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Abstract 

Islet encapsulation devices can induce a Foreign Body Response (FBR) and the 

formation of a hardened avascular fibrotic capsule. This FBR is heightened when the device 

features a smooth surface as fibrous tissue is unable to adhere to the device, causing friction 

and thus instigating a substantial immunological reaction causing implant failure. In this 

thesis we examine whether additive manufactured multiscale porous topographies can 

promote optimal tissue integration and vascularisation for the purpose of long-term 

functional islet macroencapsulation devices.  

Devices exhibiting progressively more complex surface topographies (quantity of 

pores, microtexture and macrotexture) were implanted subcutaneously in a rodent model. 

Upon explant, analysis of the fibrous capsule, angiogenic and macrophage response were 

performed. To determine whether this macroencapsulation device can support syngeneic 

islet survival and function, intra-peritoneal delivery of islets encapsulated within multiscale 

porosity macroencapsulation devices was performed in an STZ-induced diabetes rodent 

model. To validate scalability and functionality, devices were implanted in an STZ-induced 

diabetes pig model for two weeks before the blood glucose levels were measured in 

response to the infusion of insulin through the device.  

SEM and MicroCT imaging demonstrated no tissue attachment and a noticeable void 

between the smooth surface devices and surrounding tissue. A significant increase in capsule 

thickness, vessel density and maturity were associated with complex surface topographies 

with no difference in macrophage populations. Moreover, macroencapsulated syngeneic 

islets maintained glucose responsiveness and function for up to 8 weeks. Bioavailability was 

equal when the same dose of insulin is delivered via the device vs subcutaneously in diabetic 

pig model.  

The additive manufactured multiscale porous topographies we developed on 

silicone macroencapsulation devices increased tissue integration, vascularity and supported 

extended islet function in vivo. Our findings demonstrated clinical scalability and large animal 

functionality with the ability to resolve diffusion limitations of current macroencapsulation 

devices. We aim to continue the translation of the multiscale porosity macroencapsulation 

device and improve the outcomes of people with Type 1 diabetes through the development 

of viable, long term implant. 
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1.1 The pancreas 

1.1.2 The anatomy of the pancreas 

The pancreas functions as both an exocrine and endocrine organ, playing vital roles in 

macronutrient digestion and metabolism/energy homeostasis through the release of digestive 

enzymes and hormones. It is an elongated organ which lies obliquely at the level of the L1-L2 

vertebral bodies. The majority of this organ lies retroperitoneal with exception of the tail.  

Anatomically the pancreas is divided into five parts, the head, uncinate process, neck, body 

and tail (Figure 1.1). 

 The head is the widest part of the pancreas, and lies within the descending and 

horizontal portions of the duodenum. The uncinate process extends medially from the inferior 

portion of the head, under the body of the pancreas, to lie posteriorly to the superior 

mesenteric vessels. The neck of the pancreas is located between the head and body. This 

portion lies anterior the superior mesenteric vessels and the origin of the hepatic portal vein – 

formed by the union of the superior mesenteric and splenic veins. The body of the pancreas is 

located centrally, lying posterior to the stomach and antero-laterally to the superior 

mesenteric vessels. Finally, the tail lies medially and in close proximity to the hilum of the 

spleen. It is enclosed within the splenorenal ligament alongside the splenic vessels [1].  

Figure 1.1: Schematic depicting the anatomical relations of the pancreas [462]. 

https://www.kenhub.com/en/library/anatomy/hepatic-portal-vein
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The pancreas has an extensive arterial blood supply, from the pancreatic branches of 

the splenic artery and also the superior and inferior pancreaticoduodenal arteries which are 

branches of the coeliac trunk and superior mesenteric arteries, respectively. Venous blood 

drains from the head of the pancreas into the superior mesenteric branches of the portal vein 

and into the splenic vein from the remainder [1]. 

The exocrine component of the pancreas has a lobulated structure composed of 

clusters of cells, known as acini which are responsible for the production of digestive enzyme 

precursors. A series of short intercalated ducts drain adjacent lobules into a network 

of intralobular collecting ducts, which subsequently empty into the main pancreatic duct. The 

main pancreatic duct spans from the tail to the head of the pancreas where it connects with 

the common bile duct to form the hepatopancreatic duct, or the ampulla of Vater. This 

structure opens into the descending portion of the duodenum via the major duodenal papilla 

[1]. The endocrine component of the pancreas, responsible for metabolism/energy 

homeostasis is composed of clusters of endocrine cells known as the islets of Langerhans. 

1.1.3 The anatomy of the islets of Langerhans 

The islets of Langerhans (islets) are clusters of specialised cells located throughout 

the pancreas that are responsible for the production and release of hormones and peptides 

responsible for blood glucose homeostasis. Islets account for approximately 1–2% of the total 

weight of the pancreas[2] and consist of five distinct cell types; α-cells, β-cells, γ-cells, δ-cells 

and ε-cells (Figure 1.2). Glucagon-producing α-cells account for 15-20% of islet cells. 

Glucagon is a peptide hormone released in response to low blood glucose concentrations 

and responds by stimulating glucose production in the liver for the maintenance of adequate 

plasma glucose concentrations [3]. C-peptide and insulin-producing β-cells account for 65-

80% of islet cells. C-peptide plays a critical role in the transformation of proinsulin, the 

prohormone precursor of insulin into mature insulin [4,5]. Insulin is a peptide hormone that 

is released in response to elevated blood glucose concentrations. It promotes the 

metabolism of carbohydrates, fats and protein by stimulating the absorption of glucose 

initiated by binding to receptors in the cell walls of liver, fat and skeletal muscle cells [6]. 

Somatostatin-producing δ-cells account for 3–10% of islet cells. Somatostatin is a peptide 

hormone responsible for inhibiting the release of both glucagon and insulin [7]. Pancreatic 

polypeptide-producing γ-cells account for 3–5% of islet cells. Pancreatic polypeptide is 

involved in the regulation of gastrointestinal motility, satiety, metabolism and the 

suppression of insulin and somatostatin secretion[8,9]. Ghrelin-producing ε-cells account for 

<1% of islet cells.  

https://teachmeanatomy.info/abdomen/vasculature/arteries/coeliac-trunk/
https://teachmeanatomy.info/abdomen/vasculature/arteries/superior-mesenteric/
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Ghrelin is a multifaceted gut hormone that stimulates growth hormone release, food intake 

and fat deposition. Ghrelin is famously known as the 'hunger hormone' [10]. 

Morphologically pancreatic islets are oval shaped and range from 50-500 μm in 

diameter [11]. The cellular organisation of human islets does not exhibit precise anatomical 

subdivisions, instead a more random interconnected arrangement exists between α-cells 

and β-cells [12,13]. However, more recent findings have proposed that the arrangement of 

islets is specific, with an outer layer of α- and δ-cells and a core of β-cells, similar to rodent 

islets [14]. Further discrepancy has arisen in relation to these cellular arrangements with 

emphasis on size of the islet and their location within the pancreas. Smaller sized islets are 

said to possess a greater proportion of β-cells, while islets located in the head of the pancreas 

are associated with a larger proportion of pancreatic polypeptide-producing γ-cells [14]. 

The islets of Langerhans are a highly metabolic group of cells which require ample amounts 

of oxygen and glucose to function correctly. Typically they receive between 5-15 % of the 

pancreatic blood supply even though they account for as little as 1-2% of the healthy 

pancreatic mass [15–17]. These native islet cells are encompassed by a dense capillary 

network, with radial diffusion distances equating to ~10–15 µm [18,19]. This high islet blood-

flow rate guarantee that these specialised cells receive adequate oxygen and nutrient supply 

for survival and function [20]. 

Figure 1.2:  Islets of Langerhans. The islets of Langerhans contain α-cells, β-cells and δ-cells 

and that produce glucagon, insulin, and somatostatin, respectively. γ-cells (or PP) cells, are 

located at the periphery of the islets and secretes pancreatic polypeptide. These hormones 

regulate one another's secretion through paracrine cell-cell interactions [463]. 
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1.2 Glycemic regulation 

The physiological regulation of glucose metabolism is maintained via an endocrine 

signalling feedback loop between pancreas, liver, and glucose-consuming tissues. Through its 

numerous hormones, particularly glucagon and insulin, the pancreas maintains blood glucose 

levels within a very narrow homeostatic range of 70-110 mg/dL or 4–6 mmol/L (conversion 

factor: 1 mg/dL = 0.0555 mmol/L) [21]. 

1.2.1 Insulin 

The effects of insulin include: increasing cellular uptake of glucose from the blood; 

promoting the cellular rate of glucose utilization as an energy source; promoting 

glycogenesis in liver and skeletal muscle cells; stimulating fat synthesis in hepatocytes and 

adipose tissue. These effects collectively cause a decrease in blood glucose levels to return 

to normoglycemia. 

Circulating blood glucose is taken up by the facilitative glucose transporter GLUT2 

located on the plasma membrane of pancreatic β-cells. Once transported inside the cell, 

glucose molecules undergo glycolysis (Figure 1.3 (a)). The free energy released in this process 

is used to generate the high-energy adenosine triphosphate (ATP) molecules, thus resulting 

in an increased ATP/ADP ratio. This causes the closure of ATP dependant potassium 

channels, causes an accumulation of potassium ions triggering depolarisation of the plasma 

membrane. This change in membrane polarisation activates voltage-dependent calcium 

channels. Increased intracellular calcium concentrations initiate the fusion of insulin granules 

with the plasma membrane and exocytosis of insulin [22]. Insulin secretion is a biphasic 

process (Figure 1.3 (b)), in which the majority of insulin is released 5-10 minutes after the 

glucose stimulus (phase 1), with the second slower phase of secretion occurring after 45 

minutes [23–25]. 

Insulin circulates in the blood stream until it meets and binds to its specific receptor 

on insulin responsive tissues of the body namely skeletal muscle, adipose tissue and the liver 

which clears approximately 60% of endogenous insulin via the hepatic portal vein (Figure 

1.4). The specific insulin receptor is a tyrosine kinase, an enzyme family contributing to the 

function of high-affinity cell surface receptors for many polypeptide growth factors, 

cytokines, and hormones. Without insulin, this receptor remains in its inactive configuration. 

However, once insulin binding occurs, it initiates a complex intracellular signalling network 

through (Insulin Receptor Substrate) IRS proteins, phosphatidylinositol 3-kinase (PI3K) and 

extracellular signal-regulated kinase cascades [26].  
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IRS1 is an important protein responsible for the recruitment and activation of 

enzymes to initiate the stimulation of glucose transport and more specifically the Glucose 

Transporter 4 (GLUT4) membrane translocation [27,28]. Insulin-stimulated glucose uptake is 

accomplished by insulin-sensitive GLUT4 transporters located on the plasma membrane of 

muscle cells, adipocyte, hepatocytes and other targeted tissues. This uptake of glucose into 

hepatocytes, insulin stimulates the synthesis and storage of glycogen while inhibiting 

glycogenolysis (Figure 1.4). As circulating glucose and insulin levels decrease, the GLUT4 

transporters deactivate [27–29]. The insulin signalling pathway ceases with the degradation 

of insulin via endosomes and lysosomes and dephosphorylation of insulin receptors [27–29]. 

Figure 1.3: Glucose stimulated insulin secretion. (a) Pathway in pancreatic β-cells. (b) Biphasic 

insulin release profile [464]. 
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1.2.2 Glucagon 

Glucose homeostasis depends upon the synchronised release of glucagon and insulin 

from pancreatic alpha and beta cells, respectively, in a tightly regulated, multi-loop feedback 

system [30,31]. As described previously, elevations in blood glucose levels stimulate the 

release of insulin from the pancreas which promotes the uptake of glucose and use by 

insulin-dependent tissues, triggers glycogenesis in the liver and muscle tissue and also 

suppresses glucagon secretion [30–32]. As blood glucose decreases toward a hypoglycemic 

state, glucagon is released from the pancreas. In humans, pancreatic islets are composed of 

approximately 15-20% α-cells and 65-80% β-cells, hinting at the relative importance of 

glucagon secretion [12,33]. Various factors and hormones modulate glucagon secretion from 

the pancreatic alpha cell [34]. Together, these factors regulate glucagon secretion to prevent 

the potentially lethal state of hypoglycemia. 

The cellular mechanisms governing glucagon secretion from α-cells is very similar to 

that which regulates insulin secretion from β-cells. At low concentrations of glucose, when 

the secretion of glucagon is stimulated, changes in membrane polarisation activate voltage-

dependent calcium channels. Increased intracellular calcium concentrations initiate the 

fusion of glucagon-containing secretory granules with the plasma membrane and the 

exocytosis of glucagon [35]. 

