bioabsorbable stent but also reporting a 11% target-lesion
revascularisation incidence in the bioabsorbable stent versus the 5.6% in the metallic
scaffold EES stent after 4 years, leading the scientific community to lose enthusiasm in the
advance of bioabsorbable stents (127). However, there is the argument that the real
advantage of these bioabsorbable stents would be highlighted in the very long-term

duration, i.e. >5 years post stent implantation.

1.6.3 Biodegradable polymer stents

This is similar to biodegradable stents described above, though with polymer degradation
(complete drug elution and carrier polymer) only leaving behind the metallic scaffold. In
2008, BioMatrix was the first biodegradable stent developed. It incorporates a biolimus
A9 drug on a biodegradable polymer, that is coated onto a bare metal stent. Once the
drug has been released from the polymer, the polymer breaks down within 6-9 months
leaving behind the BMS scaffold (128). Biolimus A9 is also a sirolimus analogue that is
highly lipophilic to allow for faster tissue absorption and also acting on the mTOR
pathway, in a similar way to everolimus and sirolimus. The LEADER trial was the first RCT
exploring the efficacy of the biodegradable biolimus A9 eluting stents (BES) versus the
durable SES. The 5 year follow-up results described a non-inferiority of BES in comparison

to SES, there was however a non-significant lower incidence of definite late stent
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thrombosis observed in BES group compared to SES (2.6% vs. 4.5%, respectively) (129).

A recent RCT evaluating the efficacy of the biodegradable SES and durable EES,
BIOSCIENCE trial, reported no difference in the frequency of stent thrombosis during the
5 years of follow-up, but significantly raised incidence of all-cause mortality in the
biodegradable SES than in the durable EES (14.1%, 10.3% respectively), the variance

mostly attributed to non-cardiac mortality (93).

As the inferiority of the bioabsorbable EES versus durable metallic EES (ABSORB IIl, IV
trials) is released, target vessel Ml (8.6% vs. 5.9%, respectively) and definite stent
thrombosis rates of 2.3% vs 0.7%, respectively at 3 years (130) , some are not convinced

that biodegradable DES are the future of coronary artery intervention.

In summary, long-term results indicate bio-absorbable or degradable polymer biolimus
eluting stents to be non-inferior to the standard metallic backbone DES. The long-term
data have been disappointing and there remains the need for a more advanced and

complication-free stent.

1.6.4 Polymer-free stents

As an upgrade to the bioMatrix stent, the polymer free BioFreedom stent was designed.
BioFreedom stent is a polymer-free stent with a biolimus A9 coating that has been
demonstrated to reduce neointimal thickness and inflammation in swine animal models
(131). LEADERS FREE trial presenting their 2-Year outcome of the BioFreedom polymer-
free stent versus the GAZELLE BMS in high-bleeding risk patients (short-term dual anti-
platelet therapy with aspirin and clopidogrel), this showed a revascularisation incidence
of 6.8% vs 12.0% and stent thrombotic events of 8.2% vs 10.6%, respectively (132). This
suggests the superiority of the polymer-free biolimus A9 coated stent over the GAZELLE
BMS. On the other hand news reports have documented the inferior efficacy of the
polymer-free DES with higher risk of target lesion revascularisation when compared to
the bioabsorbable DES (SORT-OUT IX trial) (133). However in patients with lower
tolerance to dual anti-platelet therapy the polymer-free stent is to be considered as an
alternative (133). Further and larger trials in this field are required, however the initial
results show some benefits in high bleeding risk patients in regard to avoiding long-term
dual anti-platelet therapy, though lower efficacy compared to bioabsorbable DES
indicates that it probably will be inferior to EES, as these are more effective in reducing

comorbidities when comparing to bioabsorbable DES.
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1.6.5 Gene eluting stents
There are now establishing investigations exploring the benefits of incorporating agents
that alter genes or regulatory proteins to target stent related complications like

restenosis/late stent thrombosis.

Gene eluting stents include plasmid, microRNA or siRNA coating on the stent to target, for
instance, SMC proliferation directly or influence growth factor/cytokines that regulate
SMC proliferation (134). There have been a few animal studies exploring potential
application of this as a coronary artery stenting technology. The first stent based gene
delivery technology was described by Klugherz and colleagues, where the diseased site
was exposed to local proliferation defective adenoviruses, tethered to stents via antigen-
antibody affinity (135). This was studied in culture and in porcine coronary arteries

demonstrating no sign of thrombosis but a poor site-specific transfection efficiency (135).

In an investigation conducted in Rabbits, plasmids incorporated with specific growth
factor or cytokine genes to target SMC proliferation were administered, restenosis was
prevented although there still remains technical challenges prior to trialling this in
humans/clinical settings (136). Animal investigations have confirmed iRNA technology to
be promising in treating in-stent restenosis, although there is much further animal and in-

man trials necessary to explore safety and efficacy (136-138).

1.6.6 Diamond-like carbon coatings

Diamond-like carbon (DLC) is a man-made material that has been described to be
biocompatible (139). DLC's non-thrombogenicity has been confirmed by
albumin/fibrinogen adsorption ratio that has led to its potential application in the
biomedical settings (140). One of the dominant issues relevant to DLC is its poor adhesion
to its substrate, raising concerns in terms of coating wear when deploying the stent as
well as when under shear stress caused by blood streaming past (141). Also, scalability of
the material is very expensive and rather difficult as high purity material would be

required for biomedical purposes.

DLC coating on stainless steel coronary stent was investigated for its efficacy and
complication reducing effect, identifying no significant effect within the 347 patients
investigation (142). The first in man trial investigating the safety and efficacy of DLC
coated cobalt-chromium stents in 40 patients with single vessel disease, revealed a

restenosis incidence of 12.5% and repeat revascularisation in 15% (143). This trial was the
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first evidence of feasibility and safety of these stents, although a thorough evaluation
with a larger sample size is necessary (143). Continuing from this, a Japanese team
compared the DLC coated cobalt-chromium stents to conventional BMS, reporting non-

inferiority of this stent compared to conventional BMS (n=100) (144).

1.7 Ideal stent characteristics

The ideal stent should consist of two important characteristics: structural and surface
characteristics. The structural characteristics would need to be robust scaffolds, able to
withstand high stress/strain environments of coronary arteries as well as exhibiting the
optimum strut design/shape that promotes optimum and smooth haemodynamic blood
flow. The surface properties of a stent should exhibit low frictional wear to prevent
resistance within the artery lumen, anti-thrombogenicity to avoid thrombosis and
biocompatibility to evade inflammatory responses and a surface capable of allowing

cellular viability /growth.

Since both the structural and surface characteristics are vital for stent design, there
currently doesn’t exist one material to combine both these characteristics; surface
characteristics can be incorporated into already commercialised scaffolds that are known
for their use in mainstay CAD therapy. These include BMS scaffolds that are also the

substrate scaffolds for DES: Stainless steel, nitinol, cobalt chromium.

1.7.1 Structural characteristics

1.7.1.1 Stainless steel

Medical grade stainless steel, also known as 316L stainless steel, is predominantly used in
medical implants, including orthopaedic implants. Its safety is widely known, although
some reports of possible allergic reaction towards the nickel component (8.3-35%) within
the alloy has been observed (145-147). Nickel as well as cobalt are allergens (147, 148).
However, recently a novel and nickel-free stainless steel substitute has been developed
for medical use (149). Metal ion release because of wear and corrosion have potential
harmful effects which recruit inflammatory components and also have stent/ implant
related complications, both due to nickel and chromium (149). However, there is a nickel
component in all of the currently used coronary artery stent scaffolds including nitinol

and cobalt chromium.
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1.7.1.2 Nitinol

Nitinol includes a titanium and nickel alloy and is less frequently used, when comparing to
stainless steel and cobalt chromium stent scaffolds. Like medical grade stainless steel,
nitinol stents also have a nickel composition (45%), although reported to have the lowest
nickel release and possibly superior to stainless steel though not clinically evident (146,

147, 150).

1.7.1.3 Cobalt chromium

Inflammatory response to cobalt even though less frequently reported, is also a
possibility. In addition to also encompassing nickel (<0.5%), although at lower proportion
than stainless steel and Nitinol (147, 148). Cobalt chromium is expensive and less
frequently used although its incorporation into medical implants is now increasing (149,

151).

In summary, the metallic coronary stents currently available have not shown to be
different in their clinical performance, even though animal studies have reported their
superiority over each other e.g., nitinol over stainless steel (151). Stainless steel 316L

continues to be used as is considered cheaper than the other alloys coronary stents.

1.7.2 Surface characteristics

As discussed above, in addition to structural characteristics, surface characteristics too
are crucial influencers of coronary artery stent performance and are possibly the main
contributors to stent related complications. One of the main methods to incorporate the
ideal surface characteristics onto the structurally robust metallic stent is by coating the
stent with a material capable of exhibiting all the relevant surface properties: anti-
corrosive, smooth, flexible, low frictional wear, anti-thrombogenic and biocompatible. All

these properties have been attributed to the ‘wonder material’ called graphene.

1.8 Graphene and its properties

Graphene (Gr) is a 2-dimensional (2d) crystal, i.e. a crystal whose lateral extension is well
larger than its thickness. Indeed, graphene is just one atom thick layer of graphite, i.e. a
carbon monolayer with atoms structured in a hexagonal arrangement (Fig. 1.6a).
Attempts to isolate graphene monolayers were made for many years, however it was only
in 2004 that Geim and Novoselov managed to extract a single layer of graphene by micro-
mechanical exfoliation of graphite (more commonly known as “the scotch-tape method”)

(152, 153).
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(a) (b)

Figure 1.6: Structural comparison of graphene and graphite. a: Graphene and b: Graphite crystal
structure. Graphene is a single layer of graphite (154).

Graphene is structurally similar to graphite: Graphite consists of several layers of
graphene stacked on top of each other (Fig. 1.6b) (155), whereas the atomic arrangement
of the carbon atoms in the plane remain the same (Fig. 1.6a). Despite the similar
structure, the properties of graphene are very different from those of graphite: it is well
known that the electronic and optical properties of a material are strongly influenced by
its size and dimensionality (156). Graphene has unique properties, which are not
observed in any other materials. The following are some of the outstanding and unique

properties that make graphene such an interesting and exciting material:

- Strongest material ever measured (157)

- Low density, light material ideal for many engineering properties (158)

- large surface to volume ratio, ideal for coating (158)

- Its atomic thickness makes graphene “flexible”, i.e. it can be bent and rolled (159)

- Impermeable to every gas, which promotes its anti-corrosive properties (160)
Due to its 2d nature, graphene is very sensitive to the environment and this property can
be exploited to functionalise graphene (161). Functionalisation of graphene can enable a
significant change in the properties of the material; the surface properties can be altered
from super hydrophobic to super hydrophilic depending on the type of functionalisation
(162, 163). One of the most used forms of functionalised graphene is graphene oxide
(GO), which is widely used for biological applications and will be discussed in the
following section. These, along with some of the other characteristics of graphene render

it an ideal material for coating; smooth, anti-corrosive, flexible and strong.
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Blood contains high electrolyte levels, causing higher rate of corrosion of metallic
coronary stents (164). This highlights the importance of establishing an anti-corrosive
surface for coronary stents. The properties of graphene to act as a protective membrane
against corrosion has an important application in protecting against metal leaching of the

metallic coronary stent that may induce an inflammatory response (148, 160).

The biologically inert quality of graphene is essential, as it has the potential to evade
reactivity of the graphene-biomaterial to the tissue and fluids exposed to it. Since the
biomaterials would be exposed to high shear strength and reactivity from surrounding
tissue, it is important for any biomaterial to possess excellent anti-corrosive, anti-wear,

and frictional qualities, characteristics exhibited by graphene (160, 165).

1.9 Graphene Oxide and its properties

Graphene oxide is a derivative of graphene. Oxidised graphene consists of epoxy and
hydroxyl groups on the basal plane, as well as hydroxyl and carboxyl groups on the edge
of the graphene sheet, rendering the material more hydrophilic (Fig. 1.7) as compared to
graphene. As the structure of graphene is disrupted by the presence of the functional
groups, GO has very different properties, compared to graphene. For example, graphene
is metallic (i.e. it conducts electricity very well), while GO is an insulator (i.e. it does not
conduct electricity, similar to diamond). The presence of the C-O groups makes GO also
dispersible in water, while graphene is insoluble in water. Some of the appealing

properties of GO are:

- Anti-bacterial characteristics (166)
- Amphiphilic, consists of hydrophilic and hydrophobic region on the flake (167)
- Improved wettability and surface activity of GO coated surfaces (167)

- Wide use for biomedical applications (168, 169).
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Figure 1.7: Structure of graphene oxide. Typically, the basal plane is decorated with epoxy and
hydroxyl groups and the edges with carboxyl and hydroxyl groups.

1.10 Synthesis of graphene

By definition, graphene is a single layer of graphene. However, this material can be
fabricated by different methods (Fig. 1.8), providing different types of graphene, in term
of size, defects, thickness etc. Consequently, there is a family of graphene-based
materials, characterised by varying number of layers, type and amount of defects and

functional groups (158).

The highest quality material (necessary for electronic devices) is produced by micro-
mechanical exfoliation; the first technique used to isolate graphene. However, this
method is time consuming and not compatible with industrial needs. Therefore, novel
methods have been developed for graphene production: Liquid phase exfoliation (LPE)
(170); Chemical vapour deposition (CVD) (171, 172); Growth on SiC (173); and molecular
assembly (174) (Fig. 1.8).

There are two main categories to manufacture graphene-based materials; the top-down
approach and the bottom-up approach. The top-down approach consists of production of
single layer graphene flakes from the large bulk graphite material, so from large material
to very small material, whereas the bottom-up method is the reverse and describes the
production of graphene from small nanosized entities e.g. self-assembly of aromatic
molecules. Examples of top-down approach include LPE, mechanical exfoliation (‘scotch

tape’ method) and bottom-up examples include CVD and growth on SiC (175).

The graphene and graphene oxide used in this work are both prepared by LPE. This
involves the breakdown from the bulk material, graphite or graphite oxide, into the single
or few layered graphene or graphene oxide, respectively.
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Figure 1.8: Graphene production methods. There are several methods of mass-production,
yielding a range of flake size, quality and price for any particular application (158).

Table 1.2: Graphene manufacture techniques and their resulting graphene features.

Graphene
. Graphene . .
production Quality Yield Cost Ref
layers
methods
Liquid phase Single and few 176,
4 . p 2 Medium Medium Low (

exfoliation (< 10 layers) 177)
Micromechanical Single and few .

L. High Low Low (178)
exfoliation (<10 layers)
Chemical vapour ) ) Medium- (179,

. Single High Low ]

deposition High 180)
Growth on SiC Single High Low High (181)

The LPE method also offers a cost-effective, good quality and relatively high vyield
approach of achieving graphene flakes in solution (Table 1.2). Furthermore, this
technique allows preparation of graphene coating onto a substrate by using simple
methods such as drop casting, spray and dip-coating (158). In addition, the properties of
graphene flakes in dispersions are tuneable, so they can be easily functionalised or can be

mixed with polymers to change their properties. Table 1.2 provides a comparison of LPE
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with alternative techniques. Since LPE is the graphene production method of choice, the

next paragraph provides a short background on LPE.

1.10.1 Liquid phase exfoliation

Liquid phase exfoliation (LPE) is based on the exfoliation of graphite in a solvent (170). In
the case of graphene, the starting material is graphite, which is sonicated in a bath
sonicator for several days. As graphite is not soluble in water, the sonication is performed
in an organic solvent, typically 1-methyl-2-pyrrolidinone (NMP). The energy released in
the sonication is used to break the van der Waals forces between the graphene sheets,
allowing exfoliation (182). Finally, centrifugation is used to remove the residual graphite.
NMP has been shown to be an excellent solvent for LPE, i.e. enables exfoliation to be
maximised, achieving the highest yield of graphene dispersed (170), as well as giving
pristine graphene, i.e. free from functional groups. However, NMP is toxic and therefore
cannot be used in this project. Nevertheless, the group of Prof. Casiraghi have developed
a method, which allows the use of water as solvent, if a specific exfoliating agent is used
(183). In this project the specific exfoliating agent used is a small aromatic molecule, in
particular 1-pyrenesulfonic acid sodium salt (PS1). Graphene dispersions produced with
this method typically contain <10 layer nanosheets and they are stable for several months
(183). It is noteworthy that LPE cannot exfoliate all material, so there is a distribution of
graphene flakes with different size and thickness, depending on the experimental
conditions used for LPE. Therefore, it is very important to characterise the graphene
dispersion, in order to check the size and thickness distribution, which can finally affect

the properties of the graphene coating (Section 1.11).

An alternative way to produce graphene in water consists of functionalising graphite so
the material turns from hydrophobic to hydrophilic. This is typically achieved by
introducing oxygen-based groups, giving rise to GO. Brodie and Staudenmaier first
introduced the method of preparing graphite oxide from graphite in the 19th century and
the method was modified in 1957 by Hummer and Offerman (184-186). Graphene oxide
production is typically performed using Hummer’s method of adding strong acids and
oxidising agents to graphite, however with the added multiple centrifugation and
purification steps to maximally remove by-products and contaminants (168, 187). The

graphite oxide produced in this way can be easily exfoliated in water, producing GO
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dispersions. In contrast to the previous method, the dispersion contains 100% single layer

GO (188, 189).

1.11 Rationale for studying graphene coated coronary artery stents.

The benefits and disadvantages of each CAD intervention has been summarised in Table
1.1. This reveals the ever-present associated complications from each intervention and
the continued requirement for improved CAD therapeutic strategies. A complication-free
coronary artery stent may be achieved by the design of a stent that incorporates the

properties of an ‘ideal material stent’.

The ideal coronary artery stent should demonstrate non-thrombogenicity, non-
inflammatory and biocompatible properties that also aid undisturbed blood flow (smooth
surface) and promote vascular healing (134). The predominant complication of stents is
the stent surface that may raise the risk to restenosis and thrombosis. These
complications could be overcome by modifying stent surface characteristics by coating
with a material such as graphene. This may then have the potential of entirely eliminating
or significantly lowering the risk of in-stent restenosis and late stent thrombosis as well as
removing the necessity of long-term dual anti-platelet therapy; therefore, significantly

reducing the cost of endovascular CAD intervention.

1.11.1 Bio-compatibility of graphene and previous use as a biomedical coating

Graphene bio-compatibility has been studied in a range of studies, but not as a coating
and more frequently as the graphene derivative, GO. Cell survival, specifically myeloma
RPMI 8226 cells, has been reported to be compromised by addition of GO flakes into in-
vitro culture, a dose-dependent low cytotoxicity was noted and believed to be closely
associated to oxidative stress that is implicated and further being studied for its possible

application in the treatment of cancer (190, 191).

On the other hand, others in the literature have confirmed the safety of graphene and
graphene oxide as a material of low toxicity and capable of sustaining cell adhesion and
growth (192-195). To determine graphene coating as a potential in orthopaedic implants,
Aryaei et al. investigated the adhesion and proliferation of osteoblast cells on these
coatings and found an enhanced adhesion and proliferation of these osteoblast cells on

the graphene coating.
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Podila and colleagues were the only group to specifically investigate the potential of
graphene as a coating on coronary artery stents until a very recent publication by
Wawrzynska et al. (196, 197), published during the current study. Both achieved coating
by CVD, with Podila coating nitinol substrate and Wawrzynska coating medical grade
stainless steel discs (196, 197). This was followed by in-vitro tests to determine initial bio-
and haemo- compatibility. Graphene coating was observed to support improved EC and
SMC adhesion as well as proliferation, in addition to validating its durability in
withstanding wear and tear (196, 197). Charge transfer between the exposed material
and fibrinogen is necessary for platelet activation and can lead to coagulation cascade
induction. Spectroscopic measurements revealed no transfer of charge between
graphene and fibrinogen, implicating the capability of the graphene coating to inhibit
platelet activation on its surface, thus suggesting reduced or the lack of surface
thrombogenicity, a characteristic of an ideal medical implant (196). This also has potential
merit in tackling late stent thrombosis observed in DES. The aforementioned studies
demonstrate the compatibility of graphene as a coating to support cell viability, adhesion
and proliferation and suggest it as an ideal material for coating biomedical implants (194,

196-198).

As a coating, graphene has not been associated with toxicity; however, additional
investigations are necessary to assure safety, haemo- / bio- compatibility of graphene as
well as its efficacy as a coronary artery stent. The efficacy and safety requires validation in

the large animal prior to translating into humans.

The study conducted by Podila and colleagues achieved stent coating by CVD, which may
pose difficulty in up-scaling the process. Additionally, the substrate used was a nitinol
BMS, and the trial was not evaluated for its efficacy as coronary stent, as well as tissue

response, i.e. ex vivo or in-vivo performance.

1.11.2 Why Graphene as a coronary stent coating?

Graphene exhibits many of the characteristics associated to an ideal medical implant
coating. It is a monolayer sheet that exhibits an atomically smooth surface, crucial for
smooth and unhindered stream of blood flow past the coronary stent, a property
believed to impact thrombosis. Graphene has also been reported to exhibit antibacterial
qualities (199), an appealing and useful property for a medical implant. Since graphene

has been reported to be impermeable to gases, including even Helium, studies have
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proved graphene coating to significantly improve corrosion at non-medical settings (165,
200). This may translate to the inhibition of metal leaching from the implant, that may
thus lead to reduced inflammatory response and smoother implant surface (168, 201).
Coating describes the coverage of the substrate material with another, more
biocompatible material to achieve more desirous results, particularly in terms of coronary

artery restenosis, a complaint of bare metal stent implants.

