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Abstract

There is a need for TEVG for surgical use in paediatric cases of vascular and

congenital heart defects. Two materials were tested for the suitability as the ba-

sis of a tissue engineered vascular graft: a synthetic biodegradable nanocompos-

ite polymer developed at Royal Free Hospital, polyhedral oligmeric silsesquioxane

poly(caprolactone-urea) urethane (POSS-PCLUU); and umbilical vessels and rat

aorta decellularised by Detergent Enzymatic Treatment (DET).

Phase inversion with NaHCO3 porogen leaching was employed to fabricate porous

POSS-PCLUU foams. Changing the concentration of NaHCO3 porogen was ex-

amined for its effect on bulk and surface properties and a concentration of 45%

NaHCO3 porogen was selected for the extrusion of porous grafts. The mechanical

and structural properties of grafts extruded using different sized NaHCO3 poro-

gen particles at a concentration of 45% were investigated and a particle size of 60

µm was considered to be most appropriate. The maximum burst pressure was 238

mmHg and aneurysm formation was observed before graft failure.

DET decellularisation removed a significant amount of DNA from human umbilical

cord artery and vein, as well as rat aorta. The structure and mechanical strength of

the vessels was maintained after decellularisation. Decellularised umbilical artery

had a burst pressure of 831 mmHg and no aneurysm formation was observed. There

was a large reduction in the extracellular proteins elastin and glycosaminogylcans

(GAG).

Human Umbilical Vein Endothelial Cells (HUVEC), Amniotic Fluid Stem Cells

(AFSC) were seeded on to aliphatic POSS-PCLUU fabricated with 45% 60 µm

NaHCO3 porogen. AFSC performed poorly in comparison to HUVEC. HUVEC
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had a large coverage of cells in the first few days post seeding but this dropped sig-

nificantly after 7 days. HUVEC and AFSC both formed large clusters of cells when

seeded on decellularised rat aorta.

In conclusion, the POSS-PCLUU, DET decellularised umbilical vessels and rat

aorta would not be suitable as a material for TEVG due to poor mechanical proper-

ties and scaffold-cell interaction.
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Chapter 1

Introduction

1.1 Motivation

The World Health Organisation identified cardiovascular diseases (CVD) to be the

leading cause of mortality globally, with an estimated 30% of all deaths in 2008

caused by a CVD [2]. Amongst adults the leading causes of death are coronary heart

disease and cerebrovascular disease [3], while amongst infants congenital heart de-

formations (CHD) are the most common form of CVD. In the United States con-

genital deformations are the leading cause of infant mortality, with CHD being the

most common form of deformation [4]. In the United Kingdom too, CHD are the

leading congenital deformation [5]. Globally CHD are responsible for a third of all

major congenital abnormalities, with an estimated 1.35 million live births each year

affected by a CHD [6]. Left untreated CHD lead to 70% mortality in the first year

of life [7]. The relative incidence of different CHD are shown in Table 1.1

The material of choice for vascular grafts are autologous blood vessels as they

maintain patency more effectively than synthetic grafts [8, 9, 10] due to their me-

chanical and antithrombogenic properties [11]. However, in paediatric patients au-

tologous vessels of the correct dimensions are often limited in availability [12, 13]

and the harvesting operations are often fraught with difficulties [14]. Other biolog-

ical options include pericardiac tissue that has been fashioned in to a conduit or an

aortic allograft [15], though both of these suffer from calcification. In adults other

vessels may not be available due to age, disease or damage through trauma.
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Defect Percentage of
cases (averaged)

Ventricular septal defect (VSD) 28.3
Pulmonary stenosis 9.5
Patent ductus arteriosus 8.7
VSD with pulmonary stenosis (including Tetralogy of
Fallot)

6.8

Atrial septal defect, secundum 6.7
Aortic stenosis 4.5
Coarction of the aorta 4.2
Atrioventricular canal (partial and complete) 3.5
Transposition of the great arteries 3.4
Aortic atresia 2.4
Truncus arteriosus 1.6
Tricuspid atresia 1.2
Anomolous pulmonary venous connection 1.1
Double-outlet right ventricle 0.8
Pulmonary atresia without VSD 0.3

Table 1.1: Table of the relative incidents of the main CHDs, determined from several dif-
ferent studies with a total number of cases of 103,590; from [1]

If biological blood vessels aren’t available then prosthetic vessels are used instead.

The most commonly used prosthetics are synthetic polymer grafts made from ei-

ther expanded polytetrafluoroethylene (ePTFE) polyethylene terephthalate (Dacron

®). While these materials can achieve good results in large diameter applications

[11] they perform poorly in small diameter and low flow conditions [16]. The rea-

sons for this poor performance is largely due to either thrombogenesis caused by

platelet adhesion to the luminal surface of the polymer graft [17] or intimal hyper-

plasia caused by turbulent flow induced by the compliance mismatch between the

prosthetic graft and the native vessel [18]. Synthetic grafts are also known to suffer

from calcification, which can lead to failure of the graft [19].

New materials have been developed that reduce thrombogenicity and intimal hyper-

plasia for small diameter prosthetic vessels in adults by reducing platelet adhesion

and matching the elastic properties of native vessels [20, 21], but there is a further

problem to be addressed for application in paediatric patients; namely the somatic

growth of the perigraft native vessel. The synthetic grafts inability to grow and re-
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model with surrounding tissue leads to a need for reintervention to replace it [4, 22].

To obviate the need for further surgery a tissue engineered approach can be used to

rebuild vascular tissue which can then grow somatically with native tissue.

1.2 Congenital heart defects as an example of clinical

application for TEVG
Not all CHD require surgery, with some self-correcting without intervention. Those

with more severe CHD can become cyanotic, hypoxic and go on to develop heart

failure. They also frequently exhibit retardation of growth and development, with

height and weight near or below the third percentile [23]. Often this is caused by

critical obstruction to systematic arterial flow aortic atresia, coarctation of the aorta,

interruption of the aortic arch, and critical stenosis. These present in the first week

post postpartum with the closing of the ductus arteriosus. Transposition of the great

arteries with a VSD and truncus arteriosus present in the second week as vascular

resistance falls [1].

The particular surgical option taken for the correction of these severe CHD depend

on the particular condition and the anatomy of the individual but there are two ex-

amples of where a TEVG could replace current grafts that are worth noting. The

first is in cases of pulmonary atresia, which can be an isolated malformation but is

also commonly found in other CHD such as Tetralogy of Fallot, transposition of the

great arteries and truncus arteriosus. The atresia can range from a localised atretic

pulmonary valve to a complete lack of a pulmonary trunk with the lungs being sup-

plied by major aortopulmonary collateral arteries. If there is a central pulmonary

artery present and the atresia is over a short distance then repair is achieved by open-

ing across the atretic area and patching with Gore-Tex or bovine pericardium and

a monocusp from a homograft valve. However, for any atresia greater than this, a

bridging valved conduit connecting the right ventricle to patent pulmonary artery is

required. Grafts can also be used to create left and right pulmonary artery branches

up to the hilar region. For bridging conduits from right ventricle to the central pul-

monary artery, aortic or pulmonary homografts or xenografts such as Contegra ®
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are often used. Intrapulmonary bridges to create left and right pulmonary arteries

can be created using xenograft pericardium [24]. The second is in cases of single

ventricle defects such as tricusped atresia. Repair is focused around bypassing the

right side of the heart and allowing passive flow from the venous system to the pul-

monary system as part of a staged procedure. The last stage often employs the use

of an extra cardiac total cavopulmonary connection, where the inferior vena cava

is connected to a graft by end-to-end anastomosis and the graft connected to the

pulmonary artery with an end-to-side anastomosis. These grafts are usually Dacron

® or ePTFE grafts but can also be homografts. Due to the rigidity of Dacron ® and

ePTFE grafts, the energy of returning blood is reduced which lowers pulmonary

blood pressure requiring a higher systemic blood pressure, contributing to subse-

quent heart failure [25]. These grafts also suffer from lack of growth potential,

potential for infection, and potential for thromboembolic complications [13]. If

these complications do arise and there is a need for a second operation there is a 5%

mortality rate [26].

1.3 The anatomy and biology of blood vessels
If one wishes to engineer tissue it is important that the anatomy and biological

function of the tissue is understood. Here we introduce the types of blood vessel,

the general structure of blood vessels and how this varies in the different vessel

types.

1.3.1 Main features of vessel walls

With the exception of the smallest vessels, capillaries and venules, all vessels con-

sist of three distinct anatomical layers, or tunicae. These are the tunica intima, the

tunica media and the tunica adventitia. The tunica intima is the innermost layer and

consists of an endothelium which lines the whole vascular tree. The tunica media

is a muscular layer containing elastic fibres and collagen. It is the thickest layer

in arteries, substantially thinner in veins and missing from capillaries. The tunica

adventitia is the outermost layer and is a connective tissue layer.

Of all these layers it is the tunica intima that is most important to replicate for a suc-
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cessful TEVG. This is because while the other layers have structural and mechanical

roles, the endothelium is the main physiological component of a blood vessel. It’s

role in haematological homeostasis is vital for ensuring the patency of any graft,

and is one that no synthetic material could easily match.

1.3.2 Types of vessel

The vessels of the cardiovascular system can be divided in to five types of vessel:

conducting, distributing, resistance, exchange and capacitance. The conducting ves-

sels are the largest arteries: the aorta and its largest branches; the brachiocephalic,

common carotid, subclavian and common iliac arteries. These vessels are charac-

terised by their highly elastic tunica media, with many more elastic fibres than other

vessels. Distributing vessels are the medium sized vessels which supply the individ-

ual organs. They are less elastic and comparatively more muscular. The resistance

vessels are the arterioles and are also comparatively muscular. They provide the

main source of resistance in the peripheral blood flow and cause a large drop in

pressure in the blood that flows in to the exchange vessels, the capillaries. Veins are

capacitance vessels and have a small but highly elastic tunica media.

1.3.3 Tunica Intima

The intima consists of a monolayer of endothelial cells covered on the luminal/api-

cal side by a layer known as the glycocalyx, resting on a basal lamina and including,

depending on the vessel, a sub-endothelial connective tissue layer.

The glycocalyx is a negatively charged mesh of proteoglycans, glycosaminogly-

cans, glycoproteins and glycolipids harbouring a wide array of proteins and en-

zymes including endothelial nitric oxide synthase, angiotensin converting enzyme,

anti-thrombin III and other chemokines important for leukocyte/thrombocyte adher-

ence and plasma/vessel wall homeostasis [27]. The thickness of this layer has been

estimated at 0.5 µm [28] and appears to act as a molecular filter which limits the

passage of especially charged macromolecules.

Endothelial cells cover the entire luminal surface of the vascular network and un-

dertake several important physiological roles. They are flattened with a thickness of
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2-3 µm around their nucleus and elsewhere can be as thin as 0.2 µm [29]. The cells

have an elongated morphology, with the long axis in the direction of flow [30] and

mean cell width, length, and area of 13.2±4.1 µm, 25.8±8.5 µm, and 245.0±115.1

µm2 for common iliac artery endothelial cells and 4.9±1.5 µm, 21.9±6.6 µm, and

70.7±34.8 µm2 for hepatic artery endothelial cells, respectively [31]. They form

a monolayer with adherens and tight junctions, forming a continuous surface, ex-

cept in sinusoids, with a cobble-stone appearance. Endothelial cells allow for the

transmission of water, solutes and macromolecules either through the intercellular

cleft or by vesicle transport. The permeability of the intercellular cleft can be mod-

ified by the arrangement of the tight and adherens junctions. They also play a role

in blood homeostasis by the secretion of von Willebrand factor (vWF) from the

Weibel-Palade bodies, prostacyclin and thrombomodulin. They can secrete factors

that affect vascular tone such as nitric oxide (a vasodilator) and endothelin (a vaso-

constrictor). By the expression of L-, P- or E-selectin they are able to weakly bind

leukocytes, causing them to slow and roll. The leukocyte can then pass through the

intercellular cleft through a process known as diapedesis. Endothelial cells can be

recognised by the expression of surface markers such as PECAM-1 (CD31), VE-

cadherin (CD144), endothelial nitric oxide synthase (eNOS), vWF, vascular en-

dothelial growth factor receptor 2 (VEGFR-2) and CD34. Endothelial cells express

certain markers depending on where in the vascular system they are found, with

arterial cells expressing ephrinB2, delta-like (Dll)-4, Notch1 and 4, Jagged-1, and

connexin-40 and venous cells expressing EphB4 and COUP-TFII [32]. They can

also be identified by functional assays such as nitric oxide production, the uptake

of acetylated low density lipoprotein and the expression of the leukocyte adhesion

molecules ICAM-1 and VCAM-1 after treatment with TNF-α .

The endothelial cells are attached to a basal lamina by β1 integrins at the cell’s fo-

cal contacts. The basil lamina is a layer 50-100 nm thick, made up of a criss-cross

of type IV collagen with the other major constituents being laminin-8, laminin-10

and perlecan. In conducting vessels there is a well-developed sub-endothelial layer

containing elastic fibres, type-I collagen fibrils, fibroblasts and myointimal cells. A
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prominent elastic lamina composed of elastin separates the intima from the media

in these vessels. Most of the distributing vessels have a distinct but thin elastic

lamina. In the resistance vessels the endothelial cells are usually smaller and the

nuclear region is thicker and often protrudes noticeably in to the lumen. The inter-

nal elastic lamina is either missing or highly fenestrated and cellular process from

the endothelial and smooth muscle cells (SMC) traverse the gaps.

1.3.4 Tunica Media

The media is made up of several layers of SMC, collagen III and elastin and is gener-

ally bounded in arteries by an internal and external elastic lamina. The SMC behave

differently from skeletal muscle cells and cardiomyocytes. SMC maintain contrac-

tive states for long periods, with many always exhibiting a partially contracted state

(basal tone), and they lack the regular sarcomeres which give skeletal muscle its

striated appearance. They range from 15 µm, in the smallest vessels, up to 200 µm,

with a spindle shape that can be 3-8 µm in their centre and, unlike skeletal mus-

cle, they are mono-nucleated [29]. They can be recognised by their expression of

smooth muscle myosin heavy chain (SM MHC), SM α-actin, h1-calponin, SM22α ,

aortic carboxypeptidase-like protein (ACLP), desmin, h-caldesmon, metavinculin,

telokin, and smoothelin; although only SM MHC seems to be expressed in SMC

alone [33]. It can be tested functionally by its response to vasodilating and vaso-

constricting compounds and has a slower rate of contraction than skeletal muscle.

SMC of two broadly different phenotypes have been identified: the differentiated/-

contractile phenotype and the synthetic phenotype. The contractile phenotype is

characterised by low rates of proliferation and extracellular matrix (ECM) produc-

tion and high level of expression of contractile genes. Conversely, the synthetic

phenotype is characterised by high proliferation, high ECM production, low ex-

pression of contractile genes and the loss of myofilaments replaced by larger Golgi

and endoplasmic reticulum [34, 33]. As stated earlier the ECM of the media is

composed mainly of collagen type III and elastin, as well as fibronectin and proteo-

glycans. Elastin forms individual elastic fibres around 0.1-1.0 µm in diameter [29]

which anastomose with each other to form a network structure, extending mainly in
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the circumferential direction.

The three main elements of the media, SMC, collagen and elastin, provide blood

vessels with different properties, each important in the proper functioning of the

vessels. Collagen and elastin are responsible for the elastic properties of vessels,

with the levels of elastin being inversely proportional to the stiffness of the vessel at

low strain and the level of collagen being proportional to the stiffness at high strain

[35, 36]. SMC give the vessels their viscous properties and are responsible for en-

ergy dissipation, as well as the control of vessel lumen size through vasodilation

and vasoconstriction [35, 37, 38].

The conducting vessels are rich in elastin compared to any other vessel, allowing

them to expand by up to∼10%. There is a very regular structure of alternating elas-

tic lamellae and SMC with collagen and fine elastic fibres. In the adult human aorta

there are approximately 52 of these lamellar units, each approximately 11 µm in

thickness, developing from approximately 40 at birth [29]. In the distributing ves-

sels, around 75% of the mass of the media is made up of SMC [29] which run heli-

cally or circumferentially around the vessel. There are few distinct elastic lamellae

but rather many fine elastic fibres. The external elastic lamina is less distinct than

in the conducting vessels. In the resistance vessels the SMCs have a larger cyto-

plasmic volume than in the larger arteries and form a layer one or two cells thick.

The veins contain no elastic laminae. There are far fewer SMC that run circumfer-

entially, with longitudinal muscle present in the iliac, brachiocephalic, portal and

renal veins and the inferior and superior vena cava. Collagen, and in some veins,

elastic fibres predominate the media.

1.3.5 Tunica Adventitia

The outermost anatomical layer of the blood vessel, the adventitia, is primarily

composed of fibroblasts and collagen and connects the vessel to surrounding tissue

as well as helping to maintain the structure and tone of the vessel. Collagen I fibres

form large bundles that grow larger the further away from the border with the tunica

media they are. These collagen fibres generally run longitudinally. In the larger

vessels the adventitia is infiltrated by small vessels and nerve fibres known as vasa
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vasorum and vasa nervosum that supply nutrients and nerve signals to the thick

media.



Chapter 2

Methods in vascular tissue

engineering

2.1 Requirements for a TEVG
The importance of the somatic growth of a TEVG ideal for use in paediatric surgery

adds an extra level of complexity to their development that is not necessary in adult

vascular grafts. Rather than trying to obtain good biostability by reducing any im-

munological response, as would be ideal in adult grafts, TEVG require a remod-

elling response and possible degradation of part or all of the implanted graft. It

also has to make this transition from medical device to vascular tissue while main-

taining good mechanical, structural and anti-thrombogenic properties. A variety of

approaches have been investigated to tackle these challenges, which are reviewed

in the following sections.

2.2 Mechanical and structural properties of TEVG
To be clinically safe a TEVG must be strong enough to withstand physiological

pressures. Two approaches are used when examining the strength of a blood vessel:

its tensile strength, both longitudinal and circumferential, and the burst pressure.

Table 2.1 shows a range of values for the circumferential and longitudinal strength

of the aorta, for healthy adults of both sexes. With the aorta subject to the greatest

forces of any major vessel it is also the strongest. What is seen consistently is

that the tensile strength decreases with age and that the vessel is stronger in the
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circumferential axis than the longitudinal axis. Guinea et al. [39] and Garca-Herrera

et al. [40] tested vessels from 28 and 23 healthy individuals respectively and did so

at 37◦C in phosphate buffered saline (PBS) whereas Vorp et al. [41] tested 7 healthy

individuals at room temperature and wetted, rather than immersed, in PBS. These

results suggest that a tissue engineered vascular graft should have a tensile strength

of at least 2.4 MPa. Elongation at the point of vessel failure ranges from 40% in the

venae cavae, 120% in the abdominal aorta and 140% in the thoracic aorta [35].

Burst pressures for the left and right internal mammary artery were measured by

Vessel type Measurement axis Age (years) Ultimate tensile
strength (MPa)

Descending aorta [39]
Circumferential

16-30 2.4±0.2
31-45 1.3±0.2
46-60 0.9±0.1

Longitudinal
16-30 1.3±0.1
46-60 0.7±0.1

Ascending aorta [40]
Circumferential

25±3 2.18±0.24
51±2 1.20±0.20

Longitudinal
25±3 1.14±0.10
51±2 0.66±0.07

Ascending aorta [41]
Circumferential 51±6 1.80±0.24

Longitudinal 51±6 1.71±0.14

Table 2.1: Biaxial measures of ultimate tensile strength (UTS) of aortic sections in adults

L’Heureux et al. [42] at 2031±872 mmHg (n=8) where the graft appeared to fail

due to wall defects or collaterals, and at 4225±1368 mmHg (n=5) where the failure

seemed to reflect maximum material properties. Values for the saphenous vein,

often used in coronary artery bypass procedures, range from 1680 to 2273 mmHg

[43, 44].

To ensure that a tissue engineered vascular graft remains patent it is also important

that it has similar elastic properties to that of the perigraft vessel. A mismatch in

elastic properties of graft and native vessel has been indicated in the development

of intimal hyperplasia and the early failure of grafts, due to the introduction of

flow turbulence [45]. The elastic properties can be examined by either the Young’s

Modulus, measured during tensile testing, or compliance, a more physiologically
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relevant measure. Salvucci et al. [35] measured the Young’s modulus of the thoracic

and abdominal aorta and the venae cavae at low and high strain values. At low strain

values the Young’s modulus was between 0.09 and 0.14 MPa for all the vessels.

At high strain values the Young’s modulus for the aortic sections was between 1-

3 MPa, but for the venae cavae it was approximately 16 MPa. Tai et al. [21]

reported a high compliance at 30 mmHg pressure of 19.3±11.9 % mmHg−1×10−2

for human iliac artery and 21.0±11.0 % mmHg−1× 10−2 for human saphenous

vein. At 100 mmHg this dropped to 2.6±0.8 % mmHg−1× 10−2 and 1.5±0.4 %

mmHg−1×10−2 , with a mean compliance for each of 8.0±5.9 % mmHg−1×10−2

and 5.0±6.7 % mmHg−1×10−2 respectively. This drop in compliance at increasing

pressures is common to all blood vessels and acts as a protection against aneurysm

at high pressures.

Finally, to ensure that the graft can successfully be implanted the graft needs to

survive the forces applied to it by the tension of the sutures used to attach it to the

perigraft vessel. This force is known as the suture retention force, which is the force

required for the suture to fail, and the accepted safe value for vascular grafts is 2 N

[46, 47].

2.3 Scaffold types

2.3.1 Biopolymers

Biopolymers are polymers produced by living organisms, with the ones used most

widely for tissue engineering coming from molecules found in the ECM of multicel-

lular organisms. These biopolymers are decorated with motifs which are recognised

by cellular integrins [48], thus increasing their cytocompatibility. Isolated biopoly-

mers lack the complexity of the many different molecules found in the ECM but

using one, or a small combination of biopolymers, does allow for control over the

manufacturing process and therefore a more reproducible product.

Collagen is the most abundant protein found in the ECM, making up a quarter of

the total protein content in many animals [49]. So far 29 types of collagen have

been identified, though 90% of the collagen in the body is types I, II, III and
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IV. In vertebrates approximately 22% of the total protein content is of collagen

type I and in vascular tissue, such as the aorta, 80-90% of the collagen content

is of type I or III [50]. It is therefore unsurprising that collagen type I has been

used as a material for vascular tissue engineering. Commercially available colla-

gen is made up as a gel with disorganised fibrils that are not covalently bonded

to one another (cross-linked) resulting in a mechanically weak construct. To over-

come this weakness collagen scaffolds have been cross linked with 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride and N-hydroxysulfosuccinimide

and gellated on a nanopatterned polydimethylsiloxane surface [51, 52]. These col-

lagen films had an ultimate tensile strength (UTS) of 0.55±0.11 MPa and Young’s

Modulus of 4.05±0.73 MPa and are relatively weak and stiff compared to other

scaffolds. Seeding with SMC from human saphenous vein initially weakened the

construct after 45 days and only strengthened it after 75 days. Earlier studies have

indicated that fibroblasts and SMC seeded on collagen gel have a reduced collagen

synthesis, limiting the mechanical strength [53, 54].

Elastin is ECM protein found in blood vessels, making up a large part of the ECM

content of arteries. It provides the arteries with their elastic properties and also has

anti-thrombogenic properties [55]. Elastin scaffolds have been developed using re-

combinant human elastin grown in Escherichia Coli and then purified [56, 57] but

these grafts were much weaker than native blood vessels. Elastin has also been

combined with collagen to give the TEVG greater strength, as in native vessels

[58, 59, 60]. The exact biomechanical properties were highly dependent on the

specific 3D structure of the graft and orientation of the elastin and collagen fibres

within it.

Silk fibroin is probably the most widely used biopolymer to be used recently as the

main component of a TEVG [61, 62, 63, 64, 65]. Silk, from either silkworms or orb-

weaving spiders, has shown an impressive array of properties which are useful as a

biomaterial. It has excellent mechanical properties, biocompatibility, environmen-

tal stability, is easily sterilised, has controlled proteolytic degradation, morpholog-

ical flexibility and an ability to immobilize growth factors [66]. Fibroin scaffolds
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have shown an increased graft patency in a rat model compared to ePTFE grafts

[67, 68]. It has also been combined with gelatin and collagen to try to improve on

a fibroin only electrospun scaffold [69, 70] or a collagen gel scaffold [71]. Sul-

fated fibroin scaffolds, prepared using chlorosulfonic acid, considerably improved

the antithrobogenic properties of the fibroin fibers [72]. Where heparin has been

added to silk films the results show better elastogenisis. Heparin dampened SMC

proliferation [73] and improved their antithrobogenic properties [74].

Fibrin, involved in the formation of blood clots, is a biopolymer formed from fib-

rinogen and thrombin which can be obtained from blood. While it has been used

recently in the development of TEVG [75, 76], it is considered to be too mechan-

ically weak to withstand the dynamic environment of a vascular graft [77]. These

fibrin studies overcame mechanical weakness by seeding the fibrinogen and throm-

bin with cells before gelation and either statically culturing the construct so the cells

could produce their own ECM [75], or placing them on pulsed silicon tubing [76].

Fibrin, along with many other biopolymers, are often used with synthetic polymers

to improve the mechanically properties of the biopolymer and the cell compatibility

of the synthetic polymer.

2.3.2 Synthetic biodegradable polymers

Synthetic materials are advantageous for several reasons: they can be manufactured

cheaply and easily, they can be formed into structures with the required dimensions,

the microstructure and nanostructure can be controlled (depending on the fabrica-

tion method), the mechanical properties can be controlled and this can all be done

reproducibly.

The synthetic polymers most widely used for TEVG are generally those materi-

als that have already been tested in clinical applications such as resorbable sutures,

drug delivery systems and orthopaedic fixation devices. They are usually polyesters

[78] as the ester groups in this family of polymers make them open to hydrolysis

and therefore degradation.

A commonly used biodegradable synthetic polymer used in TEVG is polyglycolic

acid (PGA). It’s degradation product, glycolic acid, is a natural metabolite and can
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therefore be readily metabolised without toxic effect, and is already in use as a ma-

terial for resorbable sutures. PGA is a polyester with high crystallinity and as such

is a stiff and brittle material [79]. It also has a fast degradation rate, of 6 to 8 weeks

[80] when fabricated as a mesh. Gui et al. [81] reported a 40% loss of mass over 8

weeks for PGA mesh in pH 7.4 PBS at 37°C and 5% CO2, when pre-treated with

NaOH. The same group has cultured SMC on PGA mesh in a bioreactor and almost

complete loss of PGA was seen after 8 weeks as well as the production of ECM

products like collagen [82]. They believed that a faster degradation was better for

the production of ECM. Xu et al. [83, 84] were able to successfully culture canine

carotid artery SMC on a PGA fibre mesh, and cells aligned correctly under dynamic

culture conditions. Cummings et al. [85] used a non-woven PGA mesh coated with

poly-4-hydroxybutyrate which was seeded with vascular cells before implantation

in a lamb model. Stekelenburg et al. [86] created vascular grafts from non-woven

PGA mesh coated with poly-4-hydroxybutyrate. They combined it with a fibrin gel

to improve cell attachment and seeded it with human venous myofibroblasts. The

final graft was found to have suitable mechanical properties. Hajiali et al. [79]

mixed solutions of PGA and gelatine together at varying ratios before electrospin-

ning them to create a fibrous structure. The addition of gelatine to the structure

reduced the stiffness and increased the tensile strength of the material. They found

no significant difference for cell proliferation between PGA and TCP, though en-

dothelial and SMC proliferated more effectively with different amounts of gelatine.

Polylactic acid (PLA) is a semi-crystalline polymer with a similar rate of degrada-

tion to that of PGA and along with PGA is one of the few biodgradeable polymers

with Food and Drug Administration (FDA) approval for clinical use. It is often used

in its L chiral form, PLLA, as this is preferentially metabolised. Lu et al. [87] iso-

lated outgrowth endothelial cells from rabbit peripheral blood and grew them on an

electrospun PLLA scaffold, where cells grew preferentially on aligned fibres. They

were also able to coat these fibres in type-I collagen [88]. Franois et al. [89] coated

a polyethylene terephthalate (PET) textile tube with air spun PLLA and seeded them

with bovine aortic endothelial cells. The PLLA did not improve the attachment of
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cells over the uncoated surface and only marginally improved cells growth. Hu et al.

[90] used three different fabrication methods to create PLLA scaffolds with vary-

ing structural properties. These scaffolds were seeded with Human Aortic Smooth

Muscle Cells (hASMC) and grown in vitro and in vivo. In vitro studies showed

higher SM MHC expression high in a nanofibrous scaffold and full cell intrusion

in to a porous scaffold after 1 week. After 2 weeks implantation in mice, human

cells were still present and had laid down a collagen scaffold. Spadaccio et al. [91]

mixed heparin with PLLA in solvent before electrospinning in to a tubular scaffold.

These were seeded with human mesenchymal stem cells with PLLA-heparin scaf-

folds showing expression of endothelial markers.

Poly-ε-caprolactone (PCL) is another semi-crystalline polyester but with a much

longer degradation time than PLA. As a homopolymer it has shown degradation

times of up to two to three years [78]. Nottelet et al. [92] fabricated vascu-

lar grafts by electrospinning PCL. They implanted gamma sterilised grafts into

Sprague-Dawley rats and saw almost full endothelialisation after 6 weeks, and full

endothelialisation with some intimal hyperplasia at 12 weeks. Most of the cel-

lular infiltration to the graft was from fibroblasts and macrophages but there was

evidence of capillary formation transmurrally. Marino et al. [93] used a micro-

fabricated PCL mesh with tightly controlled dimensions. Instead of examining the

potential of an ”off-the-shelf” approach, as Nottelet et al. had done, they seeded

with adipose derived stem cells and noted firstly an increased viability when cul-

tured in a proliferating or differentiating medium up to 4 weeks, as well as cell

attachment and expression of endothelial markers for cells grown in a differentiat-

ing media. Serrano et al. [94] took PCL films and treated them with NaOH. When

Endothelial Progenitor Cells (EPC) were seeded on these scaffolds basal levels of

nitric oxide (NO) production was increased, though the mechanism for this was not

elucidated. Ku and Park [95] coated electrospun PCL with poly(dopamine). Taking

inspiration from the mussel’s byssus organ, with its impressive adhesive qualities,

that possesses a large number of catechol moieties, the pair posited that introducing

catechol moieties via a poly(dopamine) coating would increase cellular attachment.



2.3. Scaffold types 42

When compared with uncoated and gelatin coated, the poly(dopamine) coated PCL

showed an increase number of live HUVEC on the surface. Other groups have

coated electrospun PCL with collagen [96]; fibroin and chitosan [97]; PCL films

with fibrin-based coating [98]; or gelatin [99]. While electrospinning is still a very

popular technique for fabricating PCL [100] and other scaffolds, related methods

for creating nanofibres of a similar geometry to ECM fibres are being developed,

such as jet-spraying [101].

Instead of using one of these biodegradable polymers as a homopolymer some

groups have looked at co-polymers or layered designs using PGA, PLA and/or PCL.

Roh et al. [102] constructed a tubular scaffold by wrapping PGA mesh around a sil-

icone mandrel and then sealing this with a 50:50 mixture of ε-caprolactone and

L-lactide that was freeze dried under vacuum. The material was stiff but when

placed in an ovine model as an interposition graft it was able to remain patent for

4 weeks. Further work by Roh et al. [103] used a similar combination of poly-

mers seeded with human vascular cells in a mouse model that remained patent for

6 weeks. Yokota et al. [104] fabricated a vascular graft comprised of a collagen

microsponge with double layer polymer yarn: PGA core and PLLA sheath. This

was implanted in a dog model unseeded and remained patent up to 12 months.

Shalumen et al. [105] fabricated a bilayered scaffold with inner layers composed

of aligned fibres of PLA to promote endothelial adhesion and alignment, and outer

layers of randomly aligned fibres of PCL and PLA with larger pores to promote

SMC penetration. Centola et al. [106] developed a PLLA-PLA scaffold incor-

porating heparin using electrospinning and fused deposition, with the heparin cre-

ating a micro-environment that both reduces thrombus formation and encourages

endothelial differentiation. Hu et al. [107] fabricated a tubular scaffold for vascu-

lar tissue engineering with poly(lactide-co-glycolide) (70/30) in 1-4-dioxane using

thermal-induced phase separation to create a scaffold with longitudinally aligned

microtubules. Yin et al. [108] combined collagen, chitosan and poly(l-lactic acid-

co-ε-caprolactone) to create a strong but stiff scaffold intend for vascular applica-

tions. One of the causes of vascular graft failure is loss of patency due to intimal
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hyperplasia, an excess proliferation of endothelial cells. The cause of intimal hy-

perplasia in vascular grafts has been postulated to be due to compliance mismatch

between the elastic native vessel and stiffer synthetic graft materials at the anasto-

mosis [109, 18]. Segmented polyurethane-based elastomers offer a solution to this

problem. Composed of a hard segment (HS) of a diisocyanate and a low molecular

weight chain extender and a soft segment (SS) of a hydroxy- or amine-terminated

polyol, a polyurethane’s physical properties can be determined by the percentage of

HS. With a HS content of between 15-40% the polyurethane will be a soft, rubbery

elastomer [110]. In this way the compliance of polyurethanes can be optimised to

match that of a native vessel [21]. Certain polyurethanes are also biocompatible

and biostable, making them excellent candidates for an implant material [110, 111].

Studies on biodegradable polyurethanes have also been undertaken [112, 113, 114].

The inclusion of Si-O groups to polyurethanes was shown to reduce platelet ad-

hesions [115, 116], though the use of silicone based polymers in vascular grafts

proved unsuccessful [117]. There was a need to find other forms of silicon moieties

which would have anti-thrombogenic properties while at the same time encouraging

the attachment and proliferation of endothelial cells. Lichtenhan and co-workers

patented a method to produce polyhedral silsesquioxanes [118] of the chemical

form (RSiO1.5)n. Subsequently it was shown that a closed caged, cubic form

of these silsesquioxanes with n=8, known as polyhedral oligomeric silsesquiox-

ane (POSS), could be combined with conventional polymers and greatly improved

their mechanical properties [119]. Seeing an opportunity to enhance the desir-

able mechanical properties of polyurethanes, Fu et al. developed a POSS con-

taining polyurethane with enhanced tensile strength and modulus [120]. Building

on work with poly(carbonate)polyurethane (PCU) vascular grafts [21], the group

at the Centre for Nanotechnology and Regenerative Medicine patented the use of

POSS nano-composite polymers for vascular conduits and other medical implants

[121] and showed that POSS-PCU was biocompatible, biostable [122] and an-

tithrombogenic [20]. This then lead to a biodegradable polyurethane nanocomposite

polymer based around poly(ε-caprolactone), polyhedral oligmeric silsesquioxane
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poly(caprolactone-urea) urethane (POSS-PCLUU), with either an aliphatic [123] or

aromatic [124, 125, 126] diisocyanate segment.

2.3.3 Decellularised vascular tissue

Decellularised scaffolds offer a ready-made complex biological surface suited for

cell attachment and remodelling processes together with a reduced immunogenic

response compared to that from cellular allografts or xenografts [127]. The particu-

lar composition of the ECM and its micro- and nano-structure give cues to adhering

cells as to the phenotype to adopt. However there are some problems with standard-

isation, as even the same vessel type will be slightly different in each individual.

While non-vascular tissue has been decellularised for use as a vascular graft [128] I

focus on decellularised vascular tissue and examine the sources for the vessels and

the techniques currently in use for decellularising.

Xenogenic tissue has been widely used as a source for studies on decellularised

vesssels. Sources for xenogenic vascular tissue have included porcine carotid

arties [129, 130, 131, 132, 133, 134], porcine coronary artery [135], porcine

saphenous artery [136], porcine abdominal aorta [134], porcine descending aorta

[137], bovine tibial arteries and veins [138], and equine carotid arteries [139].

Studies on human tissue have been on common femoral arteries [140], inter-

nal thoracic arteries [141, 142], and iliac vein [143]. By far the most com-

monly decellalurised human tissue however is the vessels of the umbilical cord

[144, 145, 146, 147, 148, 149, 150, 151, 152]. This is due to the ready availability

of umbilical cords, containing healthy vessels which would otherwise be disposed

of. The neonatal origin of this tissue makes it especially interesting in the case of

paediatric use of a decellularised vessel.

The main approaches to decellularisation are cell lysis, cellular dehydration, pres-

sure gradient cellular removal or enzymatic/digestive treatment. Cell lysis has

been achieved either by the use of detergents such as sodium deoxycholate (SDC)

[150, 132, 131, 139], sodium dodecyl sulphate (SDS) [146, 145, 139, 142] or Triton

X [150, 129, 136], or by osmotic pressure using a hypotonic solution [150, 152].

Cellular dehydration has been achieved by a hypertonic solution [140] or by gas
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dehydration [152]. Fluid pressure has been used to either burst the lipid mem-

brane with high pressures [137] or to push out cellular material using a trans-

mural pressure gradient [147]. The enzymatic/digestive techniques have involved

Trypsin/ethylenediaminetetraacetic acid (EDTA) [132, 131, 136] or NaOH treat-

ment to digest collagen [129, 135]. Generally a vessel being decellularised will

undergo several different solution changes. This is exemplified in the decellulari-

sation technique known as Detergent Enzymatic Treatment (DET), which involves

cycles of treatment with deionised water at 4◦C, followed by a 4% SDC solution

at room temperature, washing briefly with PBS and then a DNAse solution made

in 1 M NaCl [138, 134]. Some groups have used serum, which is known to con-

tain serum nucleases that may play a role in DNA/RNA degradation, after detergent

treatment to remove DNA [153, 136]. The vessel is either placed in static solution

[138, 137, 139], in agitated solution [129, 132, 131, 136, 140], or the solution is

perfused through the vessel [135, 147].

In the clinical setting, a cryoproserved xenogenic decellularised neo-vein was im-

planted in a 43 year old woman with a large malignant pelvic tumour involving

the right iliac vein [154]. It was seeded with autologous endothelial cells from the

great saphenous vein but the vein became occluded four months post operatively

due to evolving disease. More recently a decellularised allogenic iliac vein was

used as a bypass graft in a 10 year old girl with extrahepatic portal vein obstruction

[143]. The donor vein was decellularised using cycles of triton X, tri-n-butyl phos-

phate and DNAse. Patient cells were taken from the bone marrow and selected for

CD133 and grown in endothelial differentiation media or otherwise grown in a SMC

differentiation media, before seeding on the decellularised vessel. The patient had

normal laboratory values until 1 year post-operatively. On investigation the graft

was discovered to be compressed by tissue in the mesocolon. An extra graft was

used to lengthen the original and the graft has since remained patent with substan-

tially improved physical and mental function in the patient. Decellularised valved

allograft vessels have also been in use over the past decade at some centres for right

ventricular outflow tract reconstruction. A Brazalian group reported on 59 patients
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operated on between 2006 and 2016 [155] with only 2 requiring re-operation but

13 showing structural deterioration caused by stenosis or insufficiency. This re-

port lacked any control groups for comparison however. A two-centre study from

Moldova and Germany that examined the results of surgery on 93 patients who had

received decellularised valved allograft vessels over the period 2005 to 2015 with

matched patients who had received conventional homografts or xenografts showed

a reduced reoperation rate for the decllularised allografts [156]. However, it has

been argued that the comparison was not valid as the matched patients came from

retrospective data of a registry of seven centres and not from the centres carrying

out the operations with decllularised allografts [157].