Glucagon circulates in the blood stream until it meets and binds to its specific G-

protein coupled receptors found predominantly on skeletal muscle and the liver cells which 

are major sites of glycogen storage. Upon entry into hepatocytes, glucagon promotes 

breakdown of glycogen to glucose (glycogenolysis), promotes glucose synthesis 

(gluconeogenesis), inhibits glycogen formation (glycogenesis), and mobilizes export of 

glucose into the circulation (Figure 1.4). Thus, glucagon provides a critical response to 

hypoglycemia [32]. However, glucagon acts as more than just counter-regulatory hormone 

to insulin. It also influences lipid metabolism, affects food intake, body weight, promotes 

autophagy, and has pleiotropic effects on the cardiovascular system [36–38]. 
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Figure 1.4: Glycemic regulation. Maintenance of blood glucose levels by glucagon and 

insulin. When blood glucose levels are low, the pancreas secretes glucagon, which 

increases endogenous blood glucose levels through glycogenolysis. After a meal, when 

exogenous blood glucose levels are high, insulin is released to trigger glucose uptake into 

insulin-dependent muscle and adipose tissues as well as to promote glycogenesis [465]. 
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1.3 Diabetes mellitus 

1.3.1 The global impact of diabetes mellitus 

Diabetes mellitus (DM) is a chronic metabolic disease characterised by the 

dysregulation of glucose metabolism. DM is a major health problem that has reached 

alarming levels across the globe. In 2019, 463 million people were living with diabetes 

worldwide and this number is expected to rise to 578 million by the year 2030 and 700 million 

by the year 2045 [39] (Figure 1.5). It is estimated that 4.2 million deaths are attributed to 

diabetes and its related complications. The prevalence of this disease is associated with a 

substantial annual global health cost of approximately 760 billion USD and is estimated to 

rise to 845 billion USD by 2045 [39]. 

 

1.3.2 The pathophysiology of diabetes mellitus 

DM is a group of metabolic diseases related to impaired insulin availability and/or 

efficacy within the body. As described previously, insulin is a key hormone involved in 

glucose homeostasis, that is released in response to elevated blood glucose concentrations. 

It promotes the metabolism of carbohydrates, fats and protein by stimulating the absorption 

of glucose initiated by binding to receptors in the cell membranes of liver, fat and skeletal 

muscle cells [6]. Numerous pathogenic processes are involved in the development of DM. 

These include autoimmune destruction of the β-cells with consequent insulin deficiency and 

abnormalities that result in resistance to insulin action [40]. Impairment of insulin secretion 

and/or defects in insulin action results in unregulated blood glucose levels which can lead to 

high blood glucose, hyperglycemia.  

Figure 1.5:  Number of people (20-79 years) with diabetes globally defined by region [39].  
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Uncontrolled hyperglycemia is the primary cause of symptoms of patients presenting 

with undiagnosed DM. Examples of associated symptoms include; polyuria, polydipsia, 

increased hunger and unexplained weight loss [41]. If left undiagnosed and/or poorly 

managed, hyperglycemia can lead to further complications such as; cardiovascular 

complications, retinopathy, nephropathy, and lower limb neuropathy [42]. A number of 

diagnostic criteria are used to determine the underlying mechanisms causing hyperglycemia 

that categorise DM into three main types: Type 1 (T1D), Type 2 (T2D) and gestational DM 

[43,44]. A patient presenting with any of the aforementioned symptoms can be diagnosed 

for T1D or T2D by: 

 Random plasma glucose test ≥ 11.1 mmol/L 

 A fasting plasma glucose test ≥ 7.0 mmol/L; or ≥ 5.6 mmol/L in gestational diabetes  

 An oral glucose tolerance test, plasma glucose ≥ 11.1 mmol/L two hours after 

administering 75g anhydrous glucose orally; or ≥ 7.8 mmol/L in gestational diabetes  

 Tests in the ranges above in the absence of symptoms require an additional plasma 

glucose test on a separate day to confirm a diagnosis  

T2D, previously known as non-insulin-dependent, or adult-onset diabetes accounts 

for up to 90-95% of all cases of DM worldwide [45]. T2D is a progressive form of diabetes 

generally resulting from the body’s ineffective use of insulin. The primary mechanism of T2D 

development is known as insulin resistance which impairs glucose uptake by target tissues, 

affecting normal glucose metabolism [46]. Insulin resistance is primarily caused by abnormal 

insulin secretion, due to prolonged instances of hyperglycemia. Increased insulin resistance 

increases insulin demand by causing the liver to incorrectly release glucose into the blood 

creating a higher demand for blood glucose regulation [47]. These increasing demands result 

in acute oxidative stress to the β-cells, causing progressive cell death and associated 

reductions in endogenous insulin production [48,49]. T2D is generally preventable, by staying 

a normal weight, exercising regularly, and eating properly [45]. However, the progression of 

T2D can be halted and even reversed with appropriate lifestyle changes [50]. If glycemic 

regulation remains sub optimal, an oral pharmacotherapy, metformin is used to manage 

insulin sensitivity and control blood glucose levels [51,52] however, disease progression may 

result in the need for insulin replacement therapy [53]. 

https://en.wikipedia.org/wiki/Physical_exercise
https://en.wikipedia.org/wiki/Metformin
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T1D, formerly known as juvenile diabetes, is less prevalent than T2D, accounting for 

5-10% of all cases of DM worldwide [39,45]. The disease pathology is said to be caused by a 

complex relationship between a genetic predisposition to the disease and a number of 

environmental factors, triggering β-cell autoimmunity and consequent T-cell mediated 

destruction of β-cells in the pancreas [54,55] (Figure 1.6). To date, insights into the 

manipulation of the immune system have been increasing rapidly to search for potential 

therapies and treatments for T1D [56]. However, implementing treatments remain a 

challenge as interventions are typically administered proceeding the immunological 

destruction peak ultimately, limiting the effect of potential treatments. A combination of 

pre-diagnosis combined with effective treatment strategy for autoimmunity are necessary 

for the prevention and/or development of T1D [56,57]. Unlike T2D, due to the functional 

impairment and consequent degeneration of entire β-cell mass in T1D patients, lifelong 

insulin therapy is required [58–61]. 

 

 
Figure 1.6:  Pathogenesis of T1D. T-cells (CD4+ and CD8+) and dendritic cells (DC) interact 

with auto antigen presenting β-cells. This leads to the subsequent targeting of pancreatic 

islets by the T-cells for destruction [466]. 
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1.3.3 Current Treatments 

1.3.3.1 Insulin therapy 

Due to the functional impairment and consequent degeneration of β-cell mass in 

T1D patients, T2D treatment strategies are not suitable. As a result, T1D require lifelong 

insulin therapy which is administered via multiple daily injections or subcutaneous infusion 

using an insulin pump [58–61]. Various insulin analogues with different onsets and durations 

of action have been developed to enable patients to maintain a tight glucose control. 

Optimum glycemic control calls for multiple-dose insulin regimens that mimic physiological 

insulin release. Analogue insulin is available in two main forms, short/rapid-acting insulin 

and long-acting insulin [62]. Insulin glargine is a long-acting, manmade version of human 

insulin. It ensures the maintenance of basal insulin for overnight and between-meal glycemic 

control [63]. Structural modification of this insulin molecule causes insulin glargine to 

precipitate within subcutaneous tissue and to form a depot that is gradually absorbed into 

the bloodstream [64]. Short/rapid-acting insulin, such as Lispro and Aspart are administered 

in conjunction with long-acting insulin, to cover ingested carbohydrate loads and treat 

hyperglycemia [65,66]. 

T1D patients have the vital responsibility of monitoring their blood glucose levels 

and administering exogenous insulin in response to glucose levels multiple times per day for 

the rest of their lives. Glucose regulation is difficult even for the most compliant patients as 

a variety of factors must be taken into consideration when calculating an insulin dose; plasma 

glucose levels, insulin/carbohydrate ratio, carbohydrate intake, intensity of physical exercise 

after injection, and individual insulin sensitivity. Any inaccuracy in insulin dosage can result 

in episodes of hypo- and hyperglycemia, which are the primary cause of diabetic 

complications [60,67]. Hypoglycemia occurs as a result of excess insulin and compromised 

glucose counter regulation and typically correspond with blood glucose levels < 70 mg/dL 

(3.9 mmol/L) [68]. Hypoglycemia can cause autonomic symptoms such as shaking, sweating, 

anxiety, palpitations and nausea and in extreme cases cognitive impairment, 

unconsciousness, seizures, and death [67,69,70]. Hypoglycemic unawareness occurs in 

approximately 40% of T1D patients and occurs as a result of prolonged exposure to low blood 

glucose, antecedent hypoglycemia, recurrent severe hypoglycemia and the failure of 

counter-regulatory hormones [71]. This is a dangerous condition that increases the incidence 

of unknowingly surpassing the initial autonomic symptoms and progressing to more extreme 

conditions, ultimately affecting a patient’s safety and quality of life severely.  
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Hyperglycemia is associated with equally devastating complications and is 

characterised as blood glucose level > 180 mg/dL. Resultant complications include kidney 

failure, heart attack, stroke, blindness, nerve damage, and many other diseases [67]. A 

minority of patients suffer from a severe form of the disease known as brittle or labile 

diabetes. Brittle diabetics can often experience extreme fluctuations in blood glucose levels 

despite practising a good treatment regime, which can often result in hypo- or hyperglycemia 

[72,73].  

 

As stated previously, self-monitoring blood glucose (SMBG) is fundamental for 

achieving adequate glycemic control. Traditionally a patient would monitor their blood 

glucose using a small blood glucose monitor device (Figure 1.7 (d)). A small pin-prick is used 

to draw blood and is then collected on a testing strip (Figure 1.7 (c, e)). This testing strip is 

inserted into the device where an electrochemical reading determines blood glucose 

concentration almost immediately allowing the patient to manage their blood glucose levels 

with insulin via syringe or food as necessary [74] (Figure 1.7 (a). As this form of blood glucose 

monitoring only provides a blood glucose reading at a snapshot in time, it must be repeated 

multiple times daily to be effective.  

Figure 1.7: Evolution of insulin therapy devices. (a) Insulin syringe and vile (b) Insulin pen 

(c) Test strips for collected blood. (d) Blood glucose monitor (e) Lancing device (f) Insulin 

pump [467]. 
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Improvements in blood glucose monitoring led to the development of continuous 

glucose monitoring (CGM). This involves subcutaneous implantation of a sensor enabling 

glucose concentrations in the interstitial fluid to be measured. To ensure accurate 

functioning this must be calibrated daily by a SMBG reading. CGM devices obtain interstitial 

glucose data every five minutes which is then transferred to a separate recording device or 

a smart phone application to be viewed immediately and/or be saved for viewing later [75]. 

Through CGM devices (Figure 1.8 (e)), these phone applications can alert the patient to 

sudden changes in blood glucose levels allowing for quicker response times to 

hyper/hypoglycemic events [76]. CGMs sensor-signalling capabilities with wireless data 

transmission, has improved blood glucose management by providing real-time updates and 

recording blood glucose levels for review with a healthcare provider, and through alert 

systems to negate incidences of harmful glycemic events [77]. 
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1.3.3.1.1 Advancements in insulin administration 

Technological developments in insulin administration and glucose monitoring have 

enabled diabetics to achieve greater glycemic control. Devices replacing the traditional vial 

and syringe, such as insulin pens [78,79] (Figure 1.7 (b)) and pumps [80] (Figure 1.7 (f)), have 

gained popularity due to their convenient and effective means of insulin administration [81]. 

Insulin pens offer greater convenience, discretion, and reduced pain upon administration, 

thus increasing patient preference, social acceptability, and treatment adherence. 

Furthermore, they are linked with increased dosing accuracy and safety features, to reduce 

the risk of inaccurate dosing and consequent hypo- and hyperglycemia [79,82–84]. Insulin 

pumps offer a more accurate retrospective and real-time continuous monitoring of blood 

glucose while simplifying patient’s insulin requirements. 

Insulin pumps are pocket-sized programmable battery-powered devices worn 

externally on the body. They contain a reservoir of insulin which is connected by tubing to 

an infusion set, a subcutaneous needle/cannula which is held on the skin and allows for the 

delivery of insulin without changing the needle or injection site for up to 3 days. Pumps are 

programmed to either release a low or basal rate of insulin continuously to mimic basal 

pancreatic rates or a bolus dose close to mealtime to control the rise in blood glucose after 

a meal or other hyperglycemic events.  

Figure 1.8:  Components of an insulin pump therapy. The image on the left shows how an 

insulin pump and continuous glucose monitoring (CGM) would be worn by the patient. The 

right images shows the (a) Insulin pump, (b) the insulin reservoir that is inserted into the pump, 

(c) the infusion set, consisting of the needle and cannula and adhesive patch to keep it in place, 

(d) the infusion set insertion device, to make it easier to place the cannula correctly and (e) 

CGM [93]. 
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Bolus doses are managed by the patient and blood glucose monitoring is still required to 

ensure blood glucose is effectively controlled. The development of insulin pumps continues 

to cater to the specific needs of the users.  