Reports of its ability to support endothelial cell adhesion and growth have added to its
appeal as a coronary artery stent coating (196, 197). Since the coronary stent would be
exposed to shear stress, it is important that the coating is well-adherent and not at risk of
tearing off and traveling downstream of the stent locale. Nonetheless, this highlights the
importance of assuring the safety of the stent adherent material. Moreover, its relatively
inert quality unless in very potent environments, make it a likely safe material to use in-

vivo.

1.12 Aim of this project

All previous literature exploring the applicability of graphene as a coronary artery stent
coating have been undertaken via the CVD graphene preparation and coating methods
followed by in-vitro investigations. We propose the use of the more scalable graphene
manufacture, LPE, to establish a coating method followed by both in-vitro and ex-vivo
investigations to determine biological implications in relation to cell adhesion/

proliferation and neointimal formation, respectively.

This study aims to explore the efficacy of a graphene and graphene oxide coated stent in
enhancing coronary artery endothelial cell adhesion and proliferation as well as its
efficacy in suppressing neointimal hyperplasia that is indicative of restenosis. However,
first the stent has to be coated and the approach for this needs to be identified and
optimised. LPE graphene coating of coronary artery stents will be investigated and both
in-vitro and porcine ex-vivo performance of the stents explored, this has not yet been
reported in literature. The more currently popular BMS, stainless steel (GAZELLE) and
cobalt-chromium (CHROMA) coronary artery stents, will be utilised as a substrate to
prepare a Gr/GO coating protocol. However, due to its lower price and its dominance
within the BMS field, stainless steel scaffold will be the predominant stent use for coating
and the main investigations. Where the cobalt-chromium acts as an additional uncoated

control.
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Hypothesis:
Graphene coating of coronary artery stents provides a novel, biocompatible (nontoxic to
cells) and enhanced design with significantly reduced neointimal thickness associated

with currently available stents.

Project objectives:

1. To formulate stable and biocompatible graphene and graphene oxide
dispersions.

2. To develop a protocol to uniformly and thinly coat BMS (GAZELLE) with
maximal coverage of graphene and GO.

3. To determine biocompatibility of Gr/GO coated GAZELLE stents through
studying human coronary artery endothelial cell adhesion and growth by in
vitro investigation

4. To determine whether formation of neointimal hyperplasia is reduced ex-vivo
in porcine coronary artery and aortic tissue cultured with Gr/GO coated
stents.

Summary of literature study

It is evident that CAD is a significant contributor to worldwide mortality. Even though the
interventional strategies of CABG, or stent implantation are effective in bypassing or
widening the stenosed vessel, each treatment strategy poses a complication of vein graft
failure or restenosis, in-stent restenosis, very late sent thrombosis that necessitate repeat
re-vascularisation. The most effective intervention until the present day is DES which also
require adjunct dual anti-platelet therapy. In an attempt to design a complication-free
stent, we propose the incorporation of graphene onto bare metal stents. Graphene has
been heralded the ‘wonder material’, as it exhibits biomedical implant ideal properties:
Durable, strong, impermeable, flexible, bio- and haemo-compatible. It has potential to be

the future of medical implants, particularly coronary artery stenting.
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CHAPTER 2

Materials & Methods

2.1 Graphene/ Graphene Oxide preparation and characterisation

2.1.1 Graphene preparation

Graphene dispersions were prepared by liquid phase exfoliation. The traditional LPE
method (170) is based on the use of organic solvents that are not suitable for biomedical
application. Therefore, a modified version of LPE was used in this project, which is based
on the use of an exfoliating agent soluble in water (183). These along with powdered
graphite make up the sonication mix, which undergoes bath sonication and then
centrifugation to remove un-exfoliated graphite. The graphene dispersions used in this
study were prepared by Dr Daryl McManus of Prof Casiraghi’s lab, at the University of
Manchester. To stabilise the graphite into mono and few layered graphene sheets in
water, the stabiliser 1-pyrene sulfonic acid sodium salt (PS1) was used. Pyrene displays
hydrophobic characteristics that interact with the hydrophobic graphene surface, while
the sulfonic group allows the agent to be soluble in water, thus allowing graphene flake

distribution in water (183).

In order to prepare a 10 mL sonication mix, 3 mgmL? graphite (Graphexel Ltd.) was
dissolved in 10 mL distilled filtered H,O along with 10 mg PS1 (SIGMA), acting as an
exfoliator and stabiliser for graphene (to prevent restacking of graphene sheets) (182,
183). In order to break the graphene layers apart, this mixture was placed in a sonicator
bath (Hilsonic) for 72 hours followed by centrifugation at 295g (SIGMA1-14K) for 20
minutes preserving the top layer; discarding sedimented and un-exfoliated graphite, and
a further series of centrifugation steps at 106 g (20 minutes) to eliminate the rest of the
PS1 in solution (Fig. 2.1). The end result is a grey-black dispersion that is reported to be
stable for months (183).
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Figure 2.1: Schematic presentation of graphene dispersion production at the Casiraghi group
laboratory. Adapted from (202).

2.1.2 Graphene Oxide preparation

The graphene oxide mixture used in the main investigations was prepared and provided
by Prof Kostas Kostarelos’s lab at the University of Manchester. The prepared graphene
oxide was obtained by the modified Hummer’s method described by Ali-Boucetta at

Kostarelos lab (Fig. 2.2) (168).

Multiple
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Figure 2.2: Schematic representation of the preparation of graphene oxide dispersions by the
purified process and prepared by Prof Kostarelos’s group. Adapted from (168)

2.1.3 Characterisation

2.1.3.1 UV-Vis Spectroscopy

The concentration of the resulting graphene or graphene oxide sample is measured by
UV-Vis spectroscopy. To determine the concentration of LPE graphene, the absorbance of

the 1:300 diluted graphene dispersion, prepared as described in section 2.1.1, was
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measured using the Agilent Technologies Cary 5000 UV-VIS-NIR Spectrophotometer. The
absorbance of distilled filtered water and the diluted graphene dispersion at 660nm was
determined and subtracted from each other. Subsequently, the absorbance coefficient of
2460 Lg'm?, for graphene, input into the formula to calculate concentration using the
Lambert-Beer law (203).
A = acl

Where A is the optical absorbance of light, a is the molar absorption coefficient, which
for graphene equates to 2460 Lg'm™ , when measured at 660 nm (170), c is the sample
concentration and L is the distance travelled by the light travels, i.e. the size of the

cuvette ( 0.01m).

2.1.3.2 Raman Spectroscopy

The samples were prepared by drop-casting of the diluted graphene dispersions (~0.05
mgmL? ) onto a smooth and flat silicon wafer chips. The substrate typically used is silicon
wafer covered with a SiO, layer (IDB Technologies Ltd.), which is first cleaned by 15
minute sonication in acetone solution, followed by another 15 minute sonication in
propan-2-ol. After drop casting, the silicon substrate is left overnight at room

temperature to allow solvent evaporation, allowing the flakes to be analysed.

Raman spectroscopy measurements were performed using the WIRE 3.4 (Renishaw,2002)
software connected to a Renishaw Invia Raman spectrometer, equipped with a 514.5 nm
excitation laser and 1.0-2.0 mW laser power. Measurements were performed using a
100x NAO.85 objective lens and 2400 grooves/mm grating. 50 random flakes were
analysed and recorded for each sample. The spectra were fitted using a home-made
programme in MATLAB R2015a (Appendix I): the fit allows to qualitatively determine the
thickness distribution in the samples (Section 3.1.2). Lorentzian distribution was fitted
onto the spectra and coefficient of determination (R?) value determined on the MATLAB
software. The 2D shape and R? value enabled identification of graphene flake layer

thickness.

Raman spectroscopy can also be used to collect a point by point sequential
measurements at a selected interval distance (0.5 um) within a selected area of interest.
This mode of Raman spectroscopy is known as Raman mapping which allows for
examination of an area of interest and for the objectives of this project, it is an ideal tool

to inspect substrate surface coating coverage.
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2.1.3.3 Atomic Force Microscopy (AFM)

Samples for AFM measurements were prepared following the same sample preparation
protocol used for Raman spectroscopy. The MultiMode 8 Bruker Atomic force microscope
was utilised to examine lateral size and thickness distribution of the graphene flakes.
Tapping air mode option at a scan size of 10 um and 2560 samples per line at a speed of
1.5 Hz was selected. Nanoscope VI controller, Nanoscope v614rl control software (Veeco,
Cambridge, UK) and a silicon tapping tip (NSGO1, NTI-Europe, Apeldoorn, The
Netherlands) of 10 nm curvature radius, mounted on a tapping mode silicon cantilever
with a typical resonance frequency 283—-374 kHz and a force constant of 12-103 N/m
(Bruker OTESPA, UK). NanoScope Analysis was utilised to measure height (corresponding
to thickness of flakes) and length of the flakes. Number of layers of each flake was
estimated by dividing measured height of each flake by the graphene interlayer distance
(0.347 nm in pristine graphene) (178). Similar method was also conducted for GO
characterisation by Prof Kostarelos’s group (~0.8nm in a single layer of GO) (204). Note
however that this type of protocol is only qualitative: as an exfoliating agent is used in
water to prepare graphene dispersions, the thickness of a single layer is likely to be higher
than the nominal thickness of graphene. Thus, AFM does not provide reliable values for
graphene thickness measurements, and here it is mainly used to get information on the

lateral size of the flakes.

2.2 Selection and Optimisation of Coating Deposition Technique

2.2.1 Stainless steel disc coating with LPE graphene based dispersion

Once graphene and graphene oxide LPE dispersions were prepared and characterised, the
next step was to establish a coating technique of the LPE graphene based materials onto
medical grade (316L) stainless steel substrates. Initial testing was undertaken on 316L
medical grade stainless steel discs prior to optimisation for use on the end product,

stainless steel coronary artery stents.

2.2.1.1 Preparing 316L stainless steel discs for coating

Medical grade 316L stainless steel was utilised as a substrate for graphene coating and
cell experimentation, as this is the material of coronary artery bare metal stents. The 316L
stainless steel (SS) substrates were specifically manufactured to fit into the wells of 24-
well plates, necessary for cell culture experiments. Discs were manufactured at 14 mm

diameter, 0.474 mm thickness by punching holes into 316L SS sheets (Smiths Metal
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Centres Ltd, UK). This resulted in smooth edged discs that fit into the bottom of each well
of 24-well cell culture plates (Corning® Costar®, NY, USA). However, due to unknown
finish of the stainless steel sheets used on the discs and on stents, which can influence
hydrophilic nature of the substrate, discs were only used to determine coating technique

to use.

The discs were cleaned in a SONIC 3D professional ultrasonic cleaner (James products
Europe, Power 120 w and wavelength 40 KHz) in two steps. First, discs were submerged in
100% acetone (Fischer Chemical, UK) and sonicated for 15 mins to degrease the discs
followed by another 15 minutes sonication in propan-2-ol (Fisher Chemical) to remove
ionic contamination. The cleaning step was finalised by rinsing discs in distilled H,O and
allowed to air-dry (1-2 days). Next, discs were double wrapped in aluminium foil to heat

sterilise at 180°C for 30 minutes.

2.2.1.2 Gr/GO dip-coating of 316L stainless steel discs

The initial aim was to determine if adequate coverage of stainless steel discs was
established with simple dip-coating methods. The discs were dipped into 0.33 mgmL™? of
Graphene, 0.5 mgmL™ of graphene oxide dispersions for 5 seconds — 25 hours. Annealing
of Gr/GO onto the stainless steel disc was achieved by evaporating solvent with dipped
disc on a hotplate; initially at 70 °C for 15 mins followed by overnight evaporation at 40°C.
Since adequate coating was not achieved via this simple procedure, the method was

improved via the application of a voltage bias.

2.2.1.3 Graphene dip-coating of discs with simultaneously applied bias voltage

Pre-cleaned stainless steel 316L discs were prepared as described in section 2.2.1.1 and
attached onto a positively charged crocodile clip and partially dipped into a negatively
charged 0.3 mgmL™? graphene dispersion (Fig. 2.3). The discs were partially immersed into
the graphene dispersion and the power source at first set using a 9V button battery.
Following from this, the power source was set at 50V-200V and 1-15mA. To determine
the optimal settings for producing relatively uniform graphene coating, three factors

were investigated: Voltage, dipping duration and dipping frequency.

To test effect of varying voltage, 316L SS discs were partially immersed in 0.3 mgmL?
graphene dispersion for 20 seconds when 50V, 100V and 200V was reached. To explore

influence of time or duration once partially immersed, discs were removed 20, 40 and 60
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seconds after 50V was reached. Finally, in order to determine if frequent dipping
improved coating, one disc was partially dipped one time for 20 seconds duration,
starting the timer once 50V was reached, and another disc partially dipped four times
with each dipping lasting 5 seconds (5 seconds from the time 50V was reached on the
power source). Immediately after the above-mentioned coating strategies, discs were
transferred onto a hotplate set at 70°C for 15 mins followed by overnight evaporation at

40°C to enable annealing of coating materials and substrate.

Graphene
sheets

PS1 Stabiliser

Figure 2.3: Schematic representation of dip-coating of stainless steel discs with graphene using
simultaneous bias voltage set-up. The negatively charged 1-pyrenesulfonic acid sodium salt (PS1)
as a stabiliser of graphene illustrated as wedged between the graphene sheets allows adhesion/
attraction of graphene sheets onto the positively charged stainless steel discs, enabling improved
coating. Only voltage was adjusted between 50 V- 200V using power source, while current varied
automatically depending on resistance and voltage set. Current at the voltage settings above
ranged between 1-15 mA.

2.2.1.4 Graphene spray-coating of 316L stainless steel discs

Spray coating was introduced as a method to achieve thin and uniform coating. Figure 2.4
illustrates the set-up for spray coating. Stainless steel discs are positioned on the 75°C set
hotplate, directly under a spray gun (distance of 20 ¢cm). An initial attempt involved

spraying 100 pl of 0.4 mgmL™? graphene dispersion onto the 316L stainless steel disc. This
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was repeated another four times onto the same stainless steel disc, but with 90° rotation
in the x-axis to spray from different orientation resulting in layers of spray coating.
Simultaneous heating of the disc allowed for simultaneous annealing of the graphene
onto the disc. Thickness of the graphene coating is controlled by spray time,
concentration and volume of dispersion sprayed, in this case once all of the 4 x 100 uL

dispersion of 0.4 mgmL?! graphene/GO was sprayed (205).

Position of
substrate

Spray gun

Glass chamber with
ventilation cuts to
avoid condensatjon
when spraying Hot plate set

a~75°C

Figure 2.4: Spay coating apparatus used for coating stainless steel stents. Spray gun releases a
total of 400 pl of 0.4 mgmL? Gr/GO dispersion onto approx. 12mm x 12mm stent surface.
Immediate annealing achieved with simultaneous heating of the stent at ~75°C (hotplate).

Coverage of coating was examined under the upright Nikon Eclipse LV100 microscope and

images acquired using the attached Nikon TV lens 0.55x Ds camera.

2.2.2 Coating GAZELLE stainless steel bare metal stents
Once the technique that produced the most uniform, thin coating with maximal substrate
coverage was selected, it required testing on the project related main substrate, stainless

steel GAZELLE coronary artery stents.
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2.2.2.1 Preparing stent surface for coating

Gazelle stainless steel stents (size 3.0mm x 24mm) donated by Biosensors International
were expanded by coronary balloon inflation followed by longitudinal cutting of the stent
and flattening using fine forceps. Subsequently, the opened and flattened GAZELLE
coronary artery stent, was cut in half to achieve two equally sized stent segments for
spray coating. Next, the stent segment surfaces were cleared from surface contaminants/
impurities (natural contaminants such as hydrocarbons) by plasma cleaning under Argon
(206). This was performed using the Pico PCCE low-pressure plasma system (Diener
electronic GmbH + Co. KG) and set at 10% power, pressure controlled 0.1mbar pressure

for a duration of 2 minutes.

2.2.2.2 Graphene spray-coating of 316L stainless steel stents

Figure 2.4 illustrates the set-up for spray coating. GAZELLE stainless steel stents were
positioned on the ~75°C set hotplate, directly under a spray gun at a distance of 10 cm
and coated within a glass chamber (Fig. 2.4). Short spray intervals and drying time were
undertaken with 90° hotplate/stent rotation (x-axis) every 100 pL of 0.4 mgmL* Gr/GO
dispersion sprayed. A total of 400 uL dispersion was sprayed onto the stent for a total
duration of 70-80 minutes before leaving on the hotplate for another 10-15 minutes to
anneal coating onto stents. In order to mimic exactly the same conditions on the
uncoated control stent segments, control stent segments underwent the same conditions
of coating but using 400 pL of distilled water (dH20) for spraying. Throughout this project,
dH,0 sprayed stents will be referred as ‘uncoated’ stents. Simultaneous heating of the
stent allowed for simultaneous annealing of the graphene onto the stent. Thickness of the
graphene coating was controlled by dispersion concentration, volume and spray duration,
in this case once all of dispersion was sprayed within a timed duration. Coverage of

coating was examined by Raman spectroscopy mapping.

Optimal coating methods were investigated by changing the following parameters:
1. WITH versus WITHOUT Plasma cleaning using argon gas prior to coating.
2. 10 cm versus 20 cm spraying distance (glass chamber designed at height of either

10 cm or 20 cm).
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2.2.3 Examination of the Graphene or Graphene Oxide coating

2.2.3.1 Raman mapping to examine coating coverage

The coverage of graphene and graphene oxide coating on the stent was examined by
Raman spectroscopy mapping. As with Raman spectroscopy to characterise the graphene
flake (detailed description at 2.2.2), the coating involves using the same settings to
evaluate a selected segment of stent area, um?, to determine Raman spectra at each 0.5
pum interval. To illustrate the presence of graphene or graphene oxide, the mapped area
was analysed using the WIRE 3.4 software (Renishaw) and three points of the mapped
area selected to present the respective Raman spectra results using the OriginPro 8.5.1

SR2 software (USA).

As explained in section 2.2.2, a desired area of the coated disc or GAZELLE stent was
selected for Raman mapping analysis. This involved a Raman spectrum point by point by
defining a step size of 0.5 um. The software then fits and analyses all spectra by intensity
to baseline, generating a map of the Raman fit parameters. In this case, we selected the
2D peak intensity as fingerprint of the presence of graphene, i.e. if the intensity of the
peak located at 2700 cm™ was zero, then no graphene was deposited. For graphene
oxide, the G peak intensity was selected and analysed by signal to baseline between
1558.0 - 1617.0 cm™, since the 2D peak in GO is very weak. Essentially, the objective of
the Raman spectroscopy mapping is to identify areas, if any, covered with graphene,

which are associated to non-zero value on the map colour bar (Fig 2.5).

LOW peak HIGH peak
intensity intensity

Figure 2.5: Raman spectroscopy mapping peak intensity illustration. Signal to Baseline 2D peak

(graphene) G peak (graphene oxide) intensity. At BLACK colour, it represents the absence of
coating while with increasing brightness the intensity (on Raman spectrum) of coating increases.

2.2.3.1.1 Calculating percentage coating coverage

Coating coverage was assessed by calculating percentage graphene or graphene oxide
coverage. Each mapping point in the mapped region was analysed for Gr/GO
corresponding fingerprint peaks (see above). The number of points containing the Gr/GO
signature peaks was calculated over the total number of points mapped. This was

demonstrated as percentage coverage.
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2.2.3.2 Adherence of graphene/graphene oxide coating

To determine how well the coating remains on the stent, Raman mapping was performed
after seven days of rigorous agitation on shaker immersed in cell media. The effluent
media too was investigated by Raman spectroscopy by drop-casting onto a clean SiO;
wafer to determine if any Gr/GO was washed off the stent into the effluent media.
Similarly, the coated stents incubated with porcine aortic tissue in media for a duration of
14 days (see chapter 6) were also examined by Raman spectroscopy to investigate if any

coating had been removed.

2.2.3.3 Stent sterilisation by ultraviolet radiation

Stents whether Gr/GO coated or uncoated were positioned 14 c¢cm directly under 5x
8Watts 254nm ultraviolet lamps for duration of 4 minutes, to sterilise the stents for tissue
culture. The effect of UV sterilisation on the integrity of the graphene and the graphene
oxide coated stents was investigated, again by Raman spectroscopy mapping using 50x

NAO.85 objective lens and 2400 grooves/mm grating and laser at 514nm wavelength.

2.2.3.4 Scanning Electron Microscopy (SCEM)

Stents coated with graphene and graphene oxide were gold sputter coated with a thin
gold layer to make them conductive for visualisation under SCEM (Quorum Technologies,
SC7620, Sputter Coater). The Quanta 250 FEG scanning electron microscope (Quanta 250

FEG) was operated in vacuum at 5.0 kV and 20.0 kV to view coating of the stent.

2.3 Human coronary artery endothelial cell culture on Gr/GO coated GAZELLE coronary
artery stents

In order to determine coronary artery cell adhesion and proliferation on stainless steel
GAZELLE coronary artery stents, flat-opened stent segments were spray coated using
either LPE graphene (400 pL of 0.4 mgmL?), graphene oxide (400 pL of 0.4 mgmL?), or
dH>O (400 pL as control), see detailed description on section 2.2.2. Human coronary
artery endothelial cells (HCAEC) were selected due to their relevance to this study and

their direct contact to coronary artery stents.

2.3.1 Endothelial cell culture
Aseptic technique was used to conduct all cell culture handling under a Class Il laminar
flow cabinet. Proliferating human coronary artery endothelial cells (HCAEC-p, C-1222,

PromoCell) arrived within a T25 flask (25 cm?3) at passage number 2 and were incubated at
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37°C and 5% CO; until 70-80% cell confluency was reached. Human coronary artery
endothelial cells were obtained with informed consent from donor legal agent and ethical
approval according to the human tissue act (details of consent/approval can be found at
www.promocell.com/about-us/ethical-standards/). The cell donor demographic: Female,
Caucasian and 40 years of age. HCAECs (PromoCell GmbH, Heidelberg, Germany) were
maintained in endothelial cell growth medium MV (microvascular vessel) supplemented
with Supplement Mix (Basal Medium) (PromoCell, Heidelberg Germany) and incubated at
37°C and 5% CO; until 70-80% confluency was reached. Next, the cells were split until
passage 4, following which cells were either cryofreezed (section 2.3.1.3) for later use or

used for proliferation experiment outlined below.