2.3.4 Cell derived ECM scaffolds

Instead of decellularisng blood vessels to obtain vascular ECM for cell seeding,

some groups have taken the approach of culturing vascular cells to produce vascu-

lar ECM and then decellularising. The cells can be allogenic or xenogenic and a

much greater degree of control can be had over the manufacture, increasing repro-

ducibility. This is an important factor when the translation from lab investigation

to manufacturing occurs. The manufacture of medicinal products is governed by a

set of rules known as Good Manufacturing Practices (GMP), the specifics of which

are laid out by regulatory authorities. In the European guidelines [158] it is stated

”1.8(i) All manufacturing processes are clearly defined, systematically reviewed

in the light of experience and shown to be capable of consistently manufacturing

medicinal products of the required quality and complying with their specifications”.

Thus processes where a high degree of control over the specifications of the product

can be achieved are more likely to make it from laboratory to manufacture.

Bourget et al. cultured dermal or saphenous vein fibroblasts for 21 days, then

washed with deionised water and dried at room temperature for 8 hours [159]. The

fibroblasts produced a large amount of ECM, which autologous SMC might have

been unable to do, depending on patient age, history and site of extraction. The

Niklason group at Yale have seeded SMC from pigs [160], canines [161] or hu-

mans [161, 162] on to PGA scaffolds and cultured them in a biomimetic bioreactor
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for 10 weeks, before decellularising the scaffold with a detergent treatment. These

scaffolds could be seeded with cells or implanted directly.

2.4 In vivo testing
In vivo testing is important step towards determining the safety and effectiveness

of the graft produced. Table 2.2 shows us some of the in vivo studies of TEVGs

over recent years. These have mainly been on mice, rats, pigs and sheep. The larger

animal models have the advantage of having an anatomy of similar scale to adult

humans which enables us to look at growth potential of grafts as was done by Cho

et al. [163]. The larger animals also have a longer lifespan which makes longer

term implantation possible. Smaller animal models allow for larger numbers to be

tested for acute studies.

The most consistent finding in all these studies is that cell seeding improves the pa-

tency of the grafts, perhaps through an inflammatory mediated remodelling [164].

The scaffold material, cells seeded and implant site may have influenced the pa-

tency but this is not elucidated through these studies.

Scaffold Scaffold

size

Cell type Implanted Patency Outcome

Decell

porcine

AA

[163]

78mm

ID,

24-32

mm L

AL BM

MNC

differen-

tiated to

SMC/EC

Porcine

AA for

18 weeks

100% TEVG implanted in 4

month old pigs. All

4 TEVG were patent

with no sign of throm-

bus formation, dilatation

or stenosis. The outer di-

ameter of 3/4 TEVG in-

creased in proportion to

increases in body weight

and outer native aorta di-

ameter.
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PCL/

PLLA/

PGA

[165]

1224

mm D,

0.6-0.7

mm

WT,

130 mm

L

AL BM

MNC

Human

IVC for

5.8 years

100% Out of 25 grafts im-

planted, 1 had partial

mural thrombosis and 4

had graft stenosis and

underwent successful

percutaneous angio-

plasty. No evidence

otherwise of aneurysm

formation, graft rupture,

graft infection or ectopic

calcification.

PCL/

PLLA/

PGA

[22]

<1mm

ID

Human

BM

MNC

with and

with-out

mono-

cytes, and

mono-

cytes

only

SCID/bg

mice IVC

for 6

months

100% All grafts remained

patent without stenosis

or aneurysm forma-

tion. Neovasculature

contained a luminal

endothelial lining sur-

rounded by concentric

SMC layer and collagen

similar to that seen in the

native mouse IVC.

PCL/

PLLA/

PGA

[164]

<1mm

ID, 0.15

mm T

Human

BM

MNC

SCID/bg

mice IVC

for 24

weeks

100% Seeded cells resulted in

monocyte recruitment

and remodelling via an

inflammatory process.
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Decell

Ovine

CA

[166]

3mm ID AL BM

MSC

differen-

tiated to

SMC/EC

Ovine

CA for 5

months

0-

100%

Non-seeded grafts

occluded within 2

weeks. Seeded grafts

were patent, anti-

thrombogenic, and

mechanically stable for

implant duration.

PGA/

PLLA

[167]

1 mm D Human

BM

MSC/EPC

Nude

mice CA

for 35

days

100% Remodelling and the loss

of original seeded cells

was evident through in-

travital imaging and his-

tology.

PEUU

[168]

1.3 mm

ID, 15

mm L

Allogenic

MD MSC

Rat AA

for 8

weeks

10-

65%

Patency rate for seeded

scaffolds was 65% &

unseeded scaffolds was

10%.

PEtU-

PDMS

[16]

5 mm

ID, 0.5

mm

WT, 80

mm L

None Ovine

CA for 24

months

100% At 6 month grafts were

partially covered in a lu-

minal white tissue ex-

tending further from the

proximal than distal end,

with the mid portion cov-

ered by a thin layer of

reddish fibrinous mate-

rial. There were no signs

of calcification. After

24 months the white tis-

sue completely covered

the luminal surface.



2.4. In vivo testing 50

PEUU

[169]

1.3 mm

ID, 10

mm L

Human

pericytes

Rat AA

for 8

weeks

38-

100%

Seeded scaffolds showed

a significantly higher

patency rate than the

unseeded: 100% ver-

sus 38%. The seeded

TEVG revealed extensive

tissue remodelling with

collagen and elastin

present. There was were

also multiple layers of

α-smooth muscle actin

and calponin positive

cells, and a vWF positive

monolayer in the lumen.

PE

[170]

5 mm

ID, 50

mm L

Allogenic

aortic

EC/SMC

Porcine

AA for 8

weeks

100% Turbulent flow seen

in the implanted graft.

ECs were confluent on

explantation but neo-

intimal thickening was

seen.

Decell

Porcine

CA

[171]

4-5 mm

ID, 60

mm L

AL PB

EPC and

SMC

Ovine

arterial

interposi-

tion for 4

months

100% There were no structural

failures, aneurysms or in-

fection complications.
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Decell

in vitro

grown

vessel

[160]

4 mm

ID, 120

mm L

Allogenic

PB EPC

Porcine

CA for 1

month

0-

100%

All 5 cell seeded grafts

remained patent while

all 3 unseeded did not

remain patent, as vessels

becoming occluded.

Control vein autografts

had a patency of 3/8,

showing significant

hyperplasia.

Decell

in vitro

grown

vessel

[162]

1 mm

D, 5

mm L

None Nude rat

AA for 6

weeks

83% Host cells did not com-

pletely infiltrate through

the entire wall of the

graft, and there was a re-

maining acellular layer at

6 weeks. A neointima

formed on the TEVG but

was thicker than native

aorta. This neointima

stained positive for vWF.
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Decell

Porcine

SA

[136]

2mm

ID,

40mm

L

None Rabbit

CA for 3

months

50% Those that were not

patent were occluded.

Occluded vessels had

thrombi at the distal

anastomosis and were

acellular from histology.

A fibrotic tissue layer

developed around the

occluded grafts with

little vasculature, while

the patent grafts were

surrounded by richly

vascularized tissue.

PCL/

PLLA/

PGA

[172]

1.1 mm

ID, 0.35

mm

WT, 3

mm L

Allogenic

BM

MNC

C57BL/6

mouse

IVC for 2

weeks

65-

91%

Neotissue formation and

macrophage infiltration

seen. Unseeded grafts

had a patency of 65% vs

91% for the seeded.

PCL/

PLLA/

PGA

[173]

0.9mm

ID,

0.3mm

WT,

3mm L

None CB-17

SCID/bg

mouse

IVC for

24 weeks

100% Increase in biaxial stretch

of TEVG in 6 weeks

and in compliance in 24

weeks close to those of

native vessels. Early

large change in remod-

elling proteins followed

by increase in neo-tissue

proteins afterwards.



2.5. Cell types used in TEVG 53

Bacterial

cellu-

lose

[174]

3-4

mm ID,

2-3.5

mm

WT,

100 mm

L

None Ovine

CA for 3

months

50% Occlusion was noticed

at 4 weeks caused by

thrombus formation at

the proximal anastomo-

sis. Patent grafts showed

confluent luminal en-

dothelialisation without

any signs of neo-intima

or thrombus formation.

Table 2.2: Summary of published in vivo TEVG studies. Abbreviations: AL = Autolo-
gous, BM MNC = Bone Marrow Mononuclear Cells, BM MSC = Bone Mar-
row Mesenchymal Stem Cell, MD MSC = Muscle Derived Mesenchymal Stem
Cell, EPC = Endothelial Progenitor Cell, PB EPC = Peripheral Blood En-
dothelial Progenitor Cell, Decell = Decellularized, PGA = polyglycolic acid
(PGA), PEtU-PDMS = Poly(ether)urethane-polydimethylsiloxane, PCL = Poly-
ε-caprolactone (PCL), PLLA = poly l-lactic acid (PLLA), PEUU = Poly(ester
urethane)urea, PE = Polyester, SCID = Severe Combined Immunodeficiency,
SA = Saphenous Artery, CA = Carotid Artery, AA = Abdominal Aorta, IVC =
Inferior Vena Cava; ID = Internal Diameter, D = Diameter, L = Length, WT =
Wall Thickness

2.5 Cell types used in TEVG
There are two main cellular components of all but the smallest blood vessels: the

endothelial cell and the SMC. The endothelial cell is the most ubiquitous, forming

a semi-permeable membrane between blood and tissue. It is responsible for blood

homeostasis, transport of molecules from the blood to tissue by the permeability

of the intercellular cleft or via vesicle transport, the capture and extravasation of

leukocytes, the forming of new vessels and messaging to SMC to control vascular

tone. Their phenotype changes depending on where in the cardiovascular system

they are found. The SMC differ from skeletal or cardiac muscle cells in that they

can both contract and relax from their rest state to allow for vasodilation and vaso-

constriction. They are found in far greater number in arteries compared to veins to

give strength and, particularly in small arteries and arterioles, to control vascular
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tone and change the level of resistance to blood flow.

It is by no means essential that a TEVG is seeded with cells. If, in the short term, it

can remain patent while encouraging the ingrowth of perigraft tissue this would be

a viable option. Such constructs would still be prone to thrombus formation how-

ever, due to the lack of an endothelium. If cells are used, either seeded on a scaffold

or grown as cell only constructs, then one could use one or both of the cell types,

though the endothelial cell is definitely the more important. This is because, while

a scaffold on which cells could be seeded could supply the strength and elasticity/-

rigidity needed for the vessel, no material could match the haemostatic properties

of the endothelial cell.

One method of sourcing cells is biopsies of the patients vascular cells as used in the

Lifeline ™ [42] graft, though these require significant culture time, and are prone

to senescence at or before reaching the Hayflick limit of population doublings (50-

60 population doublings), the limit on the division of normal human somatic cells

before division ceases. Other approaches are to isolate and expand a progenitor pop-

ulation with self-renewal properties, or a stem cell population that can be expanded

and differentiated or use a cell type that can promote the body’s own regenerative

capacities. In this section the cell types which have recently been used to seed

TEVG and the pros and cons of each are discussed.

2.5.1 Cell based constructs

These approaches require autologous cells to be cultured ex vivo to produce their

own ECM before the construct can be implanted, without removing the cells as de-

scribed in Section 2.3.4.

Sheets of SMC from the umbilical artery have been cultured on tissue culture plas-

tic for 14-21 days before they began to contract and detach from the side of a flask.

They were then rolled and placed on a mandrel for a further 21 days in culture

[159]. The same group have isolated SMC and fibroblasts from umbilical veins and

cultured them, separately and together, to produce a variety of layered tubular con-

structs [175]. When they compared the grafts derived from venous cells to those

derived from arterial cells they found the arterial derived grafts were stronger and
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contained more elastin [176].

Instead of using sheets of cells, cells have been collected in to spheroids and printed,

using agarose supports, in to a tubular structure [177]. This approach also would

allow the construction of branched vasculature.

Cytograft Tissue Engineering, Inc. developed an autologous cell sheet TEVG,

known as Lifeline™. It comprises three layers: a layer of live dermal fibroblasts,

a layer of dehydrated dermal fibroblasts and a layer of saphenous vein endothelial

cells [42, 178]. The fibroblast layers were cultured in 2D to produce a large amount

of ECM, detached from culture plastic, wrapped around a mandrel to fuse in to a

tube and then seeded with the endothelial cells. The approach has been used in clin-

ical trials for arteriovenous shunts [179, 180, 181, 182] but required a culture time

of at least 18 weeks [42].

2.5.2 Endothelial Progenitor Cells (EPC)

Asahara et al. [183] first identified a putative endothelial progenitor in human pe-

ripheral blood, which was hypothesised to originate in the bone marrow, and itself

arise from a haemangioblastic progenitor [184]. The term Endothelial Progenitor

Cells (EPC) became widely used to describe cells from the mononuclear fraction

that haven’t been proven to be a self-renewing cell type that could form functional

endothelium, but rather cells that expressed some markers of an endothelial cell and

were positive for some in vitro functional tests [185]. However, a small popula-

tion of cells from the mononuclear fraction of peripheral blood that formed highly

proliferative colonies after 14-21 days in culture on collagen [186] were seen to

be highly proliferative at a clonal level and had an endothelial rather than haemo-

topoetic phenotype [187] in cell surface antigen and functional assays as well as

morphologically. These cells have been termed Endothelial Colony Forming Cells

(ECFC), Late Outgrowth Endothelial Progenitor Cells (LO-EPC) and Blood Out-

growth Endothelial Cells (BOEC). They are found at a concentration of 0.05-0.2

cell/ml of peripheral blood and 2-5 cells/ml of umbilical cord blood [188].

EPC used particularly for TEVG have been reported to be isolated from periph-

eral blood [167] and umbilical cord blood [189] mononuclear cells but, as men-
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tioned above, they were by no means the same or even very similar cell types.

Selection methods included selection by cell surface markers like CD31 [167], CD

34 [189] and CD133 [171] and CD45 depletion [190]; or adherence after seed-

ing on collagen [191, 100, 99], fibronectin [167, 190, 192, 193, 194, 171, 160]

or tissue culture plastic only [195, 94, 196, 197]. If adherence was used to se-

lect, the time between seeding and removal of non-adherent cells varied between

24 hours [99] and 4 days [191]. Some groups seemed to be isolating a popu-

lation quite similar to the ECFC [191, 99, 100] and others have also undertaken

a range of tests for endothelial phenotype [192, 193], although others have not

tested so extensively [167]. All have been sustained in an endothelial growth

medium, which may give the appearance of an endothelial phenotype without

the function of the endothelial cell. The EPC have been seeded on polymer

[167, 191, 192, 193, 195, 94, 196, 197, 87, 88, 189, 194, 100, 99] and decellu-

larised tissue [190, 171] and also tested in animal models [167, 190, 171, 160].

Some groups have looked at using peptides or antibodies to promote the attachment

and differentiation of EPC [198, 199, 200], with a view to recruiting in vivo.

2.5.3 Bone marrow derived cells

The bone marrow cell population is very heterogeneous, with only a small pop-

ulation of stem cells. These fall in to two main categories: Haematopoietic Stem

Cells (HSC) and Bone Marrow Mesenchymal Stem/Stromal Cells (BM MSC). HSC

are the parent population for all blood cell types and they are usually characterised

by a Lin−c-Kit+Sca1+ phenotype. The International Society for Cellular Therapy

set forth minimum criteria for a cell to be defined as a MSC for clinical studies

[201]. First is adherence to plastic in standard culture conditions; second they must

express CD105, CD73 and CD90 and lack expression of CD45, CD34, CD14 or

CD11b, CD79α or CD19 and HLA-DR; third they must be able to differentiate to

osteoblasts, adipocytes and chondroblasts in vitro.

The examination of the differentiation potential of BM MSC towards an endothe-

lial phenotype has involved BM MSC isolated in a variety of different ways, from

different species and differentiated by various different means. Dong et al. [202]
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differentiated canine BM MSC, isolated by adherence and exclusion of HSC, to-

wards endothelial like cells by the use of dynamic culture conditions. Dynamic

culture saw an increase in the surface marker CD34, seen in haematopoietic and

vascular cells, but this was not seen in the static culture. Also mRNA expres-

sion was greater for endothelial markers (CD31 and VE-Cadherin) but not in SMC

markers (α-SMA, SM MHC or calponin). Protein expression data also suggested

that dynamic culture BM MSC moves towards an endothelial phenotype and away

from a SMC phenotype. Zhao et al. [166] isolated porcine BM MSC by frac-

tionation and adhesion. They attempted differentiation by the use of endothelial

cell and SMC media and tested for differentiation by immunohistochemical stain-

ing for, vWF and α-SMA respectively, though there were no controls. These cells

were seeded on decellularised scaffolds, implanted in the same animals from which

the cells were extracted and marked with the cell tracker PKH26. Little stain-

ing was seen after 2 months and this cell tracker has been shown to transfer to

host cells in vivo [203], so it is unclear that there are any of the original BM

MSC making up the explanted vascular tissue. Centola et al. [106] took human

CD105+CD166+CD29+CD44+CD14−CD34−CD45− BM MSC and seeded them

on to heparinised and unheparinised synthetic polymer grafts. They showed the

presence of the endothelial marker CD31 via immunofluorescence, flow cytometry

and western blot on the heparinised graft. Minimal expression via flow cytome-

try was seen on the unheparinised graft. Moby et al. [204] seeded human BM

MSC selected by adherence and then seeded them to fibronectin coated glass and

Polyelectrolyte Multilayer Films (PMF). There was an increase in the expression of

CD31 and vWF and the production of nitrogen oxide on the PMF compared with

glass. Pankajakshan et al. [205] placed CD11b−CD34−CD44+CD45−CD90+ BM

MSC in an endothelial growth medium (EGM), that included growth factors, and

an endothelial basal medium (EBM) without growth factors. Cell cultured in EGM

showed: positive immunofluorescent staining for acetylated low density lipoprotein

(Ac-LDL) and vWF; more closed polygon formation in a Matrigel angiogenesis

assay; increased surface marker expression of vWF, VE-cadherin and PECAM-1;
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and increased vWF, PECAM-1, VE-Cadherin, VEGF-R1, VEGF-R2 mRNA ex-

pression. Lu et al. [206] infected BM MSC isolated by CD105+CD29+CD34−

selection with a SCD1 lentiviral vector. They looked at mRNA expression which

was increased for CD31, vWF and VE-cadherin in infected cells over uninfected

and empty vector cells. Lai et al. [207] infected murine BM MSC selected by

adherence to plastic with adenovirus containing Akt and/or Ang-1 vectors. The

presence of endothelial specific markers including Flt1, Flk1, Tie2, VCAM-1, and

vWF-VIII was confirmed by immunostaining, Western blotting and flow cytometry.

While there are many papers indicating that BM MSCs can be differentiated to en-

dothelial cell, including very recent studies, there are several problems with this

body of work: the lack of consistency in isolation approach and species that makes

comparison difficult; the paucity of markers tested for in some studies; the lack of

any functional tests in most of the studies; and the need for viral vectors to promote

endothelial markers. Van den Akker et al. [208] argued that in fact BM MSC cannot

be differentiated into sufficiently functional endothelial cells for vascular grafts but

can be differentiated towards a medial cell type. They isolated porcine BM MSC by

fractionation and adherence. They looked at not only mRNA and protein expression

but functional tests, e.g. NO and prostacyclin production, and platelet adhesion.

They did not find evidence for an endothelial phenotype even after: enrichment for

CD31, culturing under flow, treatment with additional growth factors or co-culture

with microvascular endothelial cells. Gong et al. [209] have also examined smooth

muscle differentiation in human BM MSC isolated by fractionation and adhesion,

although their study looked more at the response of certain SMC markers to differ-

ent media types. Interestingly though there is evidence that BM MSC express SMC

markers when in an undifferentiated state. Lui et al. [74] showed the expression

of desmin, α-SMA and h1-calponin in murine BM MSC selected by adherence.

When cultured in differentiation media, expression of SM MHC was initiated and

expression of α-SMA was promoted.

After fractionation, Bone Marrow Mononuclear Cells (BM MNC) can be taken di-

rectly from bone marrow aspirate to extract the mononuclear layer, without the need
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to select by FACS and/or by attachment to plastic, as required for isolation of BM

MSC. Wu et al. [210] seeded BM MNC on to polymer scaffolds in a bioreactor.

There was some evidence of SMC characteristics shown by positive immunofluo-

rescence and western blots of α-SMA and calponin-I. BM MNC were also seeded

on synthetic scaffolds by the Shin’oka and Breuer groups in animal studies [22] and

clinical trials [165]. In experiments on immunedeficient mice seeded with human

BM MNC [164] the human cells were not detectable after a few days but murine

monocytes and later murine endothelial and SMC were. However the human BM

MNC were found to produce a large amount of Monocyte Chemoattractant Protein-

1 (MCP-1) and when MCP-1 containing alginate microparticles were placed on

their grafts instead of BM MNC, murine monocyte recruitment was increased and

vascular remodelling was evident at 10 weeks. This all indicated an immunomod-

ulatory role for the cells rather than a differentiation towards vascular phenotypes.

Cho et al. [163] claimed that BM MNC could differentiate to endothelial and SMC

types but only had results for morphology, vWF and α-SMA stains and RT-PCR.

They implanted autologous BM MNC seeded on decellularised tissue in pigs and

showed histological recovery of vascular structure after an 18 week implantation.

There was no evidence to suggest however that this was not achieved via an inflam-

matory response as was put forward by Roh et al [164].

2.5.4 Adipose-tissue Derived Mesenchymal Stem Cells (AD

MSC)

Adult stem cells can also be isolated from adipose tissue. There is different nomen-

clature in the literature for these cells but in this section the term Adipose-tissue

Derived Mesenchymal Stem Cells (AD MSC) will be used. Similar to BM MSC

these cells are defined by plastic adherence and multipotent potential [211]. An

advantage of AD MSC is the ability to isolate a large number of these cells. With

current methods it is possible to isolate 0.1 to 1×109 nucleated cells from 200 mL

of lipoaspirated material, out of which 10% of these cells are AD MSC [212].

Fischer et al. [213] examined the endothelial characteristics of human and canine

AD MSC selected by adherence and also a lack of CD31 and CD45 expression.
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After culture in an endothelial growth medium, human AD MSC formed networks

in Matrigel but failed to take up Ac-LDL or express endothelial nitric oxide syn-

thase (eNOS), vWF or CD31. Exposure to shear stress resulted in cell realignment,

Ac-LDL uptake and expression of CD31. Canine AD MSC implanted in a graft in

vivo had a thin coating of fibrin on the luminal surface after explantation. Human

AD MSC, as selected by Fischer et al., from elderly patients [214], were exposed

to endothelial growth media, the same media supplemented with further VEGF, and

shear stress. There was a small amount of mRNA and protein expression of vWF

and CD31 as well as network formation on Matrigel for AD MSC in media. This

expression was increased with exposure to shear stress but was still much less than

positive controls. Both static and dynamically cultured cells produced NO, with

NO production increased with shear stress. Bertanha et al. [215] seeded rabbit AD

MSC on decellularised rabbit vena cava and placed both in an endothelial growth

medium but the evidence for endothelial differentiation was very slim. Bekhite et al.

[216] showed an increase in mRNA and protein expression for CD31, VE-Cadherin,

eNOS and Flk-1 in hypoxic (3% O2) conditions in media containing VEGF and lep-

tin.

Wang et al. [217] examined the differentiation potential of human AD MSC to-

wards a SMC phenotype via the administration of TGF-β1 and BMP-4. This com-

bination of growth factors gave a greater mRNA and protein expression of both

early and mid-term markers (α-SMA, SM22α , calponin) as well as a late marker

(SM MHC) of SMC differentiation than either alone. The pattern of expression

was similar to the positive control and they had similar contractile properties to the

positive control. Cells differentiated in this manner have been seeded on PGA scaf-

folds and cultured under pulsatile conditions [218, 219], increasing the expression

of SMC markers and improving mechanical properties but not to the level of native

vessels. Harris et al. [220] took human AD MSC and tested smooth muscle dif-

ferentiation with media containing angiotensin II, sphingosylphosphorylcholine or

TGF-β1. They showed no noticeable increase in expression of SMC markers but

those treated with TGF-β1 did show an increase in contractile properties. There is
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evidence to show that TGF-β1 increases the expression of vascular SMC-like ion

channels and that after exposure cells can produce similar ion currents to vascular

SMC [221].

As with BM MSC the evidence for differentiation towards a smooth muscle phe-

notype seems stronger than that for endothelial differentiation. It is not yet clear

whether it could form functional endothelium in a TEVG.

2.5.5 Perinatal cell types

Perinatal cells can be seen as being in a more naive state than adult cells and offer

advantages of proliferation and differentiation potential closer to that of Embryonic

Stem Cells (ESC) without the tumorigenicity or ethical issues [222]. With the ap-

plication of TEVG being the most advantageous in paediatric patients, there is an

opportunity to use the cells autologously. These cells could come from the amniotic

fluid, the placenta or even the umbilical cord.

Zhang et al. [223] applied several endothelial differentiation techniques to second

trimester amniotic fluid cells from amniocentesis selected for adherence to plas-

tic. CD31 protein and mRNA expression was seen after culture in endothelial

growth medium but only medium supplemented with extra VEGF was seen to ex-

press mRNA for eNOS. Shear flow increased mRNA expression of CD31 and vWF

and some improvement in a Matrigel angiogenic assay. Hypoxia (5% O2) led to an

increase in VEGF mRNA and extracellular VEGF. Ginsberg et al. [224] attempted

to induce an endothelial phenotype in mid gestation cKit− mature amniotic cells

by lentiviral infection with the vascular lineage transcription factors ETV2, FLI1

and ERG1, and with TGFβ inhibition. Compared against positive and negative

control cells, they seemed to be directly induced towards stable vascular endothe-

lial cells from results for surface protein expression, gene transcriptome, Ac-LDL

uptake, in vitro and in vivo Matrigel angiogenesis assays. Benavides et al. [225]

took second trimester amniotic fluid cells from amnioreduction positively selected

for cKit, Amniotic Fluid Stem Cells (AFSC), and cultured them in an endothelial

growth medium. They saw increased protein expression of eNOS; similar staining

patterns for vWF, eNOS, VEGFR2 and VE-Cadherin between differentiated cells
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and endothelial cells; network formation on Matrigel; Ac-LDL uptake; an increased

basal VEGF production; and an increased NO production. Liu et al. [226] trialled a

similar approach and likewise found some evidence for endothelial differentiation.

Maioli et al. [227] showed that AFSC treated with hyaluronic, butyric and retinoic

acid showed an increase in mRNA and protein expression for endothelial cell but

not SMC markers.

Ghionzoli et al. [228] examined the differentiation potential of AFSC towards a

smooth muscle phenotype. The cells were exposed to a medium containing platelet-

derived growth factor-BB and TGF-β1. Results revealed increased mRNA expres-

sion of α-SMA, desmin, calponin, and smoothelin in differentiated versus undiffer-

entiated cells. Immunofluorescence and transmission electron microscopy indicated

a smooth muscle phenotype in differentiated cells. Metabolic, electrophysiological

and contractility studies also pointed towards functionality similar to SMC.

AFSC were also shown to proliferate on silk scaffolds intended for vascular tissue

engineering [74].

Rapp et al. [229] isolated mononuclear cells from chorionic villi, selected for

adherence to tissue culture plastic, then cobblestone morphology and finally for

CD144+CD45− cells. These cells were cultured in endothelial growth medium.

The cells showed expression of CD31, CD144, CD105, kinase insert domain recep-

tor (KDR) and vWF. They also showed uptake of Ac-LDL and tubule formation on

Matrigel. Meraviglia et al. [230] isolated adherent cells from chorionic villi and

cultured in expansion media before placing them in an endothelial growth media.

The cells had a higher expression of VEGFR2 and a reduced expression of vascular

inhibitory microRNA than did BM MSC cultured in similar conditions. They also

showed uptake of Ac-LDL. Patel et al. [231] isolated so called ECFC from placenta

by selecting for CD45−CD34+CD31low cells. When cultured in endothelial growth

medium, the cells showed protein expression for several endothelial markers and

could also take up Ac-LDL and form tubules on Matrigel.

It is also possible to isolate MSC from the Wharton’s Jelly of the umbilical cord.

Xu et al. [232] allowed MSC from the Wharton’s Jelly to attach to tissue culture
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plastic. These cells were differentiated in an endothelial growth medium and show

an increase in the surface markers KDR, vWF, CD133 and CD34 over 18 days.

They also stained positive for uptake of Ac-LDL and UAE-1, although the uptake

pattern was different from positive controls.

2.5.6 Induced Pluripotent Stem Cells (iPSC)

Induced Pluripotent Stem Cells (iPSC) are adult/fetal origin cells that have been

reprogrammed to behave in a manner similar to embryonic stem cells (e.g. the for-

mation of teratomas on in vivo implantation). This was first demonstrated by Ya-

manaka et al. [233], who showed that exogenous expression of OCT4, KLF4, SOX2

and c-Myc (OKSM) from retroviral vectors could produce iPSC from fibroblasts.

If cells already endogenously express some of these factors, then activating the re-

maining OKSM genes can lead to the reprogramming of the cells [234, 235, 236].

This can affect the reprogramming efficiency of the cell. Factor based reprogram-

ming also leaves an epigenetic memory of the cell the iPSC is derived from [237],

which could affect the later differentiation fate of the iPSC.

The source of iPSC for vascular differentiation include fibroblasts [238, 239, 240],

dental pulp [239], human aortic SMC [241], HUVEC [242] and hair follicle stem

cells [240]. Dental pulp cells produced better endothelial cell and SMC differen-

tiation results from in vitro and in vivo work when compared to fibroblasts [239].

HUVEC were reprogrammed with a much higher efficiency (2.5-3%) than fibrob-

lasts (<1%) with colonies forming at 6 days [242]. iPSC generated from human

aortic SMC were also able to differentiate back towards SMC, similar to the orig-

inal cells, but with a significant amount of lentiviral transgene (OCT4 and LIN28)

expression.

Several authors have described a two staged approach to endothelial differentiation

in iPSC, with the first stage involving BMP-4 and Activin A and the second stage

using VEGF [243, 239, 238]. White et al. [243] started with BMP-4, Activin A

and bFGF; then VEGF and bFGF; then selection for KDR+ cells and then differen-

tiation in endothelial growth medium. A large proportion of these cells expressed

the arterial endothelial cell marker EphB2. Yoo et al. [239] treated their cells with
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BMP-4, Activin A, VEGF-A, and bFGF and then CD34+ cells were treated with

VEGF-A and bFGF. Zhang et al. [238] used differentiation media containing first

Activin A and BMP-4 and then VEGF, EPO and TGF-β1.

Rufaihah et al. [244] showed that iPSC differentiated towards endothelial cells with

VEGF-A and BMP-4 and then purified for CD31 gave a heterogeneity of endothelial

types: arterial, venous and lymphatic. The cells could be enriched for a particular

endothelial subtype by treatment with cytokines: an arterial subtype using higher

concentrations of VEGF-A and 8-bromoadenosine-3’:5’-cyclic monophosphate, a

venous subtype using lower concentrations of VEGF-A and a lymphatic subtype

using VEGF-C and angiopoietin-1. Angiopoietin-1 has also been shown to increase

the expression of endothelial markers in murine iPSC [245].

Adams et al. [246] used media containing screened and optimised fetal calf serum

to differentiate iPSC towards an endothelial type. Cells that were positive for VE-

Cadherin were tested for pro-inflammatory response, the maintenance of a dynamic

barrier and the formation of atheroprotective or atheroprone states and showed a

similar phenotypic response to normal endothelial cells. Samuel et al. [247] se-

lected CD34+KDR+NRP1+ iPSC and differentiated these towards endothelial cells

in a 2D culture. They saw the growth and anastomosis with native cells in an in vivo

model. There has also been work on differentiating iPSC towards endothelial cells

using micro-RNA, particularly miRNA-21 [248], as well as attempts to differenti-

ate iPSC towards SMC [239, 241, 249, 240]. The latter include approaches using

platelet-derived growth factor-BB and bFGF [239], and TGF-β1 and heparin [240].

2.5.7 Summary of cell types used for TEVG

The decision as to which of these cell types is most suitable for creating a functional

endothelium for a TEVG, as discussed in Section 1.3.1, is dependent on a variety

of factors. Firstly, the ability to grow a cell population large enough to seed the

entire graft, which in turn is dependent on the number of cells that can be harvested

and their replicative potential. Secondly, the ability to form mature functional cells.

Thirdly, the ability to consistently produce a well described population of cells.

Fourthly, a culture method that meets the requirements for clinical use (e.g. no
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xenogeneic materials) and that is ideally as short as possible. Finally, a method of

cell harvest that is suitable for the patient donating and receiving the cells.

EPC do not have a clear protocol for producing a consistent, well described, func-

tional endothelial cell. However, ECFC, LO-EPC and BOEC have a clear proto-

col for producing highly proliferative cells with an endothelial phenotype. They

also can be collected from umbilical cord blood at a higher number than peripheral

blood, 2-5 cells/ml vs 0.05-0.2 cells/ml [188], which could provide an autologous

cell source for neonates 1 that is non-invasive. With cord blood donations yielding

between 60-150 ml of cord blood [250], this could provide 120-750 cells.

As with EPC, BM MSC lack a consistent selection method for a cell subset that

can be differentiated towards a functional endothelial cell, with some arguing that

it isnt possible to do so [208]. BM MNC have shown an inflammatory remodelling

response that encourages the growth of vascular cells through the cytokine MCP-1.

Current evidence suggests that the use of BM MNC or even MCP-1 alone would

be useful for successful long-term remodelling but would not give a functional en-

dothelium on implantation. The method for collection of BM MSC and BM MNC

is also an invasive one that would be less suitable for neonates. AD MSC have

shown more evidence of an ability to be differentiated towards a SMC phenotype

than an endothelial cell phenotype and while liposuction provides a plentiful supply

of allogenic cells from adults it would be an overly invasive procedure producing

much fewer cells if attempted as an autologous source in neonates.

iPSC offer the opportunity to create highly proliferative cells from cell types that can

easily and non-invasively be harvested. However, iPSC produced by factor-based

reprogramming can leave an epigenetic memory of the source cell that affects later

differentiation [237], viral transfection can lead to transgene expression [241] and

the protocol to produce iPSC and then differentiate them is extensive and complex.

Perinatal cells do not require an invasive procedure for collection, if taken directly

after birth, though if collected before there is a risk of miscarriage. AFSC have

shown promise in differentiation towards an endothelial phenotype though they

1From birth to one month old
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have significant heterogeneity between different collection times during pregnancy

and between different donors [251]. The placenta, as a highly vascularised organ,

offers a great opportunity for the harvesting of endothelial cells but the literature in

this area is still sparse.

Considering the advantages and disadvantages of each cell type, currently the best

choice for creating a confluent endothelium on a TEVG before implantation would

likely be ECFC, LO-EPC and BOEC from umbilical cord blood.

2.6 Seeding cells on TEVG

If a decision is made to seed cells on to a scaffold to create a TEVG,then it is impor-

tant to consider the protocol for this seeding so as to optimise the number of cells

that attach to the scaffold, the number of cells retained in vivo, and the functionality

of the cells.

A general approach to cell seeding is to rotate the TEVG to stop the pooling of

cells due to gravity. McIlhenny et al. [252] coated the luminal surface of a decel-

lularised vessel by filling it with a fibronectin solution and incubating at 37°C for 1

hour while rotating at 5 revolutions per minute (rpm) around the vessels longitudi-

nal axis. Cell suspension was then perfused in and incubated similarly for 2 hours

at 5 rpm. This was long enough to ensure maximum cell attachment but a further

incubation of 24 hours with medium perfused through the lumen at 5ml/min (shear

stress of 0.01 dynes/cm2) allowed for cell spreading. Gui et al. [76] gelled a fibrin

solution containing fibroblasts and SMC in a mould and surrounding a silicone tub-

ing, turning 120° every 10 minutes. He et al. [169] seeded pericytes on to a scaffold

by pumping cell suspension in to the lumen of the scaffold and applying a negative

pressure (-130 mmHg) to the exterior of the scaffold forcing it through transmu-

rally. This achieved a 90% seeding efficiency in 2 minutes, with cells uniformly

distributed. Cells were given 3 hours to attach before being placed in a spinner flask

with 200 mL medium at 15 rpm stirring for 2 days.

There are two important forces to consider in a TEVG: pulsatile radial distension

and the shear force of flowing fluid over the surface of the cells. Solan et al. [253]
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applied cyclical radial distension to a TEVG seeded with SMC mounted on silicone

tubing at 90 beats per minute (bpm), or 1.5 Hz, and 165 bpm (2.75 Hz) to simulate

an adult and infant pulse rate respectively. After 7 weeks, the 165 bpm graft had

the highest rupture strength over non-pulsed controls. Wall thickness and collagen

concentration, rather than collagen cross-linking, were the main reasons for this.

Stekelenburg et al. [86] placed a TEVG seeded with myofibroblasts on silicone

tubing and subjected it to 1% circumferential strain at 1 Hz (60 bpm) for 3 weeks,

after an initial week of static culture. Compared to statically cultured controls the

TEVG had increased in stiffness and strength axially and circumferentially. Wang

et al. [218] seeded differentiated AD MSC on to a scaffold and placed it on silicone

tubing with pulsatile frequency of 75 bpm (1.25 Hz) and a radial distension of 5%.

After 8 weeks the pulsed scaffolds had a much denser histological structure than un-

pulsed scaffolds. They also had a higher collagen content, were stronger and stiffer.

Syedain et al. [75] cultured fibroblasts in a fibrin gel for 2 weeks statically followed

by 9 weeks with an average peak circumferential strain of 7.3±1.9% at a frequency

of 0.5 Hz (30 bpm) . The pulsed TEVG had significantly more collagen than the

un-pulsed control and also a higher burst pressure. Cummings et al. [85] gradually

increased medium flow in a PGA TEVG seeded with myofibroblasts and endothe-

lial cells, from 50-550 ml/min over 14 days in a pulse duplicator system running at

1 Hz (60 bpm). The dynamically cultured TEVG had a higher level of collagen than

static controls and also higher levels of active matrix metalloproteinase (MMP)-2.

Venkataraman et al. [254] seeded human aortic SMC in a collagen gel and placed it

on silicone tubing and pulsed at a frequency of 0.5, 1.5 or 3 Hz (30, 90 or 180 bpm)

with an average strain of 2.5% for 14 days in an elastogenic medium. Those pulsed

at 1.5 Hz had a higher expression of contractile mRNA as well as elastin mRNA

and matrix elastin expression, and those pulse at 3 Hz had a higher expression of

mRNA associated with SMC proliferation. There was no change seen in MMP-2

expression but both inactive and active forms of MMP-9 were elevated at 1.5 and

3 Hz. Circumferential alignment of the cells was not seen nor any large changes

in mechanical properties. Gui et al. [76] cultured a fibrin gel containing fibroblasts
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and SMC on silicone tubing for 30 days, with pulsatile stretching starting on day

4. This was maintained at 160 (2.67 Hz) and 180 bpm (3 Hz) and a peak to peak

pressure amplitude of approximately 300 mmHg. They were able to produce a graft

with similar properties to one cultured for 7 weeks that did not contain SMC and

that also contained circumferentially aligned collagen fibers, microfibrils and elas-

tic fibers.