Manufacturers such as Roche, Abbott Laboratories, Medtronic (Figure 1.9) etc. strive 

to produce alternative needle sets, cannulas, tubing sizes to accommodate and customise 

for each patients’ lifestyle and body composition. Insulin pumps remove a great deal of 

responsibility from T1D patients providing them with enhanced glycemic control [85] 

however, increased incidences of unnoticeable biochemical hypoglycemia can occur, which 

could potentially impair cognitive function [86].  

In recent years a new form of insulin pump has been developed referred to as patch 

pumps [87]. Unlike traditional insulin pumps, the patch pump essentially untethers the 

patient, working in the absence of any tubing by attaching directly onto the skin. They attach 

discreetly to the infusion site where a cannula inserts directly from the device into the skin 

and is wirelessly controlled by a separate device or a smart phone application. They permit 

the delivery of basal insulin, bolus insulin, or both [87,88]. The majority of patch pumps have 

some disposable components while others are completely disposable. 5% of people who use 

insulin pumps or about 25,000 people worldwide have opted for patch pumps with most 

using the Omnipod by Insulet [87,89]. Like other patch pumps such as JewelPump by 

Debiotech [90], Solo by Roche [91], Libertas by BD [92], and Medtronic PatchPump [93], the 

Omnipod pump contains a reservoir, angled diffusion set automated inserter, pumping 

mechanism and power source, all contained within a small water tight casing. Currently the 

devices must be prefilled by the user however, these will be redesigned to accommodate 

insulin cartridges in the future. 

 Like traditional insulin pumps the life-span of patch pumps is limited to 

approximately 3 days due to stickiness of adhesive, insulin volume capacity and the foreign 

body response to the cannula restricting the delivery of insulin. 

 

1.3.3.1.2 The artificial pancreas 

Although the use of insulin injections and pumps are life-prolonging treatment 

methods, they fail to mimic real-time secretory patterns of pancreatic β-cells or prevent long-

term complications [94,95]. The artificial pancreas, is a closed-loop system combining the 

advancements of CGM and exogenous insulin pumps with a dosing algorithm to create a new 

generation of medical device for glycemic regulation in T1D patients [96,97] (Figure 1.9).  
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The artificial pancreas aims to improve the quality of life and care of patients by removing 

the responsibility of full glycemic control from the patient apart from self-monitoring of 

blood glucose testing to ensure system calibration [96,97]. Weisman et al [98] previously 

demonstrated that artificial pancreas systems uniformly improved glucose control in a multi-

centre systematic review and meta-analysis of out-patient randomised control trials, despite 

heterogeneous clinical and technical factors. The artificial pancreas is still in the early stages 

of development and is limited by the available algorithms. To ensure accuracy, manual inputs 

of self-monitored blood glucose levels twice daily to ensure system calibration, mealtime 

carbohydrates and current blood glucose level to provide a bolus dose of insulin. However, 

as companies such as Bigfoot Biomedical, Johnson & Johnson, Medtronic, etc. [99] fuel 

advancements of algorithms and reduce user input requirements, the artificial pancreas 

remains a promising future system for the treatment of T1D [100]. 

 Figure 1.9: An outline of the function of the closed loop system that makes up the artificial 

pancreas [468]. 
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1.4 Transplantation 

Successful whole pancreas or pancreatic islet transplantation has been 

demonstrated to be efficacious in significantly improving the quality of life of diabetic 

patients. The aim of these transplantations is to restore sufficient β-cell mass, enabling 

patients to endogenously produce the insulin required for optimal glycemic regulation while 

minimising the risk of human error associated with self-administration of insulin. After 

several decades, insulin therapy can become inefficient increasing the risk of developing 

complications such as hypoglycemic unawareness, marked hyperglycemia, ketoacidosis and 

lifestyle degradation with loss of independence. In this instance, transplantation may be 

offered as a treatment to restore physiological regulation of glycemia and improve the 

general state of the patient [101].  

1.4.1 Whole pancreas transplantation 

Whole pancreas transplantation is a procedure which can be efficacious in the 

reversal of diabetes and is typically performed only after 20 years of established diabetes. 

This is a highly invasive surgical procedure requiring subsequent lifelong immunosuppression 

to prevent rejection of the graft and future autoimmune destruction. Immunosuppressive 

regimes are associated with long term risks and side effects such as opportunistic infections, 

an increased risk of malignancies, and bone marrow suppression and cytopenia [102]. There 

are also a number of specific side effects associated with specific drugs. Corticosteroids are 

commonly used in immunosuppression and chronic corticosteroid use is associated with side 

effects such as weight gain, osteoporosis, hypertension, hyperlipidaemia, and glucose 

intolerance [103]. Some examples of non-steroidal immunosuppressant and their long-term 

side effects are: calcineurin inhibitors, tacrolimus and cyclosporines, which are associated 

with nephrotoxicity and neurotoxicity [104]; azathioprine is associated with hepatotoxicity; 

and there is an increased cancer risk in patients using these agents for immunosuppression 

long-term [105].  

The first reported whole pancreas transplantation was performed 50 years ago at 

the University of Minnesota, and remains the current gold standard for the restoration of β-

cell mass today. Over 23,000 transplants have taken place, in both T1D and T2D patients [42]. 

Due to the highly invasive nature of the surgical procedure and the requirement for systemic 

immunosuppression to prevent graft rejection, strict patient selection criteria exist [106]. 

Firstly, the patient must have end stage renal disease and plan to or have had a kidney 

transplant. Pancreas transplantations are commonly performed as simultaneous organ 

transplantations with the kidney.  
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Diabetic nephropathy and kidney disease are a serious complication of DM, affecting 20-40% 

of all patients with T2D, and results in a large degree of morbidity and mortality [107]. The 

risk of major complications of two surgeries in minimised by performing the surgeries 

simultaneously; as a result, more than 80% of all pancreas transplants are as part of a 

simultaneous kidney-pancreas surgery [108]. Alternatively, a pancreas transplant may be 

necessitated without a simultaneous kidney transplant in diabetic patients with frequent 

wide fluctuation in glycemic levels, with a high risk of life-threatening hypoglycemia [106]. 

1.4.2 Pancreatic islet transplantation 

Pancreatic islet transplantation has become an established approach to β-cell 

replacement therapy, returning endogenous insulin production to diabetic patients [72,73].  

In contrast to whole pancreas transplantation, islet transplantation is a minimally invasive 

procedure. Advancements in techniques for islet isolation, islet culture, and peritransplant 

management of the islet transplant recipient has resulted in substantial improvements in 

metabolic and safety outcomes for patients. This form of treatment has been investigated 

since the 1970s, when Ballinger et al demonstrated glycemic regulation following islet 

transplantation in both syngeneic and allogeneic settings in rodents [109]. Concurrent 

research identified the liver as the most efficient site of engraftment following portal vein 

infusion [110] which was followed by validation of intrahepatic autologous islet 

transplantation in canines [111]. In the 1980s the first patient series of total pancreatectomy 

with islet autotransplantation for the treatment of chronic pancreatitis, demonstrating in 

some cases prevention or amelioration of postpancreatectomy diabetes [112]. Decades of 

research has provided proof of principle for the use of the liver for transplantation of isolated 

autoislets establishing the possibility for use of alloislets for treatment of humans with T1D. 

For patients with T1D or insulin-deficient forms of diabetes, isolation of islets from a 

deceased donor pancreas with intrahepatic transplantation of allogeneic islets can 

ameliorate problematic hypoglycemia, stabilise glycemic lability, and maintain on-target 

glycemic control, consequently with improved quality of life, and often without the 

requirement for insulin therapy [113]. However, efficacious outcomes are primarily 

dependent upon the numbers of islets transplanted that survive engraftment, recipients of 

autoislets are limited to receive the number of islets isolated from their own pancreas, 

whereas recipients of alloislets may receive islets isolated from more than one donor 

pancreas. 
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 The development of alternative sources of islet cells for transplantation, whether 

from autologous, allogeneic, or xenogeneic tissues, is an active area of investigation that 

promises to expand access and indications for islet transplantation in the future treatment 

of diabetes [113]. Islet transplantation today consists of two main steps; islet isolation and 

transplantation of isolated islets.  

1.4.2.1 Islet isolation  

Islet isolation and purification from the surrounding pancreatic parenchyma was of 

paramount importance to ensure successful translation of islet isolations to the clinic. 

Research into improving the purity and viability of isolated islets for transplantation several 

research groups [114,115] led to the publication in 1988 of an automated method for 

isolation of human pancreatic islets using the Ricordi Chamber by Camillo Ricordi [116]. This 

process firstly involves perfusing the pancreas with a digestive enzyme. The pancreas is 

divided into two main halves which are cannulated individually. The pancreas is then 

perfused with the digestion solution; after which it is distended. The fat is removed and then 

the pancreas is cut into smaller pieces to facilitate transfer to the Ricordi Chamber [117]. The 

Ricordi Chamber consists of two stainless steel chambers separated by a 280μm mesh. The 

pancreas and glass marbles, to aid with mechanical digestion, are placed in the bottom of 

the chamber before additional digestive enzymes are added. The wire mesh is placed over 

the top and the Ricordi Chamber is fully assembled by adding the top chamber and closing 

[116]. This is then connected to the digestion circuit. This digestion circuit enables a solution 

to be circulated through the entire system to heat the pancreas, gradually dilute collagenases 

and collect the islets (Figure 1.10). The islets are then purified further using a gradient 

method, using specific medias of different density to isolate the islet tissue, such as a Ficoll 

Gradient [118]. Ficoll is a hydrophilic polysaccharide dissolved in the media to increase the 

density and create a gradient. Isolated pancreatic tissue is washed of collagenase solutions 

and then suspended in heaviest density of the gradient. Subsequently, gradually lower 

densities are overlaid to form the gradient. Multiple layers of Ficoll are used to separate the 

islets by purity. The top layer of Ficoll contains isolated fat and connective tissues. The first 

layer of gradient will have the purest isolation of tissue. The next layer will be less pure but 

is still collected, as many islets remain here. The isolated islets are then washed of Ficoll and 

suspended in culture media before use. This method was first applied in 1990 by Scharp et 

al to the first case of allogeneic islet transplantation for T1D resulting in a short period of 

insulin independence [119]. 
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Isolated islets are measured and counted according to islet equivalents (IEQ). An IEQ 

is a standardised islet volume, where one IEQ is a perfectly spherical islet of 150μm. Islets 

are counted within 50μm ranges and correction factors are used to convert the counted islet 

diameters into IEQs [120,121]. On average, islet yield can range from 250,000 – 400,000 IEQ 

per pancreas, highlighting that the protocol is not perfect, and a large number of islets are 

lost throughout the process. The islet transplantation procedure needs 10,000 IEQ/kg of the 

recipient for successful insulin independence, with a minimum of 5,000 IEQ/kg needed to 

see improvement in glycemic control, and 10,000 IEQ/kg needed for insulin independence. 

As such, in an average 70kg patient, between two and three pancreases are required to 

provide sufficient IEQ for a successful procedure [122,123].  

As mentioned previously the site of transplantation of pancreatic islets is imperative, 

for supplying oxygen and nutrients to the isolated islets; although isolated islets are 

functionally intact, they have lost their vascular blood supply. The hepatic portal vein was 

identified very early as a potential site for efficacious islet transplantation [124]. The portal 

vein can be accessed non-invasively through the use of a percutaneous catheter which helps 

to minimise the surgical risk of the procedure [81]. The vascular transplantation of the islets 

is highly attractive as it provides direct access to oxygenation and nutrient supply.  

Figure 1.10: Schematic outlining the process of islet isolation from the human pancreas. 

The Ricordi Chamber was a key device designed to automate the separation of islets from 

the bulk of pancreatic acinar tissue. 
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1.4.2.2 Transplantation and the Edmonton protocol 

The first successful islet transplantation was performed almost 30 years ago, by 

Najarian et al and Largiadér et al [125]. However, it was not until 2000 and the development 

of the Edmonton protocol, led by James Shapiro, that insulin independence was achieved 

[123]. This established the need for transplantation of a sufficient islet β-cell mass to attain 

insulin independence and near-normal glycemic control in humans with T1D. It also required 

the avoidance of glucocorticoid use in the immunosuppression regimen to avoid islet toxicity 

and insulin resistance [126]. In this study, seven T1D patients underwent an 

immunosuppressive regimen which allowed for a significant increase in islet viability after 

transplantation. Islet isolation was performed as described in the previous section and 

transplanted while using an immunosuppression regimen consisting of sirolimus, tacrolimus 

and daclizumab  [123]. Over a median follow-up of 11.9 months, all patients were insulin 

free. The results of this study caused a dramatic increase in clinical islet transplantation 

activity worldwide. A successful transplantation of islets allows the patient to endogenously 

produce and control blood glucose, with up to 44% of treated patients being insulin free for 

up to three years [72].  