2.3.1.1 Endothelial Cell passaging

Once adequate confluency was reached, using aseptic technique, the media was removed
and 0.1mL/cm? Hepes BSS (PromoCell GmbH) added and swirled (~30 secs) to wash the
adherent HCAEC and to remove the remaining metabolic waste from the surface of the
cells. Subsequently to removal of the Hepes BSS solution, cells were detached by
incubation in 0.1mL/cm? Trypsin/EDTA (0.04%Trypsin/0.03%EDTA, PromoCell GmbH) at
37°C and 5% CO; for 3 minutes followed by gentle tapping to the sides of the flask to aid
complete cell detachment. Cells were visualised under phase contrast microscope
(OLYMPUS CKX41) to confirm cell detachment. Next, trypsin was neutralised with trypsin
neutralising solution (TNS) (0.05% Trypsin Inhibitor, 0.1% BSA, PromoCell GmbH). This cell
suspension mix was then transferred into a 50 mL falcon tube, balanced for centrifugation
at 220g for 4 minutes in order to pellet the cells. The clear supernatant was removed, and
cell pellet re-suspended in 1 mL endothelial cell growth medium MV supplemented with

Supplement Mix (PromoCell, Heidelberg, Germany).

One third of the cell suspension was added to one T75 (75 cm3) flask encompassing 18mL
of pre-warmed (37 °C) supplemented endothelial cell growth medium MV to achieve cells
at passage number 3. The above cell passaging was repeated to achieve cells at passage 4,

ready for cryopreservation.

2.3.1.2 Cell count of detached endothelial cells
To determine number of live cells in the cell-suspension collected, 10uL of the cell
suspension was pipetted onto a Neubauer glass haemocytometer, and cells within four

small squares of the haemocytometer grid were counted under the phase contrast
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microscope. Number of cells per mL of cell suspension was calculated by multiplying the

average cell count per small square by 10%.

2.3.1.3 Human coronary artery endothelial cell cryofreezing

Once cells were detached and centrifuged to achieve a cell pellet (section 2.3.1.1) it was
re-suspended in cryo-SFM (PromoCell) at a density of 1-2x108 cells/mL. Subsequently,
these were aliquoted in 1.5 mL volume into labelled cryovials and immediately
transferred into Mr. Frosty Nalgene container encompassing isopropanol/ propan-2-ol
and incubated overnight at -80°C. This assured cells were cooled at a rate of 1°C per
minute, which is optimal for cell preservation. The next day, cryovials were transported

for incubation in liquid nitrogen for long term storage.

2.3.2 Human coronary artery cell seeding onto coated/uncoated stents

Prior to culturing of the cells on the Gr/GO coated and uncoated GAZELLE stainless steel
stents, both sides of the stent segments were sterilised as described above in section
2.2.3.3, and subsequently positioned flat at the base of the sterile and pre-resin
embedded, 48-well tissue culture plate wells (Corning® Costar®, NY, USA). Each set
experiment, required two 48-well plates, one 48-well plate for 1 day culture and one 48-
well plate for 8 days culture, each compromising of three graphene coated, three
graphene oxide coated and three ‘uncoated’ (dH;0 spray coated) GAZELLE stainless steel

stents.

2.3.2.1 48-well tissue culture plate preparation

Under aseptic conditions, 10g of Sylgard 184 silicone elastomer (Dow Corning®) was
mixed with 1g Sylgard 184 elastomer curing agent (Dow Corning®), followed by pouring
into each well of the 48-well plate. Subsequently, the plates were incubated flat in an
oven (40-50° C) overnight, to minimise bubbles in the mix, followed by incubation at room
temperature for another day, to allow resin to set completely. Once set, plates were UV
sterilised, positioned 14 cm directly under 5x 8 Watts, 254nm ultraviolet lamps for

duration of 4 minutes.

2.3.2.2 Experimental- human coronary artery endothelial cell seeding
Into each well with the positioned stents, 5000 HCAECs were seeded with 1mL
supplemented endothelial cell growth medium MV (PromoCell) and incubated at 37°C

and 5% CO; for 1 day and 8 days (media changed every other day) (Fig. 2.6). Day of cell
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seeding was classed as day 0. After the required incubation period, cells were fixed and
stained one day post cell seeding and 8 days post seeding, as described below. To observe
the structure of the cells, cytoskeleton or specifically F-actin of the cells were stained
using phalloidin and to enable cell counting, DNA was stained using 33342 Hoechst stains

as described in section 2.3.2.4.

(@) HCAEC /

Sylgard
resin base

Figure 2.6: Schematic representation of the HCAEC culture set-up in each well.

2.3.2.3 Endotbhelial cell fixation post-culture

To avoid actin degradation, cells were fixed with freshly prepared 4% methanol-free
formaldehyde solution (Thermo Scientific Pierce). At day 1 and day 8, each well was
washed three times with chilled phosphate buffered saline (PBS) before and after

incubating with 4% methanol-free formaldehyde for 15 minutes.

2.3.2.4 DNA and actin-f staining of endothelial cells

Post fixing, cells were permeabilised with 0.5% Triton X-100 (Sigma-Aldrich) for 5 minutes,
followed by 3 x PBS washing steps. At this point, the stents were transferred into a dark,
humidified chamber for the staining protocol. Non-specific binding was then blocked
using 5% non-fat dry milk in PBS for 30 minutes followed by one wash step before adding
pre-prepared 1:40 Phalloidin actin-f stain (PromoKine) and 1:2000 Hoechst 33342 DNA
stain (life Technologies) mixed in 1% non-fat dry milk and PBS. Stents were incubated
with the staining solution for 20 mins (Phalloidin), 35 minutes (Hoechst) in the dark,
humidified chamber at room temperature. Subsequently, the stents were washed 2-3

times with PBS and viewed under fluorescent microscope (LEICA, DM5000 B).
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2.3.2.5 Imaging & Counting of HCAEC on Gr/GO coated and uncoated GAZELLE coronary
artery stent segments

Fluorescent images were viewed under a LEICA DM5000 B microscope and images
acquired using the LEICA DFC 30000 G camera. The whole area of each stent was imaged
by numerous visual field image acquisitions, in order to assure precise stent area
measurement and cell counting. For each visual field, manual cell count (count of cell
nucleus represented as blue spots on imaged stents) was undertaken in addition to stent
area measurements (mm?) by drawing around the stents on Imagel
(http://imagej.nih.gov/ij/). This was then utilised to calculate cell count per mm? area of

stent.

2.3.2.6 Data Analysis

Data were expressed as mean * standard error of the mean (SEM). Each triplicate
experiment was undertaken three times, using cells from a single/same donor. Statistical
analysis was performed to compare each group at Day 1 and Day 8 post-seeding:
uncoated vs Gr coated; uncoated vs GO coated; Gr coated vs GO coated. Tukey's multiple
comparisons test was performed on each group comparison using the PRISM GraphPad

software. Statistical significance was illustrated as p<0.05 (*).

2.4 Ex Vivo Porcine Organ Culture to determine neointimal formation

2.4.1 Ex-vivo organ culture of porcine coronary artery and aorta

In order to determine neointimal formation prior to in-vivo work, organ culture of both
the coronary artery and the aortas of commercial farm pigs (details in section 2.4.1.2)
were undertaken. Hearts were collected approximately 15-20 minutes post-electrocution
and aorta 20-40 minutes post electrocution. The duration from collection to culture

ranged between 3.5-5 hours for coronary artery isolation and 2-4 hours for aortas.

2.4.1.1 Organ culture dish preparation

Sylgard 184 Silicone Elastomer was mixed with 10% (v/v) Sylgard 184 Silicone Elastomer
Curing Agent (DOW Corning) and stirred thoroughly. The base of glass petri dishes was
scored. Glass dishes of 50 mm and 75 mm diameter where half-filled with the mixture. To
remove air bubbles, dishes were incubated in oven (40-50°C) and allowed to set
overnight. This base embedding allowed vascular tissue to be pinned onto the dish

surface as well as the pinning of the stent onto the luminal surface of the aortic tissue.
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2.4.1.2 Porcine animals used for organ culture
C.S Morphets & Sons Ltd. Abattoirs (Widnes) was used to collect porcine aortas (n=10)
and hearts for coronary artery (n=4) isolations. The following were the demographic of
the donor pigs.

Breed: Large White x Piétrain

Average age: 22-24 weeks

Approximate weight: 110 Kg

Sex: Mix of male and female

2.4.1.3 Organ transport solution

Organs were collected in cool (container stored on ice) 10mM PBS (constitutes 137 mM
NaCl and 2.7 mM KCl) supplemented with Penicillin- Streptomycin at 200Units/mlL,
200pg/mL, respectively (SIGMA Aldrich, P4333), Glutamine at 4mM (SIGMA, G7513) and
Amphotericin at 5ug/mL (Gibco® Life Technologies, 15290-026). Heart and aorta were

transported into University premises for isolation of coronary arteries and aortae.

2.4.1.4 Coronary artery isolation from porcine hearts

All organ culture steps were conducted within pre-UV sterilised Class Il laminar flow
cabinet. The left descending anterior coronary artery was harvested and the adventitia
removed (Fig. 2.7). The coronary artery was cut longitudinally and pinned out onto a
Sylgard filled glass petri dish with the lumen facing up and fresh/cold PBS transport
solution added (Fig. 2.7). The coronary artery was cut into 6 segments for each

experiment as is outlined in Table 2.1.

The experimental set-up for coronary artery organ culture is outlined in table 2.1. This
study includes an additional stent, the CHROMA stent (Biosensors Int.), which is a newer
bare metal stent supplied by Biosensors international and is a cobalt -chromium design.
This was added to the later stages of the project as a contemporary BMS. The CHROMA

and GAZELLE control stents were also coated with water as an additional control.
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Figure 2.7: Step by step outline of porcine coronary artery isolation, stent deposition and organ
culture.

Table 2.1: The experimental set-up for coronary artery organ culture.

Experimental group | Description

CoA-Day0 Coronary artery segment fixed after isolation

CoA- Day 14 Coronary artery segment fixed after 14 days of tissue culture without
stent

CoA- GAZELLE Coronary artery segment fixed after 14 days of tissue co-culture with

dH,0 spray coated GAZELLE stent segments

CoA- CHROMA Coronary artery segment fixed after 14 days of tissue co-culture with
dH,0 spray coated CHROMA stent segments

CoA- Graphene Coronary artery segment fixed after 14 days of tissue co-culture with
Graphene spray coated GAZELLE stent segments

CoA- Graphene Oxide | Coronary artery segment fixed after 14 days of tissue co-culture with
Graphene Oxide spray coated GAZELLE stent segments

2.4.1.5 Isolation of porcine aorta

All organ culture steps were conducted within a pre-UV sterilised Class Il laminar flow
cabinet. All steps are outlined in figure 2.8. Adventitia around the aorta was removed
using heat sterilised surgical tools. Prior to inducing balloon injury to the luminal wall of
the thoracic aorta, the proximal end was cut away for fixing, as uninjured control day 0.

Luminal wall injury was induced to the thoracic wall of the aorta using a 22mm balloon
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inflatable catheter, inflated for a duration of 7 minutes. Following deflation of the aorta,

aorta was opened longitudinally and cut into 7 segments (Table 2.2).

The experimental set-up for aorta organ culture is outlined in table 2.2. This investigation
includes yet another additional stent, called everolimus eluting stent (Boston Scientific,
PROMUS PREMIER™). EES is currently a commonly used stent with outstanding

complication incidence (section 1.3.3.3) and was utilised in this study as a comparison of a

stent likely to prevent neointimal hyperplasia.

/Culture

media

Stent

Tissue

Sylgard
resin

1) Thoracic aorta isolated

2) Aortic balloon inflated to cause lumen wall injury

3) Adventitia removed

4) Aorta cut opened and pinned open onto dish

5) Aorta cut into small segments for culture

6) Aorta/stent pinned into dish and culture media added into dish to
incubate for 14 days at 37 Cand 5% CO.,,.

Figure 2.8: Step by step outline of porcine aorta isolation and stent deposition for organ culture.
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Table 2.2: The experimental set-up for porcine aortic organ culture.

Experimental

Description

rou

Ao-Day0
Before injury

Aorta segment fixed after isolation and before inducing injury

Ao-Day0 Aorta segment fixed after isolation and after inducing balloon injury

After injury

Ao- GAZELLE Balloon injured Aorta segment fixed after 14 days of tissue co-culture with
dH,0 spray coated GAZELLE stent segments

Ao-CHROMA Balloon injured Aorta segment fixed after 14 days of tissue co-culture with

dH,0 spray coated CHROMA stent segments

Ao-Graphene

Balloon injured Aorta segment fixed after 14 days of tissue co-culture with
Graphene spray coated GAZELLE stent segments

Ao- Graphene
Oxide

Balloon injured Aorta segment fixed after 14 days of tissue co-culture with
Graphene Oxide spray coated GAZELLE stent segments

Ao- EES Balloon injured Aorta segment fixed after 14 days of tissue co-culture with EES
stent segments
Ao- Day 14 Balloon injured Aorta segment fixed after 14 days of tissue culture (Without

any stent)

2.4.1.6 Coronary artery and aorta Tissue culture with/without stent segments

Each pre-prepared 50 mm glass petri dish (section 2.4.1.1) contained 10mL of RPMI 1640,
Hepes Media (Gibco® Life Technologies, 42401-018) supplemented with 30% Foetal
Bovine Serum (SIGMA, F9665), Penicillin- Streptomycin at 50Units/mL, 50ug/mL,
respectively (SIGMA Aldrich, P4333), Glutamine at 2mM (SIGMA, G7513) and
Amphotericin at 5ug/mL ( Gibco® Life Technologies, 15290-026) (207). The dishes were
incubated at 37 °C, 5% CO; for 14 days. The media was changed every day to every other
day. The control tissues, day 0, were fixed after isolation and underwent exactly the same
fixing, processing and staining procedures as those fixed after 14 days of organ culture.
Two sets of each experiment were prepared; one for paraffin embedding for histological/

immunohistochemistry staining and the other for scanning electron microscopy

visualisation which both require different fixing techniques.

2.4.2 Ex-vivo porcine tissue processing post- organ culture for histological and
immunohistochemistry analysis

2.4.2.1 Fixation of porcine tissue for paraffin embedding

To determine the amount of neointimal formation, both coronary artery and aorta tissues

intended for paraffin embedding were fixed by 10% Neutral buffered formalin. Tissue
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segments in each dish were washed 2-3 times with PBS prior to adding 10% Neutral
buffered formalin (SIGMA Aldrich) and incubated at 4°C for 24 hours. The next day, fixing
agent was removed and tissue washed 3x with PBS subsequent to adding 70% ethanol

and incubating at 4°C until ready for processing for paraffin embedding.

2.4.2.2 Tissue processing of porcine coronary artery and aorta in preparation for
paraffin embedding

Fixed tissues (see section 2.6.1) were placed in pre-labelled histology cassettes and
processed in the Leica ASP300 S Tissue Processor (Leica Microsystems, Nussloch,
Germany) on an overnight programme starting through graded alcohols (70%, 20
minutes; 70%, 30 mins; 90%, 60 mins, 90% 60 mins; 100%, 30 mins; 100%, 45 mins;
100%, 60 mins) then moving to xylene (3 buckets; 20 mins, 30 mins, 40 mins), next ending

in molten paraffin wax (3 buckets; 70 mins, 70 mins, 70 mins).

2.4.2.3 Paraffin wax embedding

Porcine coronary arteries and aortae were embedded into paraffin and positioned to
enable vessel transverse sections on slicing. The embedding into the paraffin was
performed using the Shandon Histocentre 2 (Fisher Scientific). Molten paraffin wax was
poured into moulds, the vessel positioned and the top of the cassette was then
embedded into the molten wax mould to provide grip for the microtome. Subsequently,

the blocks were placed on a 4 °C cold plate and allowed to harden overnight.

2.4.2.4 Sectioning of embedded porcine coronary artery and aorta

To optimise the quality of the cut sections, paraffin blocks encompassing the embedded
tissue were placed on ice prior to sectioning. 5 um sections were obtained using a Leica
RM2145 microtome, sections were floated onto a 45°C distilled water bath (Leica HI1210)
to remove wrinkles in the tissue, followed by collection of the tissue onto a Thermo
Scientific Superfrost ® Plus glass slide (Braunschweig, Germany) after 2-5 minutes. Slides
were then incubated vertically at 45°C, overnight to ensure complete adherence of the

porcine coronary artery/aorta sections onto the glass slide.

2.4.2.5 Histology — Miller’s elastin staining
Glass adherent 5um thick paraffin coronary artery and aortic sections were de-
paraffinised in xylene (Fisher Chemical) for 5 minutes (2 changes) in the fume cupboard.

Next, the sections were re-hydrated by graded ethanol immersion into 100%, 75%, 50%
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and then distilled water for 5 minutes each before staining. Subsequently, sections were
oxidised in 0.5% potassium permanganate (Sigma Aldrich) (5 minutes), washed in distilled
water, bleached in 2% oxalic acid (Sigma Aldrich) for approximately 9 seconds until
sections decoloured, followed by rinsing in 95% ethanol and immersion in blue Miller’s
stain (3 hours). Afterwards, slides were rinsed in 95% ethanol followed by distilled water,
and then counterstained with Van Gieson’s stain for 5-10 seconds (1:1 dilution with
water). Sections were then dehydrated gradually in 50%; 75%; 90%; 100%; 100% ethanol
solution with a final double immersion in xylene (at least 5 minutes each). Sections were
mounted using DPX mounting medium (Fisher Chemical) before placing the cover slip.
This was allowed to dry overnight before visualisation and imaging via a 3D Histec
Pannoramic 250 slide scanner (3DHISTECH Ltd., Hungary) and visualised for analysis using

the Case Viewer with Histoquant licence.

2.4.2.5.1 Neointima measurements and analysis
Coronary artery and aortic tissue was separated into 4 and 8 equal segments, respectively
(Fig. 2.9). Neointima was measured from the internal elastic lamina using the Case Viewer

programme and all measurements collected into PRISM GraphPad software for analysis.

Figure 2.9: Representative tissue section of porcine aorta, Miller’s elastin stained and divided
into equal sections.

Average data were presented as mean * standard error of the mean (SEM). Four different
pigs were used for coronary artery tissue organ culture and ten different pigs for aortic
organ culture. Statistical analysis was performed using PRISM GraphPad software, one-
way ANOVA with Tukey's post-hoc test. Statistical significance was illustrated as p<0.05
(*) and p<0.001 (**).

2.4.2.6 Immunohistochemistry of sectioned porcine coronary artery and aorta —
Endothelial cell staining

Sections were deparaffinised with xylene (Fisher Chemical) and then rehydrated by serial
immersion in 100%, 95%, 75%, 50% ethanol and distilled H,0 (5 minutes each). Antigen

retrieval was done by slide incubation in 0.01M citrate buffer (SIGMA) heated to 95 °C
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and allowed to cool at room temperature (30-60 minutes). Next, slides were rinsed in
10mM PBS and blocked in 3% (v/v) H20; (SIGMA) for 7 minutes. Sections were rinsed
twice in 10mM PBS, 5 minutes each time, before encircling using a hydrophobic pen and
blocking in 2.5% normal horse serum (Vector) for 1 hour in humidified chamber (to avoid
evaporation) at room temperature. Endothelial cells were specific stained by adding 1:50
primary antibody against CD31, (Rabbit pAb to CD31, ab28364, Abcam), prepared in TPBS
(0.025% TritonX in PBS) and 1% Bovine serum albumen (Vector) and incubated in a dark
humidified chamber at 4°C, overnight. The next day, primary antibody was removed and
slides were washed three times in PBS, each 5 minutes, before applying the ImmPRESS
HRP reagent anti-Rabbit IgG (Vector) and incubating for 30 minutes at room temperature,
again in humidified chamber. Washing of sections twice in PBS (5 minutes each) followed,
with subsequent addition of ImmPACT DAB (SK-4105, Vector) for 4-5 minutes to allow
staining to take place. DAB activity was stopped by washing in distilled water (5 minutes)
and prepared for counterstaining by immersion in 95% ethanol. Slides were submerged
in Miller’s stain for a duration of 30 minutes before washing in 95% ethanol (3 changes).
Slides were further dehydrated in 100% ethanol changes and then the alcohol removed in
twice incubation in xylene (5 minutes) before mounting with DPX mounting medium
(Fisher Chemical), placing the cover slip and left untouched overnight. Imaging was done
using the 3D Histec Pannoramic250 slide scanner (3DHISTECH Ltd., Hungary) and analysis
using the Case Viewer with Histoquant licence. Tissues were viewed and annotated for
absence of endothelial cell/CD31 staining (-); some areas of staining (+-) and most areas

of CD31 staining (+).

2.4.3 Ex-vivo porcine tissue processing post- organ culture for scanning electron
microscopy analysis

In order to investigate further the healing potential of the vessel, scanning electron
microscopy was used to determine endothelial cell coverage on the graphene coated,
graphene oxide coated and control stents. This may provide more information about
possible preferential growth of endothelial cells on the graphene coated or graphene

oxide coated stents.