Hoenicka et al. [255] examined the effect of placing bovine saphenous vein in to

similar conditions used for TEVG perfusion bioreactors. Vessels were perfused lu-

minally at either 40 ml/min or 60 ml/min, with our without Dextran (to modulate

media viscosity), with luminal pressure of 20.5±3.3 mmHg and negligible pul-

satility. The addition of dextran to increase the viscosity to that of blood, gave an

estimated wall shear stresses of 0.22 Pa (2.2 dynes/cm2), in the range of previously

recorded physiological measurements. The shear force increased oxygen consump-

tion and endothelial cell survival. McIlhenny et al. [252] examined the effect of

a higher shear on AD MSC. After an initial shear stress of 0.01 dynes/cm2 intro-

ducing a shear stress of 9 dynes/cm2 removed the seeded cells as did increasing the

shear stress in steps of 3 dynes/cm2 per day over 3 days. Linearly increasing the

shear stress over 3 days allowed the retention of a significant number of cells. This

was shown to be due to an upregulation of α5β1 integrins. The time course of this

upregulation resulted in a change of protocol to a linear increase of shear stress of

1.5 dynes/cm2 per day for 7 days to reach physiological shear levels (9 dynes/cm2).



Chapter 3

Aims and objectives

Hypothesis: That the novel polymer, polyhedral oligmeric silsesquioxane

poly(caprolactone-urea) urethane (POSS-PCLUU), formed in to a porous scaffold

and the Detergent Enzymatic Treatment (DET) method of decellularising umbilical

cord vessels and rat aorta have the material properties required to make a safe and

effective tissue engineered vascular graft for use in paediatric surgery on patients

with congenital heart defects and that they can form a confluent endothelium ex vivo

when seeded with amniotic fluid stem cells or human umbilical vein endothelial

cells.

Aim 1

To determine a method of fabrication of aliphatic POSS-PCLUU using phase in-

version with porogen leaching that produces a graft with mechanical and structural

properties suitable for a tissue engineered vascular graft.

Objectives

1. A small number of variables will be selected for the phase inversion with

porogen leaching fabrication based on previous results in the literature.

2. Mechanical properties will be measured to determine a fabrication method

with high Ultimate Tensile Strength/Burst Pressure and a Young’s Modulus/-

Dynamic Compliance close to that seen in native vessels tested under similar

conditions.

3. Surface chemistry will be analysed via ATR-FTIR spectroscopy and contact
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angle to investigate likely cell-polymer interactions.

4. The method that produces the most porous graft will be determined using

density and permeability measurements.

5. Pore size and connectivity of pores will be measured using SEM to determine

how the structure of the graft may affect endothelialisation and regeneration.

Aim 2

To examine how in vitro degradation affects POSS-PCLUU, if this is subject to

change when the polymer synthesis or fabrication method is changed and the time-

scale of degradation.

Objectives

1. Several variations of the POSS-PCLUU polymer will be synthesised.

2. Cast and phase inverted POSS-PCLUU will be fabricated.

3. Different in vitro degradation protocols will be selected from the literature to

examine different modes of degradation.

4. The structural integrity of the polymers over time will be measured by record-

ing Ultimate Tensile Strength.

5. Possible sites of bond scission will be examined over time by ATR-FTIR

spectroscopy.

Aim 3

To find a method of sterilisation for aliphatic POSS-PCLUU suitable for in vitro

studies.

Objectives

1. A small number of sterilisation protocols for POSS-PCLUU trialled by col-

leagues at the Royal Free Hospital will be selected.

2. The tensile properties, morphology and surface chemistry will be investigated

to see if any significant change occurs after sterilisation has been carried out.
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Aim 4

To determine if DET decellularisation on umbilical arteries and veins produced a

graft with the mechanical, structural and biochemical properties suitable for a tissue

engineered vascular graft.

Objectives

1. Umbilical vessels will be obtained from planned caesarean sections and de-

cellularised by DET.

2. The number of cycles of DET required to significantly reduce the DNA con-

tent of the tissue will be measured by DNA quantification and nuclear stain-

ing.

3. The effect of the decellularization on the structure of the vessel will be exam-

ined using SEM.

4. The changes that occur to ECM due to decellularisation will be investigated

by histological examination and ECM quantification assays.

5. Pressurised burst strength will be examined before and after decellularisation.

Aim 5

To determine the number of cycles of DET required for rat aorta decellularisation.

Objectives

1. Rat aorta will be obtained decellularised by DET.

2. The number of cycles of DET required to significantly reduce the DNA con-

tent of the tissue will be measured by DNA quantification.

3. The changes that occur to ECM due to decellularisation will be investigated

by histological examination.

Aim 6

To find a method for the differentiation of Amniotic Fluid Stem Cells (AFSC) to

endothelial cells.
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Objectives

1. The literature will be examined for suitable methods for the differentiation of

amniotic fluid stem cells in to endothelial cells.

2. Amniotic fluid cells will be obtained from amniocentesis, amniodrainage or

at planned caesarean sections and selected for the surface marker cKit by

magnetic assisted cell sorting.

3. Amniotic fluid stem cells will undergo differentiation protocols.

4. Endothelial phenotype of amniotic fluid stem cells after differentiation will

be assessed by immunofluorescence and Matrigel assays, and compared to

Human Umbilical Vein Endothelial Cells (HUVEC).

Aim 7

To determine if cells seeded on aliphatic POSS-PCLUU or DET decellularized rat

aorta could grow to confluence.

Objectives

1. HUVEC, AFSC and C2C12 murine myoblast cells will be expanded in cul-

ture on tissue culture plastic (TCP).

2. HUVEC and C2C12 cells will be seeded on aliphatic POSS-PCLUU disks

3. HUVEC and AFSC will be seeded on aliphatic POSS-PCLUU disks and in-

jected luminally in to DET decellularized rat aorta, with and without the ad-

dition of fibronectin.

4. Cell growth will be monitored using a metabolic assay and Ki67 staining.

5. Cell coverage and morphology will be examined using scanning electron mi-

croscopy, stereomicroscopy and immunofluorescence.



Chapter 4

Characterisation of a POSS-PCLUU

scaffold for vascular tissue

engineering

4.1 Introduction

The fabrication method used to form the three dimensional structure of a vascu-

lar graft is important as it can have an effect on the ability of cells to seed on the

scaffold, survive, migrate and proliferate as well as affecting their gene expression

and phenotype [256]. In vivo, cells attach to the extracellular matrix (ECM) which

guides their morphology and allows for the transport of nutrients and waste through

a porous structure. Tissue engineered scaffolds aim to replicate this. However there

are a large number of variables that can be adjusted to form the porous 3D structure

including the number of pores, pore diameter, pore shape, pore orientation, inter-

pore connections and pore wall surface morphologies (e.g. fibrous or not). A wide

range of different fabrication methods also exist for producing porous scaffolds and

there is little agreement on which is the best method of fabrication or the optimal

variables for the 3D structure for optimal cell behaviour [257]. The fabrication

method will also have on effect on the grafts mechanical properties.

The approach of using coagulation with NaHCO3 porogen leaching was motivated

by two major factors: the drive to use a simple and scalable method, due to the lack
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of access to more sophisticated fabrication techniques; and the previous work at the

Centre for Nanotechnology and Regenerative Medicine, Royal Free Hospital, where

this method was used to create a non-biodegradable POSS-PCU vascular graft,

which has now progressed to GMP testing before clinical trials [258, 259, 260].

This work used extrusion to create tubular grafts and a manufacturing scale proto-

type extruder was also developed.

This chapter will focus on characterising aliphatic POSS-PCLUU, particularly us-

ing phase-inversion (also known as coagulation)/porogen leaching as a fabrication

method, to examine its suitability as a biodegradable vascular grafts. The effect of

extruding the polymer in to a graft is also examined. The mechanical, structural and

surface properties of the polymer as well as the effect of degradative compounds

and sterilisation techniques are examined.

4.2 Materials and methods

4.2.1 Bulk and surface properties of aliphatic POSS-PCLUU

4.2.1.1 Polymer synthesis

As described previously [123] and shown in Figure 4.1, aliphatic POSS-PCLUU

was synthesised by adding dry polycaprolactone diol (2000 mwt) and trans-

cyclohexanechlorohydrinisobutyl-polyhedral oligomeric silsesquioxane (POSS) to

a 250 ml reaction flask equipped with mechanical stirrer and gas inlet. The mixture

was heated to 135°C to dissolve the POSS cage into the polyol and then cooled to

90°C. 4,4’ methylenebis(cyclohexylisocyanate) (HMDI) (Bayer MaterialScience,

Leverkusen, Germany) was added to the polyol blend and then reacted, under ni-

trogen, at approximately 80°C for 120 minutes with catalyst to form a pre-polymer.

Anhydrous dimethylacetamide (DMAC) was added slowly to the pre-polymer to

form a solution, which was then cooled to 40°C. Chain extension of the pre-polymer

was carried out by the drop wise addition of ethylenediamine (EDA) in anhydrous

DMAC. After completion of the chain extension 1-butanol in DMAC was added

to the polymer solution. The final concentration of polymer solids in DMAC was

18%. Unless otherwise stated, all chemicals and reagents were purchased from
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Sigma Aldrich Ltd (Gillingham, UK). The polymer was synthesised by Dr Arnold

Darbyshire and Mr Michael Kasimatis at the Centre for Nanotechnology and Re-

generative Medicine, Royal Free Hospital, London, UK.
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Figure 4.1: Schematic diagram of the synthesis of aliphatic PCLUU. Trans-
cyclohexanechlorohydrinisobutyl POSS terminates the polymer chains
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4.2.1.2 Polymer sheet fabrication

Aliphatic POSS-PCLUU was fabricated in to thin films or a porous solid by casting

or phase inversion (henceforth referred to as coagulation) respectively.

To cast polymer an 18% solution of solid aliphatic POSS-PCLUU in DMAC was

diluted to 15% by further addition of DMAC, stirred and then centrifuged at 190 g

for 5 minutes. The solution was then poured into a glass dish and placed in an oven

at 65◦C for at least 24 hours and until all the solvent had evaporated.

To coagulate polymer, 18% polymer solution was mixed with a powdered sodium

bicarbonate (NaHCO3) porogen (Tata Chemicals Europe, Northwich, UK). Three

different particle sizes of porogen were used, with median values of 40 µm, 65 µm

and 105 µm, according to manufacturers specifications. The porogen was added at

concentrations of between 30 to 60% of final weight, with Tween 20 (Sigma Aldrich

Ltd, Gillingham, UK) added at 2% of final weight, to POSS-PCLUU (see Table 4.1).

Solid porogen was then dispersed in polymer-solvent solution by a mixing/defoam-

ing process in a THINKY 250-ARE mixing and degassing machine (Intertronics,

Kidlington, UK). Mixing was done at 2000 rpm for 3 minutes and defoaming at

1500 rpm for 2 minutes, producing a viscous slurry. Polymer and polymer-porogen

solutions were then poured on to a stainless steel plate, excess polymer removed

and then immediately immersed in deionised water at room temperature. Water

was changed every 12 hours for 48 hours.

POSS-PCL (%) NaHCO3 (%) Tween 20 (%) Median Particle Size (µm)

100 0 0 N/A
68 30 2 40
58 40 2 40
48 50 2 40
38 60 2 40
53 45 2 40
53 45 2 65
53 45 2 105

Table 4.1: NaHCO3-polymer formulations used to manufacture the coagulated samples.
Values are displayed as percentage of the final weight (% w/w). POSS-PCLUU
is 18% solids in DMAC solvent
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4.2.1.3 Tensile testing

Dog-bone shaped specimens (n=5) with dimensions 20×4 mm of cast and coagu-

lated sheets were prepared with a sharp cutter and mechanical press. Thickness of

the specimens was measured using a digital micrometer at the three points. Stress-

strain profiles were characterised using a uniaxial load testing machine (Instron

5565, UK) at an extension rate of 100 mm·min−1. The ultimate tensile strength

(UTS), Young’s modulus and elongation at break were obtained by a bespoke R

[261] script (Appendix A). Initial Young’s modulus (from 0 to 25% strain) was cal-

culated for comparison with other work and Young’s modulus over the entire strain

range of the polymer was also calculated.

4.2.1.4 Contact angle

Contact angle measurements on porous coagulated sheets were undertaken in the

captive bubble mode of a DSA100W Drop Shape Analysis System (Krss, Bristol,

UK). Small rectangular samples were placed on an analysis stage in deionised water

and bubbles of air of a predetermined volume were released on to the surface of the

sample. For each of the eight polymer-porogen formulations four separate bubbles

were placed on each side of three samples. Contact angle measurements on the

cast sheet were undertaken in the sessile drop mode of a DSA100W Drop Shape

Analysis System. Small circular samples were placed on an analysis stage in air and

four separate deionised water droplets were placed on each side of three samples.

4.2.1.5 Porosity

Circular shaped specimens (n=3) of cast and coagulated sheets were prepared with

a sharp cutter and mechanical press. The average thickness, diameter and weight

were measured for the three cast specimens to determine the bulk density (ρ0) of

POSS-PCLUU. The average thickness when wet, diameter when wet, weight when

wet (ww) and weight after one hour drying at 65°C (wd) was measured for each

of the coagulated specimens. The apparent density (ρ) of polymer in a coagulated

specimen was then calculated by dividing wd by the volume of the specimens when

wet. The porosity of the sample was then calculated as in Equation 4.1.
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Porosity(%) =

(
1− ρ

ρ0

)
×100 (4.1)

For an indication of the pore connectivity the water content of the specimens was

also calculated as ww/wd . Polymers with a significantly different water content but

not significantly different porosity are likely to have more interconnected pores as

more water is able to penetrate into the scaffold.

4.2.1.6 ATR-FTIR spectroscopy

Specimens of coagulated aliphatic POSS-PCLUU were placed in a drying cupboard

at 50°C for 24 hours to remove moisture. Infrared spectra of all cast and coagulated

samples were taken on a FT/IR-4200 type A (Jasco, Great Dunmow, UK) from

599.753 cm−1 to 4000.600 cm−1 in steps of 0.964 cm−1. Five spectra were taken

at different sites across the surface of each side of a sample of polymer, a total of

ten spectra for each polymer fabrication type. Important peaks in the spectra were

identified with comparison to the spectra of non-biodegradable polymer developed

at UCL, POSS-PCU, and the spectra of PCLUU. The spectra were then normalised

by setting the baseline absorption at 4000-3750 cm−1 to zero. Absorption values

for the identified peaks were then extracted from each spectra using a R [261] script

(Appendix B). These values were compared to see how surface chemistry was af-

fected by the fabrication method.

4.2.2 Characterising aliphatic POSS-PCLUU grafts fabricated

by extrusion-phase inversion

4.2.2.1 Extruding POSS-PCLUU grafts

Aliphatic POSS-PCLUU was mixed with NaHCO3 porogen (Tata Chemicals Eu-

rope, Northwich, UK) as described in 4.2.1.2, using 45% (w/w) NaHCO3 and three

different particle diameters of porogen with median values of 40 µm, 65 µm and

105 µm that were sieved through 250 µm sieve. A final weight of 15g of viscous

polymer-porogen slurry was used for each graft. This was slowly poured in to the

stainless steel polymer chamber of a bespoke bench top extrusion machine (Figure
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4.2A-B) to avoid bubble formation. A 4 mm diameter mandrel was attached via

grips to a motorised arm, which descended vertically at a rate of 10 mm/s. The

mandrel entered the stainless steel chamber via a PTFE alignment die, 4 mm in di-

ameter, and exited through a stainless steel die, 7 mm in diameter, in to a column of

deionised water at room temperature, just below the stainless steel chamber. Keep-

ing the mandrel vertically aligned was a 32 mm diameter alignment guide (Figure

4.2C). After extrusion the mandrel would be left undisturbed for 30 minutes and

then it would be removed from the arm and placed in fresh deionised water, which

was changed every 12 hours for 48 hours. The coagulated polymer graft was care-

fully removed by sliding off the mandrel (Figure 4.2D). The wall thickness and di-

ameter for the graft was measured using a USB microscope (Celestron Global Ltd,

Berkshire, UK) (Figure 4.2E) and analysed in Fiji [262]. A schematic diagram of

the extruder set up is shown in Figure 4.2F. Based on the work done on POSS-PCU

grafts, POSS-PCLUU grafts were only used for testing if:

1. The eccentricity (difference between maximum and minimum values for wall

thickness) for two samples taken from either end of the graft was less than

250 µm

2. The difference in mean wall thickness between the two samples was less than

250 µm

It was found that as the polymer-porogen slurry was poured into the polymer cham-

ber it would thicken and also when sitting in the polymer chamber it would separate

out in to two layers. A clear fluid would develop on top of the slurry. This increase

in slurry viscosity lead to grafts with an uneven nature which had to be discarded.

When the time from finishing mixing the slurry to extrusion was reduced to 15 min-

utes or less it was found that acceptable grafts would be produced more frequently.

4.2.2.2 Scanning electron microscopy

Samples cut along the longitudinal and axial planes and showing the luminal and

extraluminal surfaces (Figure 4.3) were cut from three POSS-PCLUU grafts pro-

duced for each fabrication method: grafts with 45% NaHCO3 concentration, of
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Figure 4.2: (A) Front and (B) side view of bespoke benchtop extruder with extruded graft
in deionised water. (C) The bespoke guide used to keep the mandrel aligned
as it extruded. (D) Aliphatic POSS-PCLUU graft; scale = 1 cm. (E) Cross
sectional slice of the same graft; scale = 500 µm. (F) Schematic diagram of
the extrusion-phase inversion set up used for manufacturing the tubular POSS-
PCLUU scaffolds, with a cross sectional view of the polymer chamber (inset);
DMAC = dimethylacetamide, PTFE = polytetrafluoroethylene
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median particle diameter of 40, 65 and 105 µm. The samples were then air dried at

room temperature for at least 3 days before mounting on specimen stubs with car-

bon Leit discs (Agar Scientific Ltd, Stanstead, UK). The mounted polymer samples

and the NaHCO3 porogen (of manufacturer specified median particle diameter of

40, 65 and 105 µm) were then coated with a 5 nM layer of gold using a Quorum

Q150 at 20 mA for 30 seconds. The samples were imaged using an EVO HD LS15

SEM using SmartSEM 5.07 software (Carl Zeiss, Cambridge, UK) by Stephanie

Bogan. The SEM images of the polymer grafts were analysed using a bespoke

Figure 4.3: Diagram showing the two planes and two surface of the POSS-PCLUU grafts
that were imaged using SEM

script (Appendix C) written in Matlab (The MathWorks Inc., Cambridge, UK) to

determine the diameter of the pores. Particle diameters of the NaHCO3 porogen

were measured in Fiji [262] using a protocol to try and minimise bias. The image

was split in to a grid and a particle in each grid was measured, cycling through each

grid space until a total of 25 particles were measured per image. A blinded method

was used to select a particle in each grid space. A total of 4 images per plane/surface

per porogen diameter were analysed. Diameters of particles were recorded.
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4.2.2.3 Integral water permeability

The test for Integral Water Permeability (IWP) was carried out as per BS ISO

7198:1998 8.2.3, using the set up shown in Figure 4.4. The graft was connected

to a 500 ml bag of Ringers solution (Baxter Co., Mississauga, Canada) pressurised

via a Infu-Surg®pressure infuser (Ethox International, Buffalo, NY, USA) to ap-

proximately 120 mmHg, as measured with a pressure gauge (Comark Instruments,

Hertfordshire, UK). The graft was connected to the saline bag and pressure gauge

via a 3-way Luer stopcock (Cole-Parmer Instrument Co. Ltd, London, UK) secured

with 5-0 silk suture (Fine Science Tools, Heidelberg, Germany) and Parafilm at one

end, and clamped at the other end. It was placed over a collection container. The

pressurised water was introduced to the graft for 60 seconds and the volume of liq-

uid released through the scaffold during this time was determined from the change

in weight measured in the container. The IWP of the sample was then calculated

using Equation 4.2.

IWP =
Q

CL
(4.2)

where Q is the flowrate through the sample, in millilitres per minute, and L is the

length of the graft and C is the internal circumference of the graft as measured by a

USB microscope (Celestron Global Ltd.).

Figure 4.4: Schematic diagram of permeability set up with: (A) polymer graft, (B) clamp,
(C) container for collecting fluid, (D) tubing connector, (E) 3-way Luer stop-
cock, (F) pressure monitor, (G) pressure infuser, and (H) 500 ml saline bag
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4.2.2.4 Suture retention

The suture retention test was carried out as per BS ISO 7198:1998 8.8.4.1. The graft

specimens (n=3), approximately 20 mm in length, were cut normal to the long axis.

PDS™Plus 6-0 suture (Ethicon, Somerville, NJ, USA) was inserted 2 mm from the

end of the specimen through one wall to form a half loop. The specimen was placed

in the bottom grip of a uniaxial load testing machine (Instron 5565) and the suture

in the top grip. The suture was pulled at a rate of 50 mm·min−1 until the suture

ripped or the specimen wall failed. The force required for suture or wall failure was

recorded. This was repeated five times per specimen.

4.2.2.5 Pressurised burst strength

The burst strength test was carried out as per BS ISO 7198:1998 8.3.3.3 with the

set up shown in Figure 4.5. Firstly a cast aliphatic POSS-PCLUU balloon (an open

ended sleeve) of an approximate thickness of 30 µm and an internal diameter of 5

mm was feed through the coagulated graft by wrapping tightly around a stainless

steel mandrel 1mm in diameter and passing this through. The mandrel was then

removed and the balloon pulled on to the connector and tied in place with 5-0 silk

suture (Fine Science Tools). The graft was also pulled on the connector and tied in

place with suture. This was further secured with Parafilm before the other end of

the graft was clamped in place. Deionised water was pumped in to the graft at a

rate of 5 ml/minute using a 20 ml Luer lock syringe (Becton, Dickinson and Co.,

Franklin Lakes, NJ, USA) in a syringe pump (Model 997, Sono Tek Co., Milton,

NY, USA). The graft and a pressure monitor (Comark Instruments) were recorded

using a video recording device and the footage analysed. The pressure was recorded

at two points:

1. The pressure at which the wall began to distend to form an aneurysmal-like

bulge, accompanied by a drop off in pressure, the aneurysm onset pressure

2. The pressure at which the graft ruptured, the pressurised burst strength
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Figure 4.5: Schematic diagram of burst strength set up with: (A) polymer graft with balloon
inside, (B) clamp, (C) video recording device, (D) tubing connector, (E) 3-way
Luer stopcock, (F) pressure monitor, (G) 20 ml Luer lock syringe, and (H)
syringe pump

4.2.2.6 Dynamic compliance

The test method for the determination of dynamic compliance was based on BS

ISO 7198:1998 8.10, with adjustments for its use in paediatrics, to better model the

haemodynamics, and for practical reasons. A physiological flow circuit was con-

structed similar to those previously described [260] and shown in Figure 4.6 and

4.7A. Instead of using distilled water as described in BS ISO 7198:1998 or clini-

cally expired blood [260] for the flow circuit, an aqueous solution of glycerin was

made to try and best match the viscosity of human blood normalised to a standard

haematocrit, 4.63±0.45 mPa·s at a shear rate of 50 s−1 and 3.39±0.40 mPa·s at a

shear rate of 100 s−1 [263]. Solutions of glycerin (Sigma Aldrich Ltd) in deionised

water were made from 0 to 60% w/w in steps of 10% and tested using a CVO50

controlled-stress rheometer (Malvern Instruments Inc., Southborough, MA, USA)

at shear rates of 50 s−1 and 100 s−1 and a temperature of 25°C. A glycerin solution

of 40% w/w was determined to be the most similar to that of blood (see 4.3.2.6).

Grafts of length 6.5 cm (n=9), with a longitudinal stretch of 10% and an imperme-

able aliphatic POSS-PCLUU balloon, were connected to the flow circuit in a similar

manner to that described in 4.2.2.5 in a container that was filled with deionised wa-
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Figure 4.6: Schematic diagram of dynamic compliance set up with: (A) polymer graft with
balloon inside, (B) frame for holding graft in place; (C) water bath, (D) 50
mm 7.5 MHz linear array probe, (E) stopcock, (F) pulsatile blood pump, (G)
reservoir, (H) three-way stopcock, (I) pressure transducer, (J) blood pressure
monitor, (K) ultrasound display, and (L) computer with wall tracking software

ter after the graft was connected (see Figure 4.7B). This was connected to a model

1421 pulsatile blood pump (Harvard Apparatus Ltd, Cambridge, UK). Glycerin so-

lution was pumped at a frequency 1.67 Hz (100 bpm) as this would be considered a

normal heart rate for patients less than 10 years old [264]. The pulse pressure was

set at 40 mmHg as suggested by the British standard and is a normal pulse pressure

for children as young as 1 year old [265]. Mean blood pressure was adjusted by

varying the height of a reservoir and three values for mean pressure were selected

to try and cover the range of possible values seen in children less than 10 years old

as shown in Table 4.2. These pressures were measured using an Datex Ohmeda

Diastolic pressure (mmHg) Systolic pressure (mmHg) Mean pressure (mmHg)

35 75 55
60 100 80
85 125 105

Table 4.2: Diastolic, systolic and mean pressures selected for measuring dynamic compli-
ance of aliphatic POSS-PCLUU
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S/5 FM with blood pressure module (GE Healthcare Finland Oy, Helsinki, Fin-

land) connected by a TruWave pressure transducer (Edwards Lifesciences, Irvine,

CA, USA) to the flow circuit, distal of the graft with respect to the pulsatile blood

pump. A 50 mm 7.5 MHz linear array probe connected to a Picus PRO ultrasound

machine (Pie Medical Imaging BV, Maastricht, The Netherlands) was clamped per-

pendicular to the longitudinal axis of the grafts and data acquired in M mode (see

Figure 4.7C). Wall tracking software (Pie Medical Wall Track System II, Pie Medi-

cal Imaging BV) connected to the ultrasound was used to monitor the distension of

the internal wall (see Figure 4.7D) at three points along the graft: proximal, medial

and distal to the pulsatile blood pump.

The raw data from the wall tracking software was then analysed using a bespoke

script (Appendix D) written in Matlab (The MathWorks Inc). Diameter measure-

ments were normalised and the maximum or systole diameter, Ds, and the minimum

or diastole diameter, Dd , were found by averaging values from 6 beats over a 4 sec-

ond interval. Along with the systolic pressure, Ps, and the diastolic pressure, Pd , the

dynamic compliance (DC) was determined:

DC
(
%mmHg−1×10−2)= Ds−Dd

Dd (Ps−Pd)
×104 (4.3)

4.2.3 Degradation of aliphatic POSS-PCLUU

4.2.3.1 Polymer synthesis

Five types of polymer were synthesised (Table 4.3). The polymers were synthesised

by adding dry polycaprolactone diol (2000 mwt), and for those containing POSS,

trans-cyclohexanechlorohydrinisobutyl-POSS to a 250 ml reaction flask equipped

with mechanical stirrer and gas inlet. The mixture was heated to 135°C and then

cooled to 90°C. For aliphatic polymer 4,4’ methylenebis(cyclohexylisocyanate)

(HMDI) (Bayer MaterialScience) was added to the polyol blend and for aromatic

polymer, flaked 4,4’-methylenebis (phenyl isocyanate) (MDI) was added, at either

22% or 26% by weight. They were then reacted, under nitrogen, at approximately
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Figure 4.7: (A) View of the dynamic compliance set up. (B) Polymer graft connected to the
flow circuit with ultrasound probe immersed in water bath and aligned along
the grafts longitudinal axis. (C) Ultrasound scan of graft with small B-mode
image at the top with dashed line showing where the lower M-mode image is
being taken from. The M-mode has axes for depth (y axis, scale = 1 cm) and
time (x axis, large ticks scale = 1 second). (D) Radio frequency data from M-
mode image is shown in the wall tracking software. The user chooses the area
where the walls are and the program calculates the movement of these locations
with respect to time

80°C for 120 minutes with catalyst to form a pre-polymer. Dry DMAC was added

slowly to the pre-polymer to form a solution and this was then cooled to 40°C.

Chain extension of the pre-polymer was carried out by the drop wise addition of

EDA in dry DMAC. The chain terminator diethyl amine was added at the same time

for those polymers not containing POSS, in an equimolar amount to the amount of

POSS used in the POSS containing polymers. After completion of the chain exten-

sion 1-butanol in DMAC was added to the polymer solution. The final concentra-

tion of polymer solids in DMAC was 18%. All polymers were synthesised by Dr

Arnold Darbyshire at the Centre for Nanotechnology and Regenerative Medicine,

Royal Free Hospital, London, UK.
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Polymer
number

Polymer
type

Hard section (w/w)

1 Aliphatic
POSS-
PCLUU

26% (HMDI+EDA) + 2% POSS = 28%

2 Aromatic
POSS-
PCLUU

26% (MDI+EDA) + 2% POSS = 28%

3 Aliphatic
POSS-
PCLUU

22% (HMDI+EDA) + 2% POSS = 24%

4 Aliphatic
PCLUU

23.85% (HMDI+EDA) + 0.15% diethyl amine = 24%

5 Aromatic
PCLUU

27.85% (MDI+EDA) + 0.15% diethyl amine = 28%

Table 4.3: The five types of polymer produced for the degradation study. The variations in
the synthesis were the inclusion of POSS, whether the diisocyanate hard section
was aliphatic (HMDI) or aromatic (MDI) and the amount of diisocyanate hard
section

4.2.3.2 Polymer fabrication

All six polymer types were either cast or coagulated as sheets, as per section 4.2.1.2.

Cast samples were fabricated by Cheryl Teoh. Coagulated samples were made with

50% (w/w) NaHCO3 with a median particle diameter of 40 µm. Polymer was

sterilised by washing twice in 70% ethanol solutions for 30 minutes with agitation.

It was then washed in the buffer of the degradation solution (or PBS for plasma

protein fractions) five times, for an hour each time with agitation.

4.2.3.3 Degradation solutions

Polymer samples were exposed to six degradative solutions, chosen from the liter-

ature and covering different routes for degradation. These were hydrogen peroxide

(H2O2), plasma protein fraction II (PPF II), cholesterol esterase (CE), collagenase

and PBS all at 37°C and PBS at 80°C. At five time points (1 week, 2 weeks, 4

weeks, 8 weeks and 12 weeks) the polymer samples were removed, washed with

distilled water, air dried and tested.

For the H2O2 solution, 0.1 M of cobalt (II) chloride hexahydrate was added to 1.63
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M stabiliser-free H2O2 as described previously (Kannan, Salacinski, Odlyha, et al.

2006). Every 7 days 20% of the solution was changed, with the final molarity of the

solution being kept constant.

PPF II was obtained by a method described before by Zhao et al. [266], which is

rich in α2-macroglobulin, IgA, prothrombin, and other coagulation factors (pro-

thrombin complex). Frozen citrated human plasma was obtained from the blood

transfusions department of the Royal Free Hospital. All procedures were carried

out at 4°C. Solid 3350 mw polyethylene glycol was added slowly with stirring to

plasma in the amount of 10 g/100 ml. The mixture was stirred for 60 minutes and

then centrifuged at 380g for 25 minutes. An additional 10 g of polyethylene glycol

was added to the supernatant, stirred for 60 minutes and then centrifuged at 380g

for 25 minutes. The supernatant was discarded and the pellet resuspended in 50 ml

of PBS and vortexed for 2 minutes and stored at 4°C until required. Every 7 days

10% of the solution was replaced with fresh PPF II.

Cholesterol esterase from Pseudomonas fluorescens was made to a concentration of

0.1 U·ml−1 in PBS and passed through a 0.22 µm filter as per Labow et al. [267].

Solutions were changed every 7 days.

Collagenase type IA from Clostridium histolyticum was made to a concentration of

10 U·ml−1 in 0.1 M Tris buffer at a pH of 8.0 as per Santerre et al. [268]. The

solution was passed through a 0.22 µm filter. Solutions were changed every 7 days.

Unless otherwise stated, all chemicals and reagents were purchased from Sigma

Aldrich Ltd (Gillingham, UK). Solutions were made with the assistance of Cheryl

Teoh and changed by Gunay Verdiyeva.

4.2.3.4 Characterisation of samples

Tensile testing was carried out as per 4.2.1.3 with dog-bone shaped specimens (n=3)

with dimensions 10×2 mm and ATR-FTIR was carried out as per 4.2.1.6. Measure-

ments were made by Gunay Verdiyeva.
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4.2.4 Sterilisation of aliphatic POSS-PCLUU

Three methods of sterilisation were tested for their effect on aliphatic POSS-

PCLUU: autoclave, ethanol sterilisation and sterilisation with sodium dichloroiso-

cyanurate dihydrate bleach. Polymer was coagulated without porogen or cast as per

4.2.1.2.

Autoclave samples were placed in deionised water, in a glass container, before be-

ing placed in a Boxer 200/35L autoclave (Boro Labs Ltd, Aldermaston, UK). The

autoclave had a maximum temperature of 121°C and maximum pressure of 1.15

bar, with a minimum hold time of 15 minutes as per BS3970 recommendations.

They were left overnight to cool to room temperature before testing or storage.

Ethanol samples were placed in a sterile container and covered with a 70% ethanol

solution for 30 minutes on a shaker plate. The solution was changed to fresh ethanol

solution and agitated on the shaker for a further 30 minutes. This was then changed

to sterile PBS and agitated on the shaker for 1 hour. This last step was repeated four

more times.

Bleach samples were placed in a sterile container and covered with a solution

of 1000 ppm of sodium dichloroisocyanurate dihydrate bleach (Appleton Woods,

Birmingham, UK) and agitated on a shaker plate for 20 minutes. This was replaced

with autoclaved deionised water and returned to the shaker for 10 minutes. This last

step was repeated three more times.

All samples were stored in PBS at 4°C after sterilisation, if they were not immedi-

ately tested.

Samples were subjected to tensile testing as per 4.2.1.3 with n=3 dog-bone spec-

imens with dimension 10×22 mm and ATR-FTIR as per 4.2.1.6 with 3 measure-

ments each side of the sample.

4.2.5 Statistical analysis

The data are presented primarily as mean ± standard deviation. Results were anal-

ysed and plotted using GraphPad Prism 5.01 or 6.01 for Windows [269] and R

statistical programming language [261]. Statistically significant difference between

mean values for normally distributed data was determined using a Student’s t-test
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when comparing two variables and a one-way or two-way analysis of variance

(ANOVA) with Tukey’s or Dunnett’s post-hoc tests, when comparing more than

two variables. For data that was not normally distributed a nonparametric Kruskal-

Wallis test with Dunn’s post-hoc was used to measure significance in difference

between median values.

4.3 Results

4.3.1 Bulk and surface properties of aliphatic POSS-PCLUU

The mechanical properties of both cast and coagulated aliphatic POSS-PCLUU

were determined using a uniaxial load testing machine. The cast polymer had a sig-

nificantly higher ultimate tensile strength (UTS) (44.82±3.28 vs 1.94±0.24 MPa,

p<0.001), Strain at Break (1153±41 vs 582±51 %, p<0.001) and Young’s Modu-

lus (4.49±0.16 vs 0.42±0.03 MPa, p<0.001) than the coagulated polymer without

NAHCO3 porogen (Figure 4.8, top panel). This was to be expected given the voids

in the coagulated polymer that act as weak points for any break to propagate be-

tween. There was no significant change in UTS between polymer with 0% and

Fabrication
method

Minimum
Young’s modu-
lus (MPa)

Strain at
minimum
Young’s
modulus (%)

Maximum
Young’s modu-
lus (MPa)

Strain at
maximum
Young’s
modulus (%)

Cast 0.72±0.03 144±3.66 8.73±1.52 1085±47
0% 0.14±0.01 127±13 0.66±0.07 550±48
30% 0.11±0.01 133±10 0.77±0.09 575±54
40% 0.11±0.01 140±18 0.50±0.04 565±41
50% 0.09±0.01 150±20 0.37±0.09 427±239
60% 0.10±0.01 123±20 0.43±0.04 281±262
40 µm 0.10±0.01 123±8 0.49±0.04 521±25
65 µm 0.09±0.01 127±12 0.41±0.05 584±22
105 µm 0.10±0.01 127±7 0.39±0.05 543±42

Table 4.4: Minimum and maximum values of Young’s modulus and the corresponding val-
ues of strain at which these occurred as calculated from the Young’s modulus
curves (Figure 4.9) for aliphatic POSS-PCLUU. Values are shown for each fab-
rication method: cast; coagulated polymer with concentrations from 0% to 60%
(w/w) NaHCO3 and median particle diameter of 40 µm; and (G-I) median par-
ticle diameters from 40 to 105 µm of 45% (w/w) NaHCO3; mean±s.d; n=5
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Figure 4.8: Results of tensile testing using an Instron 5565 for aliphatic POSS-PCLUU,
including Ultimate Tensile Stress, Strain at Break and Young’s Modulus. Re-
sults for the difference in fabrication method, cast versus coagulated (without
NaHCO3), are shown in the top panel. Results for 0% to 60% (w/w) NaHCO3,
with a median particle diameter of 40µm, in coagulated polymer are shown in
the middle panel. The bottom panel shows the results for 45% NaHCO3 with
median particle diameters of 40 to 105 µm, in coagulated polymer; mean±s.d;
ANOVA with Tukey’s post-hoc test and Student t-test; * p<0.05, ** p<0.01,
*** p<0.001; n=5

30% (w/w) NaHCO3, though the standard deviation of the polymer with without

NaHCO3 was larger than any polymer with NaHCO3, perhaps indicating a more

homogeneous pore structure in polymer where porogen had been used. The UTS

was significantly reduced from 30 to 40% (w/w) NaHCO3 and from 40% to 50%

(w/w) NaHCO3 (p<0.01). There was no significant difference in UTS between

50% and 60% (w/w) NNaHCO3. Polymer with 60% (w/w) NaHCO3 had a sig-

nificantly lower breaking strain than polymer with 0% (p<0.05), 30% and 40%

(w/w) NaHCO3 (p<0.01). The value for the Young’s modulus for the polymer

without porogen was significantly higher than for polymer with porogen (p<0.001)

and no difference was observed between the different concentrations of polymer

(Figure 4.8, middle panel). The lowest Young’s modulus was 50% (w/w) NaHCO3
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Figure 4.9: Representative plots of Young’s modulus against strain for aliphatic POSS-
PCLUU determined by calculating the slope of the stress-strain data from
the tensile testing on an Instron 5565. The different fabrication methods are
shown with (A) cast polymer, (B-F) coagulated polymer with 0% to 60% (w/w)
NaHCO3 and a median particle diameter of 40 µm; and (G-I) median particle
diameters of 40 to 105 µm of 45% (w/w) NaHCO3
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(0.21±0.03 MPa).

The median diameter of NaHCO3 particles had no effect on the UTS of the polymer.

The Young’s modulus was significantly higher for 40 µm vs 105 µm (0.23±0.01

MPa vs 0.20±0.01 MPa, p<0.05). The strain at break was significantly higher for

65 µm vs 40 µm (604±23% vs 540±28%, p<0.05) (Figure 4.8, bottom panel).