However, Islet cell transplantation has not become the gold standard treatment for 

T1D due to several limitations including clinical success rates not yet comparable with whole 

organ transplantation, a shortage of high-quality donors for islet isolation, and the high cost 

of a specialized human islet cell isolation facility. The risk-benefit ratio of islet cell 

transplantation must be carefully considered when electing a patient for surgery. Due to the 

shortage of organs for transplantation and the risks associated with lifelong systemic 

immunosuppression mean the transplant is normally only performed on patients who fall 

into high risk groups of diabetics, with unstable (or brittle) T1D with severe hypoglycemic 

unawareness who have failed conservative medical management. These factors combined 

have led to a broad range of research to find alternative methods for islet transplantation. 
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1.5 Extravascular islet transplantation  

Significant progress has been accomplished in the outcomes of clinical islet 

transplantation such as, improvements in immunosuppression and preparation of sufficient 

quantities of highly viable islets for transplantation [113,127]. Although intravascular 

transplantation provides nutritional and physical support for islets, the  hepatic portal 

vasculature may be considered a hostile environment that limits successful islet engraftment 

and function [128]. Two of the biggest challenges facing the intravascular islet 

transplantation procedure are the need for life-long systemic immunosuppression and the 

requirements for multiple donor pancreases to reach the 10,000 IEQ/kg body weight for a 

successful treatment. As a consequence many investigations in this field have pursued 

alternative extravascular implantation sites, aim to establish an unlimited source of islet 

tissue for transplantation and/or encapsulation of the islets/cells within an 

immunoprotective supportive biomaterial in order to optimise islet engraftment and 

function, reduce necessary implantation mass, and decrease immunogenicity [129,130]. This 

approach is referred to as a ‘bioartificial pancreas’ [131].  

1.5.1 Sources of cells for transplantation  

The number of human islets available for transplantation is a major limitation with 

an average 70kg male patient requiring upwards of 700,000 IEQ for a successful 

transplantation. Previous research has demonstrated that a minimum of 250,000 IEQ are 

required to be isolated to be considered a successful isolation procedure [132,133]. In order 

to reach this target IEQ, a minimum of three donor pancreases are required for a successful 

islet transplantation using the Edmonton protocol per recipient. To put these numbers into 

context, in 2018, there were a total of 81 deceased organ donors with approximately 20,000 

people suffering from T1D in Ireland [39,134]. This statistic is common to all countries, 

demonstrating the scarcity of donor pancreases versus the potential demand. Therefore, the 

establishment of an unlimited source of islet tissue for transplantation has been a long-

sought-after goal. 

Xenotransplantation of pancreatic islets has been studied as a potential option for 

the treatment of diabetes for many years, with the first pancreatic xenotransplantation being 

performed in 1894; pieces of sheep pancreas were implanted subcutaneously and 

demonstrated some effect in reducing blood glucose levels [135]. It was not until 1994 that 

fetal porcine islet like cell clusters were transplanted to 10 human patients, and although the 

treatment was not efficacious, it was shown that the xenografts could survive for many 

months [136].  
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Porcine islets have been extensively studied as a potential source of islets for 

xenotransplantation. Similarities between porcine and human insulin are well documented, 

contributing to the use of porcine insulin prior to the development of conventional 

manufacturing processes for human insulin [137]. Porcine islets share a similar size and 

morphological arrangement to human islets, consisting of a core of β-cells with some islets 

containing α-cells at the centre [13,138]. Pig islets are an ethically sound source of 

mammalian islets, as opposed to islets from non-human primates, and a near unlimited 

supply of pig islets could be made available through controlled farming [135]. Like all 

transplantations, rejection of transplanted islets is a risk. However, xenogeneic islets may 

induce a larger immunological reaction than allogeneic tissue, increasing the risk of rejection, 

ultimately requiring a more intensive immunosuppression regime [139,140]. Likewise, the 

use of xenogeneic porcine islets may increase the potential for transmission of zoonotic 

infections such as porcine endogenous retroviruses. However, recent advances in genetic 

engineering have enabled the breeding of pigs with significantly lower immunogenicity [141] 

and retroviral burden [142–144]. that ideally would enable β-cell replacement therapy with 

less immunosuppression than is presently required for alloislets. The advances in and 

availability of pig islets for xenotransplantation make them a very useful alternative to 

human islets in the treatment of T1D. Pig islets will likely act as a useful bridge in the islet 

transplantation therapy, between allogenic donor islets and iPSCs.  

Recent progress in the generation of functional islet β-cells from human stem cell 

sources has raised hope for the establishment of another unlimited source of islet tissue for 

transplantation [145]. Induced pluripotent stem cells (iPSCs) are derived directly from adult 

tissues (Figure 1.11). These cells bypass the need for embryos, and can be made in a patient-

matched manner, meaning that each individual could have their own pluripotent stem cell 

line. These unlimited supplies of autologous cells could be used to generate transplants 

without the risk of immune rejection. Several research groups have successfully 

differentiated autologous cells into functional β-cells [146,147], the results of the first clinical 

trial of transplanted human partially differentiated endocrine progenitors of β-cells for the 

treatment of diabetes will be available in the near future [148]. However, a major limitation 

is that patient iPSC-derived β-cells have demonstrated modest function, with animal studies 

revealing that these cells require a long period (12-19 weeks) post transplantation to 

functionally mature. Without this maturation period patient iPSCs simply cannot establish 

normoglycemia therefore creating the need to establish a functional autologous source of 

replacement β-cells.  
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Millman et al. have started to address this problem by developing patient derived 

iPSCs that have efficaciously differentiated and reversed pre-existing severe diabetes 

following CRISPR-Cas9 correction of WFS1, a diabetes-inducing gene variant in rodents. 

These gene edited patient derived iPSCs caused no teratoma or cystic structure formation. 

Correction of diabetes-inducing gene variant in patient-derived β-cells could potentially be 

used as an autologous source that could be implanted back to a diabetic patient without the 

need of immunosuppressants [149].  

Companies such as SERAXIS and Semma Therapeutics have developed their own 

forms of iPSC-derived β-cells, which are encapsulated and delivered in immunoprotective 

devices [150]. SERAXIS has submitted an Investigation New Drug application for a 

combination product based off preclinical trials that demonstrated SeraGraft™, their 

immunoprotective device is retrievable, biocompatible and protects SR-01, their iPSC-

derived β-cells in immune-competent diabetic mice models and promoted vascularisation 

without inducing an FBR [151].  While, Semma Therapeutics have previously demonstrated 

successful restoration of glycemic control for over 70 days in diabetic rodents and also 

demonstrated maximal cell survival, minimal FBR, and sustained insulin secretion in response 

to stimulation in healthy pigs [152]. These proof of concept preclinical studies led to the $950 

million Vertex Pharmaceuticals acquisition [153]. These macroencapsulated iPSC-derived β-

cells are expected to enter a clinical trial early 2021 in patients with T1DM [152,154] 
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1.6 Cell encapsulation technology 

Cell encapsulation technology permits islet cell survival in the absence of 

immunosuppressive drugs. The principle of encapsulation is that transplanted cells are 

contained within an artificial compartment separated from the immune system by a 

semipermeable membrane. The capsule should protect the cells from potential damage 

caused by antibodies, complement proteins, and immune cells. Therefore, the capsule is 

often referred to as an “immunoisolation device” [155].This was originally demonstrated by 

Prehn et al. from as early as 1954 who utilised a type of immunoisolation instrument called 

the diffusion chamber device [156]. In that study, the diffusion chamber device was used to 

prevent the homograft from inducing an immune reaction in the host. Subsequently, this 

technology was used to protect transplanted cells, known as “artificial cells” [157–161]. 

Given that isolation and transplantation of islets was well established, encapsulation 

technology was soon applied in the field of islet transplantation. 

Figure 1.11:  Overview of utilising a patient’s own somatic cells for a cell transplantation to 

treat T1D. The patient’s somatic cells are harvested and reprogrammed into iPSCs; these cells 

are cultured to a suitable yield and differentiated into an insulin producing β-cells; the β-cells 

can now be transplanted back into the patient [146]. 
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 Many types of encapsulation technologies have been investigated over the last 

three decades in different animals such as mice [162], rats [163], dogs [164,165], and 

monkeys [166,167]. These studies demonstrate the feasibility of restoring normoglycemia by 

implanting allo- and xenografts without immunosuppression. The major challenges in the 

development of optimal encapsulation devices are the levels of biocompatibility, 

immunoprotection, all while maintaining the viability of cells. Biomaterials, including 

polymers, are the most important aspect for the fabrication of immune-isolating capsules. 

The biomaterial can provide additional secondary-properties such as flexibility and 

mechanical resistance to maintain the viability of the encapsulated material.  

Figure 1.12: Overview of current encapsulation processes for pancreatic islets/β-cells. 

Various sources including embryonic stem cells, reprogrammed fibroblast derived Induced 

Pluripotent Stem Cell (IPSCs), pancreatic islet transplants, and xenogeneic islet sources have 

been used to derive β-cells for use in diabetic encapsulation devices. The distinction between 

macro and micro-encapsulation is dependent on the volume being encapsulated. (R. Bagnall 

M.Sc.) 
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Encapsulation systems are commonly separated into two categories, intravascular 

and extravascular devices. The latter can further be divided into macroencapsulation and 

microencapsulation devices. The macroencapsulation and microencapsulation classifications 

depend on whether it contains one or more islets in the device. Cells within the capsules can 

also release insulin to control blood glucose levels, since this membrane enables small 

molecules to diffuse in (glucose, oxygen, and nutrients) and out (metabolic wastes) 

[155,168].  Thus, the encapsulation system is also regarded as a “bioartificial pancreas.” 

Details of micro- and macroencapsulation which have progressed to clinical trials are 

summarised in Table 1.1.  

1.6.1 Microencapsulation systems 

Microencapsulation involves surrounding individual β-cells within a semi-permeable 

material enabling therapeutic cell function without eliciting an immune response (Figure 

1.12). The semi-permeable material not only facilitates the release of insulin but also allows 

for nutrient diffusion needed for healthy cell function. The main advantages of the 

microencapsulation system over macroencapsulation are its stable mechanical structure, 

large surface area-to-volume ratio, and improved diffusion profile. Due to the flexible and 

adjustable characteristics, the microcapsules are mostly fabricated from hydrogels. The 

principle of making microcapsules is based on the envelopment of individual islets in a 

droplet, which is transformed into a rigid capsule by gelification (in the case of alginate 

beads) followed by polycation coating (in the case of multiple-layered microcapsules). 

Over the past 30 years, hydrogels including alginate [169], poly(hydroxyethyl 

methacrylate-methyl methacrylate), agarose [170], acrylonitrile copolymers, chitosan [171], 

and polyethylene glycol (PEG) [172] have been frequently used for microencapsulation. To 

date, the most preferable material for microencapsulation is alginate. Inexpensive alginate 

hydrogel microcapsules have dominated islet encapsulation research since their introduction 

in 1980 [173]. The nearly instantaneous gelation mechanism of these seaweed-derived 

alginate polymers enables simple fabrication of microcapsules that can be easily injected into 

a patient. Additionally, these capsules have been established as both durable and non-toxic 

to host organisms [165,174,175]. Another material of interest for encapsulation is hyaluronic 

acid (HA). HA-based hydrogels have been steadily gaining recognition as an interesting class 

of biomaterial for tissue engineering and cell therapy applications due to their unique 

mechanical and biological properties [176,177]. However, due to the foreign nature of 

hydrogel material, they are notoriously prone to fibrotic overgrowth, ultimately leading to 

necrosis of encapsulated cells and premature graft failure [167,175,178]. 
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 Some progress has been made with the development of ultra-purification 

processes, surface treatments, co-encapsulated materials, and more stringent control of 

capsule microstructure, but despite these advances, the performance of alginate 

microcapsules still does not meet the clinical needs for islet transplants [165,167,169,179].  

1.6.2 Macroencapsulation systems 

Macroencapsulation devices provide the dual possibility of immunoprotecting 

transplanted pancreatic islet cells while also being retrievable, the latter bearing importance 

for safety in future trials with stem cell–derived cells. Macroencapsulation involves 

encapsulation of islets within a single immunoprotective device that additionally can include 

a biomaterial to support islet viability and function (Figure 1.12). These devices are typically 

used to deliver islets extravascularly and essentially act as a bioartificial pancreas [155]. 

These devices are also typically retrievable or flushable and refillable, which is an important 

consideration for regulatory purposes. Macroencapsulation devices have been developed 

since the early 1950s  and have emerged in various formats; pouch-like structures [180–182], 

hollow fibres [183,184], polymeric hydrogel sheets [185,186] and planar membranes [15]. 