2.4.3.1 Fixation of porcine tissue for scanning electron microscopy
The second set of the tissues were immersion-fixed in 4% paraformaldehyde, 2.5%

glutaraldehyde (AGAR Scientific, R1012) in 0.1 M Hepes. Incubated at room temperature
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for 1 hour followed by incubation at 4°C until ready for osmium staining. Tissue with
pinned stents were stained in 1% osmium tetroxide for 1 hour (R1024, AGAR Scientific),
and dehydrated via ethanol serial immersion (dH20, 35%, 50%, 75% 95%, 100% Ethanol)
each at 20 minutes duration. Subsequently, the tissues were critical point dried (CPD).
CPD was performed using the K850 Critical point drier (Quorum Technologies, UK). Three
incubations of 40 minutes each in the CPD was performed to dehydrate the tissue for

visualisation by scanning electron microscopy (SCEM).

Figure 2.10: Step by step schematic of critical point drying and preparing for SCEM visualisation.

Subsequently, CPD samples were secured onto metal stubs using double sided tape (Fig.
2.10), and then gold splutter coated (Quorum Technologies, SC7620, Sputter Coater, UK).
At least a few hours prior to visualisation with SCEM, on 1-2 corners of the tissue, drops
of Acheson Silver DAG (G3648, AGAR Scientific) were added in order to form a thin highly
conductive silver layer as means to visualise the samples. SCEM tissue and stent surface
imaging was performed using an FEI Quanta 250 ESEM operating in high vacuum at 10.0
kV.
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CHAPTER 3

Preparation and characterization of graphene based dispersions

3.1 Introduction

Graphene and graphene oxide manufacture by liquid phase exfoliation results in a
dispersion. The material produced with the preparation methods is described in chapter
2.1.1. The concentration, thinness and lateral dimension of the Gr/GO flakes exfoliated
require characterisation and this is typically determined by UV-Vis spectroscopy, Raman
spectroscopy and atomic force microscopy, respectively. Each of these techniques will be
described in this chapter. This chapter will also present the concentration, structural and
quality characteristics for the graphene and graphene oxide dispersions produced in this

study.

3.1.1 UV-Vis spectroscopy determining Graphene concentration

Ultraviolet-visible spectroscopy (UV-Vis) is typically utilised to determine the
concentration of graphene. A beam of monochromatic light is passed through a diluted
sample and absorbed light is measured by electronic detectors (208). To calculate
concentration of the sample from absorbance values, the Lambert-Beer law (203) is

utilised, as following:
A= acl

Where A is the optical absorbance of light, a is the molar absorption coefficient, equal to
2460 Lg'm™ (170) measured at 660 nm, cis the sample concentration and L represents
the distance which the light travels through, i.e. the size of the cuvette (in this study,
0.01m).

A typical UV-Vis spectrum of graphene is illustrated in figure 3.1. The n-it interaction
(transition of the electron within each carbon atom to a higher energy orbital) within the
carbon atoms of the hexagonal graphene structure cause a UV-Vis peak at 268 nm (209).

The absorbance of graphene is extrapolated at 660nm wavelength.
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Figure 3.1: Typical UV-Vis spectrum of graphene dispersion in water.

3.1.2 Raman spectroscopy

The Raman effect was discovered by an Indian physicist, Chandrasekhara .V. Raman in
1928 (210). Raman spectroscopy is the method of choice as a diagnostic tool to analyse
and identify material-specific structural fingerprint. This method involves applying
monochromatic light (typically using a laser) onto the sample, causing atomic vibrations,
which cause a change in the energy of the scattered light (Fig. 3.2). Looking at the
difference between incident and scattered light energy, one can see specific peaks
attributed to particular atomic vibrations (Fig. 3.3, 3.4). Thus, analysis of the Raman

spectrum yields information on the structure of the molecule or material.
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Figure 3.3: A: Typical Raman spectra of graphene produced by LPE and B: graphene oxide.
Graphene from liquid phase exfoliation and image obtained from (212). A: Monolayer graphene
(MLG), Few layer graphene (FLG), Graphite (Thick). B: Graphene oxide Raman spectrum (168).
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The typical Raman spectrum of graphene shows two peaks, centred at 1580 cm™ and at
2680cm™, known as the G and 2D peak, respectively (Fig. 3.3A) (213), which are
associated with the atomic vibrations shown in figure 3.2. In the case of graphene
produced by LPE, the Raman spectrum also shows a characteristic D peak (at ~1350 cm™)
(170) which is a defect-activated peak (Fig. 3.3A), i.e. it appears only if there are defects in
the material, while the 2D peak (which is associated to the same atomic vibration) is
always present in the Raman spectrum. Although the Raman spectrum of graphene
produced by LPE shows a prominent D peak, the material does not have any structural
defects. In this case, the D peak is activated by the edges of the material (214): the flakes
are very small, therefore the edges strongly contribute to the Raman signal. An edge,
from a Raman point of view, is a defect because it breaks the symmetry of the crystal,

hence why the D peak appears in the Raman spectrum.

The typical Raman spectrum of GO shows broad and intense G and D peaks, while the 2D
peak is very weak (Fig. 3.3B). These changes are attributed to the defective nature of GO:
the functionalisation breaks the symmetry of the graphene crystal, making this material

equivalent to a very defective graphene.

One of the major problems of working with graphene produced by LPE is the
qguantification of the single layers and few layers in the dispersion. As mentioned in
section 1.10.1, dispersion produced by LPE typically contains flakes with a distribution in
thickness. In this project, the following parameters will be analysed in order to

gualitatively estimate the thickness distribution:

i) The intensity ratio between the D and G peak, | (D)/I (G). This depends on the size
of the flakes. During sonication the layers of graphite get exfoliated, but sonication
also makes the layers smaller in size. Thus, smaller flakes are more likely to be

single layers.

ii) The shape of the 2D peak, which allows for distinguishing between single/few
layers and graphitic (i.e. >10 graphene layers) flakes (Fig. 3.3). The method (215)
involves fitting a Lorentzian curve to the 2D peak and calculating the coefficient of
determination (R?), which indicates how well the fit reproduces the experimental
line: A finely symmetrical and sharp peak with R? value above 0.987 presents

mono layered graphene (MLG), whilst few layered graphene (FLG) is identified by
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asymmetrical and rather broad 2D peak with 0.985<R? <0.987. Restacked
graphene (FLG restacked), which describes graphene sheets bereft of AB Bernal
stacking can be distinguished by the R? again; values between 0.985-0.987 indicate
restacked graphene layers while <0.985 indicated few layered. Graphite is

determined by the broad and double peaked 2D spectrum.

D mode (breathing A ) G mode (Ey,)

Figure 3.4: Atomic vibrations associated to the D (2D) and G peaks. Figure obtained from (216).

3.1.3 Atomic Force Microscopy

Atomic force microscopy (AFM) allows high-resolution surface imaging by scanning a very
sharp probe along the surface. The probe is attached to a cantilever (mimicking a record
player needle) that moves along with the probe and acts as a laser reflective surface.
When the probe gets close to the surface, it moves over and along the material changing
the cantilever angle, and therefore alters the angle of the reflected laser into the
photodetector (Fig. 3.5). The tip often measures only nm across and movement of the
cantilever is detected by laser. This then is output as an image. Graphene flakes appear
as images on the AFM to identify shape and size of the flake. One could also extract the
thickness, by looking at the height of the flake, measured at the substrate-flake edge.
However, this method is known to be only qualitative, as contamination and water

absorption on the flake may increase the apparent thickness of the flake. (217).
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Figure 3.5: Schematic illustrating the atomic force microscopy set-up (218).

3.2 Methods

The graphene dispersion that was used for the main experiments performed in this thesis
was prepared by Dr Daryl McManus in Prof Casiraghi’s group, School of Chemistry,
University of Manchester, using the method described in Chapter 2. Graphene oxide was
prepared by the modified Hummer’s methods in Prof Kostarelos’s laboratory, School of
Life Sciences, University of Manchester, as described by Ali-Boucetta and colleagues and

illustrated in Fig. 2.2 (168).

In brief, to determine the concentration of the dispersions, a very diluted sample of the
dispersion was used to measure concentration by UV-Vis (chapter 2 provides more
detail). The number of layers within each flake was elucidated by Raman spectroscopy

and the flake lateral size was determined by AFM.

3.3 Results

3.3.1 Graphene characterisation

The resulting concentration of the graphene dispersion as determined by UV-Vis was
calculated as 1.07 mgmL™. The dispersed flake thickness and length were determined
using Raman spectroscopy and atomic force microscopy, respectively (Fig. 3.6, 3.7) using

the methods described in Chapter 2.

Figure 3.6A illustrates representative spectra of the produced material, with the D and G

peaks (at 1350 cm™and 1580 cm?, respectively), while Fig. 3.6B shows the 2D (2700 cm?)
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peak. The R? value of 0.989 is indicated on the 2D peak suggesting single layered

graphene (219).

Figure 3.7A shows a representative AFM picture of the graphene flakes deposited on the
silicon substrate as a lighter sheet like structure. The majority of the flakes appeared to
range between 100-300 nm in lateral size (Fig. 3.7B). The thickness as measured by AFM,

was in the range of 3-35 nm, with the majority exhibiting analysis thickness of 5-10 nm.

As is displayed in Table 3.1, over 80% of the dispersion consists of few layered flakes (2-7
layers), whereas approx. 7.5% included mono layered graphene. Graphite, i.e. flakes with

more than 7 layers, was also identified within the dispersion.

Table 3.1: Liquid phase exfoliated graphene flake layer distribution. Raman analysis at 514 nm
wavelength was used to determine flake thickness identified from the 2D peak sharpness
(determined by its r? value, see section 5.2.1) and shape. Monolayer graphene (MLG), Few layer
graphene (FLG).

MLG FLG —restacked FLG Graphite Total
3 3 29 5 40
7.5% 7.5% 72.5% 12.5% 100%
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Figure 3.6: Characterisation of graphene using Raman spectroscopy. A-B: Representative Raman
spectra attained at 514nm excitation line indicating a monolayer graphene flake, when analysing
a drop casted 0.05 mgmL LPE graphene dispersion on a SiO, wafer with the solvent evaporated.
R?value of >0.987 indicates a monolayer. C: I(D)/(G) versus R? value of regression of the 2D peak
value, so that I(D)/(G) ratio is compared to the flake thickness.
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Figure 3.7: Characterisation of graphene using AFM. A: Atomic force microscopy (AFM) image of
the same drop casted graphene sample, using the Tapping mode software option. B: Flake length
distribution.
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3.3.2 Graphene Oxide characterisation
The GO dispersion produced and used for this project, had a concentration of 1.0 mgmL™*
and its corresponding characteristics, GO flake thickness and lateral size, was determined

by Prof Kostarelos’s team (Table 3.2) using methods previously described (168, 220).

Table 3.2. Graphene Oxide characterised by Raman spectroscopy and AFM.

I(D)/I(G) ratio 1.3+0.09
Thickness (AFM) 1 hm
Lateral size (AFM) 20 um

3.4 Discussion

The thinness of the graphene flakes is critical for the unique properties attributed to
graphene. It is the single layer thinness of the graphene material that gives it the
properties that make it so unique. The lateral size and number of layers each flake is
made up may have consequences in the experimental conduct of the project as well as
potential influence on results. It is for this reason that both the graphene and the
graphene oxide dispersions used in this project required structural (lateral size) and
quality (layers of each flake) characterisation. In this chapter, the techniques to assess the
quality and structural characteristic of the flakes were introduced and the resulting data

from these techniques analysed for both Gr and GO dispersion examination.

3.4.1 Graphene dispersion dominated by few layered flakes

Our results revealed that the graphene dispersion contained ~80% of few layers graphene
(2-7 layers). These data cannot be compared to the literature because the yield is
dependent on the specific protocol, particularly the sonication time. By fitting the 2D
peak (Chapter 2) the R? values were determined and it was observed that the thickness
distribution was dominated by few layers graphene (Table 3.1). The intensity ratio
between the D and G peak, I(D)/I(G), was also analysed and plotted as a function of R?
(Fig. 3.6C). As expected, LPE graphene defect or I(D)/I(G) ratio was larger with fewer
graphene layers and particularly with single layered graphene, because thinner flakes are
likely to have small flake size (i.e. smaller than the laser spot) with the flake edges
contributing to the I(D)/I(G) ratio. Thus, I(D)/I(G) is not representative of real defects in
LPE graphene dispersions (214, 221).
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Raman spectra denoted the characteristic G band at 1580 cm™ caused by bond stretching
of the sp2 carbon atoms and the ‘defect’ D band was at 1350 cm™ (Fig. 3.6 A). In liquid
phase exfoliated graphene, the D peak is often active due to edges of the graphene flake.
The flakes in LPE Gr are small, <500nm, this leads to the edges being within the area of
the laser, as the laser point itself is approximately 500nm in diameter. This is the main
reason for the rise of the D peak in graphene flakes in this study. The D to G peak
intensity ratio (ID/IG), corresponding to the metric of disorder in the single layered
graphene was largest, dropping with increasing flake thickness (Fig. 3.6C); caused due to
single layered graphene flakes being smaller than the LASER size thus flake edges
contributing to the D peak, and thus in this instant, not representative of real defect (214,
221). The 2D band at 2680cm™ was present with the sharp, single and symmetric peak
suggesting pristine single layered graphene, with broader peaks representing increase in

graphene sheets, few layered graphene (Fig. 3.6B) (221).

The subsequent structural characterisation by AFM, revealed a graphene thickness range
of 3-35 nm, with the majority exhibiting Raman analysis thickness of FLG (2-7 layers) ~3
nm (222). Previous literature has reported an AFM measured flake size of 5 nm to be
actually 1 nm or less after laser treatment to desorb molecule residues on the flake
surface (183), therefore suggesting that AFM data should be considered as a qualitative
measurement rather than quantitative. Therefore, it is not surprising that the flake
thickness obtained by AFM and Raman do not correspond to each other. It is important to
note the length of the flakes, as this will affect coating (may clog nozzle of spray gun) as

well as potentially influence the biological components (223).

3.4.2 Graphene oxide lateral size larger than graphene flakes

The GO dispersion was characterised by Prof Kostarelos’s group, University of
Manchester. The results demonstrate a rather high ID/IG ratio (Table 3.2) as typically
reported for GO (224). GO is expected to have a higher D peak, compared to graphene
produced by LPE, due to the presence of oxygen-containing groups, which break the
symmetry of the crystals and, hence, are considered defects. In addition, the GO flakes
tend to have larger lateral size (1-20 um) than graphene flakes produced by LPE, whose
lateral size is mostly around 100-300 nm. This may later influence spray coating as larger

flakes may aggregate and clog the spray pistol.
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3.5 Key Findings of this chapter:
» Graphene and graphene oxide dispersion of 1 mgmL?! concentrations were
achieved by LPE method.
= Graphene dispersion consisted mainly of ~ 80% few layered graphene (2-7 layers).
= Lateral size of 100-300 nm for graphene and 20 um for graphene oxide were

achieved.
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CHAPTER 4

Selection of optimal graphene coating deposition technique

4.1 Introduction

The overall aim of this project is to improve restenosis risk associated with bare metal
stents by coating BMS with a biocompatible material. Even though there is not enough
data supporting the biocompatibility of graphene based materials, there is the potential
that its unique properties of high strength, smoothness, anti-corrosion, high surface to
volume ratio render it an ideal material for coating of medical implants. However, it is not
clear which coating method would be more suitable. There are several coating methods
available, however those achieving the most uniform, thin and precise coating arise from
expensive, low yield and difficult upscaling methods such as chemical vapour deposition

or rapid thermal processing, which ‘grow’ graphene onto the metal substrate (165).

In this chapter, several coating techniques were investigated in order to select the coating
method that produced the most even, thin Gr/GO coating with optimum coverage of the
substrate. Once the coating technique was selected, investigations were conducted in
order to optimise the coating further on stainless steel coronary artery stents (GAZELLE
stents donated by Biosensors Int.), producing uniform coating with higher substrate

coverage.

4.2 Methods
Various coating methods were tested for selection followed by optimisation as outlined
below. For this project, simple dip coating, dip coating with applied bias and spray coating

was explored to select the coating method that would subsequently be optimised.

Medical grade, 316L stainless steel (SS) discs were used for preliminary investigation of
coating techniques, as a substitute to coronary artery stainless steel bare metal stents. To
identify the method that produces the most even and thin coating with maximal
graphene coverage of 316L stainless steel discs, several coating methods were attempted
and examined:

- Dip-coating; dipping the 316L SS discs wholly or partially into the graphene

dispersion to show uncoated/coating boundary.
- Dip-coating with applied bias; applying voltage bias between the graphene based

dispersion and the discs to force flakes onto the 316L SS substrate (Fig. 2.3).
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- Spray coating; spraying graphene based dispersion onto the substrate whilst
simultaneously allowing for annealing via solvent evaporation (Fig. 2.4).

To reiterate, for technique selection only graphene dispersions were utilised, and

following selection, both graphene and graphene oxide dispersions were used for

optimising the coating, on coronary artery stainless steel GAZELLE stents, for the highest

substrate coverage with thin and even outcome. Since this involves a serial trial and

consequent re-strategising approach, methods and results will be presented together in

this chapter.

4.3 Methods and Results

4.3.1 Dip coating 316L (medical grade) stainless steel discs

Firstly, the discs were dipped into graphene or graphene oxide dispersions for a duration
of approximately 3 seconds. Subsequent air-drying allowed solvent evaporation, leaving
graphene flake deposition on the stainless steel disc substrate. The initial dip-coating
illustrates a darker region in the middle of the disc while the rest of the disc appeared
lighter in colour (Fig. 4.1A), indicating poor and uneven coating coverage. Following from
this, and in order to visualise the boundary of coated versus uncoated 316L stainless steel
discs, partial immersion in both Gr and GO dispersions for 24 hours were also performed.
This partial immersion illustrated varying areas of darker regions on the disc (Fig. 4.1 and
4.2 A, B), but also demonstrated larger areas of coverage compared to the shorter

immersion duration (Fig 4.1 B versus A).

Whole dip Partial dip for 24 hours
C

Figure 4.1: Uneven and poor coating coverage with dip-coating. A: 3 second dip-coating in 0.33
mgmL? of graphene dispersion. B: Partial dip-coating for a duration of 24 hours into 0.33 mgmL™*
of graphene and C: Partial dip-coating for a duration of 24 hours into 0.5 mgmL? of graphene
oxide dispersion. Images acquired using SAMSUNG cameraphone. Graphene (Gr) and graphene
oxide coating (GO) region indicated on the images as is evident by dark and uneven
areas/patches. Coating is visually very patchy.

88



Graphene Oxide
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Figure 4.2: Partially dip-coated 316L stainless steel discs immersed in graphene and graphene oxide dispersions for a duration of 24 hours.

A: Graphene (0.33 mgmL™) coated area. B: GO (0.5 mgmL?) coated area. A/B illustrate the coated regions of the stainless steel discs, demonstrating visually uneven
coating (light or thin to very dark or thick coating regions). C/D: Uncoated area of stainless steel disc, as was not immersed into dispersion. Nikon Eclipse LV100
microscope was used to view the disc and the TV lens 0.55x Ds camera. Scale bar 50 um and 100 um. 89



4.3.2 Dip-coating with simultaneous applied voltage bias

Coating on the dip-coated discs (above) was focused onto spots. In order to improve
graphene coverage onto the stainless steel discs, an attractive force between the
dispersion and substrate was applied in an attempt to improve coating uniformity.
However, this was tested using the graphene dispersion only, as an initial investigation.
Application of voltage bias to enhance coating has previously been described in the
literature as electrophoretic deposition of graphene (225). The attractive force, in the
form of bias voltage was utilised, since the graphene dispersion stabiliser, PS1, is
negatively charged. Therefore, the discs were positively charged to attract the graphene
flakes onto the stainless steel substrate, as illustrated in Figure 2.3. As the application of
voltage bias produced a more uniform and visible graphene coating on the stainless steel
disc when compared to simple dip-coating technique, the next step was to determine the
optimal settings. The 1 mgmL™* graphene dispersion was diluted to 0.3 mgmL™ and the

following parameters applied:

(i) Varying voltage 50V, 100V and 200 V for 20 secs once desired voltage was
reached

Figure 4.3i and figure 4.4 demonstrate that relatively uniform coating was achieved at
200V bias when discs were dipped for 20 seconds. Increasing the voltage applied to the
stainless steel increased the evenness of the graphene coating. Some thin coated patches
were observed with 50V, but application of 100V visibly reduced the number of these
patches, hence improving coating (Fig. 4.3i). There was a small area of thinner coating
observed towards the centre of the disc with 100V (Fig. 4.3i). The most uniform coating

was achieved by applying higher voltage, as observed with the application of 200V.

(ii) Varying disc immersion duration, 30 secs, 40 secs and 60 secs once 50V was
reached

Coating was assessed by visualisation because the graphene coating was thick and
therefore visible. Some uncoated or very thin coated patches were observed in all three
immersion duration time points (Fig. 4.3ii). Increasing the immersion time period in the
graphene dispersion did not improve the evenness of graphene coating, as patchy coating
continued to be visible and visually to the same extent. AFM use to quantify thickness
was not possible in this instance because the discs (sample) were not completely flat,

which is a requirement for using AFM.
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(iii) Varying dip frequency 1 x 20 secs and 4 x 5 secs dip once 50V was reached
Performing the dip-coating four consecutive times with each 50V applied voltage for 5
seconds revealed less effective graphene coating coverage with some parts of the disc
appearing to be uncoated (Fig. 4.3iii). As illustrated (Fig. 4.3iii), graphene coating

evenness was compromised with frequent dipping.