When the Young’s modulus was determined from measuring the slope of the stress-

strain data an asymmetric U-shaped curve was observed for all the different methods

of fabrication tested (Figure 4.9). Young’s modulus dropped sharply at low strain

and then at about 125-150% strain the Young’s modulus would begin to increase

again (Table 4.4). The biggest variation in lowest to highest Young’s modulus was

with the cast polymer, with a range from 0.72±0.03 to 8.73±1.52 MPa. For coagu-

lated polymer the Young’s Modulus would reach a peak at around 550% strain. This

peak was higher than the starting Young’s modulus for most coagulated polymer ex-

cept for those with 50% and 60% (w/w) NaHCO3 porogen. In these two fabrication

methods the Young’s modulus did not always return to the starting value.

4.3.1.1 Contact angle

The two surfaces of the polymer that were measured were the substrate surface

(SubS), the surface in contact with either glass or stainless steel, and the solvent

releasing surface (SolS), the surface from which the majority of solvent escapes,

either in to air or water. All coagulated polymer had a contact angle less than 50°,

making them hydrophilic. Cast polymer on the other hand had a contact angle

of approximately 100°, with no significant difference between the SubS and SolS

surfaces. Except for porogen concentrations of 30% and 40% all other coagulation

formulations had a higher contact angle on the SolS than on the SubS. At higher

concentrations of porogen the difference between the two surfaces was larger than

at lower concentrations. For different porogen diameters the SubS contact angle

increased with increasing porogen diameter, reducing the difference between the

two surfaces (Figure 4.10).
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Figure 4.10: Contact angles of substrate surface (SubS) and solvent releasing surface
(SolS) surfaces of aliphatic POSS-PCLUU sheets fabricated by coagulation
on stainless steel with (A) varying concentrations of NaHCO3 porogen with a
constant median particle diameter of 40 µm and (B) varying median particle
diameters of NaHCO3 porogen at a constant concentration of 45%; mean±s.d;
Student’s t-test; *** p<0.001; n=12

4.3.1.2 Porosity

There was a significant increase in the porosity of coagulated POSS-PCLUU at each

porogen concentration from 0% to 60% except between 40% and 50% porogen con-

centration. The porosity increased from 72.4±1.2% at 0% porogen to 85.3±0.5%

at 60% porogen. There was no significant difference between the porosity of poly-

mer with different porogen diameters.

There was a significant increase in the water content of the coagulated polymer be-

tween 0% and 30% porogen concentration (p<0.05), and also between 30% to 40%

and 40% to 50% (p<0.001). There was no significant difference in water content

between 50% and 60% porogen concentration. The water content almost doubled

between 0% and 60% porogen from 3.68±0.13 to 6.11±0.07. There was a signif-

icant increase in water content for polymer with porogen diameters of 40 µm and

105 µm (5.76±0.18 vs 6.391±0.08, p<0.01) (Figure 4.11).

4.3.1.3 ATR-FTIR spectroscopy

The ATR-FTIR spectrum (Figure 4.12) of aliphatic POSS-PCLUU has methylene

(-CH2) asymmetric/symmetric stretching peaks at 2930 cm1 (peak 12) and 2864

cm1 (peak 11); a methylene bending peak at 1453 cm1 (peak 7) and (CH2)n rocking
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Figure 4.11: Porosity (A-B) and water content (C-D) of coagulated aliphatic POSS-
PCLUU with (A,C) varying concentrations of NaHCO3 porogen with a con-
stant median particle diameter of 40 µm and (B,D) varying median particle
diameters of NaHCO3 porogen at a constant concentration of 45%; mean±s.d;
ANOVA with Tukey’s post-hoc test; * p<0.05, *** p<0.001; n=3

peak, associated with long aliphatic chains, at 733 cm1 (peak 1) [270]. Two peaks

associated with the secondary aliphatic amine bonds in the urea-urethane were iden-

tified: a N-H stretching vibration at 3356 cm1 (peak 13) and a N-H bending vibra-

tion at 1557 cm1 (peak 8) [270, 271, 272]. The strongest peak in the spectrum, at

1726 cm1 (peak 10), is associated with the carbonyl bond stretch vibration for satu-

rated aliphatic esters [270, 271, 273, 274]. Another peak associated with a carbonyl

stretch can be found at 1635 cm1 (peak 9), which indicates a secondary amide bond

which can be found in urea or urethane functional groups [270, 271, 272]. Peaks at

1234 cm1 (peak 6) and 1162 cm1 (peak 5) relate to C-O-C asymmetric and symmet-

ric bond stretching, respectively, in ester functional groups [271, 274]. The peak at

1099 cm1 (peak 4) is from Si-O-Si bond stretching in the POSS functional group

(Socrates 2001). Finally, peaks at 1042 cm1 (peak 3) and 962 cm1 (peak 2) are
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from C-C cyclohexane ring vibrations [270, 271]. A list of all the absorption peaks

identified can be seen in Table 4.5. There are three main sections of the aliphatic

Figure 4.12: ATR-FTIR absorption spectrum of aliphatic POSS-PCLUU with peaks asso-
ciated with important bond vibrations indicated. The descriptions of these
peaks can be seen in Table 4.5

POSS-PCLUU: the caprolactone chain, or Soft Section (SS); the diisocyanate based

Hard Section (HS); and the terminating POSS. Peaks relating to single methylene

bond vibrations do not relate solely to any of these sections, as these groups appear

both in the SS and HS. Peaks solely relating to the SS are those from the ester (peaks

10, 6 & 5) and from (CH2)n methylene rocking (peak 1). Peaks solely relating to the

HS are those from urea and urethane groups (peaks 13, 9 & 8) and the cyclohexanes

(peaks 3 & 2). Peak 13 was quite a broad peak and was unreliable for quantitative

analysis, and peak 3 and 2 cover the same bond vibration and so only one of them,

peak 3, was considered. The analysis will therefore cover HS: peaks 9 (C=Oa), 8

(N-Hb) and 3 (C-C); SS: peaks 10 (C=Oe), 6 (C-O-Ca), 5 (C-O-Ca) and 1 ((CH2)n);

and POSS: peak 4 (Si-O-Si).

Comparison in FTIR spectrum of cast polymer and coagulated polymer without
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Peak
num-
ber

Wavenumber
(cm−1)

Bond
type

Mode Description

13 3356 N-Hs Stretching Secondary amine N-H
stretch

12 2930 C-Ha Asymmetric
stretching

C-H methylene asymmetric
stretch

11 2864 C-Hs Symmetric
stretching

C-H methylene symmetric
stretch

10 1726 C=Oe Stretching Saturated aliphatic ester car-
bonyl stretch

9 1635 C=Oa Stretching Secondary amide carbonyl
stretch

8 1557 N-Hb Bend Secondary amine N-H bend
7 1453 C-H Bend C-H methylene bend
6 1234 C-O-Ca Stretching Ester C-O-C asymmetric

bond stretch
5 1162 C-O-Cs Stretching Ester C-O-C symmetric bond

stretch
4 1099 Si-O-Si Stretching POSS Si-O-Si bond stretch
3 1042 C-C Ring vibration C-C cyclohexane ring vibra-

tion
2 962 C-C Ring vibration C-C cyclohexane ring vibra-

tion
1 733 (CH2)n Rocking (CH2)n methylene rocking of

a long aliphatic chain

Table 4.5: Assignment of FTIR absorption peaks shown in Figure 4.12 to bonds based on
comparison with known spectra

porogen showed a significant and large drop in the absorption for the Si-O peak

associated with POSS. Except for the (CH2)n peak, all others showed a significant

change in absorption. All except the asymmetric C-O-C ester bond stretching had

an increased absorption (Figure 4.13). Absorption for the (CH2)n and C-O-Cs bond

vibrations decreased significantly from 40% to 60% porogen concentrations. Ex-

cept for the Si-O peak all others showed a significant decrease in absorption between

0% and 60% porogen concentration (Table 4.6). No significant change was seen in

the FTIR spectrum of coagulated polymer using different porogen particle diameter

(data not shown).
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Figure 4.13: Comparison of the absorption peaks from normalised FTIR spectra of cast
and coagulated, without porogen, aliphatic POSS-PCLUU showing the bond
vibrations described in Table 2 and indicating those that belong to the Soft
Section (SS) and Hard Section (HS) of the polymer; mean±s.d; Student’s
t-test; * p<0.05, ** p<0.01, *** p<0.001; n=10

Bond type Absorption (A.U.)
0% porogen 30% porogen 40% porogen 50% porogen 60% porogen

(CH2)n 0.0884 0.0854 0.0771 *** 0.0762 *** 0.0697 ***
C-O-Cs 0.3452 0.3426 0.3356 * 0.3318 ** 0.3112 ***
C-O-Ca 0.2032 0.2043 0.2021 0.2000 0.1929 ***
C=Oe 0.3622 0.3668 0.3623 0.3586 0.3374 ***
C-C 0.1540 0.1554 0.1564 0.1499 0.1429 ***

N-Hb 0.0743 0.0751 0.0732 0.0728 0.0700 ***
C=Oa 0.0727 0.0743 0.0719 0.0717 0.0669 ***
Si-O 0.1989 0.2002 0.2081 *** 0.2022 0.1964

Table 4.6: Absorption values, in arbitrary units, of FTIR absorption peaks for the indicated
bond vibrations of coagulated aliphatic POSS-PCLUU with varying percentage
of NaHCO3 porogen concentrations; mean±s.d; ANOVA with Dunnett’s post-
hoc test and 0% porogen as control; * p<0.05, ** p<0.01, *** p<0.001; n=10
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4.3.2 Characterising aliphatic POSS-PCLUU grafts fabricated

by extrusion-phase inversion

4.3.2.1 Extruding POSS-PCLUU grafts

Of 30 grafts produced, 19 were within the acceptable standards for testing due to

poor alignment in the extruder. Grafts produced with 40 µm NaHCO3 porogen

had a mean wall thickness ranging from 612 µm to 773 µm, with one graft with a

mean wall diameter of 1 mm. Grafts produced with 65 µm NaHCO3 porogen had a

mean wall thickness ranging from 610 µm to 957 µm and those produced with 105

µm NaHCO3 porogen had a mean wall thickness ranging from 539 µm to 1 mm

(Figure 4.14A). There was no significant difference between values for eccentricity

(Figure 4.144B) or difference in wall thickness (Figure 4.14C) between the different

porogen sizes, though for each of the different porogen sizes there was one graft that

had a much higher difference in the wall thickness than the other grafts.

Figure 4.14: Measurements of the (A) wall thickness (mean±s.d., significance not shown),
(B) eccentricity (mean) and (C) difference in wall thickness between one end
of the graft and the other (mean) for all grafts meeting the testing guidelines.
Wall thickness was measured at eight points around the wall and the average
of the thickness at both ends of the graft was taken
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4.3.2.2 Scanning electron microscopy

There was a noticeable difference in morphology between the NaHCO3 particles

of those designated by the manufacturer to have a median particle diameter of 40

µm (Figure 4.15B) and those designated to be 65 and 105 µm (Figure 4.15D and

F). The 65 and 105 µm had a planar crystalline morphology whereas the 40 µm

had a random orientation of crystalline protrusions indicative of recrystallization.

There was also a noticeably larger range of particle diameters in the 40 and 65 µm

(Figure 4.15A and C) than the 105 µm (Figure 4.15E). The actual diameter of the

65 µm was the closest to the manufacturer stated value with a median value of

70.7 µm and a mean of 71.7 µm. The 40 µm was significantly higher than this

with a with a median value of 69.8 µm and a mean of 90.0 µm. The 105 µm was

significantly higher than either of these, as would be expected, but was also larger

than the stated value with a median value of 147.5 µm and a mean of 151.6 µm

(Figure 4.16). The gross morphology of the grafts was most evident from the

low magnification (50×) images of axial cross-sections. Grafts made from 65 µm

porogen (Figure 4.17C) showed the most regular and circular morphology when

compared to those from 105 µm porogen (Figure 4.17E) and specifically 40 µm

porogen (Figure 4.17A), which showed marked distortion with a convex luminal

surface. Higher magnification (200×) gave more detail to these differences. Grafts

made from 40 µm porogen (Figure 4.17B) had thin walls between pores and some

very large pores. This was reinforced by the quantitative measurements, with the 40

µm porogen grafts having the largest range of pore diameters (Figure 4.19C). Grafts

made from 65 µm (Figure 4.17D) and 105 µm porogen (Figure 4.17F) had thicker

walls between pores, increasing their structural integrity, with the 105 µm porogen

grafts having more elongated pores than the 65 µm porogen grafts. This difference

was less evident in longitudinal sections (Figure 4.18). There was more noticeable

pore interconnectivity in the 65 µm porogen grafts (Figure 4.18D). In quantitative

terms there was little significant difference between the axial percentage pore area

of grafts made with the same porogen diameter (Figure 4.19A) though there was for

the longitudinal (Figure 4.19B). The median axial pore diameters of 65 and 105 µm
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Figure 4.15: Scanning electron microscopy of NaHCO3 particles used in the fabrication of
coagulated polymer at magnifications of 200× (A,C,E) and 1000× (B,D,F).
The manufacturer stated median particle diameters were (A,B) 40 µm, (C,D)
65 µmm and (E,F) 105 µm. 200× scale=100 µm; 1000× scale=50 µm
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Figure 4.16: The actual particle diameter of NaHCO3 as measured by image analysis
of SEM images versus the manufacturer stated median particle diameters;
mean±s.d; ANOVA with Tukey’s post-hoc test; * p<0.05, **** p<0.0001;
n=100

grafts were significantly larger than the 40 µm grafts, though the 40 µm grafts had

higher outliers than the other grafts. The case was similar between the 40 and 65 µm

grafts in the longitudinal cross sections. The luminal surface of the 40 and 105 µm

grafts had large diameter pores alongside much smaller pores (Figure 4.20A and

E), while the 65 µm grafts had pores of roughly similar diameter (Figure 4.20C).

Although the median value for 65 µm grafts was larger than the 40 µm grafts it did

not have the high outliers that the 40 and 65 µm grafts had (Figure 4.22C). Higher

magnification of the luminal surfaces showed the 105 µm grafts (Figure 4.20F)

were generally flatter. The 65 µm grafts (Figure 4.20D) had a rougher surface than

the 105 µm grafts and had many more micropores than 40 and 105 µm grafts had.

The percentage pore area for 65 µm grafts was significantly lower than that of 40

and 105 µm grafts, though there was also significant difference between individual

grafts in each group.

The extraluminal surface of the 65 µm grafts (Figure 4.21C and D) had a much

flatter surface than the other grafts and pores on the 40 µm grafts (Figure 4.21A
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Figure 4.17: Scanning electron microscopy of axial cross sections of POSS-PCLUU grafts
at magnifications of (A,C.E) 50× and (B,D,F) 200×. The grafts were made
using NaHCO3 porogen of a median particle diameters stated by the manu-
facturer to be (A,B) 40 µm, (C,D) 65 µm and (E,F) 105 µm. 50× scale=1
mm; 200× scale=100 µm
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Figure 4.18: Scanning electron microscopy of longitudinal cross sections of POSS-PCLUU
grafts at magnifications of (A,C.E) 200× and (B,D,F) 1000×. The grafts were
made using NaHCO3 porogen of a median particle diameters stated by the
manufacturer to be (A,B) 40 µm, (C,D) 65 µm and (E,F) 105 µm. 200×
scale=100 µm; 1000× scale=50 µm
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Figure 4.19: Measurements from (A,C) axial and (B,D) longitudinal cross sections of each
of the POSS-PCLUU grafts showing the percentage of the grafts total area
that were pores, and the pore diameters. Grafts were grouped by the man-
ufacturer stated median porogen diameter of 40, 65 and 105 µm that were
used in the grafts fabrication. Two-way Anova with Tukey’s post hoc test
for simple within column effects and between columns effects were used to
measure significance in difference between means in (A) and (B); mean±s.d.
Kruskal-Wallis with Dunn’s post-hoc test was used to measure significance in
difference between median values between the groups of grafts of differing
porogen diameter in (C) and (D); median with individual measurements. (C)
and (D) are shown with a log2 scale for * p<0.05, ** p<0.01, ****p<0.0001
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and B) were not as clear to see or as large as on the other grafts. The median pore

diameter for the 40 µm grafts (Figure 4.22D) was significantly lower than the other

grafts. Percentage pore area was also significantly lower in the 40 µm grafts (Figure

4.22B).

4.3.2.3 Integral water permeability

The integral water permeability was measured to be 12.3 ml·min·mm−2 for the graft

with NaHCO3 porogen of median particle diameter of 40 µm, 22.6 ml·min·mm−2

for 65 µm and 17.2 ml·min·mm−2 for 105 µm (Figure 4.23). There was a signifi-

cant difference between 40 and 65 µm grafts.

4.3.2.4 Suture retention strength

Three grafts for each NaHCO3 porogen diameter were measured for suture reten-

tion strength. There was no significant difference in the grafts measured for those

made with 40 or 105 µm NaHCO3 porogen, but there was for those made with

65 µm NaHCO3 porogen (Figure 4.24A). For those made with 65 µm NaHCO3

porogen the mean values for the three grafts were 1.93 N, 1.36 N and 2.61 N, with

an overall average for the group of 1.97 N. This was significantly greater than the

group average for 40 µm NaHCO3 porogen grafts, 1.50 N (p<0.0001), and for 105

µm NaHCO3 porogen grafts, 1.62 N (p<0.001). When the thickness of the walls

of the graft was inspected it was noted that there was no significant difference for

the 3 grafts in either the 40 or 105 µm NaHCO3 porogen grafts, although there

was for the 65 µm NaHCO3 porogen graft. This matched the pattern seen with

the suture retention strength (Figure 4.24B). The mean wall thickness for 40 or 105

µm NaHCO3 porogen grafts was between 600 to 700 µm. Of the 65 µm NaHCO3

porogen grafts, graft 1 had a mean wall thickness of 475 µm and graft 3 a mean

wall thickness of 694 µm.

4.3.2.5 Pressurised burst strength

The aneurysm onset pressure was highest in the grafts made with 40 µm NaHCO3

porogen with a mean value of 408 mmHg. This was significantly larger than those

made with 105 µm NaHCO3 porogen at 278 mmHg (Figure 4.25A) though not 65
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Figure 4.20: Scanning electron microscopy of luminal surfaces of POSS-PCLUU grafts at
magnifications of (A,C.E) 200× and (B,D,F) 1000×. The grafts were made
using NaHCO3 porogen of a median particle diameters stated by the manu-
facturer to be (A,B) 40 µm, (C,D) 65 µm and (E,F) 105 µm. 200× scale=100
µm; 1000× scale=50 µm
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Figure 4.21: Scanning electron microscopy of extraluminal surfaces of POSS-PCLUU
grafts at magnifications of (A,C,E) 200× and (B,D,F) 1000×. The grafts
were made using NaHCO3 porogen of a median particle diameters stated by
the manufacturer to be (A,B) 40 µm, (C,D) 65 µm and (E,F) 105 µm. 200×
scale=100 µm; 1000× scale=50 µm
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Figure 4.22: Measurements from (A,C) luminal and (B,D) extraluminal surfaces of each
of the POSS-PCLUU grafts showing the percentage of the grafts total area
that were pores, and the pore diameters. Grafts were grouped by the man-
ufacturer stated median porogen diameter of 40, 65 and 105 µm that were
used in the grafts fabrication. Two-way Anova with Tukey’s post hoc test
for simple within column effects and between columns effects were used to
measure significance in difference between means in (A) and (B); mean±s.d.
Kruskal-Wallis with Dunn’s post-hoc test was used to measure significance in
difference between median values between the groups of grafts of differing
porogen diameter in (C) and (D); median with individual measurements. (C)
and (D) are shown with a log2 scale for * p<0.05, ** p<0.01, *** p<0.01,
**** p<0.0001



4.3. Results 111

Figure 4.23: Integral water permeability of aliphatic POSS-PCLUU grafts made with
NaHCO3 porogen with median particle diameter of 40, 65 and 105 µm;
mean±s.d; ANOVA with Tukey’s post-hoc test; * p<0.05; n=3

Figure 4.24: Suture retention strength of aliphatic POSS-PCLUU grafts made with
NaHCO3 porogen with median particle diameter of 40, 65 and 105 µm; Two
way ANOVA with post-hoc test; (B) Wall thickness measurements from cross
section of the 65 µm NaHCO3 porogen graft for each of the three grafts tested;
mean±s.d; ANOVA with Tukey’s post-hoc test; ** p<0.01, *** p<0.001,
**** p<0.0001; n=3
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µm NaHCO3 porogen at 317 mmHg. There was no significant difference in the

mean pressurised burst strength for the three porogen types, with values ranging

from 191 to 238 mmHg (Figure 4.25B).

Figure 4.25: (A) Aneurysm onset pressure and (B) pressurised burst strength of aliphatic
POSS-PCLUU grafts made with NaHCO3 porogen with median particle di-
ameter of 40, 65 and 105 µm; mean±s.d; ANOVA with Tukey’s post-hoc test;
* p<0.05; n=3

4.3.2.6 Dynamic compliance

Glycerin solutions were measured to find the concentration that gave a viscosity

closest to that of human blood, to then be used in the compliance flow circuit. The

viscosity was tested at two different shear rates, 50 s−1 and 100 s−1, at each con-

centration. The values were very similar at the two rates, suggesting the solution

was a Newtonian fluid. A value of 40% w/w glycerin was chosen as its viscosity

was closest to that of blood at both 50 s−1 and 100 s−1 shear rates (Figure 4.26).

For grafts made with 40 µm NaHCO3 porogen the compliance significantly in-

creased (p<0.001) from 55 mmHg to 80 mmHg with a mean compliance of 2.98

to 3.88 %mmHg−1× 10−2 respectively. There was no significant change from 80

mmHg to 105 mmHg. Grafts made with 65 µm NaHCO3 porogen showed no sig-

nificant change in compliance with changing pressure. The grafts made with 105

µm NaHCO3 porogen only showed a significant increase (p<0.01) in compliance

with increasing pressure between 80 and 105 mmHg with values for compliance of

4.06 and 4.76 %mmHg−1×10−2 respectively. Between the grafts of each porogen

type at each pressure there was a significant difference (p<0.01) in compliance ex-
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Figure 4.26: Rheometery measurements of the viscosity of glycerin-water solutions at a
shear rate of 50 s−1 and 100 s−1 with concentrations of glycerin in water
ranging from 0 to 60% w/w. These are compared with the values for human
blood as measured by Rosenson et al. [263] mean±s.d; n=10

cept between 40 and 65 µm NaHCO3 porogen at 55 mmHg and between 40 and

105 µm NaHCO3 porogen at 80 mmHg (Figure 4.27A). A variance in the pressure-

compliance relationships was seen between individual grafts (Figure 4.27B).

Figure 4.27: (A) Dynamic compliance of aliphatic POSS-PCLUU grafts made with
NaHCO3 porogen with median particle diameter of 40, 65 and 105 µm;
n=3 grafts; (B) Individual grafts measures of dynamic compliance; n=3 mea-
surements mean±s.d; Two way ANOVA with post-hoc test; significance not
shown on figures for clarity

4.3.3 Degradation of aliphatic POSS-PCLUU

4.3.3.1 Tensile testing

Both cast and coagulated Polymer 3 (Aliphatic POSS-PCLUU with a 24% HS) that

were exposed to 80°C temperature were so degraded after 4 weeks that they could

not be measured from the fourth week on (Figure 4.28). The cast Polymer 3 saw a

significant drop in the UTS of samples in 37°C PBS from the start of the experiment

to the twelfth week (p<0.0001) and while there was some variance in result at the
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twelfth week there was no significant difference from the 37°C control solution for

any of the degradative solutions (Figure 4.28A). For the coagulated Polymer 3 there

was no significant drop in the samples in 37°C PBS from the start of the experiment

to the twelfth week but the UTS of the polymer in H2O2 solution was significantly

less than in 37°C PBS from the fourth week on, and by the twelfth week the polymer

was so degraded it could not be subjected to measurement (Figure 4.28B).

When comparing cast Polymer 3 (with POSS) to cast Polymer 4 (without POSS)

Figure 4.28: Ultimate tensile stress for (A) cast and (B) coagulated samples of Polymer 3
(aliphatic POSS-PCLUU with a 24% hard section) tested over 12 weeks in
degradative solutions; mean±s.d; n=3

Figure 4.29: Ultimate tensile stress for cast (A) Polymer 3 (with POSS) and cast (B)
Polymer 4 (without POSS) tested over 12 weeks in degradative solutions;
mean±s.d; n=3

the major difference was the significant drop in UTS in the 80°C PBS solution

from the first (p<0.05) and second (p<0.0001) weeks for Polymer 4 (Figure 4.29B)

compared to week 0. When the amount of hard section of polymer was increased,

as in Polymer 1 (Figure 4.30B), when compared with Polymer 3 (Figure 4.30B), a
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Figure 4.30: Ultimate tensile stress for cast (A) Polymer 3 (with 24% hard section) and cast
(B) Polymer 1 (with 28% hard section) tested over 12 weeks in degradative
solutions; mean±s.d; n=3

Figure 4.31: Ultimate tensile stress for cast (A) Polymer 2 (aromatic POSS-PCLUU) and
cast (B) Polymer 1 (aliphatic POSS-PCLUU) tested over 12 weeks in degrada-
tive solutions; mean±s.d; n=3

drop in the UTS of Polymer 1 in the H2O2 solution was seen starting in the second

week (p<0.001 compared with 37°C PBS), which was not seen in Polymer 3. This

change was not seen in the aromatic Polymer 2 when compared with Polymer 1

(Figure 4.31A).

4.3.3.2 ATR-FTIR spectroscopy

Cast samples of Polymer 3 showed a significant decrease in the absorption peaks for

C=Oe, C=Oa and N-Hb in weeks 8 and 12 compared with week 0 values for sam-

ples in H2O2, but no significant change in absorption peaks examined for samples

in 37°C PBS. Coagulated samples of Polymer 3 in H2O2 saw a significant decrease

from week 0 values in weeks 1 and 2 for C=Oe; an increase in weeks 2 and 4 and

decrease in week 8 for C-O-C; and a significant decrease in week 8 for C=Oa and
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N-Hb Samples in H2O2 were too degraded to measure in week 12. Samples in 37°C

PBS saw a significant increase from week 0 values in C-O-C peaks in weeks 1 and

2 (Figure 4.32).

Cast samples of Polymer 4, without POSS, in H2O2 showed a significant increase

from their week 0 values for C=Oe from week 1 onwards. There was also an in-

crease in the N-Hb absorption peak of H2O2 for week 8. There was no significant

change in the C-O-C or C=Oa peaks (Figure 4.33).

Cast samples of Polymer 1, with 28% hard section, in 37°C PBS only showed a

significant difference from week 0 in C=Oe and N-Hb absorption peaks in week 1.

Samples in H2O2 showed a significant decrease from week 0 for C-O-C and N-Hb

absorption peaks at week 8 and for C-O-C, C=Oa and N-Hb at week 12 (Figure

4.34).

Cast samples of an aromatic polymer, Polymer 2, showed no significant changes for

samples in H2O2 or 37°C PBS over the 12 weeks from week 0 (Figure 4.35).

4.3.4 Sterilisation of aliphatic POSS-PCLUU

4.3.4.1 Tensile testing

There was no significant difference in the UTS or strain at break from control for any

of the sterilisation methods on cast polymer. The Young’s Modulus however was

significantly reduced in cast polymer treated with 70% ethanol or autoclaved. For

coagulated samples there was a significant increase in the UTS from the control for

polymer treated with 70% ethanol, with the autoclave samples having a much larger

variance than the other treatments. The Young’s Modulus was also significantly

increased for coagulated polymer sterilised with 70% ethanol or autoclaved Figure

4.36.

4.3.4.2 Gross morphology

Ethanol treated polymer samples showed a large amount of deformity and would

also stick to itself. Cast samples would change from clear to a cloudy white colour.

Autoclaved samples showed signs of melting and were impossible to manipulate

back in to the correct shape. Cast samples would develop cloudy patches and co-
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Figure 4.32: FTIR spectral bond peaks for (A) cast and (B) coagulated samples of Polymer
3 (aliphatic POSS-PCLUU with a 24% hard section) tested over 12 weeks in
degradative solutions; mean±s.d; n=3
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Figure 4.33: FTIR spectral bond peaks for cast (A) Polymer 3 (with POSS) and cast (B)
Polymer 4 (without POSS) tested over 12 weeks in degradative solutions;
mean±s.d; n=3
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Figure 4.34: FTIR spectral bond peaks for cast (A) Polymer 3 (with 24% hard section) and
cast (B) Polymer 1 (with 28% hard section) tested over 12 weeks in degrada-
tive solutions; mean±s.d; n=3
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Figure 4.35: FTIR spectral bond peaks for cast (A) Polymer 2 (aromatic POSS-PCLUU)
and cast (B) Polymer 1 (aliphatic POSS-PCLUU) tested over 12 weeks in
degradative solutions; mean±s.d; n=3
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Figure 4.36: Results of tensile testing using an Instron 5565 for aliphatic POSS-PCLUU
undergoing sterilisation, including UTS, Strain at Break and Youngs Modulus.
The top panel shows the effect of sterilisation on cast polymer and the bottom
panel shows the effect on coagulated (without NaHCO3) polymer. Signifi-
cance difference between control and sterilised polymers is shown; mean±s.d;
ANOVA with Dunnett’s post-hoc test; ** p<0.01, *** p<0.001; n=3

agulated samples would develop clear patches, indicating a change in crystallinity.

Bleached samples showed no obvious gross signs of change (Figure 4.37).

Figure 4.37: Effect of different sterilisation methods on cast and on coagulated (without
NaHCO3) aliphatic POSS-PCLUU



4.3. Results 122

4.3.4.3 ATR-FTIR spectroscopy

Ethanol treated cast polymer samples had a significant decrease in all peaks com-

pared to the control except for the long chain (CH2)n bonds, C-C carbon ring bonds

and the Si-O POSS bonds. Autoclave treated cast samples had a significant de-

crease in the same peaks and also in the long chain (CH2)n bonds. Conversely there

was only a significant change, an increase, in the (CH2)n bonds and the Si-O POSS

bonds for bleach treated cast samples (Figure 4.38A). In coagulated samples all of

the sterilisation methods showed some significant change for hard section absorp-

tion peaks (Figure 4.38B).

Figure 4.38: Comparison of the absorption peaks from normalised FTIR spectra of (A)
cast and (B) coagulated (without NaHCO3) aliphatic POSS-PCLUU, showing
significance difference between control and sterilised polymer; SS=soft sec-
tion and HS=hard section; mean±s.d; ANOVA with Dunnett’s post-hoc test;
* p<0.05, ** p<0.01, *** p<0.001; n=3
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4.4 Discussion

To evaluate the effectiveness of aliphatic POSS-PCLUU fabricated by phase-

inversion with porogen leaching for use as a tissue engineered vascular graft

(TEVG), the discussion on the characteristics of the polymer which follows makes

the following four comparisons where possible: firstly with the POSS-PCU graft

developed by Maqsood Ahmed [259]; secondly, the only tissue engineered syn-

thetic polymer graft that has been used in clinical trials, that used by Toshiharu

Shin’oka’s team at the Tokyo Womens Medical University and manufactured with a

PCL/PLLA 1:1 copolymer with a PGA mesh [275, 276, 165, 277]; thirdly with the

ePTFE and Dacron grafts that are in current clinical used; and finally with native

human vessels. There are a very large number of other synthetic polymers, fabri-

cated in a variety of ways, that have been proposed for use as TEVG and these are

described in Section 2.3.2. Grafts used clinically or native vessels are considered

to be a better comparison for the polymer described in this section, where there is

data for comparison. Finally to control for the effect of the fabrication method, cast

POSS-PCLUU results were obtained and compared to those of cast POSS-PCU.

The cast aliphatic POSS-PCLUU had a much lower ultimate tensile strength (UTS)

than cast POSS-PCU, 44.8 MPa against 80.7 MPa. The Young’s Modulus was

also much lower for POSS-PCLUU 4.5±0.2 MPa against 24.5±2.7 MPa (data for

cast POSS-PCU from Arnold Darbyshire). The coagulated aliphatic POSS-PCLUU

without porogen had a higher UTS than its POSS-PCU counterpart and a smaller

standard deviation, 1.94±0.24 vs 1.71±0.42 MPa [259]. Ahmed et al. linked the

variability in UTS to variability in pore diameter shown in electron microscopy. It

is interesting that while the standard deviation of the UTS for coagulated aliphatic

POSS-PCLUU without porogen was higher than with porogen, the values were

smaller than those measured for POSS-PCU. The significant increase in UTS noted

by Ahmed et al. from POSS-PCU without NaHCO3 to POSS-PCU with 35% w/w

NaHCO3, was not seen in the POSS-PCLUU. The tissue engineered graft used by

Toshiharu Shin’oka’s team, had a tensile strength of approximately 24 MPa [278].

The longitudinal UTS for human aorta from patients in their twenties that had died
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from non-cardiovascular related causes was 1.14 MPa for the ascending aorta [40]

and 1.30 MPa for the descending aorta [39]. For saphenous vein harvested from

patients undergoing coronary artery bypass (ages 57-68) the longitudinal UTS was

5.38 MPa. The coagulated aliphatic POSS-PCLUU had a UTS much less than ei-

ther the saphenous vein or Shin’oka’s polymer graft, but the coagulated aliphatic

POSS-PCLUU with 45% 40 µm NaHCO3 porogen was of a similar value to the

descending aorta at 1.27 MPa. With 50% or 60% NaHCO3 porogen the value

dropped to 1.03 and 1.02 respectively, making these concentrations less suitable

for a graft. Native vessels are known for their J shaped stress-strain curve, with

low Young’s modulus at low strain and high Young’s modulus at high strain due

to the different mechanical properties of ECM components such as elastin and col-

lagen. POSS-PCLUU did not have this J-shaped stress-strain curve and instead

of a Young’s modulus which stayed relatively low and constant before increasing

to a higher constant value at a certain strain, the Young’s modulus of the polymer

dropped from an initial value before increasing again. This decrease in Young’s

modulus didn’t stop until the strain was 127-150% and reached a low of 0.72 MPa

for cast polymer and between 0.09 0.14 MPa for coagulated polymer. From this

point the Young’s Modulus increased to reach a value that was usually higher than

the 0% strain value before dropping again just before breaking. The reason for this

was because in a relaxed state (Figure 4.39A) the long polycaprolactone Soft Sec-

tion (SS) of the polymer were randomly coiled and intertwined, bonded together

with van der Waals forces, forming amorphous domains. The diisocyanate/ethylene

diamine Hard Section (HS) were phase separate from the SS due to the polar na-

ture of the HS and the non-polar nature of the SS [279]. The HS formed carbonyl

to amino hydrogen bonds and so tend to aggregate into more crystalline, ordered

domains. As a strain was applied to the polymer, a force was required to overcome

the inertia of the polymer chains, after which the SS chains began to uncoil. Little

force needed to be applied during this period, which led to a drop in the Young’s

modulus over the strain region in which the SS uncoiled. As the strain increased,

the SS chains began to become taught and the SS became more crystalline (Figure
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4.39B). This then increased the Young’s modulus. As strain increased further the

SS and HS aligned in the direction of stress (Figure 4.39C). As strain increased still

further the hydrogen bonds between HS were broken and the HS domains became

broken in to smaller units [280, 281]. The Young’s Modulus at low strain for the

Figure 4.39: Schematic of PCLUU part of POSS-PCLUU polymer showing: (A) the
polymer in its relaxed state (without force applied) and the polycaprolac-
tone SS is coiled and tangled; (B) the polymer at a low strain (around
150%) with SS uncoiled and stretched; and (C) the polymer at high strain
with the HS and SS lined up in in the direction of stress; HDI: 4, 4
methylenebis(cyclohexylisocyanate); SS: soft section; HS: hard section

coagulated aliphatic POSS-PCLUU was much lower than that of the POSS-PCU.

The Young’s Modulus for coagulated POSS-PCU ranged from 0.66 to 0.99 MPa,

whereas coagulated POSS-PCLUU ranged from 0.21 to 0.42 MPa. This was due

to the lower level of crystallinity in the HS in POSS-PCLUU due to the use of the

aliphatic 4,4’ methylenebis(cyclohexylisocyanate) (HMDI) rather than the aromatic

4,4’-methylenebis (phenyl isocyanate) (MDI) used in POSS-PCU. In the Shin’oka

graft the value at low strain was much higher at 11.86 MPa and was reduced to

4.75 MPa after a weeks incubation in saline [278]. Values for Young’s modulus of

thoracic and abdominal aorta as well as vena cava at low strain ranged from 0.09

and 0.14 MPa. At high strain values the Young’s modulus for the aortic sections
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was between 1-3 MPa, but for the vena cava it was approximately 16 MPa [35].

The Young’s Modulus of the POSS-PCLUU was closest to that of native vessels

as measured by Salvucci and coworkers, although because it was a urethane its

Young’s modulus decreased in the strain range that native vessels operate in (up to

140% strain in the thoracic aorta [35]). The addition of NaHCO3 dod significantly

decrease the Young’s modulus, though the concentration of NaHCO3 did not signif-

icantly change the Young’s modulus. The values nearest those of the native vessels

were the 45% and 50% concentration of NaHCO3 at 0.20-0.22 MPa.

Porosity has long been accepted to be vital to the success of vascular grafts

[282, 283]; to allow the flow of fluid, ions, metabolites and growth factors and

transmural ingrowth of perivascular tissue to integrate the graft with that tissue and

to support neointima formation [284]. The method for measuring porosity that best

predicts the success of a graft is not agreed. The amount of void space in a material,

the permeability of a material, pore diameter and pore interconnectivity are all used

in the literature. The methods used in this chapter were determined by what was

available rather than what was considered to be the best methods. Probably the best

method for measuring porosity is micro-CT as it allows all the above parameter to

be measured.

In all the experiments on coagulated polymer a solution of 18% solid polymer in a

DMAC solvent was used. If the DMAC was directly replaced with water a poros-

ity of 82% would be expected as the water caused the formation of void spaces as

the polymer precipitated out of solution. However, the process of phase inversion,

where DMAC is replaced by water, is more complex than this. The type of solvent,

polymer and non-solvent (which in this case was water) will, among many other

factors affect the reaction kinetics of the phase inversion and thus the final struc-

ture and porosity of the polymer. The porosity of the coagulated aliphatic POSS-

PCLUU without NaHCO3 porogen was 72%; lower than POSS-PCU coagulated in

the same conditions, which had a porosity of 84%. The aliphatic POSS-PCLUU

had a consistently lower porosity than the POSS-PCU, with a porosity of 85% with

60% NaHCO3 porogen versus 90% porosity for POSS-PCU with 55% NaHCO3
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porogen. The chemistry of the POSS-PCLUU was responsible for this difference,

perhaps its more hydrophilic nature when compared with POSS-PCU. The Shin’oka

graft had a porosity of >80% [278].

Water content of the coagulated aliphatic POSS-PCLUU gave a rough measure of

pore size and pore connectivity, as a change in either would change the amount of

water able to penetrate the material as long as the capillary pressure was low enough

for water to permeate. Comparing the large increase in porosity with the relatively

small increase in water content between POSS-PCLUU without NaHCO3 porogen

to that with 30% porogen seemed to indicate that the increase of porosity might

be due to the formation of more micropores rather than larger pores, or a decrease

in pore connectivity, both which could increase porosity while not allowing more

water to penetrate. The same effect was seen between 50% and 60% NaHCO3 con-

centration but the opposite was seen between 40% and 50% NaHCO3 concentration.