The structure of the device depends on its primary goal, increased flow rate or decreased 

surface area. There are three main considerations when designing a macroencapsulation 

device: the need for a device shell, the use of a biomaterial to support islet viability and an 

extravascular site for transplantation.  

The shell of a macroencapsulation device originated first as a transplantation 

chamber, membranous bags to hold transplanted cells without providing much function 

other than retaining the encapsulated cells [187]. Research eventually moved towards 

diffusion chambers that were formulated to be immuno-isolating. By reducing pore sizes in 

the diffusion chambers researchers found that they could impede the movement of immune 

cells and immune factors (immunoglobulins) into the device [188]. Immune cells can be 

readily blocked due to their large approximately 10μm diameter however, large antibodies 

(IgM) and complement proteins (C1q) could only be hindered at pore diameters of 30nm. To 

block cytokines the membranes must be even more selective, as Stokes diameters show 

small differences between factors such as TNF- α (3.80nm) and insulin (2.64nm) [189].  

There has been a great deal of research into a suitable biomaterial to support islet 

graft viability following transplantation. A number of hydrogels have taken the fore-front of 

this research due to their tunable physical properties, biocompatibility and ability to further 

functionalise the backbone of the hydrogel to further improve functionality [190].  
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A number of sites have been investigated for extravascular encapsulation with key 

factors being to ensure there is sufficient space for the device and access to the vascular 

network to ensure the encapsulated islets are sufficiently oxygenated and sensitive to 

changes in blood glucose [191]. The intraperitoneal wall has been used in the past for its 

volume and ease of access in a surgical procedure [192]. The omentum has also been 

researched more recently as a highly vascularised tissue which could support a 

macroencapsulation device. To date studies have focused on transplanting naked islets to an 

omental pouch, but it is possible that a macroencapsulation device could be transplanted 

here also [193]. 

1.6.3 Challenges  

While macroencapsulation and delivery to an extravascular site is a promising 

alternative to the current islet isolation protocol, there are a number of challenges that must 

be addressed when developing a macroencapsulation device. These challenges primarily 

arise as a result of the diffusional barriers to nutrients and oxygen into the device and the 

diffusion of products like insulin and waste out of the device. Hypoxia is a state of insufficient 

oxygen for cellular functions resulting in dysfunction and eventual cell death. In 

macroencapsulation devices the encapsulated islets have been isolated, destroying their 

complex microvasculature, and encapsulated within a biomaterial and shell. Immediately 

following transplantation, graft survival is reliant on diffusion of oxygen and nutrients from 

the surrounding environment or the transplantation site for survival. With a low oxygen 

pressure (pO2) the encapsulated islets are at high risk of developing hypoxia induced cell 

death, necrotic cores and ultimately failure of the graft. Solutions to hypoxia can be built i) 

into the device through the inclusion of oxygenation technologies, ii) into site choice by 

choosing a suitably vascular such that the pO2 is high enough to provide the encapsulated 

islets with sufficient oxygen [194] or by iii) various vascularisation strategies or 

prevascularising the implanted device before filling it with cells [195].  

Diffusion of insulin out of a macroencapsulation device is a critical parameter in the 

design of the device, as failure of insulin to diffuse into the blood in response to raised 

glucose levels is a failure of the device to adequately treat DM. The diffusion of both glucose 

into the device and insulin out are time limited factors that must be accounted for in the 

device permeability [187]. Careful device dimension considerations could optimise diffusion 

across the membrane and biomaterial to address this challenge [196]. Fibrotic tissue forms 

when fibroblasts attach to the macroencapsulation device.  
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The fibrotic scar tissue is very damaging to the success of the device as it can prevent 

further vascularisation of the device, compounding the challenges that have previously been 

discussed [197]. Ultimately fibrotic response can be limited by shell design and material 

selection, where smoother shell surfaces prevent adhesion of fibrotic cells and choice of 

different materials may not activate fibroblasts and fibrosis can be avoided [192]. 

1.6.3.1 The foreign body response 

Surgical implantation of biomaterials induces a series of events known as the foreign 

body response [198,199]. The implantation procedure results in a disruption of normal 

homeostatic mechanisms which trigger the typical host responses of inflammation and 

wound healing [200,201]. Following implantation, vascularised tissue is injured resulting in 

blood-material interactions and triggering occur the initial inflammatory responses [198–

201] (Figure 1.13). Thrombus formation on the surface of the device caused by protein 

adsorption by blood serum proteins, and the recruitment of immune components forms the 

provisional matrix [202,203] . Generally, neutrophils predominate the implant site during the 

first several days following injury. As chemotactic factors for neutrophil migration are 

activated early in the inflammatory response, neutrophils are short-lived, disintegrating 

and/or disappearing after 24 to 48 h. Following migration from the vasculature, monocytes 

differentiate into macrophages. Monocyte migration may continue for days to weeks, 

depending on the injury and implanted biomaterial, as chemotactic factors for monocytes 

are activated over longer periods of time. 

 

Figure 1.13: Inflammatory and healing processes that occur following the in vivo 

implantation of a biomaterial [469]. 
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These macrophage populations migrate to the site of implantation in an attempt to 

phagocytose the foreign material however, the large size of the macroencapsulation device 

inhibits this process, leading to macrophage fusion and the creation of persistent multi-

nucleated foreign-body giant cells which secrete several cytokines and chemokines 

[203,204].  

These pro-inflammatory compounds further modulate the foreign body response by 

stimulating the migration of fibroblasts, which deposit several layers of fibrous collagen and 

matrix proteins at the device interface, forming a pericapsular overgrowth that can impair 

diffusion [205]. Myofibroblasts are also present at the site of implantation and they are 

associated with the over-production of collagen in pro-inflammatory reactions, ultimately 

regulating tissue contraction and fibrosis  [206].  

The foreign body response occurs at different magnitudes to all foreign material 

including natural and synthetic polymeric materials [204]. Several attempts have been made 

to regulate fibrosis, including the alteration of physicochemical properties of an implanted 

material, the addition of specific cell-surface ligands to modulate the immune response and 

the application of specialised coatings to resist cell adsorption [207]. Fibrosis is modulated 

by a variety of factors including material chemistry and microstructure, and device shape and 

thickness [208]. Ideally, the device would integrate with the host tissue with a minimal 

fibrotic reaction over time [168]. 
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1.7 Advances in macroencapsulation systems for the treatment of T1DM 

1.7.1 TheraCyte 

The concept for the TheraCyte device began in the late 1990s, when Baxter 

Healthcare Corporation discovered the angiogenic properties of their PTFE membranous 

gene therapy delivery device [209]. TheraCyte Inc. was founded in 1999 as a spin-out from 

Baxter Healthcare Corporation. TheraCyte was based on this PTFE proprietary medical device 

technology developed by Baxter due to its angiogenic potential and suitability for islet 

macroencapsulation device design [196,210]. The TheraCyte device was designed primarily 

for minimally invasive subcutaneous implantation, consisting of an outer layer of woven 

polyester mesh, a middle layer of 5 μm porosity PTFE and an inner layer of 0.4 μm porosity  

PTFE [180,211,212] (Figure 1.14). This design approach was utilised to decrease the radial 

diffusion distances by encouraging the development of a dense vascular network using the 

outer most layer as a scaffold. The innermost membrane of 0.4 μm porosity acts as an 

immunomodulatory barrier between the encapsulated cells and the hosts immune response. 

Preclinical studies performed in small animals have demonstrated diabetes reversal 

for four weeks in immunocompromised mice [213], for greater than six months in allogenic 

rat recipients [214] and thirty days in a mouse model resembling autoimmune diabetes 

[215]. Further studies demonstrated the survival of encapsulated xenogeneic islets 

implanted in mice and non-human primates for up to eight weeks [166,216]. However, the 

IEQ used in these studies were considerably below curing doses. Research into the 

encapsulation of differentiated adult human mesenchymal stromal cells within diabetic 

canine model, showed diabetes reversal for up to eighteen months in four/seven of device 

recipients [217]. 

Research into the TheraCyte device has not proceeded beyond preclinical studies to 

clinical trials. When the patent this device expired, ViaCyte, a competing company used the 

TheraCyte technology as a platform to develop the Encaptra® drug delivery system. 
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Figure 1.14:  TheraCyte encapsulation system. (a) Immunoisolation concept of the TheraCyte 

System [210]. (b) Cross-sectional view features cells encapsulated in a three-layer TheraCyte 

device [470]. (c) A 40 µl capacity TheraCyte device [471]. 
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1.7.2 Viacyte 

ViaCyte, a regenerative medicine company based in California, has developed three 

devices for the purpose of encapsulating stem cell-derived pancreatic progenitor cells (PEC-

01) for the treatment of T1D and a next-generation treatment for insulin-requiring type 2 

diabetes. The PEC-01 cell line, mature into glucose-responsive insulin-secreting beta-like 

cells, used to overcome the issue of donor pancreatic islet shortages. More recently, ViaCyte 

demonstrated that when effectively engrafted, PEC-01 cells can mature into glucose-

responsive insulin producing cells in patients with T1D [218,219]. To accelerate and expand 

its efforts, ViaCyte has established collaborative partnerships with leading companies 

including CRISPR Therapeutics and W.L. Gore & Associates to develop these immune-evasive 

stem cell lines from its proprietary CyT49 pluripotent stem cell lines. These immune-evasive 

stem cell lines, which are being used in the PEC-QT program, have the potential to further 

broaden the availability of cell therapy for all patients with insulin-requiring diabetes, type 1 

and type 2, as well as other potential indications. 

 PEC-Direct and PEC-Encap devices are both in clinical stages whereas the PEC-QT is 

in the early discovery stages. PEC-Direct was developed for the treatment of high-risk T1D 

patients who are unable to detect hypoglycemic episodes, extreme glycemic lability or 

recurrent severe hypoglycemic episodes that could lead to possible coma or death. The PEC-

Direct and PEC-QT encapsulation systems are highly porous to allow blood vessel penetration 

and infiltration of the encapsulated cells (Figure 1.15). This strategy requires 

immunosuppressive therapies in order to protect the implanted cells from immune rejection. 

The PEC-Encap device also known as VC-01, was primarily developed as a replacement 

pancreas and a for diabetic patients who require exogenous insulin. The PEC-Encap, utilises 

the Encaptra® system which is designed to isolate the implanted cells from the host’s 

alloimmunity and autoimmunity. The devices are manufactured from medical-grade plastic 

called expanded polytetrafluoroethylene (ePTFE) specifically selected for long-term 

biocompatibility. All devices are designed to be subcutaneously implanted and permit 

bidirectional diffusion of oxygen, nutrients, insulin, glucagon and other molecules to and 

from the encapsulated cells and the blood vessels on the surface of the device. In addition, 

these devices would be suitable for use with other therapeutic agents, providing a platform 

for enzyme or hormone replacement therapies. 

In 2014, ViaCyte commenced a phase I/II clinical study to determine the safety, 

tolerability, and efficacy of subcutaneously implanted PEC-Encap devices over 2 years [220].  
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Two cohorts of T1D patients were subcutaneously implanted with either two or four-six 

devices. Subsequently, a one-year follow-up safety study was performed on these patients 

implanted with the PEC-Encap devices [221]. A statement released in 2018 said that results 

indicate that the PEC-Encap product candidate, delivered at a sub-therapeutic dose, has to 

date been safe and well tolerated. The Encaptra Cell Delivery System appears to protect the 

implanted cells from allo- and auto-immune rejection and the patients from sensitisation 

which supported resuming trial enrolment in 2019. 

 In 2017, a phase I clinical trial began to examine the safety and tolerability of the 

PEC-Direct device [222]. Up to now three participants have been enrolled and 

subcutaneously implanted with up to six devices each. Finally, in 2017, a fourth multi-center 

study commenced to test the safety, tolerability, and efficacy study of the PEC-Direct devices 

in subjects with T1D and hypoglycemia unawareness [223]. The estimated enrolment for this 

study is seventy-five, with the first cohort of patients to undergo explant to test for 

engraftment and maturation of cells. A second cohort of approximately 40 individuals will be 

used to examine the ability of the PEC-Direct device to achieve sufficient levels of insulin 

independence. While optimisation of the procedure was continuing, preliminary results of 

the Pec-Direct clinical studies were presented at Cell & Gene Meeting on the Mesa in 2019. 

This preliminary data demonstrated that implanted cells, when effectively engrafted, are 

capable of producing circulating C-peptide, a biomarker for insulin, in patients with T1D 

[224]. In 2019 the Center for Beta Cell Therapy in Diabetes, coordinator of an international 

consortium in translational medicine in diabetes, and ViaCyte, Inc., announced that a human 

stem cell-derived product candidate has been implanted in T1D patients at a sub-therapeutic 

dose. These are the first patients in Europe to receive the PEC-Direct. This work 

complemented the clinical evaluation of PEC-Direct underway in North America. During the 

first phase of the European trial, implants will be evaluated for their ability to form β-cells; 

the second phase will examine their capacity to produce systemic levels of insulin that 

establish glucose control [225].  