[

50V, 1mA 100V, 2mA 200V, 3mA

20 secs 20 secs 20 secs
ii
50V, ImA 50V, 2mA 50V, 3mA
20 secs 40 secs 60 secs
iii

50V, 1mA 50V, 3mA
20 secs 4 x 5sec dip

Figure 4.3: Optimising graphene coating onto stainless steel using applied voltage bias
simultaneously with dip-coating. Graphene coating achieved when 14mm diameter 316L
stainless steel discs were partially dip-coated in 0.3mgmL? graphene dispersion under the
following conditions. (i) voltage was varied at 50V, 100V and 200 V for 20 secs once desired
voltage was reached; (ii) varying disc immersion duration, 20 secs, 40secs and 60 secs once 50V
was reached; and finally (iii) varying dip frequency 1 x 20 secs and 4 x 5 secs dip once 50V was
reached. Images acquired using phone camera of Samsung Galaxy S4. Most optimum coating
established at 200V, 3mA bias for an immersion duration of 20 seconds from the time 200V was
reached. The black/dark deposit on the stainless steel denotes graphene coating.
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Figure 4.4: Magnified image of partially graphene coated stainless steel disc. Nikon Eclipse
LV100 microscope was used to view the disc and the TV lens 0.55x Ds camera used to capture the
images of the disc. 316L stainless steel disc was graphene (Gr) coated by partial dipping into 0.3
mgmL? graphene dispersion, simultaneously applying 200V, 3mA for a duration of 20 seconds at
different magnifications. A-C: Coated regions and D-F: coated/uncoated border region (arrows).
Scale bars on bottom-right hand corner of each image equates to 200 um.

Visibly, a more uniform and thick coating of graphene coating was established with
application of a high voltage of 200V as opposed to longer duration of a lower voltage or
more frequent dipping cycles (Fig. 4.3). Even though a more uniform coverage of coating
was achieved using this method (visible to the eye but also confirmed via Raman
spectroscopy), the thickness of the coating was not controllable and tended to be thick
(Fig. 4.3 and Fig. 4.4). For the coating of medical implants, a thin (not visible by eye, or nm
thick) coating of the graphene based material is preferable, thus a coating method
achieving much thinner coating was required. Consequently, spray coating was
investigated as a method for producing thin, uniform graphene based coating on medical

grade stainless steel.

4.3.3 Spray coating

Spray coating has previously been described to provide homogenous coating and to allow
control of the coating thickness as well as uniformity (226, 227). Figure 4.5 illustrates a
stainless steel disc after spray coating of Gr, the coating is not visible by naked eye, but
the presence of a carbon thin film was confirmed by Raman spectroscopy. Nine spots
were selected on the disc for Raman spectroscopy. One of the nine randomly selected
points on the coated disc was taken on an area without graphene coating (top panel on

Fig. 4.5, area marked/indicated with red x on the disc), as shown by the absence of the G
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and 2D peaks (Fig. 4.5A). The Raman spectra measured on the other eight points on the
disc showed graphene specific G and 2D peaks, indicating presence of graphene (Fig. 4.5
B). This indicates the potential for thin graphene coating with relatively good coverage
using the spray coating approach, however optimisation of this technique was essential to
yield maximal and even coverage, particularly, to coat the coronary artery GAZELLE
stents. Consequently, the next step was to investigate parameters that further improve

coating by maximising coverage.
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Figure 4.5: Raman spectra of graphene spray coated disc. Three layers of 0.3mgmL? LPE
graphene dispersion spray coated onto a pre-cleaned 14mm diameter 316L stainless steel disc.
Raman spectroscopy measurements were undertaken at 514nm excitation line. A: Top panel
illustrates spectra from the point highlighted with a red cross on the coated disc, there was no
graphene coating at this spot because there was no G or 2D peak in the spectra. B: The bottom
panel is representative of spectra attained from eight of the nine spots Raman analysed,
suggesting relatively good coverage and thin graphene coating (not visible coating). The Raman
spectra of the respective position shown with a red cross on the disc is represented on the right.
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4.3.4 Optimisation of spray coating of graphene onto coronary artery stents
In order to maximise graphene and graphene oxide coverage with relative uniformity on
the GAZELLE stents, spray coat conditions such as pre-plasma cleaning, spray distance and

various other parameter were investigated.

4.3.4.1 Plasma cleaning of stent surface

The spray coating method was repeated on GAZELLE stents (Biosensors Int.) producing
coating that appeared as graphene aggregates on the coated stents (Fig. 4.6A, 4.7A). In an
attempt to improve coverage and dispersibility of coating material on stainless steel
GAZELLE stents, the effect of Argon plasma cleaning on the coating coverage was
investigated (details in section 2.2.2.1). Plasma cleaning achieves surface cleaning by
removing thin layers of natural contaminants such as hydrocarbons from the surface of
the sample by bombarding high-speed argon particles onto the surface of the sample
stent, consequently knocking away any contaminant particles (206). Argon was used due
to its inert quality, avoiding change in surface chemistry of the stainless steel bare metal

stent.

The company providing the stents (Biosensors Int.) suggested that plasma cleaning of the
GAZELLE stents prior to graphene coating should decrease aggregation of coating material
on the substrate surface, by promoting a more uniform coating (Fig. 4.6/4.7 A vs. Fig.
4.6/4.7 B). Raman mapping was performed, showing the presence of the Gr and GO
characteristic Raman peaks (Chapter 2), confirming the coating to be made of graphene

and graphene oxide. More area without graphene coating is visible on the coating

illustrated in Figures 4.6iii and 4.7ii, and respective Raman spectra of the purple, green
and blue points (circular points indicated on the Raman mapping (purple, green and blue)
depicted in figure 4.6iv and 4.7iii. Figures 4.6iii and 4.7ii illustrate a larger area of higher
intensity mapping after plasma cleaning (Fig. 4.6 B iii and Fig. 4.7 B ii) when compared to
spray coating without pre-plasma cleaning (Fig. 4.6A iii and Fig. 4.7A ii), suggesting more
coverage and less aggregate formation of coating with plasma cleaning prior to spray
coating. This is confirmed when comparing percentage coverage of Gr (49.2%), GO (80%)
without pre-plasma cleaning and percentage coverage of Gr (88.1%), GO (100%) after

plasma cleaning. This may have been due to increased wettability/ hydrophilicity of the
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surface attributed to plasma cleaning; decreasing water contact angle and thus
dispersibility of the graphene based flakes once solvent had evaporated (228, 229).
Decrease of contact angle means less water droplet like depositions on the stent,
resulting in further distance between flakes within the spray drop, thence, leading to drop
in van der Waals forces between flakes and consequently reduced agglomeration of the
Gr/GO flakes that would have resulted in aggregate-like coatings (Fig. 4.6 and Fig. 4.7)
(230, 231).

These results show that plasma cleaning prior to spray coating must be included in the
protocol for spray coating GAZELLE stents in order to achieve dispersion of the graphene
material, giving rise to a uniform coating. Surface plasma treatment prior to coating can
also aid adhesion of the coating material onto the substrate, as well as improving
thickness distribution, again attributed to the influence from increased dispersibility
(232), but also plasma cleaning induced surface activation, leading to stronger bonding

potential (233).

Even though plasma cleaning had a positive influence on maximising both uniformity and
coverage of Gr and GO coating on the GAZELLE stents, it did not produce complete
coverage. Thus, as a further attempt to improve coating, the spray distance between the
substrate (stent) and the spray gun nozzle was studied. Spray coating up to this point had
been performed from a distance of 20 cm. Subsequently, the coating was examined when

Gr/GO dispersion was spray coated from a height of 10 cm.
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Figure 4.6: Plasma cleaning prior to graphene coating improves coating dispersibility.

A) Spray coating without pre- plasma cleaning and B) WITH pre-plasma cleaning. Plasma cleaning
using Argon gas for 2 minutes. GAZELLE stainless steel stents were spray coated with 1 mL
graphene dispersions at 0.4 mgmL? concentration. The height from which dispersion was
sprayed onto the stent was 20cm height, hotplate temperature at 75 °C. Optical image (i-iii);
Raman spectroscopy mapping illustrating distribution of coating (white/yellow/red denotes
coating, black area indicates no graphene coating) (i-iii). iv: lllustration of representative Raman
spectra, colour coded corresponding to spots on iii.
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Figure 4.7: Plasma cleaning prior to GO coating improves coating dispersibility.

A) Spray coating without pre- plasma cleaning and B) WITH pre-plasma cleaning. Plasma cleaning
using Argon gas for 2 minutes. GAZELLE stainless steel stents were spray coated with 1 mL GO
dispersions at 0.4 mgmL? concentration. The height from which dispersion was sprayed onto the
stent was 20cm height, hotplate temperature at 75 °C. Optical image (i-ii); Raman spectroscopy
mapping illustrating distribution of coating (white/yellow/red denotes coating, black area
indicates no GO coating) (i-ii). iii: lllustration of representative Raman spectra, colour coded
corresponding to spots onii. 97



4.3.4.2 Determination of spray distance for graphene coating onto stents

The height from which the graphene dispersion is sprayed onto the stent has been
described as the main factor affecting uniformity of the coating (234, 235). The distance
from which to spray the graphene dispersion onto the substrate was therefore
investigated. In the Casiraghi group, spray coating distance of 20cm were being studied,
for coating of various materials, including graphene, for non-biomedical purposes. As an
initial starting point, a spray distance of 20 cm was investigated followed by half the
distance to promote higher coating coverage by means of reducing spread. Spray distance
of 20 cm and 10 cm were investigated by preparing a chamber of height 20 cm and 10 cm
(Fig. 2.4). An improved graphene coverage was observed with the shorter spray distance,
88.1%/100% (Gr/GO) at 20 cm versus 99.1%/99.8% (Gr/GO) at 10cm, (Fig. 4.8B and 4.9B),
as well as a reduced spray volume requirement; 1.0 mL of Gr and GO at 20 cm versus 400
uL of Gr and GO dispersions at 10 cm, both at 0.4 mgmL™. The coverage of the spray

coated stents was examined by Raman spectroscopy mapping, measured at 0.5 um

graphene and graphene oxide was required to produce optimal covered and relatively
uniform coating (demonstrated as reduced variation of Raman mapping colours (2D peak
intensity) when compared to spraying at 20cm distance (Fig. 4.8A and 4.9A). Complete
coverage was demonstrated with 10 cm spray distance (99.1% (Gr)/99.8% (GO)) and less
Gr/GO dispersion.
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Figure 4.8: Spray coating from a shorter distance achieved complete graphene coverage.
A) Spray coating from a height of 20 cm using 1.0 mL graphene at 0.4 mgmL™ B) Spray
coating from a height of 10 cm using 0.4 mL graphene at 0.4 mgmL™. Hotplate temperature
at 75 °C. Optical image (i-iii); Raman spectroscopy mapping illustrating distribution of

coating (white/yellow/red denotes coating, black area indicates no graphene coating) (i-iii). 99

iv: lllustration of Raman spectra, colour coded corresponding to spots on iii.
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Figure 4.9: Spray coating from a shorter distance achieved complete GO coverage.

A) Spray coating from a height of 20 cm using 1.0 mL GO at 0.4 mgmL™ B) Spray
coating from a height of 10 cm using 0.4 mL GO at 0.4 mgmL™. Hotplate
temperature at 75 °C. Optical image (i-ii); Raman spectroscopy mapping illustrating
distribution of coating (white/yellow/red denotes coating, black area indicates no
GO coating) (i-ii). iv: lllustration of Raman spectra, colour coded corresponding to

spots on ii.
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4.3.4.3 Scanning electron microscopy of spray coated GAZELLE stents

Stents coated with graphene and graphene oxide, were viewed under the SCEM as an
additional approach to examine the graphene and graphene oxide coating compared to
the uncoated (water coated) stents. Gr and GO coating was visible on the stent by the
round-like material deposited on the stent surface, this perhaps illustrating small Gr (Fig.
4.10 D-F) and GO (Fig. 4.10 G-l) aggregates, this was absent in the uncoated stents (Fig.
4.10 A-C).

The ‘uncoated’ stents were treated with the identical coating conditions as the coated
stents but were sprayed with distilled milliQ water rather than Gr or GO, in order to

minimise the introduction of variation and bias; dH.O (‘uncoated’) vs Gr vs GO.

Unrcoated stent Graphene coated stent GO coated stent

y. o

Figure 4.10: Scanning electron microscopy illustrating surface topography of uncoated vs coated
stents. A-C: ‘Uncoated stent’ — spray coated with distilled H,0. D-F: Surface of Gr spray coated
stent (0.4 mL at 0.4 mgmL™?, 10cm). G-I: Surface of GO spray coated stent (0.4 mL at 0.4 mgmL™ 10
cm). Scale bar denoted at bottom right hand side, from top to bottom: 10um, 5 um, 2 pm.
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In summary, figure 4.11 clearly illustrates the improvement in percentage coverage of
Gr/GO coating with pre-plasma cleaning of the GAZELLE coronary artery stents. While
optimum coverage was achieved with this step for GO, further optimisation steps were
necessary for graphene coating. Reducing the spray distance not only saved valuable Gr
and GO dispersions but also achieved the optimum, complete Gr/GO coverage of the

stent (Fig. 4.11).

100
B Graphene

5 Graphene
Oxide

% Coating Coverage
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UnCleaned Plasma 20cm spray 10cm spray
Cleaned distance distance

Figure 4.11: Improving percentage coverage of Graphene and Graphene Oxide on the GAZELLE
coronary artery stents by incorporation of optimisation steps. Summary of the optimisation
steps demonstrated as % coating coverage: Without plasma cleaning (Uncleaned) and with pre-
plasma cleaned stent surfaces in addition to investigations of spray distance.
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4.3.5 Evaluating the graphene and graphene oxide coating on the GAZELLE stent

4.3.5.1 Determination of longevity of Gr and GO coating onto stent surface

A thin layer of graphene or graphene oxide on medical implants should be adequate to
provide an impermeable membrane between the metal and the biological conditions
(236, 237). The thicker a coating the more susceptible it may be to wear as the outer
coating layer has no direct interaction with the substrate itself but rather interacting with
the underlying graphene coats. To determine if the Gr/GO coating is stable on the stent
and whether it remains intact on the stent, coated stents were immersed into cell culture
media and aggitated on a shaker for 7 days. Both the stents and the effluent media were
examined for graphene and graphene oxide presence using Raman spectroscopy (Fig.
4.12). Raman spectroscopy of the drop-cast effluent media did not detect any graphene
signature peaks at 2700cm™ and 1600 cm™ and Raman mapping of the coronary stent
surface demonstrated 100% of graphene coverage in three of the randomly selected

areas on the stent. This illustrated intact graphene coating onto the stent.

In addition, adhesion of coating onto stent was futher examined by Raman mapping of
coated stents after culture for 14 days pinned onto porcine aortic tissue at 37 °C and 5%
CO: (Fig. 4.13). Intact graphene and GO coating on the stent surface was detected after
both 7 days washing under high agitation and post 14 days in culture, suggesting strong
adhesion of the coating material onto the GAZELLE bare metal stent. However, small
areas of thinner GO coating were observed in figure 4.13B, indicating possible partial
denudation of the GO coating after 14 days of culture, even though percentage coverage

of both Gr and GO on the stent remained at 100%.
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Figure 4.12: Strong adhesion/ longevity of the Graphene
coating onto GAZELLE stent surface.

Optical image (A-B) Raman mapping (C) and Raman spectra (D)
of graphene coating post seven days of rigorous agitation
immersed in media. Raman spectra colour corresponding to
mapping area indicated with matching coloured spots.
Performed in triplicate. Mapping interpretation, high intensity
(yellow/white) compared to the lower intensity
(darker/brown) mapping suggesting graphene based coating.
Black would indicate absence of Gr coating. Percentage
coverage remained at 100% after 7 days of rigorous agitation.
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Figure 4.13: Determination of longevity of Gr and GO on stent surface.
A) Porcine aortic tissue facing surface of Gr and B) surface of GO. Gr/GO coated stents analysed

by Raman spectroscopy. i-ii: Optical images with Raman mapping. White/ yellow/ red denotes
coating, black area indicates no Gr/GO coating. iii: Raman spectra colour corresponding to
mapping area indicated with matching coloured spots on ii. Analysing each point in the mapping

region revealed 100% coverage with Gr/GO.
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4.3.5.2 Sterilisation by Ultraviolet radiation does not influence graphene and graphene
oxide coating as determined by Raman spectroscopy

The potential effect of ultraviolet irradiation on graphene and graphene oxide coating has
not been widely investigated. For the purpose of in vitro and ex vivo use of the stents,
sterilisation is essential. Assessment of the possible influence of UV irradiation with the
purpose of sterilisation for biomedical use requires assessment prior to undertaking in
vitro and ex vivo investigations. Raman spectra for Gr and GO coated stents before and
after UV irradiation (4 minutes at 40W) was studied to determine if there was an effect

on the Gr/GO surface chemistry.

No peak shifting and no peak changes were observed, i.e. ratio of the I(D)/I(G) peak
observed when comparing D and G peaks before and after 4 minutes of UV irradiation
(Fig. 4.14). If there were any changes induced by UV irradiation, such as reduction
(removal of oxygen groups from the graphene flakes), the D peak would have decreased
significantly to the G peak. It has been reported that GO would be more susceptible to
structural changes when compared to graphene due to the ability of the UV irradiation to
break the C-O bond whereas it is incapable of breaking the C-C bonds in graphene (238).
UV sterilisation did not appear to affect the Raman spectra of either graphene or

graphene oxide, suggesting stability of the Gr and GO coating post UV sterilisation.
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Figure 4.14: UV irradiation did not cause any structural changes to the Gr and GO coatings on
the stent. UV irradiation at 40W for a duration of 4 minutes proved to have no effect on A:
Graphene and B: GO, as studied under Raman spectroscopy.

4.4 Conclusions

The second objective for this project was to prepare an optimal graphene based coating
of stainless steel bare metal stents. This required selecting an optimal coating method,
which mandated a few techniques to be trialled. In this chapter, several techniques were
investigated with the final aim of obtaining a thin and uniform film of Gr and GO, offering

maximal coverage of the coronary stent.

Spray coating was optimised and standardised for each spray coating of GAZELLE stents.
The following parameters produced the highest coverage, dispersibility and uniformity:
10 cm spray distance, 400 pL at 0.4 mgmL™* graphene or graphene oxide dispersion (with
90° x-axis rotation of the substrate at each 100uL spraying), substrate temperature of 75
°C, spray duration of 60-80 minutes and added 15 minutes annealing time at the end. The
annealing temperature allows for solvent evaporation and improved adhesion of the
graphene based coating onto the stent as had been previously reported although at

significantly higher temperatures (239).
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As reported previously, graphene has remarkable properties including metal leaching,
wear and friction protection, which are ideal properties for application in blood flow
environment where shear/force and pH variations exist (200, 240). To our knowledge, this
is the first study to report on the stability of both graphene and GO coating under
ultraviolet radiation. The results also demonstrate the longevity, durability and low wear
of the Gr and GO coatings on the stainless steel stent in stressed fluid flow environment

as is consistent with the anti-wear property of graphene (165).

4.5 Limitations

Contrary to our study, some changes have been reported by others, however the
limitation of this project is that a complete examination of the effect of UV were not
performed. This could be performed by X-ray photoelectron spectroscopy (XPS) analysis,
which determines the exact composition of the material. This was out of the scope of this

PhD project due to 1) time restriction and 2) outside the theme/focus of this project.

4.6 Key findings

= Spray coating was selected as the optimal technique to produce the thinnest,
uniform and largest stainless steel substrate coverage with LPE Gr/GO.

» Spray coating of GAZELLE stainless steel was optimised at spraying 0.4 mgmL™ of
400 pL Gr or GO dispersion at 10 cm (spray distance), 75 °C, spray duration of 60-
80 minutes onto pre-plasma cleaned GAZELLE bare metal stents.

= Coating longevity was shown to be satisfactory in the laboratory settings, with
coating remaining on the stent.

= UV sterilisation does not affect graphene or graphene oxide surface chemistry.
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CHAPTER 5

Human coronary artery endothelial cell adhesion and proliferation on graphene
and graphene oxide coated coronary stents

5.1 Introduction

The arterial endothelium exhibits selective permeability between blood and the
underlying tissue. It is capable of secreting molecules that regulate inflammation,
thrombosis, vascular remodelling and tone (241). As described in chapter 1.4, expansion
of coronary artery stents as a therapeutic strategy to tackle CAD, leads to denudation of
endothelial cells. After deploying DES, re-endothelialisation is delayed, exposing the
intimal layer to blood components, including platelets, that adhere and lead to
thrombosis (77, 78). It has been described that the erosion of the endothelial layer leads
to a surge in smooth muscle cell migration and proliferation that dwindles once the
endothelium is re-established (10). The endothelium consequently is paramount to the
healthy function of the vasculature. Re-establishing the endothelium after injury is a
critical step in healing the vessel wall following stent deployment. Thus, there is a
requirement of studying endothelial cell adhesion and proliferation on novel coronary

artery stent designs.

The chemical composition, size and shape of nanomaterials are some of the factors
associated to cytotoxicity, as has also been documented of the interaction of cells, tissues
and organisms with carbonaceous materials (242). To this end, biocompatibility of
graphene based coatings on the coronary artery stent necessitate confirmation. Others in
the literature have, however, documented healthy cell adhesion, growth and function on

graphene based coatings of medical implants (194, 196, 197, 243).

In this chapter coronary artery endothelial cell adhesion and growth will be investigated
in vitro on uncoated control, Gr and GO coated bare metal stent segments, in order to
determine any influence from the graphene and graphene oxide coating on the

endothelial cell adhesion or proliferation.

5.1.1 Chapter objectives
The objective of this chapter is to investigate the effect on human coronary artery
endothelial cell (HCAEC) adhesion and proliferation from Gr or GO coated stent segments

in comparison to uncoated control stent segments.
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1) To determine whether Gr and GO coated GAZELLE stent segments influence

HCAEC adhesion after 1 day of in vitro culture.

2) To determine whether Gr and GO coated GAZELLE stent segments affect HCAEC

proliferation after 8 days (compared to 1 day culture) of in vitro culture.