This change could indicate a greater number of connections between pores formed

when the concentration of NaHCO3 was increased from 40% and 50%. With poro-

gen diameter the porosity did not change significantly but a significant increase in

water content was seen between porogen particles with a median diameter of 40

µm and 105 µm, also indicating possible greater pore connectivity when porogen

particle size was increased. The trend was similar in the results for IWP, with a

significant increase in IWP between porogen particles with a median diameter of 40

µm and 65 µm.

When the porogen particles themselves were imaged, 40 µm NaHCO3 had a dif-

ferent morphology to the other two porogen sizes. Its median size was larger than

stated by the manufacturer. The 40 µm NaHCO3 also had a tendency to form large

pellets, rather than staying as a fine powder, while in storage. Given its appearance

and this fact, the most likely explanation is that the originally small particles were

effective at drawing moisture from the air du to their high surface area to volume ra-

tion, partially dissolving and recrystallising. The effect of NaHCO3 porogen on the

final structure of coagulated grafts was complex. The direct effects were a physical

barrier to polymer rich areas forming during phase separation, and indirect effects
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were a change in the rate of phase separation. A much narrower range of values for

porogen diameter may have given a clearer indication as to which was the stronger

effect for determining final pore diameters.

To examine porosity directly the coagulated polymer was imaged with SEM. In

cross section the POSS-PCLUU grafts had pores with a median diameter of 7.16

µm for 40 µm NaHCO3, 8.01 µm for 65 µm NaHCO3 and 7.29 µm for 105 µm

NaHCO3 in the axial plane and 6.80 µm for 40 µm NaHCO3, 7.44 µm for 65 µm

NaHCO3 and 6.74 µm for 105 µm NaHCO3 in the longitudinal plane. These num-

bers reflect the large numbers of small pores measured. Some of this my be an arte-

fact of the measurement method. It does indicate that however that the NaHCO3 had

more of on indirect than direction effect on the formation of pores. In POSS-PCU

grafts the internal pore sizes were estimated using mercury intrusion porosimetry

and a modal pore size calculated, thus the results are not comparable. However,

the results for POSS-PCU showed an increasing modal pore size with increasing

concentration of 40 µm NaHCO3 porogen [259]. The results for the POSS-PCLUU

grafts show the largest median cross sectional pore diameters were for the 65 µm

NaHCO3 grafts. In the axial direction it also had the lowest maximum pore size,

indicating an overall larger pore size with less of a spread in values. In qualitative

terms, the 40 and 65 µm NaHCO3 grafts had thicker walls between pores, increas-

ing structural integrity. Some pores that connected transmurally could be seen in

the 40 µm NaHCO3 graft (Figure 4.17B) in the axial plane. There was evidence of

micropores transmurally in the 65 µm NaHCO3 graft (Figure 4.18D) in the longitu-

dinal plane. Connectivity and pore size transmurrally are important for the growth

of capillaries in vivo. Capillaries require the space to grow and a clear path through

the graft and their formation is an important step in the healing of grafts, to support

the ingrowth and subsequent development of perivascular tissue. Their presence is

also important for the maintenance of an intima [285]. Average capillary diameter

ranges from approximately 5-8 µm [286, 287] and average arteriole (endothelium

along with at least one smooth muscle cell layer surrounding it) diameters are ap-

proximately 23 µm [288]. It is not clear if the POSS-PCLUU could allow for this
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ingrowth. The only way to determine this would be to image the graft using micro-

CT and calculate if a large enough path through the graft existed. ePTFE grafts con-

sist of thin, irregular solid membranes (nodes) between which stretches a fine mesh

of fibrils. Porosity of this grafts are measured by the internodal distance (IND).

Full transmural capillarisation is only seen for IND above 45 µm. Dacron ® grafts

consist of either knitted or woven polyethylene terephthalate yarn, with weaving

creating narrower spaces than knitted grafts. Generally full transmural capillarisa-

tion is not seen in Dacron ® grafts [288].

In terms of surface porosity, the luminal and extraluminal surfaces require very dif-

ferent characteristics. As discussed above for capillary/arteriole ingrowth, larger

pores are required on the extraluminal surface. For full endothelialisation, to pro-

vide a thrombo-protective layer, pores that can be bridged by endothelial cells are

required on the luminal surface. Endothelial cells have a mean width and length

of 13.2±4.1µm and 25.8±8.5µm in the common iliac artery, and 4.9±1.5µm and

21.9±6.6µm in the hepatic artery [31]. Based on this data the theoretical maximum

size of pore that an endothelial cell could grow across rather than around would

be approximately 25µm. The maximum luminal pore size for 65 µm NaHCO3

grafts was 50.2 µm, much smaller than the maximum pore size of 98.7 µm for 40

µm NaHCO3 grafts and 142.1 µm for 105 µm NaHCO3 grafts. The luminal sur-

face of the POSS-PCLUU grafts had mean pore sizes of 8.05±8.60 µm for 40 µm

NaHCO3 grafts, 8.71±5.33 µm for 65 µm NaHCO3 grafts and 13.26±13.03 µm

for 105 µm NaHCO3 grafts. While the 65 µm NaHCO3 graft has a maximum pore

size great than 25µm it is still much smaller than the other graft types. The extralu-

minal surface of the POSS-PCLUU grafts had mean pore sizes of 7.13±4.37 µm for

40 µm NaHCO3 grafts, 9.61±.78 µm for 65 µm NaHCO3 grafts and 14.21±12.03

µm for 105 µm NaHCO3 grafts. The maximum extraluminal pore size for 65 µm

NaHCO3 grafts was 145.2 µm. This was much larger than the maximum pore size

of 59.8 µm for 40 µm NaHCO3 grafts and 74.0 µm for 105 µm NaHCO3 grafts.

Given the characteristics described above the surface pore diameters of the 65 µm

NaHCO3 grafts match the needs of a tissue engineered vascular graft better than the



4.4. Discussion 130

grafts made with the other two porogen sizes. In the POSS-PCU grafts the mean

surface pore diameter was 6.1±2.7 µm for 40 µm NaHCO3 [259]. Which surface

this is a measure of is not stated and the appearance of the pores is very different to

POSS-PCLUU, with many more pores with a narrower variance in size seen on the

surface of POSS-PCU grafts.

The surface of the material was also examined by measuring the contact angle of

the polymer. This gave a measure of wettability (how hydrophobic or hydrophilic

a material is) which can be influenced by porosity, surface roughness and surface

chemistry. It is purely an interfacial region measure with a depth resolution of 3 to

20 Å[289]. Materials with a contact angle > 90° are considered to be hydropho-

bic and those with a contact angle < 90° are considered to be hydrophilic. The

wettability of a material has an effect on how proteins are adsorbed on the sur-

face and how cells subsequently attach. A moderately hydrophilic surface seems to

be favoured by cells [290, 256] with maximum adhesion occurring with a contact

angle around 55° for ovarian, fibroblastic and endothelial cells [291]. The contact

angle of cast POSS-PCU was 105° [259] compared with a slightly more hydrophilic

POSS-PCLUU, with a contact angle of 100°. When coagulated this value dropped

markedly, which is explained by the appearance of pores that, in a captive bubble

mode of measurement (see Section 4.2.1.4), were filled with water. The substrate

surface values stayed around 30° for all 40 µm NaHCO3 samples, however the sol-

vent surface went from around 30° to 40°. When the pore size was changed the

substrate surface contact angle increased. This was not reflected in a decreasing

percentage coverage of pores seen on luminal surfaces of the grafts however.

ATR-FTIR is one of the deep penetrating surface characterisation techniques, with

a penetration depth of between 5-10 µm [289], which means it gives insight in to

the chemistry of the polymer beyond just the interfacial region. This means it is less

sensitive to small changes in the interfacial region that other techniques (such as the

contact angle) are. There was also no access to more sensitive equipment for ex-

amining surface chemistry such as secondary ion mass spectroscopy. As described

previously [259], a significant drop was seen in the Si-O peak of the POSS moiety
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between cast and coagulated polymer. This arised because of the isobutyl groups

that surround the POSS, which create a hydrophobic outer surface to the molecule.

Thus the POSS migrated away from the surface when it came in to contact with

the water during coagulation. The polar carbonyl groups of the urea, urethane and

ester were all significantly increased in the coagulated sample with the hydropho-

bic methyl sections of the polycaprolactone not changing significantly. It is likely

that this was due to a balance between methyl groups close to the ester group mi-

grating along with them to the surface and those further away that were migrating

away. The change in surface chemistry with increasing NaHCO3 porogen only re-

ally showed a trend in the peak of long (CH2)n moieties, decreasing significantly

from the POSS-PCLUU without porogen from 40% porogen upwards. It is likely

that this would lead to a decrease in contact angle, which was not seen, indicating

that surface chemistry was not the main determinate in contact angle but rather the

surface area covered by pores.

The extruder (Figure 4.2) used in the manufacture of the tubular POSS-PCLUU

scaffolds was a bespoke instrument made in the Royal Free Hospital workshop fol-

lowing a design by Arnold Darbyshire. It consisted of a polymer chamber into

which the POSS-PCLUU in DMAC solvent was poured and a rubber plug placed

in a die at the bottom to stop it flowing out. This plug was pushed out when the

motorised arm drove the mandrel down into a coagulation tube filled with deionised

water. The design of the extruder did not include a way to place the polymer cham-

ber such that it would be aligned to the motorised arm. Despite an alignment guide

at the top of the polymer chamber, the mandrel would deviate from the vertical as

it was driven down, causing eccentricity in the tubes. A coagulation tube alignment

guide was constructed to try and stop this from happening. After trialling a few

designs a polypropylene syringe filter (Corning, USA) was used as an alignment

guide. The material was resistant to the DMAC solvent that came off the coagu-

lating polymer and sank to the bottom of the coagulation tube. It was very stiff, it

fitted the coagulation tube to within less than a millimetre, and the luer lock fitted

the 4 mm mandrel perfectly. This restricted the mandrels movement, and with the
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coagulation tube clamped in to position, the mandrel was kept aligned. Holes were

made in the alignment guide to reduce the turbulence of the water as the guide was

pushed through it. A polyurethane plug was glued to the top of the alignment guide,

through which the mandrel could fit and which plugged the die. The alignment of

mandrel with die was still not ideal even after these changes and some grafts had a

large variation in wall thickness around their circumference. These had to be dis-

carded as they would give rise to a large variation in the mechanical measures of the

graft.

For the polymer-porogen slurry to extrude properly the viscosity of the slurry

needed to be in the right range. Too viscous and the slurry would not flow through

the die, not viscous enough and it would not keep its shape when leaving the die.

The viscosity of the slurry was affected by the concentration of NaHCO3 but be-

cause the polymer-porogen slurry was a thixatropic fluid, it was also affected by the

shear rate at the die. As the motorised arm was only single speed, the shear at the

die was controlled by the size of the gap between the die and the mandrel. When an

8 mm die was used with a 4 mm mandrel, 45% NaHCO3 polymer-porogen slurry

would not extrude, but when the die size was reduced to 7 mm, it would. Work on

the POSS-PCU grafts had shown that grafts with wall thickness over 700 µm had

a compliance profile that was not dependent on pressure but with a wall thickness

of 500 µm led to a graft where compliance was positively correlated to pressure

[259]. Native blood vessels have a negative correlation between compliance and

pressure (see Table 4.7) and so it was decided that a wall thickness of over 700 µm

was needed for POSS-PCU grafts. The wall thickness of 45% NaHCO3 polymer-

porogen slurry extruded with a 4 mm mandrel and 7 mm die ranged between 0.5 to

1 mm.

The grafts were tested for mechanical properties specific to tubular scaffolds. Usu-

ally strength is determined by the pressurised burst strength, that is, the fluid pres-

sure required to cause catastrophic failure of the graft. However it was determined

during the course of the experiment that it was also important to note the pressure

at which plastic deformation of the graft occurred (the aneurysm onset pressure), as



4.4. Discussion 133

this deformation would be pathological in vivo. This pressure was always larger

than the final burst pressure. Both pressures dropped with increasing NaHCO3

porogen diameter. The highest aneurysm onset pressure was the 40 µm NaHCO3

porogen grafts with a value of 408±15 mmHg. This is much lower than the pres-

surised burst strength of the native vessels and polymer grafts shown in Table 4.7.

The pressurised burst strength of the grafts ranged from 238±21 mmHg for 40 µm

NaHCO3 porogen grafts down to 191±28 mmHg for 105 µm NaHCO3 porogen

grafts. While there is no standard for a minimum burst pressure, grafts with a burst

pressure so much lower than native vessels are hardly likely to be considered safe.

The compliance of the POSS-PCLUU grafts was smaller than those of the POSS-

PCU grafts shown in Table 4.7. It also did not show a clear trend in changes in

values with changing pressure that was seen in POSS-PCU and native blood ves-

sels. The values ranged from around 2 to5 %mmHg−1×10−2 and were only slightly

larger than ePTFE and Dacron ®. This didn’t match with the tensile testing results

for Young’s modulus. The fact that an internal balloon was used for measuring the

compliance values for POSS-PCLUU may have impacted the results. Also the large

variation in wall thickness could have led to the variation in results for compliance.

The caprolactone based polymers that were tested for degradative properties were

all intolerant to heat treatment. When exposed to 80°C all the polymers were too

degraded for testing before the 12 weeks of the experiment was over. The polymers

were also quite susceptible to H2O2 degradation, which was in line with previ-

ous research in to polyurethane degradation that modelling the in vitro response of

macrophages and foreign body giant cells to produce reactive oxygen intermediates

(ROI) [294]. The polymers were examined by tensile testing to measure the level of

degradation and by FTIR to try and determine the mechanisms, focusing on peaks

associated with ester group, C-O-C and C=Oe, and the urethane group, C=Oa and

N-Hb. Cast samples of the polymer used throughout the rest of this chapter, Poly-

mer 3, showed a significant decrease in UTS from starting values for the 37°C PBS

from the first week with the other degradative solutions following the same trend,

however the FTIR results only showed a significant decrease in values for the H2O2
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Material Pressurised
burst strength
(mmHg)

Compliance (%mmHg−1 ×
10−2) at mean pressure

Suture reten-
tion (N)

ePTFE
16400±2200
(IMPRA)[292]

1.8±0.2 at 30 mmHg [21] 17.8±1.8
(IMPRA)[292]

23600±1100
(Gore)[292]

0.9±0.1 at 100 mmHg [21] 16.9±3.5
(Gore)[292]

Dacron ®
5700 - 6200 [285] 1.9±0.7 at 30mmHg [21] -

1.9±1.2 at 100 mmHg [21]

EIA
- 19.3±11.9 at 30 mmHg [21] -

2.6±0.8 at 100 mmHg [21]

SV
2295±272 [293] 21.0±11.0 at 30 mmHg [21] -
1599±877 [178] 1.5±0.4 at 100 mmHg [21] 1.92±0.02 [42]
1680±307 [44] 25.60±1.13 at 90 mmHg

[106]
4.3±0.23 [106]

IMA
2267±15 [293] - -
3196±1264
[178]

11.5±3.9 at 125 mmHg [178] 1.35±0.49 [178]

4225±1368 [42] - 1.96±1.17 [42]
Shin’oka
PGAP(CL/LA)
polymer
scaffold
[103]

2710±282 - 3.13±0.72

Coagulated
POSS-
PCU, 0%
NaHCO3
[259]

- 5.9± 0.4 from 30-100 mmHg 2.23±0.15

Coagulated
POSS-
PCU, 35%
NaHCO3
[259]

- 5.0 at 30 mmHg & 7.0 at 100
mmHg

4.46±0.32

Coagulated
POSS-
PCU, 45%
NaHCO3
[259]

- 7.0 at 30 mmHg & 11.2 at 100
mmHg

3.37±0.21

Coagulated
POSS-
PCU, 60%
NaHCO3
[259]

- 7.5 at 30 mmHg & 11.6 at 100
mmHg

2.33±0.23

Table 4.7: Vessel mechanical properties for vascular grafts and human blood vessels from
literature; EIA: external iliac artery, SV: saphenous vein; IMA: internal mam-
mary artery
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solution, starting at week 12 and mainly in the urethane group. In coagulated sam-

ples there was no change in UTS for 37°C PBS, which was generally reflected in

the FTIR. The UTS for H2O2 solution was significantly different from the 4th week

on, with drops in C=Oe from the first week and in other peaks from the 8th week on,

with the tests terminated by the 12th week due to the level of degradation. The in-

crease in surface area in the coagulated polymer made a big difference to the rate of

degradation and a coagulated graft in vivo, exposed to ROI released by an immune

response, might expect to maintain structural integrity for less than two months. It

is also worth noting that bond scission didn’t appear to be limited to ester scission

but also urethane scission, as shown in Figure 4.40.

When the amount of aliphatic hard section was increased the UTS of samples in

Figure 4.40: Oxidation of urethane bond in hard segment of a polyurethane [294]

H2O2 solution decreased faster than those in 37°C PBS. This did not happen with

polymer which had an aromatic hard section. There was also a significant decrease

seen in the urethane bonds for the polymers with aliphatic hard sections which was

not seen in polymers with aromatic hard section. This suggests the aliphatic hard

section was much more susceptible to oxidative attack. Removing POSS from the

hard section of aliphatic polymer decreased its thermal stability with a significant

decrease in UTS from the first week, not seen in polymer with POSS, though the

only effect it had in oxidative attack was to increase the presence of C=Oe bonds.
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While this in vitro study can give insight in to the time-scales and routes for degra-

dation, they cannot give an accurate picture of how the graft would behave when

implanted. After implantation, immune responses would lead to degradation of the

polymer but would also cause inflammation, remodelling and fibrous tissue forma-

tion. All of these would affect the grafts mechanical properties and thus, ultimately,

the patency of the graft. Ideally the biodegradable polymer would be removed at the

same rate as new tissue formed in its place to maintain the mechanical properties of

the grafts. There are currently no useful figures on what this rate may be. This could

be modelled in an animal study but thought must be put in to the most appropriate

model for measuring remodelling and degradation. A primate model would provide

the closest model as these have reduced encapsulation compared with non-primate

models, with baboons being the best choice [295].

Of the sterilisation techniques measured, bleach showed the least change in mor-

phology, surface chemistry and mechanical properties. This would make it a suit-

able technique for in vitro work but it is unlikely to be useful for in vivo work.

Gamma irradiation may be suitable for this [123].

4.5 Conclusion

In this chapter a method of phase inversion with NaHCO3 porogen leaching was

tested for the manufacture of a synthetic tissue engineered vascular graft, based on

previous work on related polymers in the Royal Free lab. Based on tensile test-

ing and porosity measures a concentration of 45% NaHCO3 porogen was selected

and then further tests on extruded grafts made with NaHCO3 porogens of different

median diameters were carried out. Results for pore diameter, suture retention and

integral water permeability would suggest that grafts made with a 60 µm NaHCO3

porogen would be more suitable for use as a TEVG.

While an attempt was made to find the method of phase inversion with NaHCO3

porogen leaching that best matched the desired characteristics for a TEVG the ma-

terial fell short on several different measures. The most important of these was the

low burst pressure of the grafts and the aneurysmal changes that occurred to the
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graft at high pressures. Compliance was also much lower than native blood vessels

at low blood pressures, which could lead to intimal hyperplasia on implantation.

The phase inversion method also did not provide control for pore diameter and con-

nectivity, which is vital for remodelling. The NaHCO3 porogen was susceptible to

change in storage and the stated median diameter did not match the actual diame-

ter. The use of a poorly calibrated bench top extruder also highlighted the need for

fine control over extrusion parameters. Finally, POSS-PCLUU was very difficult

to sterilise. The only method of the three trialled that did not adversely affect the

mechanical and structural properties of the polymer was the method using bleach,

which is not a recognised method for clinical sterilisation.



Chapter 5

Characterisation of decellularised

vessels

5.1 Introduction

The vessels of the umbilical cord provide a readily available and completely non-

invasive source of small calibre vessels in the paediatric setting, which would oth-

erwise normally be discarded. In the past decade several groups have tried differ-

ent methods for decellularising the vessels of the umbilical cord. Umbilical arteries

have been decellularised using sodium dodecyl sulphate [146, 145] or trypsin/EDTA

[144]. Umbilical veins have been decellularised with sodium deoxycholate and Tri-

ton X [150]; a hypotonic solution [152, 150]; or enzymatic or gas dehydration [152].

Graft using glutaraldehyde treated human umbilical vein have also undergone in

vivo testing and a limited clinical application. Glutaraldehyde treated human um-

bilical vein grafts with an outer polyester supportive mesh were trialled in baboons

with all but one remaining patent for up to 9 months with no ectasia or aneurysmal

formation but with some chronic inflammation and a capsule formation around the

polyester mesh. The clinical cases involved three elderly patient and followed up

short-term with good clinical results [296]. Long-term follow up showed aneurys-

mal formation and graft degradation and clinical use was limited to patients with a

life-expectancy of a few years [297].

The Stem Cell and Regenerative Medicine group at the Institute of Child Health
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have used a Detergent Enzymatic Treatment (DET) for decellularising a range of

tissue types including trachea [298], abdominal muscle [299], intestine [300], lungs

[301] and oesophagus [302]. In this chapter the aim was to generate an acellular

vascular scaffold from human umbilical veins and arteries using the DET method

that could then go on to be compared with the POSS-PCLUU graft. Effective de-

cellularisation was determined by DNA quantification and nuclear staining. The

effect of decellularisation on the changes to ECM was determined by histology and

ECM quantification. Structural change was examined using SEM and mechanical

strength by pressurised burst strength.

5.2 Materials and methods

5.2.1 Isolation of human umbilical vessels

Human umbilical cords were obtained with the consent of mothers undergoing

planned caesarean section at University College Hospital (London, UK). Ethi-

cal approval was granted by the local research ethics committee (REC reference:

14/LO/0863). Umbilical cord was collected in the morning and placed directly in

PBS. The cord was cut into lengths of approximately 10 cm (Figure 5.1A) and the

vessels dissected from the cord on the same day as collection. Umbilical arteries

were removed first by clamping one artery and clamping the opposing artery and

vein separately, making sure to clamp as much of the cord longitudinally as was

possible (Figure 5.1C). A small incision was made with scissors between the two

halves and then the two clamps were drawn apart firmly and slowly to remove

the first artery. The second was removed in a similar fashion with the vein and

remaining Wharton’s jelly left. Then as much Wharton’s jelly as possible was

removed from the vein using scissors and a strereomicroscope, taking great care

to avoid puncturing the thin fragile wall of the vein. Vessels were then cannulised

and blood washed from the lumen with PBS. Samples of the vessels were taken

before beginning the Detergent Enzymatic Treatment (DET). These are referred to

as Fresh or Cycle 0 vessels. All steps in this isolation were completed by the author.
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Figure 5.1: To isolate the vessels of the umbilical cord (A) the cord was cut to pieces around
10 cm long, (B) the two umbilical arteries and one umbilical vein are identified
and then (C) each of the umbilical arteries clamped and then pulled from the
Wharton’s jelly before the vein is cut away from the remaining Wharton’s jelly;
scale=10 mm

5.2.2 Isolation of rat aorta

All surgical procedures and animal husbandry were carried out in accordance with

UK Home Office guidelines under the Animals (Scientific Procedures) Act 1986

and the local ethics committee. Aorta were obtained from 4-6 month old male

Sprague Dawley rats weighing between 150-170 g and vascular microsurgery was

performed by Asllan Gjinovci. Deceased rats were laid in a supine position and

the skin was cut along the ventral midline, from the groin to the chin. The skin

was retracted, a midline incision was made through the abdominal wall and the

muscle was also retracted. The gastrointestinal tract was cut as distally as possible,

close to the rectum, and the tract removed from the peritoneal cavity to expose the

abdominal aorta. The diaphragm was removed, as were the contents of the thoracic

cavity, to expose the descending aorta (Figure 5.2A). The fascia surrounding the

aorta and vena cava was removed (Figure 5.2B). The larger branches of the aorta,
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the superior mesenteric and celiac arteries, were closed with 5-0 silk suture (Fine

Science Tools, Heidelberg, Germany) and the smaller inferior mesenteric, left and

right renal, and vertebral arteries were cauterised (Figure 5.2C). Proximally supe-

rior to the branching of the iliac arteries a 26G catheter was inserted. The iliac

arteries were then severed, as was the descending aorta, inferior to the aortic arch.

Figure 5.2: Dissection of the aorta from male Sprague Dawley rat showing: (A) the dis-
sected rat with the contents of the abdominal and thoracic cavities removed to
expose the aorta and vena cava;scale=2cm; (B) the drained abdominal aorta,
with a branching artery, shown with the inferior vena cava; and (C) the abdom-
inal aorta shown filled with PBS and the branches to the celiac and superior
mesenteric artery closed with 5-0 silk sutures and the branch to the inferior
mesenteric artery closed by cauterisation; for (B-C) scale=2mm; the top of the
image is in the cranial direction and bottom is in the caudal

5.2.3 Detergent Enzymatic Treatment (DET)

The vascular lumen was perfused with a continuous fluid delivery of DET using

a Masterflex L/S digital variable speed roller pump (Cole-Parmer Instrument Co.



5.2. Materials and methods 142

Ltd, London, UK) at 1 ml/min for umbilical vessels and an i150 peristaltic pump

(iPumps Ltd, Tewkesbury, UK) at 0.5 ml/min for rat aorta. One DET cycle was

composed of perfusion with: Milli-Q™grade water at 4°C overnight, 4% sodium

deoxycholate (Sigma Aldrich Ltd, Gillingham, UK) at room temperature (RT) for

4 hours, PBS at RT for 15-30 minutes, and 2,000 kU DNase-I (Sigma Aldrich Ltd,

Gillingham, UK) in 1 M NaCl (Sigma Aldrich Ltd, Gillingham, UK) at RT for 3

hours, similar to the previously described methods [300, 302]. After each cycle

a section of decellularised vessel was removed and preserved as required by the

method of analysis (Figure 5.3) and the process repeated until a significant reduc-

tion in DNA was observed.

Figure 5.3: Method of preservation for each of the tests carried out on the vessels
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5.2.4 DNA quantification

Total DNA was measured using a DNeasy Blood and Tissue Kit (Qiagen Ltd,

Manchester, UK) on samples that had been snap frozen in liquid nitrogen and stored

at -80°C. Wet tissue was weighed and then placed in 180 µl ATL buffer. The tissue

was mechanically dissociated, 20 µl proteinase K was added and the sample incu-

bated at 56°C overnight. AL buffer and ethanol were added, the solutions added to

spin columns and the mixture centrifuged several times in different buffers, discard-

ing any solution that flowed through the column. The concentration of DNA was

measured using a NanoDrop spectrophotometer (Thermo Scientific, Loughborough,

UK).

5.2.5 Histological staining

Samples were fixed in 4% (w/v) paraformaldehyde and stored at 4°C. Subsequently,

they were washed in distilled water, dehydrated in graded alcohol, embedded in

paraffin (Merck, Darmstadt, Germany), and sectioned at 5 µm. Adjacent sections

were stained with Haematoxylin and Eosin (H&E) (Leica, Germany), Masson’s

Trichrome (MT) (Leica, Raymond A Lamb, BDH Chemicals Ltd), Verhoeff-Van

Gieson (VVG) (VWR, Leica, Raymond A Lamb), and Alcian Blue (AB) (BDH

Chemicals Ltd, Cellpath Ltd) stains. Processing of the samples was done by Alex

Virasami at Great Ormand Street Hospital.

5.2.6 Fluorescent staining

Samples were fixed in 4% (w/v) paraformaldehyde and stored at 4°C. The samples

were then dehydrated by placing in 10% (w/v) sucrose for 30 minutes, 20% (w/v)

sucrose for 30 minutes and 30% (w/v) sucrose overnight. The samples were then

embedded in optimal cutting temperature compound (OCT), snap frozen in liquid

nitrogen and then sectioned with a cryostat at 10 µm. Slides were washed twice

with PBS for 5 minutes each time before Fluoroshield Mounting Medium with 4’,6-

diamidino-2-phenylindole (DAPI) (Abcam, Cambridge, UK) was added.
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5.2.7 Scanning electron microscopy

Samples were fixed in 2.5% (w/v) glutaraldehyde and stored at 4°C. Following

washing with 0.1 M PBS, they were cut into segments of approximately 1 cm length

and cryoprotected in 25% sucrose, 10% glycerol in PBS (pH 7.4) for 2 hours, then

fast frozen in Nitrogen slush and fractured at approximately -160°C. The samples

were then placed back into the cryoprotectant at room temperature and allowed to

thaw. After washing in PBS, the sample was fixed in 1% OsO4/0.1 M phosphate

buffer (pH 7.3) at 3°C for 1.5 hours and washed again. After rinsing with deionised

water, specimens were dehydrated in a graded ethanol-water series to 100% ethanol,

critical point dried using CO2 and finally mounted on aluminium stubs using sticky

carbon tabs. The sample was coated with a thin layer of Au/Pd (approximately 2

nm thick) using a Gatan ion beam coater. Images were recorded with a Jeol 7401

FEG scanning electron microscope. Samples were prepared by Mark Turmaine and

imaged by Claire Crowley.

5.2.8 Collagen quantification

Collagen content was derived using a Total Collagen Assay Kit (QuickZyme Bio-

sciences, Leiden, The Netherlands) on samples that had been snap frozen in liquid

nitrogen and stored at -80°C. Wet tissue was weighed and then placed in 6M HCl

and incubated overnight at 95°C. Samples were centrifuged at 13,000g for 10 min-

utes and then the supernatant was diluted 1:30 in 4M HCl. The diluted samples

were mixed with Assay Buffer, in a 96 well plate, shaken for 20 minutes and then

Detection Reagent was added. This was mixed by shaking and then incubated at

60°C for 60 minutes. The plate was measured at 555 nm and compared to standard

volumes of collagen prepared in the same manner as the samples.

5.2.9 Glycosaminoglycan quantification

Sulfated glycosaminoglycan content was derived using a Blyscan Glycosaminogly-

can Assay (Biocolor Ltd, Carrickfergus, UK) on samples that had been snap frozen

in liquid nitrogen and stored at -80°C. Wet tissue was weighed and then placed in 1

ml Papain Extraction Reagent at 65°C overnight. Digested tissue was centrifuged at
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10,000g for 10 minutes and 50 µl of supernatant was added to 50 µl of Papain Ex-

traction Reagent. This solution was added to 1 ml Blyscan dye reagent, mixed for

30 minutes and then centrifuged at 12,000 rpm for 10 minutes. To the pellet, 0.5 ml

of dissociation reagent was added, and the pellet was dissolved by vortexing before

being centrifuged at 12,000 rpm for 5 minutes. The dye concentration was mea-

sured at 555 nm and compared to standard volumes of sulfated glycosaminoglycan

prepared in the same manner as the samples.

5.2.10 Elastin quantification

Elastin content was derived using a Fastin Elastin Assay (Biocolor Ltd, Carrick-

fergus, UK) on samples that had been snap frozen in liquid nitrogen and stored at

-80°C. Wet tissue was weighed and then placed in 750 µl of 0.25 M oxalic acid at

100°C for two 1 hour periods, agitating the sample after the first hour. A sample

volume of 50 µl was added to 50 µl Elastin Precipitating Reagent, mixed and then

centrifuged at 10,000g for 10 minutes. The supernatant was drained, leaving only a

pellet. To the pellet 1 ml of Dye Reagent was added before it was mixed and then

centrifuged at 10,000g for 10 minutes. Again the supernatant was drained to leave

a pellet. The dye bound to the elastin pellet was solubilized with 250 µl Dye Dis-

sociation Reagent. The dye concentration was measured at 555 nm and compared

to standard volumes of elastin prepared in the same manner as the samples.

5.2.11 Pressurised burst strength

The burst strength test was carried out as per BS ISO 7198:1998 8.3.3.3, as de-

scribed in section 4.2.2.5. Fresh and decellularised umbilical vessels were tested

with a cast aliphatic POSS-PCLUU balloon of an approximate thickness of 30 µm

and an internal diameter of 7 mm for the umbilical vein and 5 mm for the umbilical

artery. These were fed through the vessel using an appropriately sized mandrel.

5.2.12 Statistical analysis

The data are presented as mean±standard deviation. Results were analysed and

plotted using GraphPad Prism 5.01 for Windows [269]. Statistical significance was

determined using a Student’s t-test when comparing two variables and a ANOVA
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with Tukey’s or Dunnett’s post-hoc tests, when comparing more than two variables.

5.3 Results

5.3.1 Decellularising umbilical cord vessels

5.3.1.1 Gross morphology

No significant change in the length of umbilical artery was seen after the appropriate

number of cycles as determined by DNA quantification (see Section 5.3.1.2), three

cycles of DET (Figure 5.4) or vein after two cycles of DET (Figure 5.5). The vessels

were more translucent after decellularisation.

5.3.1.2 DNA quantification

DNA quantification of human umbilical artery showed a significant reduction in the

amount of DNA compared to the fresh artery as a proportion of wet tissue weight

after three cycles of DET (Figure 5.6A). For the human umbilical vein there was

a significant reduction from the fresh samples after two cycles (Figure 5.6B). No

significant decrease in the amount of DNA was seen from these values in subsequent

cycles, up to a maximum of four.

5.3.1.3 Histology and fluorescence

Due to how thin and delicate the umbilical vein was, it was impossible to dissect

away from the Wharton’s Jelly completely and therefore some remained attached

after dissection. In DAPI stains of fresh umbilical vein (Figure 5.7B) the bound-

ary between the two was seen by the change in density of nuclei, with the densely

packed nuclei of smooth muscle cells of the vein and the more loosely packed nu-

clei of the Wharton’s Jelly. In the fresh umbilical artery (Figure 5.7A) the difference

was in the density of the chromatin, with two layers of dense chromatin surround-

ing a middle layer of less densely packed chromatin. In decellularised vein (Figure

5.7D) there was a difference in ECM fibre orientation between the two regions, with

vein ECM generally arranged circumferentially and Wharton’s jelly ECM generally

arranged more radially. DAPI staining of the umbilical vessels showed no remain-

ing nuclei after three cycles of DET for the artery (Figure 5.7C) and two cycles of



5.3. Results 147

Figure 5.4: (A) Image of catheterised fresh umbilical artery; (B) image of the same sample
after one cycle of DET; (C) image of the same sample after two cycle of DET;
(D) image of the same sample after three cycle of DET; (E) the length of fresh
umbilical artery sample and after one, two and three cycles of DET; multiple
comparison ANOVA with Tukey’s post-hoc test; n=3; scale=1 cm

DET for the vein (Figure 5.7D). Whether the remaining fluorescence was due to

autofluorescence of ECM molecules or due to small fragments of nuclear material

is unclear. A negative control of the vessels without DAPI staining would have

allowed the measurement of autofluorescence. Staining of fresh umbilical artery

(Figure 5.8) with H&E showed small cross sections of cytoplasm periluminally that

were not all nucleated, indicative of longitudinally aligned smooth muscle cells.

This extended further transmurally in an isolated patch. Beyond this was more

elongated cytoplasm with nucleation, which indicated circumferential smooth mus-
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Figure 5.5: (A) Image of catheterised fresh umbilical vein; (B) image of the same sample
after one cycle of DET; (C) image of the same sample after two cycle of DET;
(D) the length of fresh umbilical vein sample and after one and two cycles of
DET; multiple comparison ANOVA with Tukey’s post-hoc test; n=3; scale=1
cm
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Figure 5.6: DNA quantification of (A) umbilical artery showed a significant decrease in
DNA from fresh after 3 cycles and (B) umbilical vein showed a significant
decrease in DNA after 2 cycles; mean±s.d; ANOVA with Dunnett’s post-hoc
test; * p<0.05, ** p<0.01; n=4

Figure 5.7: DAPI stain of (A) fresh umbilical artery, (B) fresh umbilical vein, (C) umbilical
artery after 3 cycles of DET, and (D) umbilical vein after 2 cycles of DET. The
dashed line marks out the boundary between the umbilical vein and Wharton’s
jelly; L=lumen; scale=100 µm
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cle, as well as some slightly elongated and occasionally nucleated cells, indicative

of obliquely aligned smooth muscle. On the extraluminal side there were patches

of longitudinal smooth muscle. After three cycles of DET the nuclear material was

no longer visible and there were vacuated spaces where cytoplasmic material was

previously observed.

The MT staining of fresh artery showed a high concentration of red staining near

the luminal surface. This red stain is usually associated with muscle cells, including

smooth muscle, suggesting there was a higher concentration of smooth muscle cells

near the luminal surface. The collagen background was hard to distinguish from

the cytoplasmic elements, due to their similar colour. However after three cycles of

DET the cytoplasm couldn’t be seen but collagen structure was preserved. There

was a noticeably darker staining of the collagen at the extraluminal side, possibly

demarcating a fibrous boundary with the Wharton’s Jelly. There was also a com-

plete removal of red staining indicating removal of smooth muscle cells.

The fresh umbilical artery did not have a continuous internal elastic lamina as shown

by VVG staining. Instead it had many interrupted layers that reduced in number

moving away from the luminal surface. This was mostly preserved after decellular-

isation.

The blue staining of glycosaminogylcans (GAG) by Alcian Blue (AB) was seen

very strongly near the lumen of fresh umbilical artery and then was seen in smaller

pockets further away from the lumen. After three cycles of DET no staining of

GAG was seen.

The staining of fresh umbilical vein (Figure 5.9) with H&E showed a quite dis-

tinct tunica intima and, in the media immediately adjacent, a majority of obliquely

aligned smooth muscle cells. Further from the lumen there was a mixture of longi-

tudinal and obliquely aligned smooth muscle cells. Cells appeared less densely

packed than in the umbilical artery with more ECM visible. After two cycles

of DET there was no visible nuclei. There was also a very distinct difference in

ECM structure between the umbilical vein and attached Wharton’s Jelly. The vein

showed highly organised and mostly circumferentially aligned fibres and the Whar-
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Figure 5.8: Haematoxylin and Eosin (H&E), Masson’s Trichrome (MT), Verhoeff-Van
Gieson (VVG) and Alcian Blue (AB) stains of fresh umbilical artery, and after
3 cycles of DET with the lumen located at the bottom of each image; scale=100
µm
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Figure 5.9: Haematoxylin and Eosin (H&E), Masson’s Trichrome (MT), Verhoeff-Van
Gieson (VVG) and Alcian Blue (AB) stains of fresh umbilical vein, and after 2
cycles of DET with the lumen located at the bottom of each image; scale=100
µm
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ton’s Jelly ECM was more disorganised.

Masson’s Trichrome (MT) staining stained smooth muscle cells in fresh umbilical

vein red though this was no longer seen after two cycles of DET. As with the um-

bilical vein a higher concentration of collagen was seen at the boundary between

the vessel and Wharton’s Jelly.

A continuous and thick internal elastic lamina could be seen on VVG staining of

fresh umbilical vein. Some elastic fibres could be seen in the media as well. Upon

decellularisation these medial fibres were no longer seen, but the internal elastic

lamina was retained at a reduced thickness.

Unlike umbilical artery stained with AB, the fresh vein did not have the spread of

GAG near the lumen, but rather had concentrated pockets of GAG, with the con-

centration decreasing with increasing distance from the lumen. Similar to the artery

though, after decellularisation the blue staining of GAG was not seen.

5.3.1.4 Collagen, elastin and glycosaminoglycan quantification

Collagen showed the smallest percentage reduction of the ECM molecules that were

quantified, with no significant change seen in umbilical vein collagen after decellu-

larisation. Both the artery and the vein showed a reduction of around 75% in elastin

after decellularisation. The largest reduction of ECM molecules was seen for the

GAG, with near complete removal for the artery. Fresh veins showed a considerably

larger variation GAG quantity than arteries and the reduction after decellularisation

was smaller.