 In May 2020, ViaCyte announced $27 million financing to advance next generation 

cell therapies for diabetes. They strive to share their achievements and pipeline by 

presenting their work at large conference proceedings, the most recent of those being, the 

Jeffries Virtual Healthcare Conference, Biotech Showcase 2020 in San Francisco, and ISSCR 

International Symposium: Stem Cell Biology to New Therapies [226]. 
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Figure 1.15: Viacyte encapsulation systems. (a) Cross-sectional schematics of PEC-Direct, 

PEC-Encap and PEC-QT devices [472]. (b) The PEC-Encap device prototype [473]. 
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1.7.3 βAir 

The βAir macroencapsulation device was developed by Beta-O2 Technologies. βAir 

employs a novel strategy by providing continuous oxygenation of cells from the moment of 

encapsulation. This approach could potentially negate prolonged hypoxic stress which 

typically contributes to the loss of 60% of transplanted islets during the first 48 hours post-

transplantation [227,228] and prolong the survival of encapsulated islets. This disc-shaped 

device consists of two parts; a cell reservoir and a refillable gas chamber. The cell reservoir 

houses islets encapsulated within an alginate hydrogel disc. This is separated from the gas 

chamber by silicone membranes which permit the diffusion of exogenous oxygen, delivered 

through an integrated tubing [229]. This design strategy permits highly metabolic islets to be 

supplied with oxygen for up to 30 hours before a refill is required. The gas reservoir must be 

replenished daily via an external port with a gas blend of 95% oxygen and 5% carbon dioxide 

[230]. The device has a solid polyether ketone exterior with two hydrophilic porous 

polytetrafluoroethylene (PTFE) membranes impregnated with high viscosity mannuronic 

acid alginate acting as an immuno-protective barrier.  

This device is implanted subcutaneously with polyurethane tubes connecting the gas 

chamber to access ports located in the central upper dorsum for refilling with oxygen (Figure 

1.16). Preclinical studies in both small and large animal models demonstrated that daily 

replenishment with oxygen could maintain islet efficacy for 90 days [230]. In 2012, a 63-

years-old T1D patient was the first patient implanted with the βAir device in Dresden, 

Germany. The subject was monitored closely for a period of 10 months. Results from the 

phase I study demonstrated that the encapsulated islets were efficacious in the absence of 

any immunosuppressive therapy [231]. In 2018, a phase I/II clinical trial was performed to 

evaluate the safety and efficacy of an implanted βAir device containing allogeneic human 

pancreatic islets in four patients with well-controlled and uncomplicated T1D [232]. One/two 

devices containing 1800-4600 IEQ / Kg of body weight were implanted subcutaneously in 

each subject for three to six months. Following explantation of devices, a fibrotic 

encapsulation was observed. The results from this study demonstrated that the βAir device 

is safe and can support survival of allogeneic islets for up to several months. However, a 

hindered or dampened glucose-stimulated insulin response and the accumulation of islet 

amyloid polypeptide was observed, most likely attributed to insufficient vascularisation thus 

impacting islet efficacy [233].  
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Beta-O2 Technologies have confirmed development of the 2nd generation βAir 

devices. The 2nd generation device design separates the oxygen tank compartment and cell 

encapsulation device permitting each component to be developed separately. The design 

enhancement of the encapsulation device has an increased capacity to house the islet-

hydrogel mixture without compromising diffusion properties as the thickness of the device 

has decreased from 600 to 200 µm (Figure 1.16). The new oxygen tank component has been 

designed to cater for the increased oxygen demands of the cell cargo, enabling maximum 

insulin secretion from the device. The rat-size device is currently in preclinical trials and the 

human-size device is next to follow. Further clinical studies will be conducted in order to 

evaluate the safety and efficacy of a 2nd generation βAir devices containing stem cell derived 

insulin-producing cells over an extended period of time. 

Although the βAir bioartificial pancreas has become a promising implantable therapy 

for the treatment of T1D, this approach still requires daily injections to function 

correctly.  Each patient is required to take one daily injection of oxygen by placing a needle 

for a duration of 3 minutes into the port delivering a pre-measured and automatically 

pressurised amount of oxygen. Therefore, this therapy still requires important patient 

interaction in order to function accurately. However, Beta-O2 sees this as only an interim 

obligation on the patient and that eventually a means of automated oxygen generation will 

be developed, removing the responsibility from the patient completely. 

Figure 1.16: Generation 1 and 2 of the βAir device with cross-sectional schematics of device 

interiors [474]. 



  Introduction 

60 
 

 

1.7.4 Sernova Cell Pouch 

The Sernova Cell Pouch System™ is a macroencapsulation device developed by 

Sernova Corp. The cell pouch is specifically designed to be implanted subcutaneously for a 

period of 30-40 days to promote the development of surrounding microvasculature, 

essentially creating a vascularised tissue chamber. The device is composed of a non-

biodegradable polypropylene based matrix with large diameter pores. Its interior is filled 

with an array of rods, or a single rod to act as plugs during the prevascularisation process 

(Figure 1.17 (a)). Following the implantation period, these rods are removed to reveal a 

series of voids which are subsequently infused with islets (Figure 1.17 (b)). As this device 

prioritises vascularisation, it does not have an immunomodulatory barrier, thus 

immunosuppression is necessary to prevent rejection of implanted islets. In light of this, 

Sernova Corp has developed the Sertolin technology (Figure 1.17 (c-d)). This involves the 

microencapsulation of cells within a polymer sphere which permits the diffusion of nutrients 

and insulin through pores, while simultaneously preventing immune cell attack. The 

combination of these technologies could potentially reduce or eliminate the need for 

immunosuppressive drugs while maintaining the efficacy of implanted cells over an extended 

time period. 

In a preclinical efficacy study performed in rats, the cell pouch was implanted for a 

period of four-five weeks before the introduction of islets into the prevascularised space. 

Results of this study demonstrated successful incorporation into the host vasculature with 

little to no, fibrous encapsulation. The encapsulated islets were shown to be viable and able 

to maintain normoglycemia comparable to a control kidney capsule islet transplant for up to 

100 days [182,234]. 

In 2012, a Phase I/II study of the safety and efficacy of Sernova's Cell Pouch for 

therapeutic islet transplantation and recruited three patients [235,236]. Initial results 

demonstrated that the Cell Pouch met its primary end-point of safety, attributed to an 

abundance of neovascularisation following the 6-week prevascularisation period and 

maintenance of healthy islet morphology. However, the study was later terminated in 2016, 

as the device failed to meet its functional endpoint of insulin independence most likely 

attributed to early functional failure of the engraftment in all cases. 
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A second clinical trial is currently underway to examine the safety, tolerability and 

efficacy of the Cell Pouch for clinical islet transplantation [237]. This study aims to enrol seven 

participants who will undergo subcutaneous implantation of the cell pouch for 3 weeks 

before initiation of immunosuppression for another 3 weeks as the prevascularisation step. 

Subsequently, 3000 IEQ/kg bodyweight will be transplanted with the principal aim to 

examine the safety of the pouch for up to 1 year. Sernova Corp have confirmed that further 

clinical trials will be performed to evaluate the safety of the cell pouch containing insulin-

producing cells differentiated from human stem cells. 

 

Figure 1.17:  Sernova Cell Pouch System. (a) Illustration of plugs in situ within the Cell Pouch. 

(b) Illustration of islet infusion within the chambers of the Cell Pouch. (c) Unassembled Cell 

Pouch showing the rod-like plug, cap, and device chamber. (d) Assembled Cell Pouch. Device 

dimensions ≈ 60 mm diameter x 60 mm height [235]. 
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1.7.5 MailPan 

The MailPan (MAcroencapsulation of PANcreatic Islets) is a macroencapsulation 

device developed originally by the European Centre for Diabetes Studies, with Defymed in 

charge since 2011. The MailPan device is specifically designed to allow for a non-surgical 

replacement of cells due through an integrated input and output connections. This device is 

circular in shape and approximately 15 cm in diameter (Figure 1.18). It is composed of a 

copolymer of acrylonitrile and sodium methallyl sulfonate (AN69) selectively permeable 

membrane which is commonly selected for dialysis applications [238]. The selected 

membrane will encapsulate and immune-protect insulin-secreting cells while permitting the 

bidirectional transport of oxygen, nutrients, glucose, and insulin [239]. This device is deigned 

to be implanted in the peritoneal cavity with input and output ports left superficial for the 

replenishment of cells. The device would require no patient interaction other than two-four 

visits to a designated diabetes center for the replacement of cells per annum.  

A previous preclinical study performed in rats demonstrated the implantation of an 

AN69 membrane in the peritoneal cavity suffered from 50% decreased permeability of 

insulin and glucose due to the adherence of macrophages and fibroblasts at the device 

surface [240,241]. Following rigorous experimentation, a polycarbonate membrane was 

selected. The membrane underwent surface treatments, plasma and copolymer adsorption 

to improve permeability and biocompatibility to improve the permeability [242].  

In 2016, Defymed began its collaboration with Semma Therapeutics with the goal of 

utilising the MailPan device to encapsulate Semma’s stem cell-derived insulin-secreting cells. 

In May of 2020, MailPan published an investigation into the safety and efficacy of the 

MailPan macroencapsulation device performed in rodents. Results demonstrated excellent 

safety and biocompatibility while demonstrating the devices immunoisolating properties by 

preventing a heightened immune response against encapsulated allogenic islets. Moreover, 

the injection of a rat β-cell line into the device normalised fasting glycemia of diabetic rats 

with retrieval of viable cell clusters after 2months. In addition, this publication showcased its 

entry/exit system allowing cell replacement by simple subcutaneous injection facilitating cell  

therapy by patients themselves [243].Further small and large animal preclinical studies are 

ongoing [244,245] 
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Figure 1.18: The MailPan (MAcroencapsulation of PANcreatic Islets) Device [245]. 
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Table 1.1:  Summary of Encapsulation systems in clinical trial. 

Company Device and Clinical Trial Outcome Design Inclusion Criteria Endpoints Ref. 

Microencapsulation Devices 

Living Cell 

Technologies 

& Diatranz 

Otsuka Ltd. 

DIABECELL® was safe and reduced the 

occurrence of hypoglycemic events, 

and the dose of insulin without 

increasing HbA1c 

 
Scale Bar 500 μm 

NCT00940173 (N=16) 

 5,000 IEQ/kg  

 10,000 IEQ/kg 

 15,000 IEQ/kg 

 20,000 IEQ/kg 

 Informed consent 

 35-65 years 

 Brittle T1DM ≥5 years 

 HbA1c ≥7% and ≤10%  

 Plasma C-peptide <0.2 ng/ml  

 Phase I – Safety  

 Phase II –Efficacy (reduction in 

HbA1c levels) 

[475] 

NCT01739829 (N=8) 

 2 x 5,000 IEQ/kg 

 2 x 10,000 IEQ/kg  

 3 months between doses 

 Informed consent 

 18-65 years 

 Brittle T1DM ≥5years 

 HbA1c ≥7% and ≤15% 

 Plasma C-peptide <0.3 ng/ml  

 Phase I – Safety  

 Phase II – Efficacy (reduction in 

hypoglycemic events w/o 

increase in HbA1c values) 

[476] 

NCT01736228 (N=14) 

 2 x 10,000 IEQ/kg  

 12 weeks apart 

 Informed consent 

 18-65 years 

 Brittle T1DM ≥5 years 

 HbA1c ≤12% 

 Plasma C-peptide <0.3 ng/ml  

 Phase I – Safety  

 Phase II – Efficacy (restoration 

of euglycemia w/o increase in 

insulin) 

[477] 

Macroencapsulation Devices 

Sernova Cell Pouch™ was safe, reduced the 

number of hypoglycemic events, 

improved glycemic control, and 

increased production of C-peptide and 

insulin.  

  

 

NCT03513939 (N=7)  

 Device implanted for 3 wks. 

 Immunosuppressants 

optimised for 3 weeks  

 Then 3000 IEQ/kg 

transplanted into device 

 Informed consent 

 18-65 years 

 T1DM onset <40 years of age 

 Brittle T1DM ≥5 year  

 Plasma C-peptide <0.3 ng/ml 

 Phase I – Safety  

 Phase II – Efficacy (endocrine 

tissue survival in Cell Pouch™, 

and reduction in hypoglycemic 

events and HbA1c) 

[174,

229, 

240] 
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Company Device and Clinical Trial Outcome Design Inclusion Criteria Endpoints 
Ref. 