5.2 Methods

Human coronary artery endothelial cells (HCAEC) are anchorage-dependant cells that
require surface adhesion for survival and proliferation (244). As is described in chapter 2,
5000 HCAECs were seeded into a tissue culture well of approximately 100 mm? base area
at Day 0, equating to a cell density of 50 HCAECs/mm?. It should of course be considered
that this area encompasses a resin base and coronary stent segment. The resin base was
used to prevent stent segments from floating into the culture medium. UV sterilised
uncoated control (dHO0 sprayed GAZELLE stent segment) and Gr or GO coated (GAZELLE)
stent segments were each positioned into separate wells. Three replicates in each
experiment were included: Uncoated (dH,O spray coated), graphene coated and

graphene oxide coated stent segments.

HCAECs were cultured for one day and eight days. HCAECs were cultured for eight days in
order to allow ample time for metal leaching or any other potential impact from either
the stents or the coatings to affect proliferating HCAECs. HCAECs were fixed one day after
seeding in order to assess HCAEC adhesion and obtain ‘baseline cell numbers’ for later
proliferation calculation. Fixation was also performed at eight days post-seeding, followed
by phalloidin (f-actin, green) and Hoechst 33342 (DNA, blue) staining (details in chapter
2). Subsequently, numerous fields of view were imaged, covering the whole of the stent.
Since it was not possible to completely flatten the stent segments, areas of the
fluorescent images did appear out of focus requiring several images of the same field of

view to be captured after adjusting focus.

Due to the uneven stent surface, overall stent area and cell count was not determined.
Cell density (HCAEC count per stent mm? area) was therefore determined. Each
experiment was performed using endothelial cells of similar passage, performed in
triplicate and repeated three times, (n=3). Cell density results are presented as meant

SEM.
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5.3 Results

5.3.1 Human coronary artery endothelial cell viability/adhesion onto Gr/GO coated and
uncoated stent segments

Human coronary artery endothelial cell adhesion and viability was assessed by
determining HCAEC number per mm? area of uncoated/coated stents, 1 day after cell
seeding versus seeding cell density at day 0. Human coronary artery endothelial cells
were seeded at a density of 50 HCAECs/mm? and one day later calculated to have a
HCAEC density of 18.7+5.4, 13.8+5.6 and 23.6+3.5 (HCAECs/mm?) on uncoated, Gr coated
and GO coated stent segments, respectively. HCAEC density (HCAECs/mm?) at day 1
compared to the seeding density appears to be substantially lower. Comparing HCAECs
per mm? of each stent area at day 1, there were no significant difference identified
between the groups (Control vs. Graphene, Control vs. Graphene Oxide and Graphene vs.

Graphene Oxide), even though impaired as compared to seeding density (Fig. 5.1).

5.3.2 Proliferation of human coronary artery endothelial cells

In order to assess proliferation of HCAECs, an increase of cell density from day 1 to 7 days
later was studied. Overall, an increase in cell density was evident in all groups from day 1
to 7 days later, with a 30 fold increase in HCAECs/mm? on the uncoated and GO coated
stent segments (Fig. 5.1B). Of note, substantially higher number of HCAECs on the
graphene coated stent segments was observed, with 70 times more HCAECs per mm? of
graphene coated stent segment at day 8 than day 1. A substantial increase of HCAEC
count per mm? is attributed to the proliferation of cells during the 8 days in culture (Fig.

5.1).

The capacity of HCAECs to proliferate on each stent group was assessed and compared to
each other at day 8, revealing a significantly higher HCAEC density on the graphene
coated stent segments (1099+158 (HCAECs/mm?)) compared to both uncoated and GO
coated stent segments (Fig. 5.1). Statistically, the influence of Gr/GO coating and culture
conditions on HCAEC proliferation was analysed using the one-way ANOVA test, and
HCAEC count/mm? at day 8 demonstrated significance, p=0.005. Subsequent post-hoc
Turkey test revealed a significantly higher HCAEC count/ mm? on the graphene coated
stent segments at day 8 compared to both control uncoated stent segments (1099+158
vs. 505+127 HCAEC count/mm?, respectively; p=0.01) and GO coated stent segments
(1099+158 vs. 703+136 HCAEC count/mm?, p=0.03)), n=3 (Fig. 5.1). This is an approximate
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doubling of HCAEC count per mm? stent area on the graphene coated versus on the

uncoated stent segments (Fig.5.1B).

5.3.3 Human coronary artery endothelial cell morphology

Cell morphology was studied by observation of the cell via the cell actin-f staining. There
appeared to be no difference in the shape of the cells cultured on Gr and GO coated and
uncoated stents, although it was difficult to examine this appropriately as substrate was
not completely flat resulting in difficulty acquiring completely focused and clear

fluorescent images on each field of view.
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Figure 5.1: Proliferation of human coronary artery endothelial cells (HCAEC) on uncoated control, graphene (Gr) and graphene oxide (GO) coated stents. A:
Fluorescent images illustrating coverage and cell morphology of HCAECs on uncoated control (i-iii), Graphene coated (iv-vi) and Graphene Oxide coated (vii-ix)
GAZELLE stent segments. DNA stained using Hoechst 33342 (blue fluorescence) and Actin-F stained using phalloidin (green fluorescence). Fluorescence images
acquired using the LEICA DFC 30000 G camera. Scale bar = 500um (top two panels); 250 um on the bottom panel (n=3). B: More endothelial cells were detected per
mm? area on graphene coated stents than both uncoated control stent segments and graphene oxide coated stents. Cell count and stent area of each stent was
measured, and results illustrated as HCAEC count/mm?2. HCAEC count/mm? at day 1 in comparison to day 8 was significantly higher in all groups, indicating
proliferation of HCAECs on all uncoated and Gr/GO coated stent segments. Significantly higher HCAEC count/mm? of graphene coated stent segment was observed
when compared to uncoated control (*) and GO coated stents (**), P<0.05, n=3. Error bars denote variability of the three repeats, standard error of mean (SEM). 113



5.4 Discussion

In order to assess the adhesion and proliferation of cells on graphene and GO coatings, it
was essential to study biologically relevant cells to coronary artery and restenosis. The
first objective of this chapter was to study human coronary artery endothelial cell
adhesion (or survival) on the Gr/GO coated stent segments compared to the uncoated
stent segments, i.e. whether the coatings have any toxic influence on the cells, which
would impact number of cells adherent on the stent segments. Secondly, to determine if
HCAEC proliferation (HCAEC count/mm? at day 1 vs. HCAEC count/mm? at day 8) is
affected when cultured on graphene and graphene oxide coated stents compared to

‘uncoated’ stents.

The endothelium is fundamental to the healthy function of the vasculature. Re-
establishing the endothelium after it has been eroded following stent implantation is a
healing process that is delayed by currently available stents, particularly DES. If coronary
artery stents displayed an improved endothelial cell proliferation, this could implicate an
enhanced vessel healing with potential of avoiding the stent associated complications
(section 1.3.3). Endothelial cells are anchorage dependent cells, where their
adhesion/affinity to the substrate is fundamental in the cell’s migration, survival and

proliferation (244).

In this chapter, HCAEC adhesion to the graphene and graphene oxide coated coronary
stent was assessed and compared to control uncoated stents in order to determine if
there was an enhanced endothelial cell affinity to the graphene based surface coatings. In
addition, the proliferation of HCAECs on these stents was examined to determine
whether the graphene based coatings create a more favourable condition for endothelial

cell mitosis.

5.4.1 Graphene and graphene oxide coatings did not influence HCAEC adhesion

A lower density of HCAEC in relation to HCAEC seeding density was observed one day
after seeding. This indicates a low initial HCAEC attachment, but this is not uncommon, as
at seeding not all HCAECs are viable and able to attach to the substrate. Some of the
factors that may affect initial cell attachment in our experiment are that the stent
substrate did not cover the entire base of the cell culture plate/well, due to its stent
shape and size (space between stent struts). This along with the static culture design,

could have caused some HCAECs to fall away from the stent struts, losing contact with the
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stent strut. Comparing to other reports of general cell attachment to stent surfaces, our
experiments demonstrate an at least 28% adherence efficiency compared to a maximum
of 30% reported by others working on stents, suggesting acceptable cell attachment and
confirming any effect on cell attachment in the in vitro experiment is from stent strut
design and not influenced by surface coating (spaces between stent struts) (245). In order
to delineate the effect from surface coatings, HCAEC attachment between the uncoated,
Gr and GO coated stent segments were compared at day 1 and found to be not
significantly different in each group, suggesting HCAEC adhesion to be unaffected by the

Graphene or Graphene oxide coating.

Even though a higher HCAEC density was observed in the GO coated stent, the standard
error of the mean was too large to conclude a real effect from the actual GO coating.
Comparing each group to the uncoated control group at day 1, it is evident that there is
no significant difference between the HCAEC count per mm? of stent area, indicating no
influence from the graphene or the GO coatings on the affinity or the adhesion capability
of the endothelial cell. This is contrary to recent report from Wawrzynska and colleagues,
who demonstrated enhanced endothelial cell adhesion on the graphene coated stainless
steel discs (197). Moreover, and again contrary to adhesion results in this chapter, Aryaei
and others documented improved adherence of cells towards the graphene coatings
(194, 246). Our data, denote no favourable surface for initial endothelial cell attachment;
and this is also contrary to reports of enhanced initial adhesion of mammalian cells
(embryonic, osteoblast, kidney, L-929 cells) onto GO coatings (247). In this study, the Gr
or the GO coating is not significantly affecting HCAEC survival/adherence at day 1 in

comparison to the uncoated stent segment.

5.4.2 Enhanced HCAEC proliferation observed on graphene coated stainless steel stent
compared to uncoated and GO coated stents

The data in this chapter denote an almost doubling of HCAEC count per mm? of graphene
coated stent segment in comparison to HCAEC count per mm? of uncoated control stent
segment, during a 7 day static cell culture, indicating graphene as favourable surface
coating for enhanced proliferation of HCAEC (Fig.5.1). This result is compatible with those
available in literature, illustrating an improved proliferation of murine osteoblast, rat
aortic and human coronary artery endothelial cells on graphene coated stents (194, 196,
197). This has implications for improved re-endothelialisation in coronary artery settings

and thus an enhanced coronary artery stent design.
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Endothelial cells are anchorage dependant cells, enhanced HCAEC number on the
graphene coated stent after 7 days of culture could be due to a stronger long-term
adhesion between the cell and graphene coated surface, in other words influence of
graphene coating on HCAEC detachment and thus survival and consequently growth
(194). Speculatively, this could be attributed to either improved adhesion of the cell
adhesion proteins, vinculin and fibronectin to the graphene surface or the high in-plane

stiffness of graphene that enables strong anchor points of the cytoskeleton (194, 197).

Numerous studies have reported on the biocompatibility of GO at low doses i.e.
(<20ug/mL free GO (248, 249)). Results from this chapter also suggest biocompatibility of
both GO and Gr coating, because even though there was no significant increase in HCAEC
count per mm? on GO coated than control uncoated stent segments, there was also no
decrease in cell number/density that would have suggested cytotoxicity. Biocompatibility
of Gr and GO coatings is confirmed as has been documented by others in literature (197,

247).

5.4.3 Absence of morphological influence on HCAEC from the graphene or graphene
oxide coating

In terms of cell spreading which is important in determining degree of adhesion, the
actin-f filaments stained with phalloidin were further examined for differential spreading
of the cells and were generally (visually) found to be no different from each other (Gr vs
GO vs uncoated). As this is a qualitative observation and not quantitative, bias

(subjective) can be introduced (Fig. 5.1A).

Overall, graphene and GO coating both support the adhesion and proliferation of human
coronary artery endothelial cells, while graphene coating appears to display a greater
support for HCAECs to proliferate upon. This has the potential implication of reducing in-
stent restenosis. The robust mechanical properties exhibited by the stainless steel
scaffold in addition to the graphene surface coating demonstrates a suitable candidacy
for coronary artery implant, confirming biocompatibility as with supportive data from
Podila et al. and Wawrzynska et al. Long term effects of the coated stents under shear

stress cannot be excluded/ignored.
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5.5 Limitation

The incomplete flatness of the stents caused difficulty imaging to precisely visualise the
actin-f of the HCAECs. The static (no flow) in vitro conditions and the absence of any
influence from normal physiological conditions means this data, although promising, are

to be used as an indication for further investigations only.

5.6 Key findings
» No difference in HCAEC adhesion capacity between the Gr, GO coated stent
segments and the uncoated stent segment.
= At least a 30 fold increase in HCAEC/mm?2 on surface of uncoated and Gr/GO
coated stent segments from day 1 to 7 days later, indicating proliferation of cells.
= Significantly greater proliferation of HCAEC onto graphene coating of stainless
steel GAZELLE stent segments compared with GO coated and uncoated stent

segments.
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CHAPTER 6

Ex vivo porcine organ culture of coronary artery and aortic tissue to
examine neointimal hyperplasia following incubation with Gr/GO coated
coronary artery stents

6.1 Introduction

The results in chapter 5 demonstrated significantly improved growth of HCAECs on
graphene coated stents, potentially indicating graphene as a favourable surface for
HCAEC adhesion and proliferation. Studies from various investigations have documented
biocompatibility of graphene with enhanced cell adhesion and proliferation of a variety of
cells, however there are currently no ex vivo or in vivo studies in relation to coronary
artery stenting and graphene based coating materials. In chapter 4, a novel method of
coating bare metal stents using a LPE Gr and GO dispersion was developed. Therefore, it
is vital that investigations are conducted to assess the performance of these stents in
physiologically relevant settings. The most physiologically relevant and thus reliable
technique to study this would be in the in vivo setting, however in order to reduce the
number of animal experiments, it is important that first preliminary trials are conducted
ex vivo on animal tissues prior to conducting in vivo studies. Moreover, to address the
three Rs of the principles of Humane Experiment techniques: Replacement, Reduction
and Refinement, it was decided to first investigate neointimal formation under ex vivo
conditions, i.e. collecting porcine aorta and heart from the abattoir. Therefore, reducing

the number of animals used to study neointimal formation and thus restenosis.

Why study neointimal formation?

Identifying neointimal formation is an important prognostic indicator of restenosis.
Neointimal formation marks the early stages of restenosis following vascular stenting and
therefore is an important measurement to determine success/efficacy of a stent coating.
Following stent insertion, injury to the vessel wall often occurs causing damage or
denudation of the endothelial cell layer that is vital as a protective film on the luminal

surface of the vessel wall.

The endothelium lining acts as a barrier between blood components and the
subendothelial layers of collagen and elastin fibres, regulating molecular/fluid traffic
between blood and subendothelial tissue, vascular tone via secretion of nitric oxide as

well as secreting smooth muscle cell (SMC) and inflammatory cell regulatory factors (250).
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Endothelial cells are capable of influencing the migration and proliferation rate of the
underlying SMCs as well as modulating haemostasis and thrombolysis (251-254). The anti-
proliferative influence of endothelial cells on vascular SMCs (3), means that the inhibiting
effect is lost with erosion of the endothelium, which triggers the proliferation of the
SMCs, leading to extracellular matrix protein secretion that eventually results in
neointimal formation (254). Moreover, the endothelium also regulates coagulation via
expression of binding sites specific to pro- and anti- coagulant factors (2, 3), hence

protecting against thrombosis.

With promoted re-endothelialisation, the arterial wall will recover to its healthy state and
modulate SMC proliferation and thus neointimal formation, as has been shown by
Kipshidze and colleagues, patches where endothelium regeneration occurred resulted in

minimal neointima formation (10, 254).

To investigate the efficacy of Gr coated and GO coated stents in comparison to controls
(unstented and uncoated stents), the extent of neointimal formation was explored. This is
predominantly and ideally performed in vivo to minimise variation by yielding data from
models that undergo physiological conditions similar to humans i.e. undergo stress by

blood pressure, along with similar inflammatory responses.

Restenosis of a stented coronary artery occurs as a complication and as a consequence of
vessel wall injury caused during stent deployment; either by the stent itself or inflation of
the balloon that can result in medial distention. Stents that have these qualities may have
significant potential in preventing restenosis. The effect of graphene and graphene oxide
coated bare metal stents on neointimal formation, in these settings is unknown. To study
this, uncoated, Gr and GO coated stents as well as control unstented porcine coronary
artery and aortic tissue were cultured for 14 days as outlined in Table 2.1 and 2.2

respectively.

Why porcine aorta and coronary artery tissues?

Coronary artery (255, 256) and aorta (251, 257, 258) ex vivo organ culture has previously
been shown to be a useful model to investigate neointimal hyperplasia after vessel wall
injury and stent implantation; studying pathogenesis of balloon and stent induced injury
and possible recovery effected by stent coating. These are also the most relevant tissues
for studying coronary artery stent efficacy. These porcine ex vivo models have often been
used as an in vivo replacement model and an effective model of studying neointimal
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hyperplasia, due to their structural, functional, size and inflammatory response similarity
to human coronary artery and aorta (259). Thus, providing data relevant to humans,
making the pig the most commonly and relevant used model of studying restenosis and

general cardiovascular research (260), and hence why it is being used in this project.

6.1.1 Chapter objectives

The objective of this chapter is to investigate the effect of Gr or GO coated stent
segments in comparison to unstented control, and contemporary stents (uncoated
GAZELLE, uncoated CHROMA stents and everolimus eluting stent (EES)) on neointimal
formation as an indicator of restenosis/in-stent restenosis on porcine coronary arteries
and aorta. Experimental groups described/outlined in Table 2.1 and Table 2.2 for

coronary artery and aortic organ culture, respectively.

1) To determine whether Gr and GO coated GAZELLE stent segments influence
neointimal formation in comparison to no stent, uncoated GAZELLE/CHROMA

stent segments in porcine coronary artery organ culture.

2) To determine whether Gr and GO coated GAZELLE stent segments affect
neointimal formation compared to no stent, uncoated GAZELLE/CHROMA and EES

segment in porcine aortic organ culture.

3) To determine whether Gr and GO coated GAZELLE stent segments influence
endothelial cell re-growth in comparison to no stent, uncoated GAZELLE/CHROMA

stent segments in porcine coronary artery organ culture.

4) To determine, whether Gr and GO coated GAZELLE stent segments in relation to
no stent, uncoated GAZELLE/CHROMA and EES segments have an influence on
endothelial cell re-growth on porcine aortic organ culture, after denudation

following balloon inflation and stent insertion.

6.2 Methods

Porcine hearts and aorta were harvested from pigs undergoing euthanasia in an abattoir
(section 2.4.1.2). The tissues were transported in cold PBS supplemented with penicillin
(200 units mL?), streptomycin (200 pug mL?), glutamine (4mmol L) and amphotericin (5
pug mL?Y). Previous literature suggested 14 days vessel culture to be adequate time to
produce neointimal formation (261, 262). The graphene and graphene oxide coated

GAZELLE stents were coated as described in Chapter 2 and Chapter 4. The dH,0 coated
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GAZELLE and CHROMA stents, referred in this project as ‘uncoated’ stents, were prepared
as described in Chapter 2. The EES was unpacked, expanded to open and cut into
segments for use ex vivo on aortic tissue organ culture. Briefly, porcine coronary artery
and aortic tissue as well as the expanded stents were cut open along the longitudinal axis
and cut into small segments (approximately 5 x 10 mm). To a section of the thoracic
aorta, an aortic balloon was inflated for seven minutes to induce injury, denuding the
endothelial layer. The purpose of inducing deliberate injury to aortic wall, was to mimic
endothelial cell (EC) denudation that occurs in the clinical setting during stent
deployment. It is the act of injury and EC denudation that triggers SMC proliferation and
finally restenosis (263, 264).

At day O for control, and upon completion of the culture period of 14 days, the tissues
were fixed using 10% neutral buffered formalin and 2.5% glutaraldehyde based fixative
for paraffin embedding and scanning electron microscopy visualisation, respectively. To
characterise the vessel layers in both the aorta and the coronary arteries, histological
staining with Miller’s elastin stain incorporating Van Gieson stain was performed on 5um
thick transverse paraffin sections. The stained sections would easily identify the elastin
fibres, collagen and importantly the internal elastic laminae (IEL), essential as a start point

from which to measure the neointimal thickness.

In order to identify endothelial cells, antibodies against CD31, were used on both aortic
and coronary artery paraffin embedded sections. The Miller’s stain alone without
potassium permanganate, oxalic acid and Van Gieson’s was used as a counterstain to
highlight the elastin fibres. The presence/absence of endothelial cells is an important
indicator of whether there was healing, and re-establishment of endothelial cell layer that
would lead to vessel wall repair and possibly prevention of restenosis or any other

deleterious response.

A further method to examine the luminal surface topography of the aorta and coronary
artery before and after culture was undertaken by scanning electron microscopy (SCEM).
The endothelial cell integrity both on the surface of the vessel wall and also on the
surface of co-cultured and pinned stents was investigated. See section 2.4.3 for detailed

methods.
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6.3 Results
6.3.1 Neointimal thickening in porcine coronary artery and aortic organ culture

Culture of both coronary artery and aorta for a duration of two weeks resulted in
development of neointimal formation in all categories: Day 14, GAZELLE, CHROMA,
Graphene, and Graphene Oxide (Fig. 6.1 and 6.2). Neointimal thickness was measured in
both coronary artery and aorta from the IEL denoted by a blue arrow head in Figure 6.1A
and 6.2A, respectively. The navy coloured structures illustrate the elastic fibres, pink
areas denoting collagenous material and the neointimal section formed above the IEL

(Fig. 6.1A and 6.2A).