5.3.1.5 Scanning electron microscopy

On the luminal surface of fresh umbilical artery (Figure 5.11A) endothelial cells

were present, taking on the expected elongated shape and all aligned on a longi-

tudinal axis. After three cycles of DET (Figure 5.11C) no cellular material could

be seen and a relatively smooth basal layer was revealed, with minor cracking. On

close inspection, the fresh umbilical vein (Figure 5.11B) did have elongated en-

dothelial cells, but this was difficult to see partly due to the undulating nature of

the luminal surface. When the umbilical vein was decellularised (Figure 5.11D) a

corrugated basal layer can be seen with very little cellular debris present. In a few
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Figure 5.10: ECM quantification for total collagen, elastin and glycosaminoglycans in the
umbilical vein and artery. Values for the fresh vessel and decellularised as de-
termined by DNA quantification. Percentage change in the mean amount from
fresh to decellularised is show above each graph; Student’s t-test; mean±s.d;
* p<0.05, ** p<0.01, *** p<0.001; n=3

places this layer is flatter, indicating damage to the layer.

Fresh umbilical artery in cross section (Figure 5.12A) appeared to have two distinct

morphological layers under SEM. A layer with small pores near the luminal surface

(Figure 5.12C) and an obvious layer of circumferentially aligned smooth muscle

cells (Figure 5.12E). Decellularised artery was more porous, lacked the smooth

muscle layer, but appeared to keep ECM structure (Figure 5.12B and D), with the

ECM fibres less tightly packed than with fresh artery (Figure 4.10F).

Again, two layers were apparent in the fresh umbilical vein (Figure 5.13A and C),

obliquely aligned smooth muscle cells and then the fibrous matter of the Wharton’s

Jelly. It was also possible to spot the fibres running between smooth muscle cells

(Figure 5.131E) that was not so easily seen in the artery. Upon decellularisation

the gross structure was maintained (Figure 5.13B) with the tissue obviously more

porous (Figure 5.13D and F).

5.3.1.6 Pressurised burst strength

There was no significant change in the pressurised burst strength of the umbilical

artery and vein upon decellularisation (Figure 5.14). The umbilical artery had a
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Figure 5.11: SEM of the luminal surface (A) fresh umbilical artery (lumen on the left),
(B) fresh umbilical vein, (C) umbilical artery after 3 cycles of DET, and (D)
umbilical vein after 2 cycles of DET; scale of main pictures=100 µm; scale of
insets=10 µm

mean pressurised burst strength of 1018 mmHg before decellularisation and 831

mmHg after. For umbilical vein the mean pressurised burst strength was 490 mmHg

before decellularisation and 534 mmHg after.

5.3.2 Decellularising rat aorta

5.3.2.1 Gross morphology

No significant change in the length of aorta was seen after two cycles of DET and

the vessels looked morphologically similar after decellularisation (Figure 5.15).

5.3.2.2 DNA quantification

There was a significant reduction in the amount of DNA in the rat aorta from an

average of 1434 ng/mg wet tissue in fresh aorta to 170 ng/mg wet tissue after one

cycle of DET. There was no significant further reduction after a second cycle of

DET (Figure 5.16).
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Figure 5.12: SEM cross-section of fresh human umbilical artery (A,C,E) and after 3 cycles
of DET (B,D,F) at 200× (A-B), 500× (C-D) and 1500× (E-F) magnification;
scale=50 µm
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Figure 5.13: SEM cross-section of fresh human umbilical vein (A,C,E) and after 2 cycles
of DET (B,D,F) at 50× (A-B), 200× (C-D) and 500× (E-F) magnification;
scale=100 µm
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Figure 5.14: Pressurised burst strength of (A) umbilical artery and (B) umbilical vein; Stu-
dent’s t-test; mean±s.d; n=3

Figure 5.15: (A) Image of catheterised fresh rat aorta; (B) image of the same sample after
one cycle of DET; (C) image of the same sample after two cycle of DET;
(D) the length of fresh rat aorta sample and after one and two cycles of DET;
multiple comparison ANOVA with Tukey’s post-hoc test; n=3
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Figure 5.16: DNA quantification of rat aorta showed a significant decrease in DNA af-
ter 1 cycle of DET; mean±s.d; ANOVA with Dunnett’s post-hoc test; ***
p<0.001; n=4

5.3.2.3 Histology

Fresh rat aorta had a laminar media with elastic lamina with layers of smooth muscle

cell 1 or 2 cells thick between the lamina. Some elastic fibres were also visible

between lamina in VVG. These cells had elongated nuclei and cells in the adventitia

were more rounded. MT stained the smooth muscle cells pink.

After one cycle of DET there was some faint nuclear staining on H&E, very little

staining for smooth muscle in MT with the elastic lamina showing no change in

VVG, though the elastic fibres between lamina were no longer present.

After two cycles of DET there was no nuclear staining present on H&E; a reduction

in collagen content as seen in MT, although there was still some staining for smooth

muscle in the same position as the elastic lamina, which were still present on VVG

staining.
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Figure 5.17: Haematoxylin and Eosin (H&E), Masson’s Trichrome (MT), Verhoeff-Van
Gieson (VVG) and Alcian Blue (AB) stains of fresh rat aorta, after 1 and 2
cycles of DET; lumen is at the bottom of each image; scale=100 µm

5.4 Discussion

Decellularised organs offer a combination of factors that make them an attractive

material for tissue engineering: the biochemical properties of the retained ECM

components, the biomechanical properties created by complex structure and mix-

ture of ECM components and a reduced immunogenicity [139]. The motivation for

decellularising umbilical cord vessels in this chapter was due to the ready avail-

ability of the cords and the previous literature on the subject, as mentioned in the

introduction. It was decided that both veins and arteries would be decellularised as

in the literature they are always done separately and a side by side comparison of

the vessels is not seen, to the authors knowledge, when looking at decellularised
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umbilical vessels. The motivation for using the DET method described in this chap-

ter was its successful application in a range of other organs: swine trachea [298],

rat small intestine [300], swine oesophagus [302] and swine abdominal aorta and

carotid artery[134]. The comparison of both vessels and the use of DET on umbili-

cal vessels were both novel.

Manual dissection of the vessels was not easily accomplished. Umbilical cords are

highly variable, varying in length, thickness and helicity. All of these factors influ-

ence the ease of manual dissection of the vessels. The helicity of the cord affects

the morphology of the vessels and was noticeable after dissection. The arteries

were easier to remove than the veins. With strong and steady force the arteries

would come away from the cord with little Wharton’s Jelly attached, though it was

easy to apply too much force and for the artery to snap. The walls of the veins

were very thin and not easy to separate out from the Wharton’s Jelly and it was

therefore difficult to remove it all from the vein. Automatic dissection has been

demonstrated on umbilical artery [146] and vein [303, 149]. This involves inserting

a mandrel in to the vessel, freezing the cord and then lathing the cord to a set thick-

ness. The mechanical measures showed decreased variability in these studies, but

there is research which indicates freezing umbilical arteries decreases the efficiency

of decellularisation [304].

The variability of umbilical cords affects more than just the ease of dissection but its

end use as a graft. The twisting of the umbilical cord in utero leads to vessels with a

helical nature, which was apparent when the vessels were dissected from the umbil-

ical cord. If these were implanted in a patient with congenital heart defects it would

likely lead to turbulent flow and thrombus formation. A sudden change in diameter

between host and graft vessels can also lead to the same effect. Measurements of in-

ternal diameter of the vessels was not recorded in this study but sonographic studies

of umbilical vessels for normal, term pregnancies have shown an internal diameter

of 7.8±0.7 mm for umbilical vein and 3.9±0.9 mm for umbilical artery [305]. For

extra cardiac total cavopulmonary connection grafts with a diameter ranging from

between 16-20 mm are used [306]. In patients with Tetralogy of Fallot under 5
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years old the diameter of their pulmonary arteries ranges from approximately 8 to

18 mm [307]. In both these cases, which were discussed in Section 1.2, umbilical

vessels would be too small to use as grafts.

Macroscopically the vessels’ appearance became slightly more translucent after de-

cellularisation, but otherwise no major change was noted. The vessels handled sim-

ilarly before and after decellularisation, maintaining their integrity. The removal of

DNA in the artery after 3 cycles of DET and in the vein after 2 cycles was confirmed

by DNA quantification, DAPI staining and histology. However, a successful decel-

lularisation is not determined by the point at which no more DNA can be removed

but rather at the level when the amount of DNA would not provoke an immune re-

sponse. The level that has been suggested is less than 50ng double-stranded DNA

(dsDNA) per mg ECM dry weight [308]. Vacuum drying facilities were not avail-

able however and therefore wet weight was used instead. DNA fragment lengths

less than 200 bp is also recommended. Ther was a lack of change in DNA quantity

in the artery in cycles 1 and 2 and then a sudden drop in the third, while in the vein

there was a noticeable change in variability in cycle 1 before there was a significant

drop in cycle 2. Why this occurs rather than a steadily decreasing amount of DNA

was not clear.

Detergents have been used for most of the studies on umbilical cord vessel decel-

lularisation, but these used SDS [151, 146, 309] or Triton-X [149] and not SDC as

described here. When detergent, osmotic and peroxyacetic acid (PAA) decellular-

isation treatments were compared [150] none of them removed nuclei staining on

their own, though detergent decellularisation did show a reduced staining in all his-

tological slides, as was seen in the histology of the vessels presented here. Addition

of a nuclease removed nuclear staining in all groups, but it also had an effect on the

ECM staining, reducing it by a significant amount in the osmotic treatment and only

a small amount in the PAA treatment. They attributed this to endogenous proteases

that continued to be active during nuclease incubation, but which were oxidised by

PAA treatment. While DNAse-I is the most commonly used nuclease, Gui et al.

[145] decellularised umbilical arteries in CHAPS and then SDS buffer, which did
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not remove DNA, but when they then added an incubation with EGM™-2 they did

see removal of DNA. They postulated that it was the nucleases in the serum which

were the cause of this. The effect of serum on DNA removal of detergent treated

tissue was confirmed in further work [153].

Of the three ECM components that were quantified collagen showed the smallest

reduction, with this not being significant in the vein. The collagen provides a lot of

the strength in a vessel and this was seen in the pressurised burst strength results in

this chapter, with neither vessel showing a significant change after decellularisation.

Results for both were higher than the aliphatic POSS-PCLUU grafts measured in

Chapter 4, but were smaller than internal mammary arteries and saphenous veins

(see Table 4.7), with the artery having a mean burst pressure of 831 mmHg and

vein 534 mmHg after decellularisation. The elastin in both vessel dropped by ap-

proximately 75% of the fresh tissue value. Elastin is the most important ECM for

making a vessel compliant. As discussed in Section 2.2, it is important to match the

compliance of the graft to the native vessel that it is anastomosed to so as to avoid

intimal hyperplasia. This loss of elastin would have made the graft much stiffer and

so increased the risk of intimal hyperplasia. An attempt to measure the compliance

values directly for the umbilical vessels was made, as described in Section 4.2.2.6,

but it was not possible to get readings of vessel diameter using this set up. By far

the largest reduction was in GAG. GAG are involved in cell adhesion, migration

and proliferation but more importantly they contribute to the general architecture

and permeability of tissues [310]. The significant loss of this is going to have an

effect on the reseeding properties of these scaffolds. Decellularisation of umbilical

arteries by trypsin and SDS without nucleases [309] did not significantly reduce the

quantity of collagen or GAG, unlike the results of this chapter. However decellular-

isation of the vein with Triton X-100 and a nuclease [149] resulted in a reduction of

over 90% of GAG.

Cross sectional views of SEM of the vessels in this chapter showed retention of the

structure of the vessels with an increase in porosity. Other studies have not shown a

cross sectional view in SEM, but only luminal views, except for Crouzier et al. that
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showed a deorganisation of adventitial fibers after automatic dissection and SDS de-

cellularisation of umbilical arteries [146]. In umbilical arteries treated with trypsin

and SDS and without nuclease, the luminal surface showed interlinked fibres with

voids in between [309] and not the continuous basal lamina that was seen in this

chapter. Endothelium denuded umbilical vein [150] had the same corrugated lumi-

nal surface as seen in this chapter. This convoluted basement membrane is useful in

a pulsatile system. It allows the vessel to expand and contract during pulsatile flow

without overly stretching endothelium attached to the basement membrane, main-

taining competency. If this is lost then collagen could be exposed allowing thrombi

to form [303]. Osmotic as well as PAA decellularisation with nuclease both showed

this corrugated luminal morphology [150]). Methods using either 2M sodium chlo-

ride solution or Triton X-100 solution followed by incubation in DNAse showed a

flatter morphology [149] as did the use of high transmural pressures during decel-

lularisation [147].

Rat aorta were also decellularised with the view to using these smaller vessels for

cell seeding studies.

5.5 Conclusion

The method described here showed the removal of DNA from umbilical vein after 2

cycles of DET and artery after 3 cycles of DET. However, because the quantification

was done using wet weight rather than dry weight it is impossible to say if this

decellularisation was effective, that is any remaining DNA would not provoke an

immune response.

Comparison of the same decellularisation method for both umbilical and vein has

not previously been reported. The results here showed that the effects are different

for the vessels. The vein was decellularised more quickly than the artery and lost

less collagen and GAG than the artery.

The large loss of GAG caused by this method of decellularisation suggests that it

may not be suitable for the creation of vascular scaffolds for cell seeding due to its

role in cell adhesion.
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The vessels are unlikely to make suitable scaffolds for TEVG as they are not the

correct size for the treatments where a TEVG would be most useful, and they also

lack the strength needed for a TEVG.



Chapter 6

Seeding cells on synthetic and

decellularised vascular scaffolds

6.1 Introduction

As was discussed in Sections 1.3.1 the endothelialisation of TEVG is important as

the endothelium is vital for maintaining haematological homeostasis. The main aim

of this chapter was to examine the outcome of cell seeding on the materials de-

scribed in Chapters 4 and 5, POSS-PCLUU and decellularized rat aorta. The model

cell type for investigations in to endothelial cells is the Human Umbilical Vein En-

dothelial Cells (HUVEC) and thus was chosen as the control cell type. Stem cells

that could be expanded and differentiated were also examined.

Amniotic fluid cells that express the surface antigen c-Kit (CD117), also termed

Amniotic Fluid Stem Cells (AFSC), have been shown to have characteristics of

both multipotent and pluripotent cells and are fetal cell source that avoid the ethical

problems associated with Embryonic Stem Cells (ESC) as well as offering the pos-

sibility of autologous cells for implantation [311]. One of the aims of this chapter

was to examine the potential of AFSC to be used as a source of stem cells for seed-

ing on POSS-PCLUU and decellularized rat aorta.

The final aim of this chapter was to investigate the differentiation of AFSC in to

endothelial cells. After the discovery by Yamanaka et al. [233] that ectopic ex-

pression of SOX2, OCT4, KLF4 and c-MYC from retroviral vectors was sufficient
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to reprogram adult cells in to ES like cells, referred to as induced pluripotent stem

(iPS) cells, further work indicated that endogenous expression of key genes may

aid in the reprogramming process [234, 235, 236]. Moschidou et al. [312, 313]

showed that AFSCs from first and second trimesters acquired functional pluripo-

tency (including teratoma formation) when cultured in the FDA approved histone

deacetylase inhibitor, valproic acid (VPA), without the need for retroviral vectors.

White et al. [243] were able to produce large numbers of pure endothelial cell pro-

genitors expressing KDR from iPSC and ESC and subsequently differentiated them

in to mature endothelial cells.

The aim was to carry out the differentiation to KDR+ cells described by White et

al. [243] on four new cell populations: chemically induced and partially repro-

gramed mid-trimester AFSC as described by Moschidou et al. [313]; AFSC cells;

and AFSC that are cultured with VPA while undergoing the differentiation proto-

col. After determining the population producing the most KDR+ cells, these cells

would be differentiated as described above.The replication of previous studies that

claimed successful differentiation [225] would also be trialled.

6.2 Materials and Methods

6.2.1 Human Umbilical Vein Endothelial Cell (HUVEC) isola-

tion

Human umbilical cords were obtained with consent from mothers undergoing

planned caesarean section at University College Hospital (London, UK). Ethi-

cal approval was granted by the local research ethics committee (REC reference:

14/LO/0863). Umbilical cord was collected in the morning and placed directly in

PBS and kept at room temperature, with the isolation occurring on the same day.

In an aseptic environment, the cord would be washed in PBS and checked for any

damage from clamps or needles before a 70% alcohol sterilised 1-way Luer stop-

cock (Cole-Parmer Instruments Co. Ltd., London, UK) with an O-ring placed over

one port was placed in the vein, at either end of the cord. This was then sutured

in place and the vein flushed with PBS to remove clots. Basic medium, which
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consisted of 3% sodium bicarbonate 7.5% (w/v) solution (Sigma Aldrich) and 1%

Penicillin and Streptomyocin solution in M199 (Gibco), was used to make a solu-

tion of 0.05% (w/v) collagenase type IV (Sigma Aldrich). This was passed in to the

umbilical vein, with one end of the vein closed, and the vein filled with solution.

The cord was then closed at both ends and incubated at 37°C for 15 minutes in a

dish with 10ml PBS. The cord was then opened at both ends over a collecting dish,

more collagenase solution was passed through and the solution collected. The col-

lagenase solution was neutralised with a similar amount of complete medium (basic

medium with 20% fetal bovine serum and 2% L-Glutamine). The solution was

then centrifuged at 300g for 5 minutes and the resultant pellet resuspended in 5ml

of EGM™-2 (Lonza, Basel, Switzerland) and placed in flask coated in fibronectin

(Sigma Aldrich) at a concentration of 1 g/cm2. The flask was then incubated for

24 hours at 37°C. After 24 hours, adherent cells were then washed with PBS to

remove non-adherent red blood cells and culturing continued in complete medium

with medium changes every 2-3 days. Cells were passaged after full confluency

was reached and was maintained on fibronectin coated flasks.

6.2.2 Amniotic Fluid Stem Cell (AFSC) selection by MACS us-

ing CD117 antibodies

Amniotic fluid was obtained from pregnant women undergoing amnioreduction at

University College Hospital (London, UK) by Eleni Antoniadou and Durrgah Ra-

machandra. One sample (HO252) was collected at birth by a woman undergoing a

planned caesarean section. The abdominal wall and uterus were opened to expose

the amniotic sac, whereupon a small incision was made and an aspirator was in-

serted to remove fluid away from the incision site so that it wasnt contaminated with

blood. Ethical approval was granted by the local research ethics committee (REC

reference: 14/LO/0863). After collection, the amniotic fluid was filtered through

a 40 µm cell strainer (BD Falcon) up to three times to remove debris and then

centrifuged at 300g for 5 minutes. The supernatant was discarded and the pellet

resuspended in Chang C media: 63% MEM Alpha (Gibco, MD, USA), 20% Chang

Medium B Basal (IrvineScientific, CA, USA) with Chang Medium C Lyophilized
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Supplement (IrvineScientific), 15% fetal bovine serum, 1% Penicillin and Strepto-

myocin and 1% L-Glutamine (2mM final). The cell suspension was then seeded

on 100 mm × 20 mm non-treated petri dishes (BD Falcon) and incubated at 37°C.

Seeded dishes were left for up 10 days until cells had started to attach to the plate.

A partial media change was occasionally undertaken in this 10 day period. Cells

were trypsinised using TryPLE (ThermoFisher, UK) and expanded to p2. At p2 the

cells were selected for CD117 by immunolabelling and immunoseperation using a

MACS® Human CD117 Microbead Kit (Miltenyi Biotec, UK). A Staining Buffer

(SB) was made by diluting MACS® BSA Stock Solution 1:20 with autoMACS®

Rinsing Solution to create a buffer containing 0.5% bovine serum albumin (Sigma

Aldrich) and 2mM EDTA (Sigma Aldrich) in PBS at pH 7.2. Cells were centrifuged

at 300g for 5 minutes and then the supernatant was discarded. The pellet was re-

suspended in 300 µl of SB and then 50 µl of FcR Blocking Reagent and 50 µl of

CD117 MicroBeads were added before being incubated at 4°C for 15 minutes. The

cells were then washed by adding 1ml of SB and then centrifuged at 300g for 10

minutes. The supernatant was removed and the pellet resuspended in 500 µl of SB.

A MACS Column was placed in a MACS Separator and the column was prepared

by washing with 500 µl of SB. The cell suspension was then added to the column

and the flow through of unlabelled cells was collected at the bottom. The column

was then washed with 500 µl of SB and the unlabelled cells collected. The col-

umn was then removed from the MACS Separator and placed on a collection tube.

The labelled cells were then collected by flushing twice with 500 µl of SB using

a plunger. Cells were then seeded on non-treated petri dishes or analysed using

FACS.

6.2.3 Media mediated AFSC to EC differentiation dependent on

VEGF concentration

Following from the method described by Benavides et al. [225], amniotic fluid cells

from amnioreduction at 29+3/40 for polyhydramnios due to tracheoesophageal fis-

tula and hydronephrosis (HO105) were selected for CD117 as described in Section

6.2.2 and proliferated in Chang C media in flasks until p4. Cells were seeded on
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to gelatine (Sigma Aldrich) coated 12-well plates at a density of 3000 cells/cm2

and left to attach for 24 hours in Chang C in normal culture conditions. Cells

were cultured in EGM™-2 BulletKit (Lonza, Basel, Switzerland) supplemented

with VEGF-165 (Sigma Aldrich) to a concentration of 50 ng/ml and incubated in

normal culture conditions for 14 days with medium changed every 2-3 days. Cells

were then analysed for network formation on Matrigel and Ac-LDL uptake with

HUVEC at p3 used as positive controls.

AFSC cultured for 14 days in EGM™-2 supplemented with VEGF165 were incu-

bated with 10 mg/mL AlexaFluor-488 conjugated Ac-LDL (Invitrogen) for 4 hours,

then fixed with 4% paraformaldehyde. The matrigel assay is described in Section

6.2.11.

6.2.4 Valproic acid reprogramming of second trimester AFSC

to iPSC followed by EC differentiation

AFSC selected for CD117 as described in Section 6.2.2 from the second trimester

at p9 was seeded on to 100 × 15 mm tissue culture dish. Cells were cultured in

D10 media consisting of 88% DMEM (Sigma Aldrich), 10% fetal bovine serum

(Biosera) filtered using a 0.2µm filter (VWR), 1% Pen/strep (Invitrogen), 1% L-

Glutamine (Invitrogen) and 25mM HEPES filtered using a 0.2m filter (VWR). Cells

were passaged at approximately 70% confluence. At p11 cells were passaged using

TrypLE (ThermoFisher) and divided in to three groups.

The first of these, the ciPSC group, was seeded on to Matrigel coated plates (Ma-

trigel™ hEAS-qualififed matrix; Becton Dickinson) in a 1:1 mixture of D10 media

and Stemedia NutriStem XF/FF (Stemgent) and incubated at 37°C with 5% hu-

midified CO2. After 24 hours the medium was changed to Nutristem only. The

Nutristem medium was then replaced every 24 hours. On reaching 70% confluence,

the cultures were detached using collagenase solution and split at a ratio of 1:3. Af-

ter 8 days in culture in NutriStem, valproic acid (Sigma Aldrich) was added to the

media at a concentration of 1 mM and the culture continued as before for a further

5 days with VPA supplement.

Five days after the ciPSC group was seeded, the second group of cells from the
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same isolate kept in D10 culture, the prAFSC group, were seeded and cultured for

8 days in Nutristem on Matrigel coated dishes as described above but were not cul-

tured with valproic acid supplement.

ciPSC and prAFSC groups were then transferred to fibronectin (Sigma Aldrich)

coated (1 µg/cm2) plates in a 1:1 ratio of NutriStem and StemSpan SFEM me-

dia (Stem Cell Technologies) supplemented with 1% Pen/strep, 1% L-Glutamine

at a concentration of 3000 cells/cm2. After 24 hours the media was changed to

StemSpan only. After a further 24 hours the medium was changed to 12 ng/ml

BMP-2 (Invitrogen), 6ng/ml Activin A (Peprotech) and 5ng/ml bFGF and cultured

for 3 days. The medium was then changed to StemSpan supplemented with 10ng/ml

VEGF (Sigma Aldrich) and 5ng/ml bFGF for 2 days.

The third group of cells, which had been maintained in D10 culture to this point

was seeded in StemSpan as described above and further split in to two groups: one

following the culture method described and one following it with addition of val-

proic acid supplement for the first 5 days at a concentration of 1 mM. A schematic

of the cultures is shown in Figure 6.1.

Figure 6.1: Schema of the cell culture protocol for reprogramming AFSC



6.2. Materials and Methods 172

6.2.5 Endothelial behaviour of third trimester AFSC

AFSC selected for CD117 as described in Section 6.2.2 from the third trimester at

p9 and HUVEC at p3 were seeded on to Matrigel as described in Section 6.2.11.

6.2.6 HUVEC and C2C12 seeding on alcohol sterilised aliphatic

POSS-PCLUU

Aliphatic POSS-PCLUU was cast or coagulated (without porogen) in to a sheet as

described in Section 4.2.1.2. The polymer sheets were cut into disks 16 mm in di-

ameter and sterilised by ethanol treatment as described in Section 4.2.4 and placed

in a 24 well plate (Corning). Growth media was added to the polymer wells prior to

seeding: EGM™-2 (Lonza) was used for polymer to be seeded with HUVEC and

DMEM (Sigma Aldrich) with 20% fetal bovine serum (Biosera) and 1% Pen/strep

(Invitrogen) for polymer to be seeded with C2C12. Primary isolated HUVEC at p3

and Mouse Myoblast Cells (C2C12) cells were seeded on to the polymer disks at a

concentration of 1.3×105 cells/cm2 in a concentrated low volume cell suspension.

After 2 hours incubating at 37°C further media was added. MTS assays were un-

dertaken after 2, 4 and 7 days of cell culture on POSS-PCLUU under normal cell

culture conditions, as well as nuclear staining and scanning electron microscopy.

6.2.7 HUVEC and AFSC seeding on bleach sterilised aliphatic

POSS-PCLUU with and without fibronectin coating

Aliphatic POSS-PCLUU was coagulated as described in Section 4.2.1.2 with 45%

NaHCO3 porogen with a median particle size of 65 µm. The polymer sheets were

cut into disks 8 mm in diameter using a punch biopsy (Stiefel) and then sterilised

using bleach as described in Section 4.2.4. Disks were then placed in to a low

attachment 96 well plate (Corning). Prior to seeding 200 µl fibronectin (Sigma

Aldrich) solution at a concentration of 1 µg/cm2 was pipetted into a proportion

of the wells and incubated at 37°C for 1 hour before being removed. EGM™-2

(Lonza) was then placed in all wells containing polymer and incubated overnight

at 37°C. HUVEC at p4 and third trimester AFSC at p10, isolated as described in

Section 6.2.2, were seeded at a concentration of 1×106 cells/cm2 on to polymer
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disks (on to the surface equivalent to the lumen on the flat disks) or tissue culture 96

well plates (Corning). All cells were cultured for 7 days in EGM™-2 media, with

medium changes at days 2,4 and 6. MTT assays and immunofluorescence were

undertaken after 6 hours, 1 day, 2 days and 7 days of cell culture.

6.2.8 HUVEC and AFSC seeding on decellularised rat aorta

with and without fibronectin coating

Rat aorta was isolated and decelllularised as described in Sections 5.2.2 and 5.2.3.

After decellularisation, the scaffold was washed by immersion in milliQ water for

3 days, with a water change every day. The scaffold, in a sealed container with PBS

was then gamma irradiated overnight. Decellularised rat aorta, still catheterised

from the decellularisation protocol, were closed at the end distal to the catheter us-

ing 5-0 silk sutures. Fibronectin coated rat aorta were then prepared by syringing 50

µl of fibronectin (Sigma Aldrich) solution at a concentration of 1 µg/cm2 and then

incubated at 37°C for 1 hour, turning the scaffold 180° after 30 minutes. Before

seeding grafts were filled with 50 µl of EGM™-2 (Lonza) and incubated overnight

at 37°C.

HUVEC at p4 and third trimester AFSC at p10, isolated as described in Section

6.2.2, were spun down and resuspended in EGM™-2 to an approximate total vol-

ume of 50 µl at a concentration of 1×106 cells/cm2. The cell suspension was then

placed in to the catheter using an insulin syringe before being gently pushed into

the graft with a 1 ml Luer syringe (BD Biosciences). The end of the graft proximal

to the catheter was then closed using 5-0 silk sutures and the catheter removed. The

graft was then placed in a dish with EGM™-2 and placed in an incubator under

normal culture conditions. After 2 hours the graft was rotated 180° and cultured for

2 days. Samples for H&E and nuclear staining were taken at 6 hours, 1 day and 2

days. Samples for MTT assays were taken at 2 days.

6.2.9 Flow Cytometry (FACS)

FACS to determine the level of expression of surface antigen CD117 was carried out

after immunoselection at p2. Cells were trypsinised and 1×106 cells were washed
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with PBS and stained for 15 minutes in the dark with human CD117 antibody (Mil-

tenyi Biotec, UK). The lysate was then washed with 1-2 ml of SB buffer and spun

for 5 minutes at 300g. The supernatant was discarded, the pellet resuspended in

500 µl SB and this was then transferred to a 5 ml flow cytometry tube (BD Bio-

sciences). The sample was analysed using the flow cytometry analyser LSR II (BD

Biosciences). There were 20,000 events acquired in each acquisition and DAPI was

added to exclude dead cells. Data was analysed using FlowJo software (Treestar,

Ca.,USA) using the gating strategy shown in Figure 6.2. FACS was undertaken by

Durrgah Ramachandra.

Figure 6.2: Gating strategy for FACS analysis of amniotic fluid cells showing: (A) SSC
and FSC to exclude debris, (B) DAPI uptake to separate live and dead cells,
(C) PE gating for selecting CD117+ cells, (D) PE gating with CD117- control
beads and (E) PE gating with CD117+ control beads

6.2.10 Metabolic assays

Two metabolic assays were used in this chapter as a proxy for cell growth/activity,

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT). The MTS tetrazolium compound is bioreduced by cells into a colored
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formazan product that is soluble in tissue culture medium. The water soluble MTT

tetrazolium compound is bioreduced by cells into a colored formazan product that is

insoluble. This product is the solubilised and the cells are destroyed in this process.

MTS was used when repeated readings of the same cells in culture needed to be

taken. MTT was used so that a stain of cell coverage could be obtained alongside

the metabolic readings.

MTS was prepared from CellTiter 96®AQueous MTS Reagent Powder (Promega,

UK) by adding to PBS to create a solution of concentration 0.2% (w/v). A pH of 6.3

was achieved by drop-wise addition of dilute HCl and then the solution was sterile

filtered through a 0.2 µm filter (VWR). The MTS solution was then combined with

phenazine methosulfate (PMS) solution at a ratio of 20:1. This combined solution

was then used on POSS-PCLUU and TCP solution, with 100 µl of solution added

to 1 ml of cell media, and incubated under normal culture conditions for 4 hours

and then read on a plate reader at 450 nm. Unseeded POSS-PCLUU and TCP were

also measured to obtain background readings.

For bleach sterilsed POSS-PCLUU, polymer samples were transferred to a new 96

well plate and 20 µl of MTT solution was added to 200 µl of EGM™-2 media

(Lonza). Samples were incubated under normal culture conditions for 4 hours,

before MTT solution was removed and replaced with PBS. They were then imaged

under a stereo microscope before the MTT product was solubilised by covering the

samples in 100 µl of isoproponal + HCl solution and then gently agitating on a

shaker plate at 100 rpm for 30 minutes. The supernatant was then transferred to a

new 96 well plate and read on a plate reader at 555 nm. Unseeded POSS-PCLUU

and TCP were also measured to obtain background readings.

For decellularised rat aorta, samples were transferred to a new 12 well plate and 150

µl of MTT solution was added to 1.5 ml of EGM™-2 media (Lonza). Samples were

incubated under normal culture conditions for 4 hours, before MTT solution was

removed and replaced with PBS. They aorta were then cut longitudinally both sides

placed together under a stereo microscope for imaging. The MTT product was then

solubilised by covering the samples in 500 µl of isoproponal + HCl solution and



6.2. Materials and Methods 176

then gently agitating on a shaker plate at 100 rpm for 30 minutes. The supernatant

was then transferred to a new 96 well plate, with 100 µl per well, and read on a

plate reader at 555 nm. Unseeded POSS-PCLUU and TCP were also measured to

obtain background readings.

6.2.11 Matrigel assay

Matrigel™ Basement Membrane Matrix (BD Biosciences) was allowed to thaw at

4°C overnight. Pipette tips, Matrigel and a 24 well plate was then placed on ice and

allowed to equilibrate. The Matrigel was then added to the central wells of the 24

well plate at 50 µl of Matrigel per well and then carefully spread across the surface

of the wells. The coated wells were then incubated at 37°C for at least 1 hour to

allow for solidification. Cell were then plated on to Matrigel. The HUVEC and

AFSC which had undergone the differentiation protocol described in Section 6.2.3

were seeded at a concentration of 25,000 cells/cm2 and the AFSC and HUVEC

described in Section 6.2.5 were seeded at a concentration of 15,000 cells/cm2. Cells

were cultured in EGM™-2 for 24 hours under normal culture conditions. Network

formation was assessed using standard light microscopy.

6.2.12 Immunofluorescent staining

Cells on POSS-PCLUU and TCP to be stained were first fixed in 4% paraformalde-

hyde and then permeabilized with 0.1% (v/v) Triton X-100 for 5 minutes. They

were then blocked with 5% goat serum for 2 hours at 4°C. Primary antibodies were

added and left overnight at 4°C, followed by the addition of secondary antibodies

that were left in the dark for 45 minutes. Cells were then counterstained with 4’,6-

diamidino-2-phenylindole (DAPI) with Fluoroshield (AbCam, UK). The primary

antibodies that were used were: rabbit polyclonal anti-Ki67 IgG (AbCam) at a dilu-

tion of 1:750 in 0.01% (v/v) Triton X-100 and 1% goat serum solution, and mouse

polyclonal anti-CD31 IgG (AbCam) at a dilution of 1:800 in 1% goat serum solu-

tion. The secondary antibodies that were used were: goat ant-rabbit Alexa Fluor 594

(Life Technologies, USA) at a dilution of 1:350 in 0.01% (v/v) Triton X-100 and

2.5% goat serum solution, and goat anti-mouse Alexa Fluor 488 (Life Technolo-
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gies) at a dilution of 1:350 in 2.5% goat serum solution. Before counterstaining

with DAPI, cells stained with Ki67 were stained with Phalloidin Alexa Fluor 488

(Life Technologies) at a 1:40 dilution for 20 minutes.

6.2.13 Staining decellularised rat aorta sections

Decellularised rat aorta were fixed in 4% paraformaldehyde before embedding in

paraffin wax. Embedded aorta were then sectioned at a thickness of 5 µm and

transferred to SuperFrost® slides (VWR).

Before staining tissue was dewaxed by two washes in Histo-Clear II (National Di-

agnostics) for 10 minutes and then washed in twice in 100% ethanol for 5 minutes

and washes in 90% and 70% ethanol for 5 minutes each.

Sections to be stained for H&E were washed for several minutes in tap water,

washed for 30 seconds in Haematoxylin, washed again in tap water for several min-

utes and then dipped in 1% acid alcohol. After another wash in tap water for several

minutes the slides were washed for 1 minute in Eosin. The slides were then washed

sequentially for 2 minutes each in 70%, 90% and twice in 100% ethanol. The slides

were then washed twice in Histo-Clear II (National Diagnostics) for 2 minutes each

time. Finally DPX Mountant (Sigma Aldrich) was applied to the slide and a cover-

slip attached and left to dry overnight.

Sections to be stained for DAPI were mounted with Fluoroshield Mounting Medium

with 4’,6-diamidino-2-phenylindole (DAPI) (Abcam) and left in the dark at 4°C

overnight. Technical support was provided by Dr Sahira Khalaf. Images were anal-

ysed in ImageJ.

6.2.14 Scanning electron microscopy

Samples were fixed in 2.5% (w/v) glutaraldehyde and stored at 4°C. Following

washing with 0.1 M PBS, they were cut into segments of approximately 1 cm length

and cryoprotected in 25% sucrose, 10% glycerol in PBS (pH 7.4) for 2 hours, then

fast frozen in Nitrogen slush and fractured at approximately -160°C. The samples

were then placed back into the cryoprotectant at room temperature and allowed to

thaw. After washing in PBS, the sample was fixed in 1% OsO4/0.1 M phosphate
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buffer (pH 7.3) at 3°C for 1.5 hours and washed again. After rinsing with deionised

water, specimens were dehydrated in a graded ethanol-water series to 100% ethanol,

critical point dried using CO2 and finally mounted on aluminium stubs using sticky

carbon tabs. The sample was coated with a thin layer of Au/Pd (approximately 2

nm thick) using a Gatan ion beam coater. Images were recorded with a Jeol 7401

FEG scanning electron microscope. Samples were prepared by Mark Turmaine and

imaged by Claire Crowley.

6.2.15 Statistical analysis

The data are presented as mean±standard deviation. Results were analysed and

plotted using GraphPad Prism 5.01 for Windows [269]. Statistical significance was

determined using a Students t-test when comparing two variables and a ANOVA

with Tukeys or Dunnetts post-hoc tests, when comparing more than two variables.

For non-Gaussian data significance was determined via Kruskal-Wallis test with

Dunn’s post-hoc test.

6.3 Results

6.3.1 Amniotic Fluid Stem Cell (AFSC) selection by MACS us-

ing CD117 antibodies

After the amniotic fluid was filtered and seeded onto non-treated petri dishes a large

amount of debris was seen. Even after six days, as shown in Figure 6.3A, only a

few cells were attached. At 8 days and after a partial medium change to remove

some of the debris, many more cells were attached (Figure 6.3B). These cells con-

sisted mainly of epithelial like cells that spread to cover a large area, but also include

some mesenchymal-type cells with a fibroblastic morphology. With passaging there

was more of an even balance between the two morphologies (Figure 6.3C and Fig-

ure 6.3D). This distribution did not change after selection for CD117 positive cells

(Figure 6.3E).

For the HO136 isolation amniotic fluid cells, 87.40% of the cells isolated in the col-

umn were identified as CD117 positive by FACS analysis (Figure 6.4B) and 1.05%
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Figure 6.3: Phase contrast images of: (A) amniotic fluid cells (HO136) at p0, 6 days after
filtration from the amniotic fluid; (B) amniotic fluid cells (HO136) at p0, 8 days
after filtration and replacement of a portion of media; (C) amniotic fluid cells
(HO136) at p1; (D) amniotic fluid cells (HO136) at p2; (E) amniotic fluid stem
cells (HO136) at p3 after selection from CD117; scale= 200 µm

Figure 6.4: FACS analysis of MACS sorted amniotic fluid cells (HO136) showing the per-
centage CD117+ cells for (A) cells not selected by magnetic beads and (B)
cells selected by magnetic beads
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of those that passed through the column were identified as CD117 positive (Figure

6.4A). For the HO252 isolation amniotic fluid cells, 64.10% of the cells isolated

in the column were identified as CD117 positive (Figure 6.5B) and 0.74% of those

that passed through the column were identified as CD117 positive (Figure 6.5A).