Viacyte PEC-Direct™ was safe and initial data 

suggests PEC-01 cells engrafted and 

functioned as they produced C-peptide. 

Device dimensions ≈ 45 mm length x 25 

mm width, <1 mm height 

NCT03162926 (N=3)  

 ≤6 implants per person over 

4 months 

 Stable T1DM ≥5 years 

 Willing to use a CGM 

 Phase I – Safety  
[214,

242, 

243] 

NCT03163511 (N=75)  

 ≤6 VC-02-20 implants within 

2 years (n=15) 

 6 VC-20-300 implants and ≤4 

additional VC-02-20 (n=60) 

 Brittle T1DM ≥5 years 

 Willing to use a CGM 

 Phase I – Safety  

 Phase II – Efficacy 

(improvement in C-peptide 

production) 

[215,

242, 

243] 

PEC-Encap™ initially showed 

biocompatibility issues, which are 

expected to be addressed with new 

membrane. Device dimensions ≈ 18 

mm diameter, <1 mm thick 

NCT02239354 (N=69)  

 VC-01-250 and VC-01-20 

implants (n=19) 

 4 or 6 VC-01 implants 

(n=50) 

 Stable T1DM ≥3 years 

 Willing to use a CGM 

 Phase I – Safety  

 Phase II – Efficacy 

(improvement in C-peptide 

production) 

[212,

242, 

243] 

NCT029391181 (N=200)  Previous implantation and 

explantation of Pec-Encap™ 

 Safety follow-up  
[152,

248] 

Cliniques 

universitaires 

Saint-Luc- 

Université 

Catholique de 

Louvain 

Monolayer Cellular Device has no 

published results from trial concluded 

in 2015 and has been withdrawn.  

10-30 m2 

 

NCT00790257 (N=15)  Informed consent  

 30-80 years - T1DM 

 C-peptide-negative 

 Phase IA: on 

immunosuppressants 

 Phase IB: no 

immunosuppressants 

 Phase I – Safety  

 Phase II – (insulin production) 
[480] 
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1.8 The DRIVE project  

The Diabetes Reversing Implants with enhanced Viability and long-term Efficacy 

(DRIVE) project aimed to develop a macroencapsulation system for the delivery islets to treat 

T1D. The system was to consist of a functionalised biomaterial (β-gel), a macroencapsulation 

device (β-shell), and a surgical tool (β-Cath) and procedure (O-fold) to deliver the implant in 

minimally invasive procedure.  

The β-Gel will be a hydrogel formulation, loaded with the key components to ensure 

optimal cell survival. A biocompatible hydrogel will be functionalised with native pancreatic 

niche proteins and compositional efficacy cues which will encourage islets growth and 

survival. The β-Gel will also contain an oxygen delivery system; oxygen carriers will be loaded 

in the hydrogel to improve islet viability and survival in the hypoxic conditions of the delivery 

site through the first week following transplantation, prior to angiogenesis (Figure 1.15). 

The β-Shell is a macroencapsulation device, which will enable the delivery of the β-

Gel to an extra-hepatic site. The β-shell will consist of a semi-permeable, immunoisolating, 

retentive, and protective membrane. The β-shell will additionally support vascularisation 

onto the surface of the membrane and vascularisation will be further promoted by the 

inclusion of pro-angiogenic VEGF microparticles in the device. The immunoprotective 

membrane will facilitate the free transfer of glucose, oxygen, and other nutrients into the 

device while facilitating the release of insulin and clearance of waste back into systemic 

circulation, while inhibiting immune cells.  

Figure 1.19: The aim of the DRIVE project. Islets extracted from the pancreas will be included 

in the β-Gel. The hydrogel will contain a combination of materials including the oxygen 

carriers which will release oxygen to the islets in vivo. This cell compound will then be 

immunoprotected and encapsulated within the within the β-Shell. 
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This will allow for allografted islets to be transplanted without the need for 

immunosuppression. The β-Cath will be a minimally invasive, custom designed catheter 

which will allow for the delivery of the β-shell to an extra-hepatic site, and filling of the device 

in situ. The DRIVE project was ongoing alongside this thesis project, and the additive 

manufactured multi-scale porous macroencapsulation devices, utilised as the lead β-Shell 

device design for the DRIVE project, were examined throughout this PhD thesis from small 

to large animal studies. Due to nature of a consortium setting, individual components of the 

DRIVE macroencapsulation system were continuously modified between studies. Table 1.2 

has been included to highlight and explain the reasoning behind modification of components 

throughout the chapters of this thesis 
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Table 1.2: Modifications and adaptations of the DRIVE macroencapsulation system throughout this thesis. 

Study Device Design Functionalised Biomaterial Site of Implantation 

Chapter 2:  
Examining the Angiogenic and 
Foreign Body Response of soft 
tissue implants with various 3D 
printed porous topographies 

Implants. Dimensions: 12 x 1 mm.  
Each subsequent implant in the series was 
progressively more complex than the 
previous, achieved by increasing the quantity 
of both rope-coil-derived macro-pores, and 
salt spray derived micro-pores. 

None Submuscularly in the dorsum. 

Chapter 3:  
Assessing the effects of VEGF 
releasing microspheres on the 
angiogenic and foreign body 
response to a multiscale porosity 
macroencapsulation device 

Pouch. Dimensions: 10 x 20 x 2 mm. Design 
based upon the s5 implant from Chap 2:  
Microporous with multi-layered macro 
structure.  
Chosen due to its increased affinity for 
integration and angiogenesis in surrounding 
tissue. 

200 μL of native HA hydrogel formulation 
for encapsulation of a 25 mg/mL VEGF 
microsphere suspension. 

Submuscularly in the dorsum. 

Chapter 4:  
To examine the potential of the 
multiscale porosity islet 
encapsulation device for the 
treatment of diabetes in STZ-
induced diabetic rodents 

Pouch. Dimensions: 10 x 20 x 2 mm. 
Microporous with multi-layered macro 
structure. 

200 μL of native HA/Perfluorodecalin 
oxygenated emulgel formulation with 
encapsulation of 2,400 IEQ of syngeneic 
islets and 25 mg/mL VEGF microsphere 
suspension.  
Perfluorodecalin incorporated due to its 
long history of use as an oxygen carrier. 

Intraperitoneal implantation. 
Both unsutured and sutured 
internally to the anterior 
abdominal wall. 
Chosen due to its size, 
translatability and proximity to 
our chosen clinically relevant site 
within the transversus abdominus 
plane. 

Chapter 5:  
To examine the scalability and 
functionality of multiscale porous 
islet encapsulation devices in an 
STZ-induced diabetic porcine 
model 

Pouch. Dimensions:  ~ 75 x 125 x 1 mm. 
Microporous with multi-layered macro 
structure. 

10 ml of native HA gel containing an 
iodixanol emulsion was injected into the 
device for positioning of the device 
visualised with fluoroscopy. 

Transversus abdominus plane 
within the anterior abdominal 
wall. 
Chosen as a clinically relevant site 
due to its size, robust blood 
supply, accessibility, and because 
it is commonly accessed during 
common clinical procedures. 
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1.9 Thesis Objectives 

While there has been much advancement in conventional diabetes management, 

returning endogenous insulin production to the diabetic patient will remain the best 

treatment option for patient health outcomes and quality of life. Current treatment 

methodologies, such as the Edmonton protocol, although successful in reversion of diabetes 

in the short-term and improving patient outcomes, still require the use of systemic 

immunosuppression, meaning the treatment is not suitable for all patients. The scarcity of 

human pancreata and islets required for a successful transplantation also greatly limit the 

application of the current procedure to a greater patient population. Islet encapsulation and 

the bioartificial pancreas are a potential solution to all of these problems, by improving 

transplanted islets viability and function without the need for systemic immunosuppression.  

The overall aim of the research in this PhD thesis is to determine the most suitable 

surface topography to promote an abundant vascularised network and tissue integration 

surrounding a novel macroencapsulation device. In order to complete this aim, the following 

objectives were pursued:  

1. Examining the angiogenic and foreign body response of silicone implants with 

various 3D printed porous topographies to determine a suitable surface architecture 

for the promotion of optimal vascularisation and tissue integration. (Chapter 2) 

2. Assessing the effects of VEGF releasing microspheres on the angiogenic and foreign 

body response surrounding multiscale porosity macroencapsulation devices. 

(Chapter 3) 

3. Examining the efficacy of the multiscale porosity macroencapsulation device loaded 

with syngeneic islets in STZ-induced diabetic rodents. (Chapter 4) 

4. Examining the scalability and potential functionality of multiscale porosity 

macroencapsulation devices in a STZ-induced diabetic porcine model. (Chapter 5) 
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Chapter 2 

Examining the Angiogenic and Foreign Body Response of 

soft tissue implants with various 3D printed porous 

topographies. 
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2.1 Introduction 

Implants placed in soft tissue tend to evoke a foreign body response (FBR), 

particularly when a polymeric implant features a smooth surface [246,247]. Modulating the 

FBR is particularly crucial when an implanted device requires tissue integration and 

vascularisation to support its function – for example, in cosmetic reconstruction [248], drug 

delivery [249], biosensors [250] and immunoprotective cellular-encapsulation devices [180]. 

Surgical implantation disrupts native tissue initiating an inflammatory response and causing 

protein absorption to the implant surface. Vascular injury can lead to deposition of 

fibrin/thrombus on the device surface. Macrophages migrate and adhere to the implant 

surface eventually forming giant cells and generating a caustic local environment (focal 

glucose depletion zones, elevated reactive oxygen species, and acidic pH). The latter stages 

of the FBR involve deposition of an avascular, collagen-rich capsule around the implant by 

myofibroblasts that can result in significant impairment in device functionality. This dense 

fibrosis can lead to the implant being walled off thus preventing the device from functioning 

or integrating as intended [251]. Fibrous tissue does not generally adhere to the polymer, 

and instead allows sliding and friction between the tissue and implant. This lack of tissue 

integration and resulting friction  can promote the accumulation of serous fluid and 

inflammatory cells at the interface [252,253].  

The foreign body response to synthetic materials is an enormous impediment to the 

development and efficacy of immunoprotective cellular-encapsulation devices [180]. A 

successful islet encapsulation device must facilitate; normal insulin and glucose kinetics for 

the maintenance of normoglycemia, optimal nutrient and waste exchange, all while 

maintaining the viability of encapsulated cells. Subsequent fibrotic encapsulation by dense 

impermeable avascular layers of collagen, impaired tissue integration and lack of 

vascularisation severely affects the pharmokinetics of mass transport in the peri-device 

tissue [254,255] and can limit nutrient and oxygen diffusion and cell response. Promoting 

tissue integration and blood vessel formation surrounding encapsulation devices is 

imperative to ensure positional fixation within the host tissue and thus prevent inflammation 

[256,257]. Extensive efforts have been focused on investigating the most superior 

biocompatible approach, including device material and surface modification techniques, 

implant site, configuration of device, and methods to improve vascularisation and immune 

modulation [251,258,259]. 
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2.1.1 Aims 

The overall aim of this research chapter is to determine an optimal surface 

topography with the ability to harness the desired degree of tissue integration and 

vascularisation to enhance viability and long-term efficacy of an islet macroencapsulation 

device.  

The specific aims of Chapter 2 were to: 

 Assess the morphology of the fibrous capsule surrounding each 3D printed porous 

topography using histological assessment, MicroCT and SEM imaging 

 To characterise the composition of the resultant fibrous capsules using 

immunofluorescent and histological staining  

 To establish whether the varying 3D printed porous topographies affected the 

activation, abundance and polarisation of macrophages at the tissue interface 

capsule using immunofluorescent staining 

 To investigate whether 3D printed porous topographies influenced angiogenesis and 

vessel maturity using immunohistochemical and immunofluorescent staining. 

 
To achieve these aims, novel additive manufacturing techniques were utilised to 

create soft-tissue implant topographies featuring multiscale porosity in both micro (<20 µm) 

and macro (>1 mm) scale. Five implants exhibiting progressively more complex surface 

topography were implanted sub-muscularly in the dorsum of rodents for a period of 14 days. 
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2.2 Materials and Methods 

2.2.1 Implant fabrication 

Implant design and manufacturing was carried out by the O’Cearbhaill Lab, UCD, 

Dublin. I worked very closely with UCD to develop these rodent size implants, providing 

inputs on the experimental design, implant site, number of implants, rotation plan and 

sample size. 

A series of five 12 mm disk shaped implants were fabricated from medical grade 

silicone (Figure 2.3). Each subsequent implant in the series was progressively more complex 

than the previous, which was achieved by increasing the quantity of both rope-coil-derived 

macro-pores, and salt spray derived micro-pores. The composition of each implant is 

described in Table 2.1.  