Neointimal formation in Coronary artery organ culture

Comparing the extent of neointimal formation, neointimal thickness measurements
revealed a substantial but non-significant increase in thickness from Day 0 (2.08um *
1.08um) to Day 14 (6.96um + 6.96um) for the coronary artery organ culture specimens
(Fig. 6.1). In the CoA-Day 14 specimens, two sections and for CoA-Day 0, one section were
unmeasurable, due to ambiguity in vessel structures such as the IEL (technically difficult
vessel appearance, unable to distinguish vessel structures), resulting in a reduced sample
size. Moreover, the one-way ANOVA test revealed no significant difference in thickness of
neointima within any of the coronary artery groups (p=0.75) (Fig. 6.1B). The mean
neointima thickness for stented coronary arteries cultured for a duration of 14 days: CoA-
GAZELLE (9.48um £ 4.03um), CoA-CHROMA (6.39um * 3.50um), CoA-Graphene (4.46um +
0.89um) and CoA-Graphene Oxide (6.23um * 3.48um), all n=4 (Fig. 6.1A). Even though a
clear increase in neointimal thickness is evident from CoA-Day 0 (unstented) to Day 14
(CoA-GAZELLE, CoA-CHROMA, CoA-Graphene, CoA-Graphene Oxide and CoA-Dayl4)
coronary artery cultures, Tukey’s multiple comparisons revealed no significance,
indicating neointimal thickness on the coronary arteries to be unaffected by 14 days of
culture or stenting (whether uncoated GAZELLE/CHROMA or Gr/GO coated GAZELLE stent

segments).

CoA-Graphene demonstrated the lowest neointimal thickness (4.46um + 0.89um), half
the thickness of CoA-GAZELLE (9.48um % 4.03um) (Fig. 6.1B). As this is not statistically
significant, a robust and clear conclusion cannot be made, but perhaps with an increased

n number, a reduction in neointima thickness may occur with graphene coated stents.
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Figure 6.1: Neointimal formation on porcine coronary arteries occurred in all groups after 14
days in culture, although the differences were not significant. Porcine coronary artery isolated
from freshly sacrificed pigs in the abattoir were harvested, following which it was opened flat and
pinned down for 14 day culture with/without stents. Details of experimental group can be found
from Table 2.1. CoA-Day 0 (n=3) as well as CoA-Day 14 (n=2) were coronary artery tissue. All
coated and uncoated stent segments (n=4); CoA-Graphene, CoA-Graphene Oxide and CoA-
GAZELLE, were stainless steel bare metal stent (GAZELLE) substrate. CoA-CHROMA represented
the newer bare metal stent (CHROMA). A: Miller’s elastin staining of all tissue completed after
paraffin embedding. Blue/black= elastin fibres; pink-= collagenous material. Arrows indicate the
internal elastin laminae (IEL). Neointima labelled as NI and Tunica media of the vessel also
labelled. B: Neointimal thickness was measured, um and displayed. Statistical significance was
determined by using one-way ANOVA with Tukey's post-hoc test, though none showed
significance, p>0.05.
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Neointimal formation in porcine aortic organ culture

Comparing Ao-Day 0, the neointimal layer was significantly thicker after 14 days of culture
in all cultured groups with the exception Ao-EES. The Ao-EES remained without neointima
(3.3um = 1.32um), comparable to Ao-Day 0 after injury (2.29um + 1.23um) and not
significantly different to Ao-Day 0 before injury (0.70um + 0.36um) (Fig. 6.2). As is
depicted in figure 6.2B, almost all aortic tissue cultured for a period of 14 days (Ao-
GAZELLE, Ao-CHROMA, Ao-Graphene, Ao-Graphene Oxide and Ao-Day 14) illustrated a
thicker neointima than Ao-EES, indicating a suppression of neointimal formation by the

EES.

The neointimal thickness of Ao-CHROMA (16.58um + 4.76um) increased compared to the
control Ao-Day O fixed tissues, (before injury (0.70um + 0.36um; p=0.12)); after injury
(2.29um £ 1.23 um; p=0.14)); although this was not significant.

Matched Tukey’s multiple comparison of the experimental groups revealed a significantly
thicker neointima in the Ao-Graphene (14.85um * 3.72um) group, in comparison to Ao-
Day 0 after injury (2.29um % 1.23um; p=0.02), whereas no significant difference in
relation to Ao-Day 0 before injury (0.70um % 0.36um; p=0.06) was identified. Neointima
thickness of unstented Ao-Day 14 aortic tissue (16.55um * 2.5um) was not observed to be
significantly different to any of the stented tissues cultured for 14 days (Ao-GAZELLE, Ao-
CHROMA, Ao-Graphene, and Ao-Graphene Oxide), except Ao-EES (Fig. 6.2B). Figure 6.2A
illustrates neointimal formation that thickened over the 14 days period, except in the Ao-

EES group.

To determine any potential effect from either Gr or GO coating, neointima thickness
comparisons between uncoated GAZELLE stent segments was performed. A neointima
thickness of 14.0um % 3.17um was measured on the Ao-GAZELLE, similar to thickness
from Ao-Graphene, 14.85um + 3.72um and Ao-Graphene Oxide, 11.97um * 1.33um,
n=10.
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Figure 6.2: Significant increase in porcine aortic neointimal thickness occurred in all groups after 14 days of culture except in Ao-EES group.

Porcine aortic tissue isolated from freshly sacrificed pigs in the abattoir were harvested, balloon injured, following which it was opened flat and pinned down for 14 day
culture with/without stents. Details of experimental groups in Table 2.2. Ao-Day 0 before and Ao-Day 0 after injury as well as Ao-Day 14 after injury (in 14 day organ
culture) were all the unstented control groups of aortic porcine tissue. All coated and uncoated stent segments, Ao-Graphene, Ao-Graphene Oxide and Ao-GAZELLE,
were stainless steel bare metal stent (GAZELLE) substrate. Ao-CHROMA represented the newer bare metal stent (CHROMA) and Ao-EES representing a contemporary
drug eluting stent. A: Miller’s elastin staining of all tissue completed after paraffin embedding. Blue/black= elastin fibres; pink-= collagenous material. Arrows indicate
the internal elastin laminae (IEL). Neointima labelled as NI and Tunica media of the vessel also labelled. B: Neointimal thickness was measured, um, mean and standard
error of the mean calculated and displayed. Statistical significance was determined by using one-way ANOVA with Tukey's post-hoc test. (black *: p < 0.05 versus Ao-Day
0 Before injury; red *: p < 0.05 versus Ao-EES; black **: p < 0.01 versus Ao-Day 0 After injury, red **: p < 0.01 versus Ao-Day 0 Before injury, n=10.
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6.3.2 Assessment of endothelial cell coverage before and after organ culture of porcine

coronary artery and aortic tissue

Immunohistochemistry for CD31

As described in Chapter 5, significantly higher HCAEC count was observed per mm? area
of graphene coated stents in comparison to HCAEC per mm? area of uncoated GAZELLE
stent (Fig. 5.1). Leading on from this work, EC preservation and regeneration was
assessed on both coronary artery and aortic tissue cultured for a period of two weeks as

described in chapter 2.

An EC specific marker, CD31, was used to identify endothelial cells. CD31 is typically
expressed on the cell junction membrane border of cells. Figures 6.3 and 6.4 illustrate
immunostaining against CD31 with a Miller’s elastin counterstain. The monolayer dark
brown pigmentation above the internal elastic lamina (illustrated by a red arrowhead),
indicates the presence of endothelial cells (Fig. 6.3 /6.4 on Day 0), as is also visible on the
vasa vasorum in the peri-adventitial segment (6.4C). On the other hand, positive immune
staining was observed above the IEL tissue cultured for 14 days, but lighter brown in
colour as well as exhibiting a multilayer phenotype that is inconsistent with endothelial
cells (Fig. 6.3/6.4 A Day 14). During 14 days of organ culture, very few aortic and coronary
artery tissues exhibited the flattened, monolayer CD31 staining on the surface (Fig.

6.3/6.4 A).

Endothelial cell staining of sectioned, paraffin embedded porcine coronary artery organ
culture specimens

CD31 positive cells were clearly visible on the luminal surface of two out of four coronary
artery specimens fixed at Co-Day 0 and some patches of CD31 positive cells on two out of
the three measurable specimens of CoA-Day 14 (Fig. 6.3 A, red arrowhead). On the other
hand, in all other categories; CoA-GAZELLE, CoA-CHROMA, CoA-Graphene and CoA-
Graphene Oxide, no CD31 positive cells were identified, indicating no EC preservation or
regeneration. From a total of four specimens, CoA-Graphene and CoA-Graphene Oxide
included three and two measurable specimens respectively, because the immeasurable
specimens were ambiguous in vessel structure and technically difficult to assess CD31

positive staining, thus decreasing sample size.
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Figure 6.3: CD31 immunostaining of endothelial cells in porcine coronary arteries after 14 days of organ culture. Porcine coronary artery isolated from freshly
sacrificed pigs in the abattoir were harvested, following which it was opened flat and pinned down for 14 day culture with/without stents. Details of experimental group
can be found from Table 2.1. CoA-Day 0 (n=4) as well as CoA-Day 14 were coronary artery tissue. All coated and uncoated stent segments, CoA-Graphene, CoA-Graphene
Oxide and CoA-GAZELLE, were stainless steel bare metal stent (GAZELLE) substrate. CoA-CHROMA represented the newer bare metal stent (CHROMA). A:
Immunohistochemistry staining against CD31 to identify endothelial cells (dark brown colour, indicated with red arrowhead). Counterstain with Miller’s elastin stain to
locate elastic fibres. B: Table indicating the presence (+), absence (-), or partial presence (+-) of CD31 positive staining and hence endothelial cells. Scale bar=20 um. n/a=

data not available, n=4.
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Endothelial cell staining of sectioned, paraffin embedded porcine aorta organ culture
specimens

Coronary artery investigations presented above, clearly demonstrate the need for
increased sample size to identify any significant differences. However, due to the
technical challenges faced in isolating coronary arteries in a timely manner from the time
of collection of the porcine tissue to culture from the abattoir, another technically easier

porcine tissue, aorta, was selected to further study EC integrity on the luminal surface.

CD31 positive cells were predominantly identified on Ao-Day 0, both before and after
balloon injury. Studying EC preservation by immunohistochemistry and SCEM
visualisation of aortic tissue, four out of the ten (4/10, all from different pigs) Ao-Day 0
before injury specimens, and 6/10 of Ao-Day O after balloon injury, demonstrated
moderate to strong CD31 positive staining with Ao-Day 0 after injury presenting more
specimens with intact endothelium. There were aortic tissue demonstrating barren ECs at
Day O prior to inducing injury, whereas the autologous (from same aorta/anima) aortic
tissue specimens after injury showed presence of EC layer (Fig. 6.4B). This was also
viewed in one of the autologous (from same aorta/animal) tissues examined by SCEM
(n=3). Areas bereft of ECs were observed, though there remained areas showing intact

ECs after injury (Fig. 6.4, 6.5).

In total, 2 out of the 10 (2/10) aortic specimens of Ao-GAZELLE, 2/10 of Ao-CHROMA
stents and 1/10 of Ao-Graphene samples exhibited moderate patchy CD31 positive
staining (Fig.6.4 B), whereas 2/10 of Ao-Graphene Oxide coated stents presented with
strong CD31 staining and 1/10 of Ao-Graphene Oxide showed moderate patchy staining
(Fig. 6.4B). Either, ECs survived balloon induced injury to Ao-Day 14 or regrowth of ECs
took place. Unstented aortic tissue cultured for 14 days, Ao-Day 14 (Fig. 6.4A/B)
illustrated light staining but perhaps not indicating CD31 positive cells due to the lighter
colour and also the multi-layer phenotype of the staining. Endothelial cells typically are
single layered. There was no CD31 staining on the Ao-EES coated stents. There doesn’t
appear to be a distinct affinity of the ECs to Gr or GO coating, with similar CD31 positive

presentation in all experimental groups cultured for 14 days.
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Figure 6.4: Immunostaining of endothelial cells in porcine aorta after 14 days of culture. Porcine
aortic tissue isolated from freshly sacrificed pigs in the abattoir were harvested, balloon injured,
following which it was opened flat and pinned down for 14 day culture with/without stents.
Details of experimental groups in Table 2.2. Ao-Day 0 before and Ao-Day 0 after injury as well as
Ao-Day 14 after injury (in 14 day organ culture) were all the unstented control groups of aortic
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porcine tissue. All coated and uncoated stent segments, Ao-Graphene, Ao-Graphene Oxide and
Ao-GAZELLE, were stainless steel bare metal stent (GAZELLE) substrate. Ao-CHROMA represented
the newer bare metal stent (CHROMA) and Ao-EES representing a contemporary drug eluting
stent. A: Immunohistochemistry staining against CD31 to identify endothelial cells (dark brown
colour, indicated with red arrowhead). Counterstain with Miller’s elastin stain to locate elastic
fibres. B: Table indicting the presence (+), absence (-), or partial/patchy presence (+-) of CD31
positive staining and hence endothelial cells. Scale bar=20 um. C: Endothelium in vasa vasorum in
the adventitial layer of aorta pointed at by red arrowhead.

6.3.3 Surface topography of aortic tissue and stent

The purpose of visualisation by SCEM was to determine EC growth onto the stent
surfaces. Cobblestone appearance is present on porcine aortic tissue luminal surface on
the Ao-Day 0 both before and after balloon injury (Fig. 6.5 a-f). This is not present in the
entirety of the tissue segment, but present in patches (Fig. 6.5 a, d). The cobblestone
appearance is absent from tissue surface and stent surface in all other experimental
groups consisting of all 14 day cultured tissues: Ao-GAZELLE, Ao-CHROMA, Ao-Graphene,
Ao-Graphene Oxide, Ao-Day 14 and Ao-EES (Fig. 6.5 g-x). Stents and tissue, all 14 day
cultures, are covered by unknown elongated cellular structures that mimic the elastin

fibres/fibroblasts/SMCs (Fig. 6.5 g-x).
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Figure 6.5: Scanning electron microscopy images of porcine aortic tissue surface and stent
surface after 14 days of culture. Porcine aortic tissue isolated from freshly sacrificed pigs in the
abattoir were harvested, balloon injured, following which it was opened flat and pinned down for
14 day culture with/without stents. Details of experimental groups in Table 2.2. Ao-Day 0 before
(a-c) and Ao-Day 0 after injury (d-f) as well as Ao-Day 14 after injury (g-i) were all the unstented
control groups of aortic porcine tissue. All coated and uncoated stent segments, Ao-Graphene (p-
r), Ao-Graphene Oxide (s-u) and Ao-GAZELLE (j-1), were stainless steel bare metal stent (GAZELLE)
substrate. Ao-CHROMA (m-o) represented the newer bare metal stent (CHROMA) and Ao-EES (v-
X) representing a contemporary drug eluting stent. SCEM scanning parameters are displayed at
the bottom of each image collected. At Day 0 (a-f), cobblestone shaped cells are the endothelial
cells with yellow arrowheads denoting the gaps in the endothelium. Aortic luminal tissue surface
(g-i,l,0,r,u,x) and stent surfaces (j,k,m,n,p,q,s,t,v,w) cultured for a period of 14 days, present a
more elongated, parallel cell appearance, that has clearly also proliferated onto the stents. Red
arrowheads points to adhered leukocytes. n=10; Scale bar = 100 um (left panel of images); 50 um
(central and right side panel).
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6.4 Discussion

This chapter presents a histological, immunohistochemical and scanning electron
microscopy analysis of an ex vivo porcine model of neointimal thickening and re-
endothelialisation in porcine coronary artery and aorta. Neointimal thickening is the
early/initial phase restenosis development and is predominantly caused by de-
endothelialisation and increased SMC proliferation within the vessel wall. The
inflammatory and cell response may differ if stents were to have enhanced affinity
towards endothelial cell growth and the contrary towards SMCs. Stents that have these
qualities may have significant potential in preventing restenosis. The effect of graphene
and graphene oxide coated bare metal stents on neointimal formation, in these settings is
unknown. To study this, uncoated, Gr and GO coated stents as well as control unstented
porcine coronary artery and aortic tissue were cultured for 14 days as outlined in Table

2.1 and 2.2, respectively.

Initially experiments were conducted using the coronary artery organ culture model due
to its relevance to coronary artery stenting as an intervention for coronary artery disease,
however due to its technical challenges, and limited time, the aortic organ culture model

was later employed to increase sample size.

6.4.1 Graphene and graphene oxide coated stents formed similar neointima thickness
to uncoated stents

Neointimal formation was evident in the 14 day coronary artery organ cultures; CoA-
GAZELLE, CoA-CHROMA, CoA-Graphene, CoA-Graphene Oxide and CoA-Day 14, when
comparing to neointimal thickness of baseline CoA-Day 0O (Fig. 6.1 B). A trend towards
decreased coronary artery neointimal thickness was observed with the CoA-Graphene
experimental group compared to CoA-GAZELLE, but this was not statistically significant
(Fig.6.1B). The lower neointima thickness of CoA-Graphene versus CoA-GAZELLE allows
speculation of possible neointima preventative/reducing influence from Graphene
coating though replicates are vital to deduce the true impact of graphene coated
coronary artery stents on neointimal thickness. One of the reasons for non-significance
between any of the 14 day coronary artery organ cultures (CoA-GAZELLE, CoA-CHROMA,
CoA-Graphene, CoA-Graphene Oxide and CoA-Day 14) versus CoA-Day 0 was probably

attributed to the large SEM arising from the small sample size.
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The sample size for all coronary artery organ culture experimental groups was n=4,
however some difficulties to measure specimens were present leading to missing data.
The reason for missing measurements, was the absence of discernible and distinct
coronary artery structures such as the IEL, from which point the neointimal
measurements initiated. The following had lower n numbers to the rest of the
experimental groups: CoA-Day 14 (n=2) and CoA-Day 0 (n=3). The decrease in sample size
does lower reliability and power for significance, however this did not affect all
experimental groups and an n=4, for this study did not have adequate power to

determine significance. As a result, a larger sample size was necessary.

The technical challenge of maintaining the heart cold and moist, during isolation of the
coronary artery and particularly the potential influence this may have on the integrity of
the coronary artery prompted a change of experimental protocol to a less technically
challenging tissue to dissect, though still relevant to the study of neointimal hyperplasia.
In an attempt to speed up time from tissue collection to culture and increase sample size,

porcine aortic tissue was selected as a reliable model of studying neointimal formation.

A larger sample size (n=10) for aortic organ culture consisting of experimental groups
outlined in Table 2.2 was undertaken. Data presented in figure 6.2B, demonstrated the
development of neointima to similar extent for all experimental groups (Ao-GAZELLE, Ao-
CHROMA, Ao-Graphene, Ao-Graphene Oxide and Ao-Day 14) cultured for a duration of 14
days, except Ao-EES, where neointimal thickness was comparable to CoA-Day 0O after
injury (Fig. 6.2 B). This means that EES was the only stent capable of inhibiting neointima
thickening, whereas Gr and GO coated stents did not appear to influence neointimal
thickness. The benefits of the EES are clear, the stent elutes a potent anti-proliferating
drug specifically targeting SMC cell cycle (69), inhibiting SMC proliferation and
consequently intimal thickening (265). The restenosis inhibiting effect of EES is known and
our data are congruent with most studies, confirming the efficacy of EES in lowering the
incidence of restenosis (266, 267). The performance of EES on intimal thickening and in
comparison to Ao-GAZELLE/CHROMA was as expected (266, 268), but the unknown was
on its performance in relation to Ao-Graphene and Ao-Graphene Oxide and on the
possible effects from Gr or the GO, which showed no neointima inhibiting effect. Hence,

Gr and GO coating on the GAZELLE stents failed to have any influence on neointimal
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thickness (Ao-Graphene and Ao-Graphene Oxide versus Ao-GAZELLE (Fig. 6.2B)). This is
addressing the first and second aim of this chapter, demonstrating no effect of the Gr and
GO on intimal thickening in the coronary artery organ culture and again significantly no
difference identified between the 14 day aorta organ culture groups, except Ao-EES, as

described above.

6.4.2 No influence of graphene or graphene oxide coating on endothelial cell
regeneration

To address the third and fourth objective of this chapter, CD31 staining and SCEM surface
visualisation was used as a means to examine endothelial cell denudation and
regeneration within the luminal surface of coronary artery and aortic tissue as well as
stent surfaces. Coronary artery segments did demonstrate patches of preserved EC
integrity after 14 days of culture where EC layer was intact at Day 0 on the same coronary
artery, though injury to these vessels was not intentionally induced on coronary arteries
(Fig. 6.3). CoA-Day 14 data were only available for three out of the four coronary artery
experiments performed but only two presented patches of ECs (Fig.6.3). It may be that
injury was caused to vessels when dissecting tissue or it may be an indication of poor EC
regeneration. These data are contrary to reports of preserved and regenerative capability
of the endothelium within 14 days culture (255, 257, 263). Importantly, for the CoA-
Graphene Oxide experimental group (Table 2.1), the sample size was halved due to
indistinguishable structures, making it difficult to form a reliable conclusion. However, the
CD31 staining of coronary artery specimens does not provide conclusive evidence of
either preserved or regenerative luminal EC layer, necessitating an increase of sample
size. To assess this further, 10 porcine aortic tissue segments, as described previously,

were stained to identify CD31 positive cells (indicative of endothelial cells).