Figure 6.5: FACS analysis of MACS sorted amniotic fluid cells (HO252) showing the per-
centage CD117+ cells for (A) cells not selected by magnetic beads and (B)
cells selected by magnetic beads

6.3.2 Media mediated AFSC to EC differentiation dependent on

VEGF concentration

AFSCs maintained a mixed epithelial and fibroblastic morphology when seeded on

gelatin coated TCP in EGM™-2 supplemented to 50 ng/ml of VEGF-165. After

7 days wells were fully confluent (Figure 6.6). AFSC that had undergone the en-

dothelial differentiation protocol did not form networks when seeded on Matrigel

as seen with HUVEC, but instead stayed rounded. They also did not stain positively

for Ac-LDL, another functional test of endothelial cells (Figure 6.7).

6.3.3 Valproic acid reprogramming of second trimester AFSC

to iPSC followed by EC differentiation

Second trimester AFSC were cultured in D10 media and showed a fibroblast-like

morphology (Figure 6.8A) before they were placed on Matrigel in NutriStem me-

dia (Figure 6.8B) where after 8 days they were showing a more flattened, but still

elongated morphology (Figure 6.8C). Once the cells had been in NutriStem media
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Figure 6.6: CD117+ AFSC plated on TCP coated with gelatin in EGM™-2 supplemented
to 50 ng/ml of VEGF-165 at (A) day 2, (B) day 3, (C) day 7, (D) day 9, (E) day
12 and (F) day 15; scale=200 µm

Figure 6.7: Matrigel and Ac-LDL assays for endothelial functionality for AFSC differen-
tiated towards an endothelial phenotype compared with HUVEC; scale= 250
µm
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with valproic acid added for 5 days and then seeded on fibronectin coated TCP in

StemSpan they showed no particular axis, with cytoplasm raised around the nucleus

(Figure 6.8D). Second trimester AFSC that were cultured on Matrigel in NutriStem

media (Figure 6.8E) but without the addition of valproic acid after 8 days showed a

more fibroblastic morphology once placed on fibronectin coated TCP in StemSpan

(Figure 6.8F). The experiment was discontinued at this point.

6.3.4 Endothelial behaviour of third trimester AFSC

After seeding on to Matrigel for 24 hours, third trimester AFSC formed a network

(Figure 6.9A) similar to that of HUVEC (Figure 6.9B).

6.3.5 HUVEC and C2C12 seeding on alcohol sterilised aliphatic

POSS-PCLUU

MTS cell viability assay results for HUVEC seeded on POSS-PCLUU were signif-

icantly lower than all results for TCP over all three time points (p<0.0001). There

was also a significant increase from day 4 to day 7 on TCP (p<0.0001). The trend

for the POSS-PCLUU was a decrease in absorption on day 7, with cast and coagu-

lated with 0% and 30% NaHCO3 porogen significantly higher than coagulated with

45% and 60% NaHCO3 porogen (p<0.01) (Figure 6.10A). For C2C12 cells how-

ever the absorption of all POSS-PCLUU samples was significantly higher than TCP

on day 2 (p<0.0001). Again there was a decreasing trend from day 2 to day 7 in

the POSS-PCLUU, which was far more pronounced than seen with HUVEC, with

the day 7 values significantly lower than day 2 (p<0.0001). Coagulated POSS-

PCLUU with 45% NaHCO3 porogen generally had the highest absorption of the

POSS-PCLUU group, except for day 2 when cast POSS-PCLUU was significantly

higher (p<0.001) (Figure 6.10B).

Nuclear staining of the seeded cells (Figure 6.11) did not show cells on the cast

sample at day 2 though this was due to imaging difficulties as the sample had be-

come quite deformed from its original flat shape. At day 7 the HUVEC formed

small clusters. On coagulated polymer on both day 2 and day 7 the cells were rela-

tively evenly spaced. C2C12 cells seeded on to cast polymer showed small number
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Figure 6.8: Microscopy images of: (A) AFSC cultured in D10 media; (B) ciPSC after 1 day
in NutriStem on Matrigel; (C) ciPSC after 8 days in NutriStem on Matrigel, on
the first day of valproic acid addition to NutriStem; (D) ciPSC after reprogram-
ming in NutriStem and on the first day in StemSpan; (E) prAFSC on day 1 of
culture in NutriStem on Matrigel; (F) prAFSC after 8 days in NutriStem on
Matrigel and on the first day in StemSpan; scale=500 µm
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Figure 6.9: Microscopy of (A) third trimester AFSC (HO131) seeded on to Matrigel in
EGM™-2 media after 24 hours culture at p9 and (B) HUVEC seeded on to
Matrigel in EGM™-2 media after 24 hours culture at p4; scale=200 µm

Figure 6.10: MTS assay colorimetry absorption results for days 2, 4 and 7 of: (A) HUVEC
seeded on tissue culture plastic (TCP) and on POSS-PCLUU that had been
cast or coagulated with 0%, 30%, 45% or 60% NaHCO3 porogen; (B) C2C12
cells seeded on TCP and on POSS-PCLUU that had been cast or coagulated
with 0%, 30% or 45% NaHCO3 porogen; mean±s.d; ANOVA with Tukey’s
post-hoc test; n=6; significance not shown

of cells in loose clusters at day 2 and by day 7 there were many more cells, with

a large number in a very tightly packed cluster. On coagulated POSS-PCLUU at

day 2 cells were clustered but at day 7 they were more evenly spread. SEM images

of HUVEC seeded on to cast POSS-PCLUU appeared to show only small rounded

cells on the surface of the polymer at day 2 (Figure 6.12A) and day 4 (Figure 6.12C),

but by day 7 (Figure 6.12E) flattening of the HUVEC could be seen (see insert in

Figure 6.12E). On coagulated POSS-PCLUU a flattened morphology could be seen

from day 2 (Figure 6.12B). On day 4 (Figure 6.12D) and day 7 (Figure 6.12F) con-

tinuous areas of flattened HUVEC were seen, noticeable by the smoother texture
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Figure 6.11: DAPI stains of HUVEC and C2C12 cells seeded on cast and coagulated
POSS-PCLUU at day 2 and day 7; scale=100 µm
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of the surface and the cracking that is an artefact of the processing of the samples

(see insert in Figure 6.12F). C2C12 on cast POSS-PCLUU at day 2 (Figure 6.13A)

showed a variety of morphologies. In some areas cells took on a myoblast like shape

that followed surface features, in other areas the cells were flattened and in others

several cells had together formed a fibre. At day 4 (Figure 6.13C) only flattened

cells could be seen. At day 7 (Figure 6.13E) the C2C12 cells were showing elon-

gated morphology and were joining together to form fibres. C2C12 on coagulated

polymer were small and rounded at days 2 (Figure 6.13B) and 4 (Figure 6.13D), but

had formed a flat sheet by day 7 (Figure 6.13F), evident again from the cracking of

the surface (see insert in Figure 6.13F).

6.3.6 HUVEC and AFSC seeding on bleach sterilised aliphatic

POSS-PCLUU with and without fibronectin coating

Both HUVEC and AFSC seeded on POSS-PCLUU had a significantly lower ab-

sorption in colorimetric MTT assays than those seeded on to tissue culture plastic

(TCP). Both cell types showed no significant difference in absorption between 0.25

days (6 hours) and 1, 2 or 7 days and no significant difference between the POSS-

PCLUU with fibronectin coating and that without (Figure 6.14). There was however

a significant difference between coated and uncoated TCP. HUVEC seeded on un-

coated TCP had a significantly lower absorption at 7 days than uncoated TCP at 6

hours and fibronectin coated TCP at 7 days (Figure 6.14A). AFSC seeded on un-

coated TCP had a significantly lower absorption at 1, 2 and 7 days than uncoated

TCP at 6 hours and fibronectin coated TCP at 1, 2 and 7 days. AFSC seeded on fi-

bronectin TCP had a significantly higher absorption at 1 and 7 days than fibronectin

coated TCP at 6 hours (Figure 6.14B).

Because the MTT stained cells a purple colour it was possible to determine the area

covered by cells on the polymer disks. Approximately 80% of the POSS-PCLUU

disks was populated by HUVEC at 6 hours, with no significant difference between

those coated with fibronectin and those not. Uncoated disks had a significant drop

in coverage at 1 and 2 days compared to 6 hours. At 7 days both uncoated and

coated disks had significantly dropped in coverage in comparison to 6 hours, to
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Figure 6.12: SEM of HUVEC seeded on to cast and coagulated POSS-PCLUU at, days 2,
4 and 7; scale=100 µm
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Figure 6.13: SEM of C2C12 seeded on to cast and coagulated POSS-PCLUU at, days 2, 4
and 7; scale=100 µm
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Figure 6.14: MTT assay colorimetry absorption results for (A) HUVEC and (B) AFSC
seeded on to TCP or POSS-PCLUU with either no coating (NC) or fibronectin
at 0.25, 1, 2 and 7 days; † symbol indicates statistical difference from NC
TCP at 0.25 days, ‡ symbol indicates statistical difference from fibronectin
TCP at 0.25 days and * symbol indicates statistical difference between NC
TCP and fibronectin TCP; mean±s.d; two-way ANOVA; n=3; †† p<0.01,
† † †/‡ ‡ ‡/*** p<0.001, † † ††/‡ ‡ ‡‡/**** p<0.0001

below 5% (Figure 6.15A) though large parts of the polymer itself was still stained

(Figure 6.16). The POSS-PCLUU disks seeded with AFSC had less than 3% of

Figure 6.15: Percentage area of POSS-PCLUU with (A) HUVEC and (B) AFSC stained
by MTT with either no coating (NC) or fibronectin at 0.25, 1, 2 and 7 days;
† symbol indicates statistical difference from NC at 0.25 days and ‡ symbol
indicates statistical difference from fibronectin at 0.25 days; mean±s.d; two-
way ANOVA; n=3; † p<0.05, ††/‡‡ p<0.01, † † † p<0.001, † † ††/‡ ‡ ‡‡
p<0.0001

the area covered with cells at 6 hours for coated and uncoated disks (Figure 6.15B),

though in one case the whole polymer disk itself was stained purple (Figure 6.17)

making it difficult to see the few cells present. After 1 day the percentage area of

cells on the uncoated polymer had increased significantly in comparison to 6 hours,

with the cells having formed large agglomerations. By 2 days both uncoated and
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Figure 6.16: POSS-PCLUU with seeded HUVEC stained by MTT with either no coating
or fibronectin at 0.25 (6 hours), 1, 2 and 7 days; scale=1 mm

coated disks had significantly more cells than at 6 hours with a cell coverage of 18%

and 15% respectively. After 7 days the area covered by cells had reduced again such

that there was no significant difference from the 6 hour values. While it was pos-

sible to image all the immunofluorescent stained surfaces seeded with HUVEC it

was not possible to do so with the AFSC. The images that were obtained of AFSC

were of those seeded on uncoated POSS-PCLUU at 6 hours, 2 days and 7 days

stained for CD31. HUVEC seeded on uncoated POSS-PCLUU had a weak staining

of CD31 at 6 hours, but by 2 days there was a strong stain on the extracellular mem-

brane, which was also evident at 7 days. AFSC however either showed no staining

or unspecific staining at all time points (Figure 6.18). Quantification of HUVEC

stained for DAPI (Figure 6.19A) showed no significant difference from any of the

seeded surfaces (TCP with and without fibronectin, and POSS-PCLUU with and

without fibronectin) on any day, although there was a significant decrease in nu-
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Figure 6.17: POSS-PCLUU with seeded AFSC stained by MTT with either no coating or
fibronectin at 0.25 (6 hours), 1, 2 and 7 days; scale=1 mm

clei concentration for fibronectin coated TCP between 6 hours to day 7 (p<0.05).

Both uncoated and fibronectin coated TCP had a significant increase (p<0.05) in

the area covered by cell membrane from 6 hours to day 1 onwards (Figure 6.19B).

The percentage of cells that stained positive for Ki67 increased significantly at day

7 (p<0.0001) for both coated and uncoated TCP, though uncoated TCP had signif-

icantly more (p<0.0001) positive nuclei than fibronectin coated TCP.

6.3.7 HUVEC and AFSC seeding on decellularised rat aorta

with and without fibronectin coating

HUVEC seeded on to decellularised rat aorta had a significantly larger (p<0.001)

absorption in MTT when the rat aorta was coated with fibronectin (Figure 6.20A)

though this was not seen in AFSC (Figure 6.20B).

When images of MTT stained rat aorta (Figure 6.22) were analysed to look at the
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Figure 6.18: Immunofluorescence images of HUVEC and AFSC on uncoated POSS-
PCLUU at 6 hours, 2 days and 7 days, with DAPI in blue and CD31 in red;
scale=100 µm
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Figure 6.19: Quantification of immunofluorescent images of HUVEC seeded on TCP and
POSS-PCLUU either without any coating (NC) or with a fibronectin coating
showing: (A) number of nuclei per mm2 of DAPI stained cells; (B) percent-
age of area covered by cell membrane from phalloidin stained cells; (C) per-
centage of counted nuclei that stained positive for Ki67; • symbol indicates
statistical difference from fibronectin POSS-PCLUU at 0.25 days,† symbol
indicates statistical difference from NC TCP at 0.25 days, ‡ symbol indicates
statistical difference from fibronectin TCP at 0.25 days and * symbol indi-
cates statistical difference between NC TCP and fibronectin TCP; mean±s.d;
two-way ANOVA;n=3; •/†/‡ p<0.05, † † ††/‡ ‡ ‡‡/**** p<0.0001. (D) A
representative composite image showing HUVEC on TCP without coating at
day 7 with DAPI in blue, phalloidin in green and Ki67 in red, such that Ki67
positive nuclei appear purple; scale=100 µm

Figure 6.20: MTT assay colorimetry absorption results for (A) HUVEC and (B) AFSC
seeded on to decellularised rat aorta with either no coating (NC) or fibronectin
(Fib.) at 48 hours; mean±s.d; Student’s t-test; n=12; *** p<0.001



6.3. Results 194

percentage area covered with cells there was no significant difference between un-

coated or fibronectin coated rat aorta seeded either with HUVEC or AFSC (Figure

6.21). One of the uncoated rat aorta seeded with HUVEC (Figure 6.22B) had no

cells evident at all with the purple colouration coming from visceral fat surrounding

the vessel that had been stained by the MTT, which was showing due through due to

the lighting of the image. Similarly one of the uncoated rat aorta seeded with AFSC

(Figure 6.22H) had only a few cells evident. While in most of the samples the cells

did form clusters, these were largest on the fibronectin coated rat aorta seeded with

AFSC (Figure 6.22J-L), where these clusters were visibly thicker than elsewhere.

Sections of rat aorta stained with H&E showed these clusters as well (Figure ??B).

Figure 6.21: Percentage area of rat aorta seeded with (A) HUVEC and (B) AFSC that was
stained by MTT with either no coating (NC) or fibronectin (Fib.) at 48 hours;
mean±s.d; Student’s t-test; n=3

When the area of these clusters was measured they showed the maximum area of

a cluster was greatest in fibronectin coated rat aorta seeded with HUVEC, then fi-

bronectin coated rat aorta seeded with AFSC, then uncoated rat aorta seeded with

AFSC and finally uncoated rat aorta seeded with HUVEC.

Nuclei of seeded cells were counted in DAPI stained sections to show temporal

changes (Figure 6.24) though the variability could be quite high due to some slides

containing no cells and some containing the clusters described above. HUVEC

seeded on uncoated rat aorta showed no difference in nuclei number between any

of the time-points, though the number of nuclei was significantly higher (p<0.01)

in fibronectin coated rat aorta at 24 hours than at 6 hours (Figure 6.22A). The num-

ber of AFSC nuclei on uncoated rat aorta was significantly higher (p<0.05) at 24
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Figure 6.22: Decellularised rat aorta with seeded HUVEC and AFSC stained by MTT with
either no coating (NC) or fibronectin (Fib.) at 48 hours; scale=1 mm

hours than at 6 hours and on fibronectin coated rat aorta it was significantly higher

(p<0.0001) at 48 hours than at 6 hours (Figure 6.22B).
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Figure 6.23: (A) Quantification of the cross sectional area of clusters of HUVEC or AFSC
seeded on to uncoated (NC) or fibronectin coated (Fib.) decellularised rat
aorta from H&E images; mean and individual data points; as shown in (B)
H&E stain of HUVEC seeded on fibronectin coated decellularised rat aorta
after 24 hours; scale= 500 µm

Figure 6.24: Quantification of nuclei from DAPI stained sections of decellularised rat aorta
seeded with (A) HUVEC with an uncoated lumen (NC) and a lumen with fi-
bronectin coating (Fib.) at 6, 24 and 48 hours and (B) AFSC with an uncoated
lumen (NC) and a lumen with fibronectin coating (Fib.) at 6, 24 and 48 hours;
mean±s.d; n=12; * p<0.05, ** p<0.01, **** p<0.0001. (C) DAPI section
of decellularised rat aorta seeded with HUVEC without any coating, 48 hours
after seeding, scale=500 µm
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6.4 Discussion

Once AFSC had been identified as the stem cell source that was going to be used

for this project, the next step was to find a workable endothelial differentiation pro-

tocol.

The first to be trialled was that described by Benavides et al [225]. The protocol did

not reproduce the results from the published material, with no network formation on

Matrigel or uptake of Ac-LDL after 14 days in EGM™-2. There are many possible

reasons for this. The first is the source of the amniotic fluid. In Benavides paper the

stated source was ”from patients in their second trimester undergoing planned am-

nioreduction as part of a therapeutic treatment for twin-twin transfusion syndrome

(TTTS)”. The definition of second trimester in America, where the paper was pub-

lished is from 14+0 weeks to 27+6 weeks [314]. The exact weeks used by their

group was between 18 and 22 weeks [225]. The cells that were used in this study

were from an amnioreduction at 29+3 weeks which is actually in the third trimester

as defined by the American College of Obstetricians and Gynaecologists and also as

defined by the Royal College of Obstetricians and Gynaecologists, which defines it

as between 13 to 26 weeks [315]. The reason for the failure of differentiation could

also have come in the expansion phase of the experiment before the cells were put

in differentiation medium, such as by cell-to-cell contact differentiation due to over

confluency. The cells that were used in this study were also selected at p0 rather

than p1, which means they were not preselected for attachment.

The next approach to be trialled was a protocol involving the chemical dediffer-

entiation, using valproic acid, of AFSC in to iPSC then to differentiate in to an

endothelial progenitor cell type before differentiation to mature endothelial cells.

The reason for trialling this approach was due to the expertise in this field that had

moved to the Institute of Child Health and the ability to closely collaborate. Not

only had they previously shown that they could culture second trimester AFSC to

iPSC [313] but also had pilot results of the first part of the cardiac mesodermal dif-

ferentiation to KDR+ cells described by White et al. [243] where the iPSC they

produced had a significantly higher proportion of KDR+ cells than AFSC after 6
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days of the protocol. In the study described in this chapter the cells were cultured

using the protocols described by Moschidou et al. and then cultured in the con-

ditions described by White et al. was started. At that point infection stopped the

experiment. This occurred twice and before a further run could be started issues

with the Moschidou et al. culture became apparent. There was an unexplained dif-

ference in Oct4 expression between cells cultured in the lab at the Institute of Child

Health the lab in which Moschidou et al. originally cultured their cells. No further

work could be carried out while the effectiveness of the protocol at the Institute of

Child Health lab was in doubt.

The final approach was to replicate results from close collaborators to the lab who

had shown the endothelial properties of third trimester AFSC [316]. In this case it

was possible to recreate the network formation seen by Schiavo et al. This opened

up the approach of direct seeding of AFSC in to scaffolds and placing them in en-

dothelial media once seeded on the scaffold.

The two studies on the seeding of cells on to the aliphatic POSS-PCLUU described

in Chapter 4 had two major differences: the sterilisation method used and the cell

types seeded. The first approach used alcohol sterilisation and HUVEC and the

C2C12 murine myoblast cell line. The alcohol sterilisation caused many practi-

cal problems. The polymer samples would stick together and samples would of-

ten be deformed making them more difficult to image than was already the case.

Metabolic assays on HUVEC showed the POSS-PCLUU consistently underper-

formed the TCP with no one fabrication method outperforming the other. This was

not the case with the C2C12 cells. At day 2 they all had a significantly higher ab-

sorption than TCP, with the coagulated POSS-PCLUU with 45% NaHCO3 porogen

performing the best of all the fabrication methods. Nuclear staining showed clusters

of both cell types forming on cast POSS-PCLUU, with C2C12 forming larger clus-

ters and occasionally clusters along an axis. On coagulated POSS-PCLUU (without

porogen) both cell types showed nuclei spread further apart with C2C12 having

only a few small cluster of cells at day 2. Electron microscopy of C2C12 shows the

presence of what appear to be the formation of small myofibrils, even as early as day
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2, on cast POSS-PCLUU which is not seen on coagulated polymer. For HUVEC

however, the cells are more rounded on cast polymer and have a flatter morphology

on coagulated polymer, which is often seen in HUVEC at low confluency. There

were some problems with the study design for these experiments as well. C2C12 is

a cell line that can proliferate well on many different surfaces and thus aren’t very

representative of cells that would actually be viable for a TEVG. The study also

lacked controls for cells grown on TCP and POSS-PCLUU without cells.

The second study of cell seeding on to aliphatic POSS-PCLUU was done using

bleach sterilised coagulated POSS-PCLUU with 45% NaHCO3 porogen and seeded

with HUVEC and AFSC on to surfaces with and without fibronectin. Similar to the

first study on seeding cells on to polymer the absorption results for HUVEC on TCP

were much higher than those for HUVEC on fibronectin. There was no difference

between POSS-PCLUU uncoated or coated with fibronectin for either HUVEC or

AFSC. On TCP however, HUVEC and AFSC had either a significantly higher or

the same absorption if the TCP was coated with fibronectin to TCP without. Anal-

ysis of the area covered by the MTT stain of the cells again showed no significant

difference between uncoated and fibronectin coated POSS-PCLUU for either cell

type, though they did show difference between the two cell types. HUVEC covered

a large proportion of the polymer disks at 6 hours but very few cells were seen on

the AFSC seeded disks at this time point. This increased after 1 and 2 days however,

and indicates a longer attachment time in the AFSC than HUVEC. After 7 days the

area had dropped significantly for HUVEC to around 5% coverage similar to that of

the AFSC. The results for CD31 staining of AFSC did not show any expression on

the POSS-PCLUU, unlike the HUVEC, that retained their expression even after 7

days. There was no evidence of proliferation of the cells on POSS-PCLUU with no

significant change in the number of nuclei over the 7 days and minimal expression

of Ki67. The uneven surface of the polymer made it difficult to image the surface of

the polymer for immunofluorescence. The use of round bottomed 96 well plates for

TCP controls also meant that it was not possible to get satisfactory images of them.

The seeding of endothelial progenitor cells on to the non-biodegradable POSS-PCU
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has shown no significant change in Alamar Blue absorption over 35 days without

any comparison to a positive control [317] and no difference from a control well

at 7 days post seeding unless the POSS-PCU was functionalised with RGD [318].

Neither of these studies showed cell membrane expression of markers such as CD31

and CD34 when the cells were seeded on to POSS-PCU. Human dermal lymphatic

endothelial cells that were seeded on to both cast and coagulated POSS-PCU had

significantly higher absorption of Alamar Blue on glass than they did on either cast

or coagulated POSS-PCU [319]. Cells on the glass also reached a higher confluency

and had a flatter morphology, with cast POSS-PCU qualitatively performing worst.

Adult mature cells seeded on to cast POSS-PCL have shown similar absorption

of Alamar Blue at days 1 and 2 [320], but a significantly lower absorption up to

21 days, although still a significant increase from early time points [126]. Seed-

ing of stem cells on to coagulated POSS-PCL has shown variable results. The re-

sults usually showed Alamar Blue absorption significantly less than cells seeded

on TCP except in bone marrow-derived mesenchymal stem cells seeded on coag-

ulated POSS-PCL with 60% NaHCO3 porogen of particle size 40 µm at 21 days

[124]. The results have varied widely even with the same fabrication method for the

POSS-PCL and the same cell type for seeding. Coagulated POSS-PCL with 50%

NaHCO3 porogen of size 40, 65 and 105 µm seeded with adipose-tissue derived

stem cells had no significant change in absorption of Alamar Blue of the POSS-PCL

with porogen size 40 µm over 14 days and lower than POSS-PCL with porogen size

105 µm in one study [321] and absorption in POSS-PCL with porogen size 40 µm

significantly higher than that with 105 µm in another [322]; although all were sig-

nificantly less than TCP.

The evidence that POSS-PCLUU is desirable surface to grow a confluent endothe-

lial layer on ex-vivo is absent based on the evidence in this chapter. The inclusion of

POSS to these polymers has been reported to have desirable biocompatibility prop-

erties, such as minimal foreign body response and capsule formation [323, 122],

and also improved mechanical properties and a decreased thrombogenicity [258]

but the evidence in the literature does not support a claim that it is a material that
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sustains cell growth.

There is likely a presumption that a decellularised matrix would be a better sur-

face for cell attachment and growth but the results shown here do not support this

hypothesis. Two days after the seeding of the decellularised scaffolds the average

coverage of HUVEC was 20-30% of the scaffold, whereas on POSS-PCLUU it was

between 40-60%. AFSC had a coverage of between 15-20% on decellularised rat

aorta and approximately 15% on polymer.

The decellularised scaffold was analysed for a 2 day time period, unlike the 7 day

time period for POSS-PCLUU. This was due to the increased surface area to be cov-

ered by the cells, the time taken for preparation and the shortage of vessels for the

decellularised scaffold, which meant fewer time points could be covered. There was

a drop in cell surface coverage on the POSS-PCLUU after two days with the AFSC

showing an increase in cell coverage over the first two days. The decellularised scaf-

fold showed a significant increase in number of nuclei on DAPI stained slides, with

a significant increase between 6 hours and 1 day for AFSC on uncoated rat aorta and

between 6 hours and 2 days for AFSC on fibronectin coated rat aorta. This leaves

open the possibility that cells on the decellularised vessel could be maintained for

longer, or even increase in number. There was an issue with how the cells attached

though as they tended to form large clusters on the surface, rather than spreading

evenly across the surface. This could be due to the method of static seeding that

was used. An improvement might be seen by using one of the methods described

in Section ??, such as scaffold rotation or transmural pressure. Fercana et al. [324]

seeded HUVEC on to a decellularised bovine internal mammary artery attached to

a stent, to allow touch-free handling. The cells were rotated by 90° four times every

hour then allowed to incubate overnight. After 10 days in static culture they had an

average live cell luminal coverage of 75%. Decellularised porcine coronary seeded

with bovine aortic endothelial cells also showed a confluent layer of cells luminally

after 10 days [135]. Other evidence of cell attachment on decellularised vessels is

not as clear as this. HUVEC on DET decellularised bovine vessels [138] showed

appearance of the cells on the scaffold surface by SEM imaging though there was
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no evidence beyond this of cell attachment or viability.

There was some difference between uncoated and fibronectin coated decellularised

rat aorta, but only for the vessels seeded with HUVEC. There was a significant

increase in MTT absorption for HUVEC seeded on to fibronectin coated decel-

lularised rat aorta and a large difference in the nuclei count at day 1. However,

HUVEC on detergent decellularised greyhound arteries showed no improvement in

attachment with the addition of fibronectin [325].

6.5 Conclusion
In this chapter methods of endothelial differentiation of AFSC were trialled. Meth-

ods attempting to replicate the work of Benavides et al [225], Moschidou et al [313]

and White et al [243] was unsuccessful. Network formation of third trimester AFSC

on Matrigel as demonstrated by Schiavo et al. [316] was successfully replicated.

When seeded on aliphatic POSS-PCLUU third trimester AFSC did not express the

endothelial marker CD31. AFSC, HUVEC and C2C12 seeded on to POSS-PCLUU

all had significantly lower metabolic activity than those seeded on TCP. HUVEC

seeded on to bleach sterilised POSS-PCLUU covered a much larger percentage area

coverage than AFSC on POSS-PCLUU, and than either cell type on decellularised

rat aorta, where the cells formed large agglomerations. However, HUVEC on bleach

sterilised POSS-PCLUU had a significantly reduced coverage after 7 days. Neither

the POSS-PCLUU or DET decellularised rat aorta showed suitability as a material

for creating an endothelialised TEVG.
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Discussion and conclusions

In this chapter I will discuss and summarise the thesis; including what was novel,

what approaches were unsuccessful and what could be done differently to improve

the various studies. I will also suggest a set of future work based on what I have

learned in the process of undertaking this research.

In this thesis it was shown that POSS-PCLUU lacked the mechanical properties

required for a TEVG, particularly the burst strength and compliance, and suffered

from aneurysm formation before failure in the burst pressure measurements. Imag-

ing of several different planes of a POSS-PCLUU graft showed that the method of

phase inversion with NaHCO3 porogen produced a distribution of pores that was not

suitable for a TEVG, an approach that had not previously been used. The method

of degradation that POSS-PCLUU was most susceptible to was also determined to

be oxidative attack.

POSS-PCU had shown its increased haemocompatibility, biocompatibility and im-

proved viscoelastic properties in comparison to materials currently in use, as dis-

cussed in Section ??, and this was the driver to use a biodegradable version of

this polymer as a material for constructing a TEVG. The results for Youngs Mod-

ulus and Dynamic Compliance raised a shortfall in the use of a polyurethane

on its own, that it lacks the ability to increase its stiffness at high strain val-

ues. This behaviour is seen in all medium to large blood vessels and is a pro-

tection against aneurysm formation. The addition of another polymer that acts

similarly to collagen in blood vessels and increases its stiffness at high strain
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could improve the grafts mechanical properties. There was also a choice be-

tween a version of POSS-PCLUU that contained and aromatic hard section, us-

ing 4,4’-methylenebis (phenyl isocyanate) (MDI), or one with an aliphatic hard

section, using 4,4’ methylenebis(cyclohexylisocyanate) (HMDI). The version us-

ing HMDI was selected due to concerns over the toxicity of MDI [326, 327],

which when included in polyurethanes has been shown to release the toxic com-

pound 4,4’-diaminodiphenylmethane upon degradation [328]. However, it led to

the aliphatic POSS-PCLUU being weaker and harder to sterilise. An aromatic based

polyurethane would provide better mechanical properties if the toxicity issue could

be managed.

For the POSS-PCU based graft a simple phase inversion extrusion method without

NaHCO3 porogen was chosen despite 55% 40 µm NaHCO3 porogen supported the

growth of HUVEC and EPC better than other fabrication methods [258]. The fact

that POSS-PCU had an improved anti-thrombogenic surface and had evidence of

prolonged biostability meant that the practical compromise of not using porogen,

and thus having an impermeable outer layer, was acceptable. For a TEVG this was

not an acceptable compromise. A confluent endothelium and perivascular ingrowth

were the most important factors. Even when using the NaHCO3 porogen it was

difficult to control the micro-structure of the material. Many other modes of fabri-

cation were not available and came with there own setbacks. Electrospinning, for

example, is highly user sensitive, and requires a high level of skill to produce the

structure one wishes to achieve. It also requires a long period of time to produce

grafts of a sufficient size. One modification that would improve the control of pore

structure would be to use size fractionated gelatin beads packed in to column as

porogen and then add polymer solution before precipitating out the polymer while

dissolving the gelatin beads over time [329]. Rather than using NaHCO3 porogen

which alters phase inversion reaction kinetics, the pore sizes could be more directly

controlled by the porogen.

Further testing of the graft could have been carried as per the British Standard BS

ISO 7198:1998, namely: the circumferential tensile strength (BS ISO 7198:1998
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8.3.1), determination of usable length (BS ISO 7198:1998 8.4), pressurised inter-

nal diameter (BS ISO 7198:1998 8.6) and kink diameter (BS ISO 7198:1998 8.9).

However the most important measures are the ones for strength, such as burst pres-

sure, and if these are not met then continuing further mechanical testing is futile.

The best method for examining the porous structure of a material is micro-CT, as

it gives a 3D representation of the graft from which all different metrics relating to

porosity can be extracted, particularly pore interconnectivity. This is very impor-

tant for determining the likely route of ingrowing capillaries, which are important

for the growth and maintenance of an endothelium on grafts in humans [288]. An-

other method of examining capillary ingrowth is the use of a chicken chorioallantoic

membrane (CAM) assay, where a material is implanted in the chorioallantoic mem-

brane of a chicken embryo through a hole cut in the egg shell, incubated for 1-3

days and then quantified through image analysis or colorimetric detection. This is a

simple, inexpensive method but is labour intensive and is a non-mammalian model.

The sterilisation methods described in this thesis are not novel but to show why a

bleach sterilisation method was used instead of a clinically recognised method of

sterilisation. Another approach to sterilisation is the use of γ radiation, though this

has already been trialled on aliphatic POSS-PCLUU [123]. While it was effective at

reducing the bioburden of the polymer it caused a greater loss in molecular weight

than any other method and significant decrease in tensile strength in cast polymer.

For a full study on sterilisation only clinically recognised sterilisation techniques

should be examined, molecular weight change should be measured by gel perme-

ation chromatography (GPC) and the level of viable organisms on the graft should

be determined. The international standards ISO 11737-1 and ISO 11737-2 cover

the tests required for adequate sterilisation of medical devices.

The degradation studies carried on the aliphatic POSS-PCLUU had not previously

been carried out. The number of different variables that the study covered, with

5 different polymers synthesised in two different ways and six degradative solu-

tions, made collection and analysis of the data a very difficult task. A much smaller

range of variables should have been included to create a more focused study. A
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very important measure that was not included in the study was the change in weight

of the polymer over the time period measured. A plan to measure the change in

molecular weight through GPC had been included from the outset but initial stud-

ies in creating a protocol for GPC with the POSS-PCLUU were unsuccessful. A

simpler method that could have been used instead would have been to measure the

change in weight of whole samples. More detailed study of the degradation could

have included differential scanning calorimetry to measure changes in crystallinity,

X-ray photoelectron spectroscopy to measure changes in surface chemistry, SEM

and atomic force microscopy to measure changes in surface morphology, and high-

performance liquid chromatography and mass spectrometry to examine degradation

products [330].

Comparison of both umbilical vein and artery using the same decellularisation

method is not seen in the literature. The DET approach of decellularization had

also not been trialled on umbilical vessels before. The main finding was the very

significant loss in GAG and a large loss in elastin after decellularization. This would

have had a significant impact on mechanical properties but only a measure of burst

pressure was undertaken, which while greater than that which was observed for the

POSS-PCLUU, was still much smaller than native human blood vessels. Compli-

ance measurements were attempted but it was not possible to get satisfactory ultra-

sound images for measuring diameter and thus no data could be collected. Other

mechanical tests that were carried out for POSS-PCLUU could be carried out for

the decellularised umbilical vessels, although because the samples are biological

they require a specific setup that was not available in the lab. Another drawback of

the study was the inability to get dry weight measurements for the vessels as there

is an agreed level at which suitable decellullarisation has occurred [308]. Further

assays that would have been useful for the study include a stain for collagen type

IV, a major component of the endothelial basement membrane and important for the

attachment of endothelial cells, and a CAM assay for measuring angiogenic proper-

ties of the material. Rat aorta was also decellularized using the same method. Only

a very short study of the effects of DET was undertaken on the rat aorta, as it was
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decided that this may an easier model to use in cell seeding and animal models but

there was not the time to repeat all the experiments undertaken for the decellularised

umbilical vessels. Whether the DET method has exactly the same effect on the rat

aorta as the umbilical vessels is not known and so it is therefore not possible to draw

firm conclusions about cell seeding from the rat aorta study.

HUVEC and AFSC seeded on to POSS-PCLUU and decellularised rat aorta did

not attach or grow well on either material, and the addition of fibronectin did not

significantly improve attachment or growth. There were difficulties in obtaining

good quality images of immunofluorescence on the polymer and in getting staining

protocols to work. A tight junction marker, ZO-1, was trialled to look at areas of

confluent endothelium but it a successful protocol was not found. Cellular integrins

could also have been investigated to check for focal adhesions from the cell to poly-

mer surface. Unlike the study on alcohol sterilised polymer, the study on bleach

sterilised polymer did not include SEM images. Not all the same assays could be

carried out on the decellularised rat aorta due to it being seeded by injection in the

lumen rather than in a 96 well plate. Dissecting vessels and placing them in flat

culture may have made the comparison between polymer and vessel easier and im-

proved the likelihood of an even spread of fibronectin and cells.

The stem cell differentiation protocols trialled in this thesis were mostly unsuccess-

ful, except for the replication of the Matrigel assay described by Schaivo et al [316].

Work done using the White et al. [243] and Moschidou et al. [312, 313] protocols

may have produced novel results but difficulty reproducing Moschidous results in

a different lab stopped this work. The unsuccessful nature of these results was a

result of difficulties with cell culture and a lack of expertise. While there is some

evidence that AFSC could be a useful source for stem cells to be used in TEVG,

more work still needs to be done. To be considered for use in seeding on TEVG

the cells need to show expression of endothelial markers and show the functional

characteristics of endothelial cells, as described in Section 1.3.3. Currently the best

approach would be to use ECFC, LO-EPC and BOEC from umbilical cord blood,

as described in Section 2.5.7.
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Finding suitable controls for experiments for TEVG as both commercial compara-

tors and human blood vessels from appropriate sites are difficult to obtain. In me-

chanical tests on POSS-PCLUU and decellularised vessels, comparison was made

from results in the literature. In studies of degradation negative controls of non-

biodegradable ePTFE or Dacron ® grafts could have been used. A positive control

could well have been a resorbable material already currently used in surgery in hu-

mans, where the rate of in vitro degradation could be compared with that in vivo.

The seeding of HUVEC and C2C12 on to POSS-PCLUU, as described in Section

6.2.6, lacked TCP controls for DAPI stains and SEM, as well as a no cell control

for POSS-PCLUU SEM imaging.

Rather than suggest follow up studies to the ones described here I would like to

suggest a new approach for the construction of a TEVG based on the experienced

gathered during my PhD and my knowledge of the literature.

This TEVG would be divided in to two parts: a material to support the growth

of a confluent and functional endothelium, and a material that provides structural

support. The first material would need to support the growth and adherence of an

endothelial cell type, with HUVEC being the obvious choice of cell. Growth and the

attainment and maintenance of confluence would be monitored macroscopically by

MTT stain and microscopically by ZO-1, phalloidin and Ki67 immunofluorescence.

Attachment to the substrate material would be examined by integrin immunofluo-

rescence and quantification of focal adhesions. The endothelium would also need

to show that it can maintain haematological haemostasis and immunological func-

tions. The material itself would need to be thin and permeable enough to allow

metabolite transport and leukocyte extravasion, without compromising the conflu-

ency of endothelial cells attached to it. The material must also be easily sterilised

without changing cell interaction with the surface, free from xenogenic products,

be able to be formed in to a tubular structure of variable diameter and be attachable

to the luminal surface of the second part of the TEVG. This would require a set

of screening tests, ideally high throughput to allow many different materials to be

tested.
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The second part of the TEVG, which provides structural support, will need to bal-

ance the need for a highly connected porous structure with the need for the correct

mechanical properties. The porous structure should allow the facile growth of cap-

illaries from the extraluminal surface to the luminal, to maintain the endothelium

of the graft. The most important mechanical properties will be a high tensile and

radial strength along with a compliance profile which matches the vessels to which

the TEVG will be grafted. The best approach to optimise these factors is to use

a computer aided design approach such as Within (Autodesk Inc.), with different

materials or combinations of materials and different 3D structures being modelled

in silico to produce an optimal design. The materials selected will need to be eas-

ily sterilised, biodegradable, biocompatible, free from xenogenic products, ideally

already approved for human use and could be precipitated from solution. The 3D

model could then be 3D printed as a negative and the solution to be used for the

TEVG poured in to this negative mould before precipitation of the solid material.

This would then need to undergo tensile and compliance testing to check that met-

rics produced in the model of the graft matched with the actual graft. If these

matched then the material to support endothelial growth would be added to the lu-

minal surface and further tests as per the British Standard BS ISO 7198:1998 carried

out. The combined graft would then require a sterilisation protocol meeting the re-

quirements of ISO 11737-1 and ISO 11737-2. Sterilisation after the attachment of

the endothelial growth supporting material to the structural support material would

be preferable as handling after sterilisation should be kept to a minimum.

After an effective sterilisation protocol an appropriate endothelial cell seeding pro-

tocol should be devised to ensure attachment and confluency of the cells. The use

of a bioreactor flow circuit should also be considered to align endothelial cells with

the direction of flow and to upregulate the expression of endothelial markers.

The graft should also be tested in animals before clinical implantation is undertaken.

The animal model needs to be chosen specifically for the information that needs to

be collected for the results of these studies to be at all meaningful. The most impor-

tant factors to consider in a TEVG are the size of the animal compared to the graft,
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the immunological response to the graft of the chosen species, the haematology of

the chosen species and the site chosen to implant the graft. The kind of studies that

should be considered are: the patency of the graft and changes that might affect this

(thrombus formation and calcification); the growth of capillaries in to the graft; the

type of tissue forming in and around the graft; the changes to the grafts mechanical

properties; and the amount of the original graft remaining.



Impact statement

I determined a method of fabrication of aliphatic POSS-PCLUU using phase in-

version with NaHCO3 porogen leaching that best balanced the structural and me-

chanical properties that would closest match those needed of a tissue engineered

vascular graft (TEVG) by using a concentration of 45% NaHCO3 with median par-

ticle size of 60 µm in POSS-PCLUU solution. I discovered that this graft would

still not be suitable for use as a TEVG due to a low pressurised burst strength and

poorly interconnected porous structure. I determined the main method of degra-

dation of aliphatic POSS-PCLUU was oxidative attack and that bleach sterilisation

of POSS-PCLUU was suitable for in vitro studies. I found that Detergent Enzy-

matic Treatment (DET) decellularised umbilical vessels did not have the mechanical

and biochemical properties suitable for a TEVG, as the pressurised burst strength

was too low and the method removed a significant amount of glycosaminogylcans

(GAG) and elastin. Neither aliphatic POSS-PCLUU or Detergent Enzymatic Treat-

ment (DET) decellularized rat aorta supported the growth of cells. I was also unable

to produce a working method for the differentiation of Amniotic Fluid Stem Cells

(AFSC) to endothelial cells.

I have given oral presentation in the UK at the Royal Free Hospital and the CoM-

PLEX conference, and also internationality at a plenary session for nanobiotech-

nology in Varese, Italy. I have presented posters at two international conferences,

in Varese and the ISSCR annual conference in Boston, USA. In the UK I presented

posters at two separate CoMPLEX conferences and an interdisciplinary doctoral

training centre conference at the University of Warwick. I have published two pa-

pers with colleagues at the Royal Free Hospital as a second author and plan to
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publish material from my PhD thesis in the future. I programmed scripts in both

R and Matlab languages. R scripts were produced for the collation and analysis of

large amounts of data. Matlab scripts were used for image analysis and to analyse

data recorded from ultrasound scans of polymer grafts.



Appendix A

Tensile testing R script

# ######LIBRARIES#######

l i b r a r y (plyr )

# ######SELECT FILES #######

# S e t t h e c o r r e c t working d i r e c t o r y

se twd ( ” ˜ / PhD / E x p e r i m e n t s / R e s u l t s & A n a l y s i s / Polymer ←↩

c h a r a c t e r i s a t i o n − phase i n v e r s i o n / Mechan ica l ←↩

t e s t i n g ” )

# Find a l l t x t f i l e s i n c u r r e n t d i r e c t o r y

filenames<− l i s t .files (pattern=” * . raw ” )

# ######CREATING DATA STORAGE OBJECTS#######

# R e a r r a n g e o r d e r o f f i l e n a m e s

filenames<−filenames [ c ( 1 , 4 , 9 , 2 , 3 , 8 , 6 , 7 , 5 ) ]

# Name t h e polymer f a b r i c a t i o n r e c i p e a s s o c i a t e d wi th←↩

each f i l e

polymer .fabrication<−c ( ” Cas t ” , ” 000 pc ” , ” 030 pc ” , ” 040 pc←↩

” , ” 050 pc ” , ” 060 pc ” , ” 040m” , ” 065m” , ” 105m” )

# C r e a t e a d a t a f rame t o n o t e t h e f a c t o r a s s o c i a t e d ←↩

wi th c a l c u l a t e d v a l u e s

fabrication<−r e p (polymer .fabrication ,each=5)

# C r e a t e a m a t r i x f o r a l l t h e r e s u l t s
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youngs .modulus .under25<−m a t r i x ( nrow=5* l e n g t h (←↩

filenames ) )

youngs .modulus . 2 5to50<−m a t r i x ( nrow=5* l e n g t h (filenames←↩

) )

youngs .modulus . 5 0to100<−m a t r i x ( nrow=5* l e n g t h (←↩

filenames ) )

max .stress<−m a t r i x ( nrow=5* l e n g t h (filenames ) )

strain . b r e a k<−m a t r i x ( nrow=5* l e n g t h (filenames ) )

# De te r ime t h e Youngs Modulus from 0−25%, max s t r e s s ←↩

and s t r a i n a t b r e a k f o r each spec imen

f o r (i in 1 : 5 )

{

# E x t r a c t t h e s t r e s s and s t r a i n v a l u e s f o r t h e ←↩

s p e c i f i c spec imen

strain<−as . numer ic ( e v a l ( p a r s e ( t e x t = p a s t e ( ”←↩

Specimen ” ,i , ” $ T e n s i l e . s t r a i n . . ” ,sep=” ” ) ) ) )

stress<−as . numer ic ( e v a l ( p a r s e ( t e x t = p a s t e ( ”←↩

Specimen ” ,i , ” $ T e n s i l e . s t r e s s . MPa” ,sep=” ” ) ) ) )

# Find s t r e s s and s t r a i n f o r s t r a i n unde r 25% and ←↩

a p p l y l i n e a r r e g r e s s i o n t o f i n d YM

strain .under25<−strain [strain<25] / 100

stress .under25<−stress [strain<25]

lnreg1<−c o e f f i c i e n t s ( lm (stress .under25 ˜strain .←↩

under25 ) )

youngs .modulus .under25 [i+(j−1)* 5 ]<−lnreg1 [ 2 ]

strain . 2 5to50<−strain [strain>25&strain<50] / 100

stress . 2 5to50<−stress [strain>25&strain<50]
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lnreg2<−c o e f f i c i e n t s ( lm (stress . 2 5to50 ˜strain . 2 5←↩

to50 ) )

youngs .modulus . 2 5to50 [i+(j−1)* 5 ]<−lnreg2 [ 2 ]

strain . 5 0to100<−strain [strain>50&strain<100] / 100

stress . 5 0to100<−stress [strain>50&strain<100]

lnreg3<−c o e f f i c i e n t s ( lm (stress . 5 0to100 ˜strain . 5 0←↩

to100 ) )

youngs .modulus . 5 0to100 [i+(j−1)* 5 ]<−lnreg3 [ 2 ]

# Dete rmine max s t r e s s

max .stress [i+(j−1)* 5 ]<−max (stress )

# De te rmine s t r a i n a t b r e a k

strain . b r e a k [i+(j−1)* 5 ]<−strain [stress==max (←↩

stress ) ]

# C l e a r unwanted v e c t o r s

#rm ( s t r a i n , s t r e s s , s t r a i n . under25 , s t r e s s . under25 ,←↩

l n r e g 1 , l n r e g 2 , l n r e g 3 )

}

# ######WRITE OUT DATA#######

# S e t t h e c o r r e c t working d i r e c t o r y

se twd ( ” ˜ / PhD / E x p e r i m e n t s / R e s u l t s & A n a l y s i s / Polymer ←↩

c h a r a c t e r i s a t i o n − phase i n v e r s i o n / Mechan ica l ←↩

t e s t i n g / R e s u l t s ” )

# Make d a t a f rame wi th t h e f a b r i c a t i o n method ←↩

a s s o c i a t e d wi th each r e s u l t
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youngs .modulus<−d a t a . f rame (Fabrication=fabrication ,←↩

Value=youngs .modulus .under25 )

max .stress<−d a t a . f rame (Fabrication=fabrication ,Value=←↩

max .stress )

strain . b r e a k<−d a t a . f rame (Fabrication=fabrication ,←↩

Value=strain . b r e a k )

# Cas t and c o g u l a t e d

w r i t e . t a b l e ( max .stress [ max .stress$Fabrication==” Cas t ”←↩

|max .stress$Fabrication==” 000 pc ” , ] , f i l e = p a s t e ( ”←↩

Mech − Fab − MS. t x t ” ) , sep = ” , ” , row . names=FALSE )

w r i t e . t a b l e (strain . b r e a k [strain . b r e a k $Fabrication==”←↩

Cas t ” |strain . b r e a k $Fabrication==” 000 pc ” , ] , f i l e = ←↩

p a s t e ( ”Mech − Fab − SB . t x t ” ) , sep = ” , ” , row . names=←↩

FALSE )

w r i t e . t a b l e (youngs .modulus [youngs .modulus$Fabrication←↩

==” Cas t ” |youngs .modulus$Fabrication==” 000 pc ” , ] , ←↩

f i l e = p a s t e ( ”Mech − Fab − YM. t x t ” ) , sep = ” , ” , row←↩

. names=FALSE )

# P e r c e n t a g e and s i z e

fab . v a r<−c ( ” pc ” , ”m” )

f o r (i in 1 : 2 )

{

w r i t e . t a b l e ( max .stress [ g r ep (fab . v a r [i ] , max .stress←↩

$Fabrication ) , ] , f i l e = p a s t e ( ”Mech − ” ,fab .←↩

v a r [i ] , ” − MS. t x t ” ) , sep = ” , ” , row . names=FALSE←↩

)

w r i t e . t a b l e (strain . b r e a k [ g rep (fab . v a r [i ] ,strain .←↩

b r e a k $Fabrication ) , ] , f i l e = p a s t e ( ”Mech − ” ,←↩
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fab . v a r [i ] , ” − SB . t x t ” ) , sep = ” , ” , row . names=←↩

FALSE )

w r i t e . t a b l e (youngs .modulus [ g r ep (fab . v a r [i ] ,youngs←↩

.modulus$Fabrication ) , ] , f i l e = p a s t e ( ”Mech − ←↩

” ,fab . v a r [i ] , ” − YM. t x t ” ) , sep = ” , ” , row . names←↩

=FALSE )

}



Appendix B

ATR-FTIR R script

# ########DESCRIPTION#########

# Takes a l l t h e f i l e s i n t h e d a t a f o l d e r and r e a d s i n ←↩

t h e r e l a v e n t d a t a

# u s i n g l a p p l y . In t h i s c a s e i t i s '010813 − ←↩

F a b r i c a t i o n FTIR '

# For each s e p e r a t e f i l e a b a s e l i n e i s c a l c u l a t e d f o r ←↩

Abs v a l u e s t a k e n

# from 3750−4000 cmˆ−1 and t h e n s u b t r a c t e d from a l l ←↩

o t h e r v a l u e s , such

# t h a t t h e b a s e l i n e i s s e t t o z e r o .

# Data e x t r a c t e d from t h e f i l e n a m e s i s appended t o t h e←↩

e x t r a c t e d d a t a

# so t h a t r e l a v e n t i n f o r m a t i o n can be used f o r ←↩

a n a l y s i s

# ########LIBRARIES#########

# L i b r a r y f o r s p l i t t i n g , a p p l y i n g and combin ing ←↩

d a t a

l i b r a r y (plyr )

# ########DEFINE FUNCTIONS#########

# Does a c r i r c u l a r s h i f t on a v e c t o r , t o t h e l e f t i f ←↩
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p o s i t i v e and t o t h e r i g h t i f n e g a t i v e

circShift<−f u n c t i o n (x ,s ) {

c (tail (x , ( ( l e n g t h (x )−s )%%l e n g t h (x ) ) ) ,head (x , ( s%%←↩

l e n g t h (x ) ) ) )

}

# ########SELECT FILES #########

# S e t t h e c o r r e c t working d i r e c t o r y

se twd ( ” ˜ / PhD / E x p e r i m e n t s / R e s u l t s & A n a l y s i s / Polymer ←↩

c h a r a c t e r i s a t i o n − phase i n v e r s i o n / FTIR / 010813 − ←↩

F a b r i c a t i o n FTIR” )

# Find a l l t x t f i l e s i n c u r r e n t d i r e c t o r y

filenames<− l i s t .files (pattern=” * . t x t ” )

# ########DEFINE VARIABLE NAMES#########

v a r i a b l e . names<−gsub ( ” . t x t ” , ” ” ,filenames )

# ########IMPORTING RAW DATA#########

d a t a l i s t = l a p p l y (filenames , r e a d . t a b l e ,sep=”\ t ” ,skip←↩

=19 ,nrows=3528 , c o l . names=c ( ” Wavenumber ” , ”Abs” ) )

# S e t b a s e l i n e t o z e r o by s u b t r a c t i n g a v e r a g e d Abs ←↩

v a l u e s t a k e n from 3750−4000 cmˆ−1 from a l l o t h e r ←↩

v a l u e s

f o r (i in 1 : l e n g t h (filenames ) )

{

baseline adjust=mean ( d a t a l i s t [ [i ] ] [ 3 2 7 8 : 3 5 2 8 , 2 ] )

d a t a l i s t [ [i ] ] [ , 2 ]<−d a t a l i s t [ [i ] ] [ , 2 ] −baseline ←↩

adjust

}
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# Turn l i s t o f t a b l e s from f i l e i n t o one l a r g e d a t a ←↩

f rame

a l l . d a t a . d f<−as . d a t a . f rame ( do . c a l l ( r b i n d , d a t a l i s t ) )

#Add t h e f a c t o r s t o t h e d a t a f rame u s i n g d a t a from ←↩

t h e f i l e

a l l . d a t a . d f [ ” P e r c e n t a g e ” ]<−as . f a c t o r ( r e p ( s u b s t r (←↩

v a r i a b l e . names , 3 , 4 ) ,each=3528) )

a l l . d a t a . d f [ ” S i z e ” ]<−as . f a c t o r ( r e p ( s u b s t r ( v a r i a b l e .←↩

names , 7 , 9 ) ,each=3528) )

a l l . d a t a . d f [ ” F a b r i c a t i o n ” ]<−as . f a c t o r ( r e p ( s u b s t r (←↩

v a r i a b l e . names , 1 1 , 1 4 ) ,each=3528) )

a l l . d a t a . d f [ ” S ide ” ]<−as . f a c t o r ( r e p ( s u b s t r ( v a r i a b l e .←↩

names , 1 7 , 1 7 ) ,each=3528) )

a l l . d a t a . d f [ ” R e p l i c a t e ” ]<−as . f a c t o r ( r e p ( s u b s t r (←↩

v a r i a b l e . names , 2 1 , 2 1 ) ,each=3528) )

a l l . d a t a . d f [ ” Peaks ” ]<−FALSE
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SEM Matlab script

filenames={ ' POSS−PCL NoPorogen Sample1 Bottom 10x ←↩

Image1 ' , . . .

' POSS−PCL NoPorogen Sample1 Bottom 10x Image2 '←↩

, . . .

' POSS−PCL NoPorogen Sample1 Bottom 10x Image3 '←↩

, . . .

' POSS−PCL NoPorogen Sample1 Top 10x Image1 ' , . . .

' POSS−PCL NoPorogen Sample1 Top 10x Image2 ' , . . .

' POSS−PCL NoPorogen Sample1 Top 10x Image3 ' } ;

diameter filenames={ ' d i a m e t e r NoPorogen Sample1 ←↩

Bottom 10x Image1 ' , . . .

' d i a m e t e r NoPorogen Sample1 Bottom 10x Image2 '←↩

, . . .

' d i a m e t e r NoPorogen Sample1 Bottom 10x Image3 '←↩

, . . .

' d i a m e t e r NoPorogen Sample1 Top 10x Image1 ' , . . .

' d i a m e t e r NoPorogen Sample1 Top 10x Image2 ' , . . .

' d i a m e t e r NoPorogen Sample1 Top 10x Image3 ' } ;

diameter mean= z e r o s ( 1 , l e n g t h (filenames ) ) ;
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diameter median= z e r o s ( 1 , l e n g t h (filenames ) ) ;

diameter mode= z e r o s ( 1 , l e n g t h (filenames ) ) ;

threshold values= z e r o s ( 1 , l e n g t h (filenames ) ) ;

percentage area= z e r o s ( 1 , l e n g t h (filenames ) ) ;

% T h r e s h o l d v a l u e s 0 . 1 , 0 . 1 6 , 0 . 1 1 , 0 . 2 2 , 0 . 2 3 , 0 . 2 3

f o r i=1: l e n g t h (filenames )

%Read i n image

porosity img=imread (filenames{i} , ' t i f ' ) ;

%E n t e r i n t h e m a g n i f i c a t i o n b e i g used

mag=10;

%S c a l e s f o r t h e a r e a d i f f e r e n t m a g n i f i c a t i o n s i n ←↩

microns s q u a r e d p e r p i x e l

%These a r e v a l u e s f o r t h e ICH c e l l c u l t u r e room ←↩

m i c r o s c o p e wi th f i l e s

%saved a t 1388 x1040

scale area 10x= ( 0 . 8 7 / 1 . 3 8 8 ) ˆ 2 ;

scale area 20x= ( 0 . 4 3 / 1 . 3 8 8 ) ˆ 2 ;

scale area 40x= ( 0 . 2 2 / 1 . 3 8 8 ) ˆ 2 ;

%S e t s c a l e o f t h e a r e a based on m a g n i f i c a t i o n

i f mag==10

scale area=scale area 10x ;

e l s e i f mag==20

scale area=scale area 20x ;

e l s e i f mag==40

scale area=scale area 40x ;
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end

%Co ve r t g r a y s c a l e image t o d oub l e p r e c i s i o n v a l u e s ←↩

f o r t h e i n t e n s i t y

porosity img=im2double (porosity img ) ;

%C r e a t e a g a u s s i a n f i l t e r and t h e n use t h i s t o c r e a t e←↩

a m a t r i x o f i n t e n s i t y

%v a r i a t i o n a c r o s s t h e FOV. I t seems t h a t [m/ 2 n / 2 ] ←↩

works b e s t f o r f i l t e r

%s i z e and a ve ry h igh sigma va lue , l i k e 1 0 0 . For ←↩

i m f i l t ' same ' g i v e s an

%o u t p u t p o r o s i t y img t h e same s i z e as t h e i n p u t and '←↩

r e p l i c a t e ' r e p l i c a t e s t h e i n t e s i t y

%v a l u e s a t t h e b o r d e r f o r c e l l s beyond t h e b o r d e r

gauss filt=fspecial ( ' g a u s s i a n ' , [ 2 5 6 2 5 6 ] , 100) ;

average intensity=imfilter (porosity img ,gauss filt , '←↩

same ' , ' r e p l i c a t e ' ) ;

%A d j u s t t h e image f o r v a r i a t i o n i n t h e polymer ←↩

s u r f a c e i n t e n s i t y

porosity img adj=porosity img . /average intensity ;

max value=max ( max (porosity img adj ) ) ;

porosity img adj=porosity img adj / max value ;

f1= f i g u r e ;

ho ld on

imshow (porosity img adj ) ;

saveTightFigure (f1 , [ filenames{i} , ' g r a y s c a l e . pdf ' ] ) ;

ho ld off
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%T h r e s h o l d t h e image t o f i n d t h e pores , e i t h e r ←↩

a u t o m a t i c a l l y o r manua l ly

threshold=graythresh (porosity img adj ) ;

porosity img binary=im2bw (porosity img adj ,threshold )←↩

;

porosity img binary=imcomplement (porosity img binary )←↩

;

f2= f i g u r e ;

ho ld on

imshow (porosity img binary ) ;

run= ' y ' ;

w h i l e run== ' y '

d i s p ( [ ' C u r r e n t v a l u e f o r t h r e s h o l d = ' , num2s t r (←↩

threshold ) ] ) ;

threshold= i n p u t ( ' E n t e r a v a l u e from 0 − 1 f o r ←↩

t h r e s h o l d i n g : ' ) ;

porosity img binary=im2bw (porosity img adj ,threshold )←↩

;

porosity img binary=imcomplement (porosity img binary )←↩

;

imshow (porosity img binary ) ;

run= i n p u t ( ' C o n t i n u e a d j u s t i n g t h r e s h o l d ( y / n ) : ' , ' s ' )←↩

;

end

saveTightFigure (f2 , [ filenames{i} , ' bw . pdf ' ] ) ;

ho ld off

threshold values (i ) =threshold ;

%p o r o s i t y img b i n a r y =im2bw ( p o r o s i t y img adj ,←↩

g r a y t h r e s h ( p o r o s i t y img a d j ) ) ;

%p o r o s i t y img b i n a r y =im2bw ( p o r o s i t y img adj , i n p u t ( '←↩
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E n t e r a v a l u e from 0 − 1 f o r t h r e s h o l d i n g ' ) ) ;

%p o r o s i t y img b i n a r y =imcomplement ( p o r o s i t y img b i n a r y←↩

) ;

%fh = f i g u r e ;

%sh = u i c o n t r o l ( fh , ' S t y l e ' , ' s l i d e r ' , . . .

% ' Max ' , 1 , ' Min ' , 0 , ' Value ' , g r a y t h r e s h ( p o r o s i t y img a d j )←↩

, . . .

% ' S l i d e r S t e p ' , [ 0 . 0 5 0 . 1 ] , . . .

% ' P o s i t i o n ' , [ 3 0 20 150 3 0 ] , . . .

% ' Ca l lback ' , @th re sho ld v a l u e ) ;

%f u n c t i o n t h r e s h o l d v a l u e ( hObjec t , e v e n t d a t a )

%imshow ( imcomplement ( im2bw ( p o r o s i t y img adj , num2s t r (←↩

g e t ( hObjec t , ' Value ' ) ) ) ) ) ;

%end

%d i s p ( [ ' S l i d e r moved t o ' num2s t r ( g e t ( hObjec t , ' Value←↩

' ) ) ] ) ;

%imshow ( p o r o s i t y img b i n a r y ) ;

%I d e n t i f y and l a b e l i n d i v i d u a l p o r e s c o n n e c t e d wi th ←↩

c o n n e c t i v i t y o f 8

%( d e f a u l t )

pores=bwconncomp (porosity img binary ) ;

%Show d i f f e r e n t l y i d e n i f i e d p o r e s

labeled=labelmatrix (pores ) ;

RGB label=label2rgb (labeled , @spring , ' c ' , ' s h u f f l e ' )←↩

;

f3= f i g u r e ;

ho ld on

imshow (RGB label ) ;
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saveTightFigure (f3 , [ filenames{i} , ' f a l s e c o l o u r . pdf ' ] )←↩

;

ho ld off

%C a l c u l a t e a r e a o f p o r e s − p o r e s d a t a . Area on ly ←↩

r e t u r n s t h e numbe of p i x e l s

%c o n t a i n e d i n t h e r e g i o n and needs o be m u l i p l i e d by ←↩

s c a l e a r e a t o g e t t h e

%t r u e a r e a o f t h e r e g i o n i n mic rons s q u a r e d

pores data=regionprops (pores , ' b a s i c ' ) ;

pores areas=[pores data .Area ] ;

%Remove a l l po re a r e a s t h a t a r e on ly one p i x e l i n ←↩

s i z e

pores areas=pores areas (pores areas>1) ;

pores areas=pores areas*scale area ;

%Assuming p o r e s a r e c i r c u l a r , d e t e r m i n e d i a m e t e r

pores diameters=2* s q r t (pores areas / p i ) ;

s ave ( [diameter filenames{i} , ' . t x t ' ] , ' p o r e s d i a m e t e r s '←↩

, '− a s c i i ' , '− t a b s ' ) ;

%S t a t i s t i c s f o r d i a m e t e r

diameter mean (i ) =mean (pores diameters ) ;

diameter median (i ) =median (pores diameters ) ;

diameter mode (i ) =mode (pores diameters ) ;

%P e r c e n t a g e a r e a c o v e r e d by p o r e s f o r 512 x512 image

percentage area (i ) =sum (pores areas ) / (scale area 10x*←↩

512 * 512) ;
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%P l o t h i s t o g r a m of a r e a s

%f i g u r e

%ho ld on

%h i s t ( p o r e s a r e a s , 50)

%t i t l e ( ' H i s togram of po re a rea ' ) ;

%y l a b e l ( ' Number o f pores ' ) ;

%x l a b e l ( ' Area ( s q u a r e mic rons ) ' ) ;

%ho ld o f f

%P l o t h i s t o g r a m of d i a m e t e r s

f4= f i g u r e ;

ho ld on

h i s t (pores diameters , 50 )

t i t l e ( ' H i s togram of po re d i a m e t e r ' ) ;

y l a b e l ( ' Number o f p o r e s ' ) ;

x l a b e l ( ' D iame te r ( mic rons ) ' ) ;

saveTightFigure (f4 , [ filenames{i} , ' h i s t o g r a m . pdf ' ] ) ;

ho ld off

end



Appendix D

Dynamic compliance Matlab script

% COMPLIANCE SCRIPT 2016 C a l c u l a t e s c o m p l i a n c e f o r ←↩

each bea t , up t o 10 , o f an . a c i f i l e

%

% D i s c u s s i o n :

%

% The u s e r i n p u t s a t e x t f i l e w i th i n f o r m a t i o n on ←↩

t h e f i l e names o f t h e

% . a c i f i l e t h e y want t o e x t r a c t d a t a from a l o n g ←↩

wi th hand w r i t t e n d a t a

% of t h e p r e s s u r e r e c o r d e d . The d i a m e t e r t r a c e i s ←↩

e x t r a c t e d and t h e b e a t s

% d e t e r m i n e d . The max and min of each b e a t i s ←↩

d e t e r m i n e d and t h e n used t o

% c a l c u l a t e t h e c o m p l i a n c e v a l u e . Th i s can be ←↩

s w i t c h e d t o some o t h e r

% measure o f e l a s t i c i t y i f r e q u i r e d .

%

% Modi f i ed :

%

% 1 August 2012
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% 7 J u l y 2016

%

% Author :

%

% Ryan Dee

%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%←↩

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%

% I n p u t v a r i a b l e s a r e :

%

% p r e s s u r e f i l e − Thi s i s t h e f i l e p a t h f o r t h e .←↩

t x t f i l e c o n t a i n g :

% − Col 1 : G r a f t

% − Col 2 : P r e s s u r e ( low , ←↩

medium , h igh )

% − Col 3 : S y s t o l i c p r e s s u r e

% − Col 4 : D i a s t o l i c p r e s s u r e

% − Col 5 : B e a t s p e r minu te (←↩

BPM)

% − Col 6 : P o s i t i o n wr t pump (←↩

prox ima l , media l ,

% d i s t a l )

% − Col 7 : Diamete r measured by←↩

u l t r a s o u n d

%

% f i l e n a m e s − A s t r u c t u r e wi th t h e f i l e n a m e s ←↩

f o r t h e . a c i f i l e s

%

% o u t p u t v a r − The t y p e o f o u t p u t you want f o r ←↩
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your measure o f

% e l a s t i c i t y ; which can be e i t h e r ←↩

' compl iance ' , ' emod ' ( e l a s t i c modulus )

% or ' b s t i f f ' ( b e t a s t i f f n e s s ) .

%

% show f i g u r e s − Show p l o t s o f d i a m e t e r d a t a and ←↩

t h e l o c a t i o n o f t h e

% b e a t s t o check t h e y have been ←↩

c o r r e c t l y i d e n t i f i e d .

%

% Outpu t v a r i a b l e i s :

%

% e l a s t i c i t y v a l u e s − A m a t r i x wi th columns f o r ( i n←↩

o r d e r ) t h e f i l e n a m e / number , mean p r e s s u r e

% and t h e n e l a s t i c i t y measures ←↩

f o r 10 b e a t s ( i f l e s s t h a n 10 b e a t s

% r e m a i n i n g columns w i l l be ←↩

z e r o .

%C r e a t e a s t r u c t u r e wi th t h e . a c i f i l e s

filenames= d i r ( 'C:\ Users \Ryan\Documents\PhD\←↩

E x p e r i m e n t s \ R e s u l t s & A n a l y s i s \Polymer ←↩

c h a r a c t e r i s a t i o n − phase i n v e r s i o n \Compliance ←↩

t e s t i n g \POSS−PCLUU g r a f t s \ACI f i l e s ' ) ;

%P r e s s u r e d a t a f i l e l o c a t i o n

pressure file= 'C:\ Users \Ryan\Documents\PhD\←↩

E x p e r i m e n t s \ R e s u l t s & A n a l y s i s \Polymer ←↩

c h a r a c t e r i s a t i o n − phase i n v e r s i o n \Compliance ←↩

t e s t i n g \POSS−PCLUU g r a f t s \ P r e s s u r e d a t a CSV ←↩
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300616 . csv ' ;

%S e l e c t o u t p u t v a r i a b l e t y p e

output var= ' c o m p l i a n c e ' ;

%Read i n t h e m a t r i x o f p r e s s u r e d a t a a s s o c i a t e d wi th ←↩

each . a c i f i l e from t h e comma d e l i m i t e d f i l e

pressure data=importdata (pressure file , ' , ' ) ;

%C r e a t e z e r o v e c t o r t o s t o r e e l a s t i c i t y v a l u e s f o r 10←↩

b e a t s f o r a l l s amples

elasticity values= z e r o s ( s i z e (pressure data , 1 ) , 1 0 ) ;

f o r i=1: s i z e (pressure data , 1 )

%E x t r a c t d i a m e t e r d a t a from t h e . a c i f i l e

diameter data= dlmread ( [filename , num2s t r (pressure data←↩

(i , 1 ) ) , ' . a c i ' ] , ' , ' , 0 , 7 ) ;

%F i r s t column i s d i a m e t e r measurements

diameter=diameter data ( : , 1 ) ;

%E x t r a c t t h e s y s t o l i c and d i a s t o l i c p r e s s u r e f o r t h e ←↩

sample from p r e s s u r e d a t a

press sys=pressure data (i , 2 ) ;

press dys=pressure data (i , 3 ) ;

%Length o f d i a m e t e r v e c t o r

L= l e n g t h (diameter ) ;
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%Remove t h e DC components o f t h e wave f o r p e r i o d ←↩

a n a l y s i s

linear coeff= p o l y f i t ( [ 1 : l e n g t h (diameter ) ] ' ,diameter←↩

, 1 ) ;

dc component=[linear coeff ( 1 ) * [ 1 :L ]+linear coeff ( 2 )←↩

] ' ;

diameter adjusted=diameter−dc component ;

%C r e a t e a v e c t o r f o r t h e p e r i o d f u n c t i o n

period= z e r o s ( f l o o r (L / 2 ) −49 ,1) ;

%S t a r t i n g a t t h e b e g i n i n g of t h e d i a m e t e r v e c t o r ←↩

compare a d j a c e n t

%segmen t s o f v a r y i n g l e n g t h . The p e r i o d f u n c t i o n ←↩

f i n d s t h e r e s i d u a l s ,

%n o r m a l i s e d f o r t h e l e n g t h o f t h e segment and t h e n ←↩

t a k e s t h e i n v e r s e .

%Th i s s h o u l d g i v e s c l e a r peaks when t h e segmen t s a r e ←↩

h i g h l y s i m i l a r ,

%a l l o w i n g one t o f i n d t h e p e r i o d o f t h e d i a m e t e r wave

f o r j=50: f l o o r (L / 2 )

period (j ) =1 / sum ( abs (diameter adjusted ( 1 :j )−diameter ←↩

adjusted (j+1:2 *j ) ) /j ) ;

end

%Peaks i n t h e p e r i o d f u n c t i o n w i l l g i v e us t h e p e r i o d←↩

of t h e wave

[ ˜ ,locs ]=findpeaks (period , 'MINPEAKHEIGHT ' , 0 . 5 *max (←↩

period ) ) ;

%Only i n t e r e s t e d i n t h e f i r s t peak as a measure o f ←↩



233

our p e r i o d

period=locs ( 1 ) ;

%Find t h e number o f b e a t s i n t h e wave

beats= f l o o r (L /period ) ;

%C a l c u l a t e t h e e l a s t i c i t y measure on each b e a t

f o r k=1:beats

%Find t h e s y s t o l i c and d i a s t o l i c d i a m e t e r s

beat sys diameter=max (diameter ( ( ( ( k−1)*period ) +1) : ( k*←↩

period ) ) ) ;

beat dys diameter=min (diameter ( ( ( ( k−1)*period ) +1) : ( k*←↩

period ) ) ) ;

%C a l c u l a t e t h e d e s i r e d e l a s t i c i t y measure f o r t h e ←↩

b e a t

i f s t r c mp (output var , ' c o m p l i a n c e ' )

elasticity values (i ,k ) = ( 1 0 ˆ 4 ) * (beat sys diameter−beat←↩

dys diameter ) / (beat dys diameter* (press sys−press←↩

dys ) ) ;

e l s e i f s t r cm p (output var , ' emod ' )

elasticity values (i ,k ) =(beat dys diameter* (press sys−←↩

press dys ) ) / (beat sys diameter−beat dys diameter ) ;

e l s e i f s t r cm p (output var , ' b s t i f f ' )

elasticity values (i ,k ) =(beat dys diameter* l o g (press ←↩

sys /press dys ) ) / (beat sys diameter−beat dys ←↩

diameter ) ;

e l s e

elasticity values (i ,k ) = ( 1 0 ˆ 4 ) * (beat sys diameter−beat←↩

dys diameter ) / (beat dys diameter* (press sys−press←↩
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dys ) ) ;

end

end

%Outpu t f i g u r e s t o check t h a t b e a t s have been ←↩

c o r r e c t l y i d e n t i f i e d

i f show figures==1

f i g u r e ;

scatter ( ( 1 : beats ) *period ,diameter ( ( 1 : beats ) *period ) ) ;

ho ld on ;

p l o t (diameter ) ;

h= g c f ;

saveas (h , [ filename , num2s t r (pressure data (i , 1 ) ) ] , ' png '←↩

) ;

end

end

%C r e a t e an o u t p u t m a t r i x so t h e d a t a i s i n an ←↩

a p p r o p r i a t e f o r m a t f o r e x c e l

column heads=[ ' F i l e number ' , ' Mean p r e s s u r e ' , ' Bea t 1 ' ,←↩

' Bea t 2 ' , ' Bea t 3 ' , ' Bea t 4 ' , ' Bea t 5 ' , ' Bea t 6 ' , '←↩

Beat 7 ' , ' Bea t 8 ' , ' Bea t 9 ' , ' Bea t 10 ' ] ;

output matrix=[pressure data ( : , 1 ) ,pressure data ( : , 4 ) ,←↩

elasticity values ] ;

output matrix=[column heads ;output matrix ] ;

%Outpu t d a t a i n t o e x c e l f i l e f o r m a t

i f s t r c mp (output var , ' c o m p l i a n c e ' )
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xlswrite ( ' c o m p l i a n c e . x l s ' ,output matrix ) ;

e l s e i f s t r cm p (output var , ' emod ' )

xlswrite ( ' e l a s t i c modulus . x l s ' ,output matrix ) ;

e l s e i f s t r cm p (output var , ' b s t i f f ' )

xlswrite ( ' b e t a s t i f f n e s s . x l s ' ,output matrix ) ;

e l s e

xlswrite ( ' c o m p l i a n c e . x l s ' ,output matrix ) ;

end

end
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Y. Zócalo, and J. D. Fernández, “Association Between Mechanics and Struc-

ture in Arteries and Veins: Theoretical Approach to Vascular Graft Con-

fection,” in Annual International Conference of the IEEE Engineering in

Medicine and Biology Society, vol. 1-20, pp. 4258–4261, 2009.

[36] R. L. Armentano, J. Levenson, J. G. Barra, E. I. Fischer, G. J. Breitbart, R. H.

Pichel, and A. Simon, “Assessment of Elastin and Collagen Contribution to

Aortic Elasticity in Conscious Dogs,” The American Journal of Physiology,

vol. 260, no. 6 Pt 2, pp. H1870–7, 1991.

[37] R. L. Armentano, J. G. Barra, J. Levenson, A. Simon, and R. H. Pichel, “Arte-

rial Wall Mechanics in Conscious Dogs. Assessment of Viscous, Inertial, and

Elastic Moduli to Characterize Aortic Wall Behavior,” Circulation Research,

vol. 76, no. 3, pp. 468–78, 1995.

[38] J. G. Barra, R. L. Armentano, J. Levenson, E. I. Fischer, R. H. Pichel, and

A. Simon, “Assessment of Smooth Muscle Contribution to Descending Tho-



Bibliography 241

racic Aortic Elastic Mechanics in Conscious Dogs,” Circulation Research,

vol. 73, no. 6, pp. 1040–50, 1993.

[39] G. V. Guinea, J. M. Atienza, F. J. Rojo, C. M. Garcı́a-Herrera, L. Yiqun,

E. Claes, J. M. Goicolea, C. Garcı́a-Montero, R. L. Burgos, F. J. Goicolea,

and M. Elices, “Factors Influencing the Mechanical Behaviour of Healthy

Human Descending Thoracic Aorta,” Physiological Measurement, vol. 31,

no. 12, pp. 1553–65, 2010.

[40] C. M. Garcı́a-Herrera, J. M. Atienza, F. J. Rojo, E. Claes, G. V. Guinea, D. J.

Celentano, C. Garcı́a-Montero, and R. L. Burgos, “Mechanical Behaviour

and Rupture of Normal and Pathological Human Ascending Aortic Wall,”

Medical & Biological Engineering & Computing, vol. 50, no. 6, pp. 559–66,

2012.

[41] D. A. Vorp, B. J. Schiro, M. P. Ehrlich, T. S. Juvonen, M. A. Ergin, and B. P.

Griffith, “Effect of Aneurysm on the Tensile Strength and Biomechanical

Behavior of the Ascending Thoracic Aorta,” The Annals of Thoracic Surgery,

vol. 75, no. 4, pp. 1210–4, 2003.

[42] N. L’Heureux, N. Dusserre, G. Konig, B. Victor, P. Keire, T. N. Wight,

N. A. F. Chronos, A. E. Kyles, C. R. Gregory, G. Hoyt, R. C. Robbins, and

T. N. McAllister, “Human Tissue-Engineered Blood Vessels for Adult Arte-

rial Revascularization,” Nature Medicine, vol. 12, no. 3, pp. 361–5, 2006.

[43] P. Lamm, G. Juchem, S. Milz, M. Schuffenhauer, and B. Reichart, “Autol-

ogous Endothelialized Vein Allograft - A Solution in the Search for Small-

Caliber Grafts in Coronary Artery Bypass Graft Operations,” Circulation,

vol. 104, no. 12, pp. I108–I114, 2001.
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