Studying EC preservation by immunohistochemistry and SCEM visualisation of Ao-Day 0
before versus Ao-Day 0 after balloon injury, implies poor induction of deliberate balloon
injury to the aortic wall. Areas bereft of EC were observed on the luminal surface of Ao-
Day 0 before injury, indicating injury to have already occurred, possibly through handling
and dissection, however, there also remained areas intact of ECs after injuring, Ao-Day 0
after injury (Fig. 6.4/6.5). Interestingly, there was also aortic tissue that demonstrated

barren ECs at Ao-Day 0 before injury, whereas the autologous (from same animal/aorta)
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aorta after injury (Ao-Day 0 after injury) showed presence of EC layer (Fig. 6.4B). This was
also the case in one of the autologous aortic tissues examined by SCEM. This suggests
injury to the aortic wall may not have been achieved by balloon inflation, however it
should be considered that perhaps injury may have been achieved without the
removal/erosion of the endothelium. It may be that in some aorta collected,
unintentional injury may have occurred in handling, during adventitial removal and
cutting/segmenting of the tissue or between animal slaughter until tissue collection (in
the abattoir). (255). Aortic tissue specimens before inducing injury, was collected anterior
to the aortic region where injury by balloon inflation was induced. Although, considering
these are from autologous tissue, efforts were made to carefully dissect aortic tissue
segments after injury, close to tissue before injury (few mm apart). The reason for less
endothelium integrity/adhesion on the aortic tissue luminal surface prior to inducing
balloon injury remains unclear (few aortic segments denoted CD31 staining, Fig. 6.4). The
extent of EC denudation varies depending on severity of injury induced, it is not complete

denudation (269).

The remaining endothelial cells, or the ECs that have not eroded and are intact on the
aortic tissue after injury (example for visualisation, Ao-Day 0 after injury (Fig. 6.5 d-f)), are
the source of endothelial cell replication and regeneration, and this has been shown to be
the case in the literature (61). In the instance of complete EC loss after injury, the source
of ECs would typically be from distal or proximal areas of the vessel in the in vivo settings.
However, if complete EC denudation had indeed occurred in our ex vivo tissue segments,

then there would be no source of EC for regeneration, a limitation of the ex vivo study.

As described previously, the everolimus drug incorporated on stents in the Ao-EES
experimental group plays a role in inhibiting cell cycle progression rather than influencing
cell viability or adhesion, specifically SMC proliferation (270). The lack of endothelium on
the EES experimental group at day 14, implies that CD31 positive cell staining in the other
experimental groups identifies proliferated cells rather than surviving of the
original/mother cell. The reason for this conclusion is that if original endothelial cells
survived until 14 days, some would also be identified/ stained for the EES experimental
group, so any CD31 staining must be attributed to repopulated (daughter) cells.

Consequently, it must be assumed that if CD31 positive staining was observed at any
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experimental group that was cultured for 14 days, was an indication of ECs regenerated
rather than preservation of the original/source/mother cells. This is mirrored by a study

demonstrating the suppression of EC activation by the everolimus stents (271).

Even though EC regeneration is generally initiated during the first 24 hours after
endothelium denudation (272), when comparing unstented and balloon injured aortic
tissue at Day 0 and Day 14 (Ao-Day 0 after injury versus Ao-Day 14, Fig. 6.4), there was no
evidence of EC regeneration after the 14 days of aortic culture. It is noteworthy that
CD31+ cells were present on the sections, but these appeared to be stained lighter in
colour and in multiple layers. These cells were therefore considered not to be endothelial
cells, due to the expected monolayer phenotype of endothelial cells. Further investigation
is required to determine the phenotype of the cell, co-staining against fibroblasts or a-
SMA could be advantageous, as myofibroblast and SMCs have been documented to be
involved in restenosis (273). These data disagree with the data presented in Chapter 5,
where significantly more human coronary artery endothelial cells were present after 8
days of culture on the Graphene coated stent segment when compared to the uncoated
or the GO coated stent segment. This was not shown to be the case in the ex vivo

investigations.

6.4.3 Scanning electron microscopy revealed structural growth on tissue and stents

Scanning electron microscopy of fixed tissue at Day 0 showed a cobblestone appearance
on the aortic luminal surface, indicating endothelial cells (Fig. 6.5 a-f). ECs were visualised
on aortic tissue fixed at Day O prior to balloon injuring (Fig. 6.5 a-c) as well as some
patches of endothelium observed on tissue fixed after balloon injury (Fig. 6.5 d-f),
suggesting erosion of ECs with balloon distension. Even before inducing deliberate
balloon injury, the endothelium exhibits gaps between ECs, exposing the subendothelium
(Fig. 6.5 b, c yellow arrowheads). This suggests wall injury prior to induced injury by
balloon distension, as was also demonstrated above with immunohistochemistry against

CD31.

The absence of cobblestone structures on the stent surfaces (Ao-GAZELLE, Ao-CHROMA,
Ao-Graphene, Ao-Graphene Oxide and Ao-EES) and aortic luminal surface cultured for 14
days, suggests the absence of endothelial cell preservation and regeneration (Fig. 6.5 g-x).

In addition, in place of the cobblestone structures, there appears to be spindle-shaped,
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elongated structures both on the aortic luminal surfaces and on the stent surfaces (Ao-
Day 14, Ao-GAZELLE, Ao-CHROMA, Ao-Graphene, Ao-Graphene Oxide and Ao-EES) of the
14 days cultured tissues. The elongated growth, adherent to one another, and aligned
parallel to one another are recognised to be smooth muscle cells (274, 275). On the other
hand their striated appearance may be representative of connective tissue, elastic fibres
or even fibroblasts (273, 276, 277), pointing to the exposure of subendothelial tissue;
mostly consisting of connective tissue and IEL. On the surface of these, small, irregular-
shaped and spherical deposits are also visible, and these have been deduced by Holt et al.
to be very likely leukocytes (Fig. 6.5, red arrowheads) (263). SCEM imaging results of
aortic tissue cultured for 14 days (Ao-Day 14, Ao-GAZELLE, Ao-CHROMA, Ao-Graphene,
Ao-Graphene Oxide and Ao-EES) is in agreement with the results presented by staining
against CD31. Figures, 6.4 and 6.5, clearly demonstrate an absence of endothelial cell
layer on aortic luminal surface after 14 days of incubation, again indicating the
denudation of the endothelial layer post injury without subsequent repair of the
endothelial layer. Endothelial staining was observed in two out of the four coronary
artery cultures on Day 14 (Fig. 6.3 B), suggesting either EC preservation or regeneration.
This is different to the aortic tissue, one explanation for this could be ascribed to the
different time courses for re-endothelialisation that has been described between animals
but also between the specific artery/organ (254, 269). Deposition of leukocytes were also
apparent on the injured surfaces, covered by what looks like to be SMCs (278, 279),
though this would need to be validated, potential by immunohistochemistry against
alpha-smooth muscle actin. These SMC like structures were also visible at Ao-Day 0 after
injury, indicating perhaps aggressive balloon injury, that caused over distension of the
wall exposing the medial layer of the aorta, that also further delaying of re-
endothelialisation (254). Using currently available ex vivo tissue sections, staining against
a-SMA and fibroblasts (vimentin or S100A) simultaneous with CD31 could provide further
information, particularly determining the phenotype of the cells showing as multi-layered
in the immunohistochemistry results presented above (Fig. 6.4). On the other hand, this
may also resemble collagen rather than SMC, since it was stained pink in colour on the

Miller’s elastin stain and could explain its presence at Ao-Day O (Fig. 6.2A) (276).

An effective coronary stent would be one that promotes regeneration of the arterial

endothelium after injury. Past studies have revealed complete regeneration of the
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endothelial layer to have the potential of inhibiting intimal thickening because ECs are
capable of secreting SMC proliferation inhibiting factors (e.g. nitric oxide, endothelin-1)
(10, 255, 280). Additionally, the ideal coronary stent needs to support good EC
proliferation while at the same time preventing SMC proliferation in order to avoid
restenosis. In the present chapter, histological and immunohistochemistry analysis
revealed Gr and GO coated stents to have no significant influence on the thickness of

neointima and growth/integrity of ECs.

6.5 Limitations

One of the main limitations of this study, was the removal of the stent after fixing and
prior to tissue processing for paraffin embedding. The removal may have caused some
surface structural damage, particularly between the tissue/stent junction. This is because
sectioning would not have been possible with the stent secured onto the coronary artery
or aortic tissue specimens (due to metallic nature of the stent). Ex-vivo organ culture lacks
the incorporation of blood components, systemic inflammatory responses and the effect
of shear stress caused by blood flow. Even though blood components are essential in the
responding outcome of the vessel wall, these require to be investigated in vivo. However,
for the purpose of investigating presence/absence of neointima and endothelium, our
model provided useful information and also preserved animal use at this early stage. In
addition, there was reduced source of endothelial cells after injury, except the remaining
adherent cells, though in vivo it is believed that the source of endothelial cells for
regeneration are either from distal/proximal areas of the unstented region of a vessel or

most likely from endothelial progenitor cells within the blood stream (281, 282).

6.6 Conclusion
To date, these are the first ex vivo data presenting the possible effects of graphene and
graphene oxide coating on coronary artery stents, and particularly in terms of neointimal

thickness.

Overall, Gr and GO coating had no effect on intimal thickening, EC integrity and regrowth.
The main objective of this chapter was to study effect of Gr or GO on neointima
formation. This objective was addressed by ex vivo organ culture and the resulting

outcome was that there was no influence from either Gr or GO coating on neointima

142



formation. This is the first investigation where influence of Gr and GO coatings versus

stainless steel bare metal stent on porcine coronary or aortic tissue was investigated.

In the ex vivo settings, neointimal thickening occurs as a result of cellular/tissue
interaction without systemic inflammatory or blood electrolyte/molecule involvement. In
this setting, there is only the interaction of the components within the vessel with each
other and with the stented cultures. The absence of neointima in the Ao-EES group
confirm that neointima formation is due to SMC proliferation (EES elute drugs inhibiting
SMA proliferation). As has been described, factors released from the endothelium
modulate SMC migration and proliferation and thus in the ex vivo settings, it is potentially
the response of the SMC in response to the factors released from the remaining (un-
denudated) endothelial cells or the absence/drop of the factors that are normally
released by the endothelium on the luminal surface of the tissue due to de-
endothelialisation (10). The data suggest the neointima formed was not as a response to
the stents because a similar degree of neointima is also formed on unstented aortic tissue

as Ao-GAZELLE (Fig. 6.4).

6.7 Key findings
= Graphene or graphene oxide appears to have no effect on neointimal thickness in

an ex vivo porcine aortic organ culture model.

*= No influence on endothelial preservation or regeneration was identified on the

Graphene or graphene oxide coated bare metal stents.
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CHAPTER 7

General discussion

7.1 Study Rationale

Despite the existence of drug eluting stents, which are much more effective than bare
metal stents in maintaining the open state of a stenosed coronary artery, stent associated
complications remain an issue. DES delay re-endothelialisation and thus pose an added
risk of stent thrombosis, that may be overcome by improving the efficacy of BMS in
reducing restenosis. Thus, there is a definite advantage to improving the effectiveness of
BMS, if the prospect exists, since it could also eliminate the need for long-term anti-

platelet therapy, which too can add to the complication rate.

Since graphene has been reported to be impermeable to gases, including even Helium,
studies have proved graphene coating to significantly improve corrosion at non-medical
settings (165, 200). This may translate to the inhibition of metal leaching from the
implant, that may thus lead to reduced inflammatory response and smoother implant
surface (168, 201). In addition, there are reports that graphene possesses antibacterial

and biocompatible properties that may be exploited for biomedical use (196, 199).

7.2 Summary of results

Objective 1

In this project, two different types of water based graphene and graphene oxide
dispersions were prepared. The initial project aim was to manufacture pristine graphene
and graphene oxide in dispersion using the LPE method with PS1 and modified Hummer’s
method, respectively. This achieved 1 mgmL™? concentration of both dispersions and also
produced high pristine yield Gr and GO. This is another example of the advantage of LPE
producing high vyield graphene based materials in solution that enables various

applications, including coating methods.

Objective 2
Spray coating was selected as the technique to coat LPE graphene based materials onto
bare metal stents. The technique was optimised in order to achieve uniform, thin and

maximal stent coverage. Spraying was performed for a duration of 60-80 minutes from a
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distance of 10 cm using 400 pL of 0.4mgmLLPE Gr or GO onto a pre-plasma cleaned bare

metal stent, positioned on a 75 °C hotplate.

Objective 3

Significantly increased human coronary artery endothelial cell number was observed after
seven days of in vitro cell culture, indicating an enhance proliferative affinity of the
endothelial cells on the graphene coated bare metal stent compared to the uncoated

BMS.

Objective 4

Neointima thickness was unaffected by either graphene or graphene oxide coating of the
bare metal stents in organ culture of porcine aorta (and coronary artery although small
sample size). Neointima of aortic tissue was similar in thickness when cultured with Gr
and GO coated BMS as well as uncoated BMS, supporting biocompatibility of the
graphene and graphene oxide coating further. No enhanced growth of endothelial cells
on the graphene or graphene oxide coated stent was observed compared with uncoated

BMS.

7.3 Limitations

The absence of physiological flow may have an influence on the behaviour of endothelial
cells (264, 283). ECs have been documented to have enhanced migration capability under
flow when compared to disturbed or absence of flow as well as a reduced EC turnover
under static conditions (283). The main limitation of this project was the flow dynamic in
the ex vivo investigations that eliminated any influence from shear stress, endogenous

blood metabolites.

The porcine model enables use of the human medical devices and has previously been
described as the model representative of human healing (284). However, this is still an
animal model and thus natural differences exist, therefore the results attained from this
ex vivo porcine model organ culture, may still not be replicable or translatable to the

response in humans.

7.4 Overall Conclusion
This is the first time a coating method describing a technique to coat coronary artery bare

metal stainless steel stents with LPE graphene and graphene oxide has been reported.
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This approach of coating coronary artery stents is a simple method to utilise in the
laboratory setting but is also highly scalable allowing control of thickness via
standardisation of the parameters. This technique is also applicable to graphene coating
of any medical implant. Of course, for large scale production of coated implants, the
opportunity to include advanced technology to prepare even better coating quality exists.
Examples include the incorporation of ultra-sonication simultaneous to spray-coating that
would produce improved flake distribution and dispersibility (285, 286). The first step to
producing Gr and GO coated stents has been described in this study, that can also be
applied to orthopaedic implants, where potential improvements could be acquired from

the highly robust and anti-wear qualities of graphene coating.

The application of graphene as a coating has been reported by others in literature (196,
197), and this study further confirms these findings. However, this study provides the first
reporting of LPE graphene as well as graphene oxide coating of medical implants by spray
coating. In agreement with data provided in literature about the biocompatibility of
graphene in supporting cell survival and enhanced cell proliferation, this project provides
further data in support of this. Enhanced human coronary artery endothelial cell growth
on graphene coated stainless steel BMS has been reported in this study as well as

equivalent growth of HCAECs on GO coated BMS in comparison to the uncoated BMS.

This project provides the first reporting of ex vivo data investigating the effect of
graphene or graphene oxide coating on porcine coronary artery and aortic tissue. In
terms of neointima formation, both graphene and graphene oxide coated stents
demonstrated equivalent formation of neointima compared with the uncoated or the
unstented tissues although significantly increased neointimal thickness versus EES. This
implicates Gr and GO coated stents as comparable to uncoated stents and thus
biocompatible with the surrounding tissue qualifying further investigations within a
physiologically relevant environment, where stents would be acting as scaffolds against
the vessel, under pressure with blood flow as well as the influence of inflammatory and

corrosion-inducing electrolytes in the blood (164).

Due to the significant limitations of ex vivo investigations; inadequate source of
endothelial cells for proliferation (from un-denudated areas of vessel segment only),
ambiguity still lies in the performance of Gr and GO coated stents in supporting
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endothelial cell growth in vivo, and thus its effect on re-endothelialisation. It is clear that
compared to EES, Gr and GO are non-inferior in relation to EC proliferation in ex vivo

organ culture.

The efficacy of a graphene coated coronary artery stent would eliminate the need for a
polymer, which not only often adds to the cost of stent production but also adds to the
complication risk. In comparison to developing and innovative coronary artery stent
designs, which mainly employ a polymer base coating onto the BMS to act as a carrier for
drugs or genes, graphene coating would save a lot of resources and cost, acting as a

cheaper yet effective alternative to the currently popular DES and also developing stents.

In conclusion, this project demonstrated biocompatibility of graphene coated BMS but
failed to demonstrate a reduced neointima thickness ex vivo when compared to currently

available drug eluting stents.

7.5 Future directions

A clear future direction of this pre-clinical trial is to conduct porcine in vivo experiments
to precisely delineate the degree of in-stent restenosis following implantation of Gr
coated stents. The trial groups should be as outlined in Table 2.2, where EES is involved as
the superior efficacy stent as comparison. The in vivo study should ideally be performed
in the porcine model due to their similarity in inflammatory, structural and size profiles,
particularly as human medical devices can be utilised for the investigations (259). Porcine
circulation has been described similar to that of humans (255) and the response to vessel
injury from stents is documented to be in a similar manner to human coronary arteries,
with porcine neointima identical to human neointima achieved within a month of stent
deployment (287). Their response to the coronary artery stents under investigation, even
though not entirely representative of humans, provide a much reliable model for pre-

clinical settings (260).

In vivo, optical coherence tomography could be utilised to determine stent patency and
restenosis real time. Subsequently post-euthanasia, ex vivo examination of the stented
vessel could be performed by slicing of the fixed stent-vessels (stent remaining in situ to
vessel) using diamond blades (288). There remains additional and broad data that is yet

to be attained from investigations performed under in vivo conditions, where exposure to
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physiological processes including shear stress, inflammatory response and blood
electrolyte influence on the in-situ coronary artery stents, will add to our knowledge of

graphene based coronary artery stents.
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APPENDIX |

MATLAB script for Raman peak analysis of LPE Graphene

sread data

i=50;% number of files

%check data range and change x1d, yld, xlg, ylg, x22d, y22d range
%according to appropriate range for fitting

resultarray = zeros (i,16); %create zero array of 1 by 16

%$start looping for each file

for n = 1:1

namedata = sprintf ('p%d.txt',n); $data file name wvariation

namegraphG = sprintf ('G graph p%d',n); %graph file name
variation

...for later saving to jpeg file

namegraph2d = sprintf ('2D graph p%d',n); sgraph file name
variation

...for later saving to jpeg file

Data = dlmread (namedata):; $reading in the spectra data

into array A

x1 = Data(:,1); %variable x for g-peak area
yl = Data(:,2); %variable y for g-peak area
x2 = Data(:,3);
y2 = Data(:,4);

if Data(l,1l) <= 2179.49289
x1l = Data(1:928,1);
yl = Data(1:928,2);
x1ld = x1(600:820);

yld = y1(600:820);
xlg = x1(401:620);
yvlg = y1(401:620);
else
x1d = x1(684:904);
yld = y1(684:904);
x1lg = x1(485:704);
ylg = y1(485:704);

end

x22d = x2(326:680) ;
y22d yv2(326:680) ;

figure %open figure window

plot (x1,yl,'k")

ymin = min(yl);
ymax = max(yl);
ymin = 0.9*ymin;
ymax = ymax*1.1;

axis ([1200,1750, ymin, ymax]) saxis range
xlabel ('"Raman Shift (cm”-"1)"', 'FontSize',12)
ylabel ('Counts (a.u.)','FontSize',12)
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$D-peak fitting

f = ezfit (x1d,yld, 'y (x)=(2*A/pi)* (w/ (4% (x-
X c)"2+w”2))+c', [300000 500 30 1350]);

showfit (£, 'fitcolor', 'red', "boxlocation',[0.80 0.99 0.01
0.011);

r2 = £f.r"2;

h = (2*A)/ (pi*w);
resultarray(n,1l) = n;
resultarray(n,2) = x c;
resultarray(n,3) = r2;
resultarray(n,4) = w;
resultarray(n,5) = h;
resultarray(n,6) = A;

clear A; clear h; clear r2; clear w;clear x c;

%G-peak fitting

f = ezfit (x1g,ylg, 'y (x)=(2*A/pi)* (w/ (4% (x-
x c)"2+w”2))+c', [200000 500 30 1600]);

showfit (£, 'fitcolor', 'blue', 'boxlocation', [0.80 0.75 0.01
0.01]);

r2 = £.r*2;

h = (2*A)/ (pi*w);
resultarray(n,7) X C;
resultarray(n,8) = r2;
resultarray(n,9) = w;
resultarray(n,10) = h;
resultarray(n,1l1l) = A;

saveas (gcf, namegraphG, 'Jjpg') %Save G-peak graph file
clear ym*; clear c; clear f; clear h; clear r2; clear w; clear

clear x1*; clear yl*;
close

figure %open figure window

%2D-peak fitting
plOt (X21y2r "k")

ymin = min(y22d);
ymax = max(y22d);
ymin = 0.9*ymin;
ymax = ymax*1.1;

axis ([2400,3000, ymin, ymax]) Saxis range

xlabel ('Raman Shift (cm”-"1)"', 'FontSize',12)

ylabel ('Counts (a.u.)','FontSize',12)

f = ezfit (x22d,y22d, 'y (x)=(2*A/pi)* (w/ (4* (x~—
x c)"2+w”2))+c', [500000 500 70 27007]);

showfit (£, 'fitcolor', 'red', '"boxlocation',[0.80 0.99 0.01
0.01]);

r2 = £.r"2;
h = (2*A)/ (pi*w);

saveas (gcf, namegraph2d, 'jpg') %Save 2D-peak graph file
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resultarray(n,12) X C;
resultarray(n,13) = r2;
resultarray(n,1l4) = w;
resultarray(n,15) = h;
resultarray(n,16) = A;

clear ym*; clear Data; clear name*; clear A; clear c¢; clear f;
clear h; clear r2; clear h; clear w; clear x2; clear y2; clear
X C;
close
end

result = array2table (resultarray, 'VariableNames', {'point’

'"Pos D'...
'R2 D' 'w D' 'h D' 'a D' 'Pos G' 'R2 G' 'w G' 'h G' 'a G'...
'"Pos_2D' 'R2 2D' 'w_2D' 'h 2D' 'a 2D'});

writetable (result, 'result 2.txt','Delimiter', 'tab');

clear;
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