2.2.1.1 Creation of macro-porous layers  

Macrotexture was formed using the liquid rope-coil effect. The liquid rope-coil effect 

occurs when viscous material is extruded from a nozzle positioned above a moving substrate 

(Figure 2.1). Implant grade silicone of various hardness and modulus was obtained and mixed 

in standard recommended form 50:50 part A:B. The materials used were Soft (Shore A20: 

NuSil MED4820), Medium (Shore A40: Nusil MED 4840), Hard (Shore A80: Nusil MED 4880). 

To aid visualisation, a silicone pigment (Smooth-On SilPig) was added at 0.5 wt% in various 

colours. The two-part silicone was mixed in a planetary mixer (Thinky ARE-310) for 10 

minutes at 1850 rpm, placed in a fridge for 30 minutes, and centrifuged at 4000 rpm for 5 

minutes to remove air bubbles. When the material is loaded into an ECOpen extruder 

mounted in a custom 3D printing station, and the system purged of air-bubbles, a 27 Gauge 

(200 μm I.D.) conical tip was added. ‘Steady coil’ regime was used as it was most repeatable 

and with useful geometry when creating open porous scaffolds and coatings with a curved 

pore structure.  
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2.2.1.2 Creation of microporous texture 

Surface textures in the 1–10 µm range can encourage cellular adhesion [246,249]. In 

order to fabricate a microporous texture upon the substrate surface in this range, a novel ink 

formulation was utilised and sprayed through atomization. The salt water solution was 

formulated by heating DI water to 80˚C, followed by the addition of 40 wt% Sodium Chloride 

salt (Sigma Aldrich) and stirring with a magnetic stirrer until fully saturated. The liquid was 

then filtered through a 10 μm filter to remove any undissolved particles. A separate mixture 

of DI water with 20 wt% PEG 6000 was created through stirring at room temperature, and 

similarly filtered. This was incorporated into the solution to increase the hydrophilicity. The 

two mixtures were combined at a ratio of 3:1 in favour of the salt solution and this mixture 

was then filtered through a 0.22 μm syringe filter to remove contaminants. A high 

consistency medical grade silicone (NuSil MED4840) was combined as Part A and B and mixed 

at a standard 1:1 ratio. This was then diluted using 99.1% n-Heptane (Sigma Aldridge 

chemicals), at a ratio of 1:3 wt%. mixed in a planetary mixer for 10 minutes at 1850 rpm.   

Figure 2.1: Control of the liquid rope-coil effect. (a) Parameters that affect the Loop 

Amplitude (A) and Width (W) of an extruded rope coil: Q – Material Flow, Ø – Nozzle 

Diameter (the product of which can be used to calculate the extruded bead length per 

unit time), V – Printhead (nozzle) velocity – The ratio of V to bead length per time defines 

loop shape and period length, h – Nozzle height above substrate – This defines the 

amplitude of the rope coil loops (at certain fixed values of Q, V and Ø, the loop A will be 

linearly proportional to h). (b) Illustrations of the different loop regimes at various ratios 

of extrusion rate to substrate speed. (c) Scanned images of loops at various heights and 

feed rates, illustrating the difference in loop amplitudes and overlap frequencies. 
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A surfactant blend with a hydrophilic/lipophilic balance (HLB) number of 11.5 was 

created by combining Span 85 (Sorbitan Trioleate) with Tween 40 (PEG-20 Sorbitan 

Monopalmitate) at a ratio of 3:7. On combining the pore-generating water solution with the 

silicone solution at a 1:3 ratio, the surfactant blend was added at a quantity of 3 wt% of 

overall liquid. The combination was mixed at 1750 rpm for 8 minutes in a planetary mixer. 

The salt crystals still embedded in the silicone matrix after over spraying can be seen in Figure 

2.2 (a) and (b). The sodium chloride crystals are non-ortho-rhombic, likely due to the 

presence of PEG 6000 during crystal nucleation. The sodium chloride crystals are removed 

over a 24-hour period using an ultrasonic bath with deionised water, after which the surface 

is heavily textured. An average pore size of 8.4 μm over 12 different samples was found when 

using the material composition and spray parameters described. Figure 2.2 (c) and (d) show 

a microtextured surface. The inner structure of two sample pores are shown in Figure 2.2 (e) 

and (f). Figure 2.2 (g) shows a macro image of a two-sided 3D printed porous topography 

implant, corresponding with implant s4 described in the next section. 
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Figure 2.2: Microporous coating with salt nucleation. (a) A silicone and salt solution was 

sprayed on a hotplate at 80˚C, allowing salt crystals to nucleate. (b) A close-up of the 

non-cubic salt crystal shape, caused by the influence of PEG during nucleation. (c) Surface 

texture of silicone after salt crystal removal. (d) Closer view of porous surface. (e) Close-

up of a single salt-generated pore. (f) Alternative view of pores showing unusual surface 

topology inside the pore. (g) Cross-section of a 500 μm thick silicone body that has been 

sprayed on both sides with a 100 μm porous layer, with rope coil-generated pores 

extruded over the top, on either side. 
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Table 2.1: Description of features of each implant. 

s1 ‘Standard’ smooth silicone implant: Two non-porous silicone (NuSil MED4840) 

membranes – 60 μm thick, produced by spraying, then bonded together into a pouch 

using an extruded ring of NuSil4840. 

s2 Smooth implant with outer macro-structure: Non-porous silicone membranes, 

formed into a pouch as per s1, but with a single layer of 3mm diameter rope-coiled 

MED4840 silicone macrostructure, adhered to the outside of the membranes. 

s3 Micro structure and macro structure on a non-porous implant: Non-porous silicone 

membranes with a single layer of MED4840 rope-coil as per s2, followed by an over-

spray using 2 × 5 µm layers of salt/silicone solution (described in Materials and 

Methods). The salt is washed out post-cure leaving a thin microporous coating over 

the surface. 

s4 Porous inner membrane with micro and macro structure: The two membranes are 

fabricated entirely of salt/silicone solution (12 × 5 µm layers). The MED4840 rope-

coil layer is extruded onto the surface, followed by over-spraying using another two 

salt/silicone solution layers. The salt is washed out of the membranes over a 24 hour 

period. 

s5 Microporous and multi-layer macro structure with softness gradient: Membrane as 

per s4, but with two extra layers of rope-coil (on each side) composed of a softer 

MED 4820 silicone. The entire implant is over-sprayed with two layers of salt/silicone 

solution, cured and then washed. 
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2.2.2 Subdermal implantation in rats 

These procedures were carried out by Abiel srl., Palermo, Sicily. I contributed to the 

design and planning of this study, provided direction, travelled to Palermo to receive training 

and witnessed the implantation process, provided support for explantation of implants and 

tissue en bloc, and trained individuals on our tissue fixation and shipping protocols. 

Rodent studies were approved by the Italian Ministry of Health (Authorization No. 

66/2017-PR).10 Rats RccHan Wistar (ENVIGO) 150/200 g females, age 12 weeks were used 

during this study. Rats were anesthetized by isofluorane and hair was removed in the area 

of implantation. Six incisions were made lateral to the midline of the dorsum, five for the 

implants s1-s5 and the sixth as a negative control. Implant sites were rotated on each animal 

to account for any site-specific effects (Figure 2.4). Each incision cut through the dermis to 

the muscles of the dorsum. Each implant was placed in the cavity following enlargement with 

a pair of scissors. 

Figure 2.3: Manufacturing of increasingly complex 3D printed porous topographies. (a) 

Process steps of multiscale porosity implants. (b) Fabrication steps of s1 to s5. (c) MicroCT 

imaging of implants s1-s5.  
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 Each implant site was closed with 2/3 stitches and the animals were treated with 

anti-biotic ceftriaxone (25 mg/Kg) and painkiller tramadol (4 mg/Kg), for 5 days. After 2 

weeks, before being sacrificed, the animals were perfused with Iopamiro 370 (15 mL / hr) by 

cannulation (cannula 26G) at the level of a tail vein and analysed by computerized axial 

tomography (Capiler CT-Scannet, PerkinElmer). This imaging enabled visualisation of the 

implants to accurately pinpoint its location and monitor its movement. Rats were euthanized 

at 2 or 4 (s4 only) weeks, each implant and the immediate surrounding tissue were extracted. 

 

2.2.3 Fixation, embedding and staining 

Tissues were fixed overnight using 4% paraformaldehyde (pH 7.4). The tissue 

allocated for histological analysis was then washed in 0.2 M phosphate-buffered saline with 

a final wash in 70% ethanol. Samples transected in half, orientated and embedded in paraffin 

wax blocks. Sections of 5 μm were cut and stained with Masson’s trichrome, picrosirus red 

and αSMA for fibrous capsule analysis. Additional sections were stained with a CD31, αSMA, 

CD68, CCR7 and CD163 for analysis of angiogenesis and immune response. 

Figure 2.4: Micro-CT imaging of implant implantation sites within the dorsum of rat 
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2.2.4 X-ray microtomography (Micro-CT)  

Unstained explanted implants from rats were stored in 70% ethanol and imaged in a 

Micro-CT 100 micro-CT scanner (Scanco Medical, Switzerland). Samples were scanned at 45 

kVp and 200 µA with a 0.1mm Aluminium filter. The manufactured implants were clearly 

visualized while surrounding tissue could not be detected. Images and videos of each implant 

iteration were generated with CTVox software (Bruker, USA). For soft tissue visualizations, 

samples were stained in a solution of 2.5% phosphomolybdic acid in70% ethanol for 5-7days 

h. Micro-CT images were captured using a μCT 100 scanner at 70 kVp and 85 µA with a 0.5mm 

Aluminium filter. Images and videos were generated using ImageJ software.   

2.2.5 Scanning Electron Microscopy (SEM) 

Each tissue sample was bisected longitudinally to create a cross-section of the 

implant and surrounding tissue. Samples were post-fixed overnight in 2.5% glutaraldehyde 

in 0.2 M PBS (pH 7.4). Samples were washed twice in 0.2 M PBS for 10 minutes before 

dehydration through a series of graded alcohols (30%, 50%, 70%, 90% and 100%). Following 

dehydration, samples were transferred to the EMITECH K850 critical point dryer. This 

removed all the liquid in a precise and controlled way, so fragile tissue is not damaged or 

distorted in the process. Samples were then mounted onto aluminium stubs using carbon 

adhesive tabs. An Emscope SC500 was used to lightly sputter coat the samples. Specimens 

were imaged using a Hitachi S2600N Scanning Electron Microscope using a secondary 

electron detector (Vacuum 15 kV, electron Beam 50). SEM images were pseudo-coloured 

using MountainsMap® SEM Color 7.3.7984. 

2.2.6 Fibrous capsule analysis 

2.2.6.1 Masson’s Trichrome with Gomori’s Aldehyde Fuchsin 

For assessment of fibrotic capsule size, sections were deparaffinised in xylene, 

rehydrated through graded ethanol washes (100–70% v/v) to water. Slides were oxidised in 

0.5% KMnO4 / 0.5% H2SO4 (equal parts) for 2 minutes before rinsing in water and bleaching 

in 2% sodium metabisulphite (Na2S2O5) for 2 minutes. Slides were washed in water for 30 

seconds, immersed in 70% alcohol for 1 minute, washed again for 30 seconds and then 

stained with Gomori’s aldehyde fuchsin for 1 minute. Slides were rinsed in water (very 

quickly), 95% alcohol for 10 seconds, and water again before staining with celestine blue for 

4 minutes. Slides were rinsed in water before staining with in Mayer’s haemalum for a further 

4 minutes. These were then rinsed, differentiated in acid alcohol for 20 seconds before being 

placed in running tap water for 4 minutes to blue the nuclei.  
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Slides were then stained in Masson’s cytoplasmic stain for 1 minutes before rinsing 

very quickly in water and differentiating in 1% dodeca-Molybdophosphoric Acid 

(H3PO412MoO324H2O) for 2 minutes. Slides were washed in water and counterstained in 

fastgreen or light green, for 1 minute before differentiating in 1% acetic acid for a further 1 

minute. Following this, the sections were rapidly dehydrated through graded ethanol washes 

(70–100% v/v). The slides were then mounted using DPX mountant (Sigma Aldrich) and left 

to dry horizontally for five hours. All histologically stained slides were imaged using an 

Olympus VS120 Virtual Slide Scanner at 20X magnification. 

2.2.6.2 Fibrous capsule thickness   

Morphometric and stereological methods were used to analyse the thickness of the 

fibrotic capsule surrounding the implants stained with Masson’s Trichrome with Gomori’s 

Aldehyde Fuchsin. Slide scanned images were opened with Olympus OlyVIA version 2.9. 

From each tissue section, 10 non-overlapping random images were taken of both the fibrotic 

capsule superficial and deep to the implanted implants at 4X magnification. The exclusion 

criteria included regions where capsule was not visible due to artefact, folding of tissue, or 

damage to the capsule. Images captured using this software were compiled into stacks using 

Image J Fiji version 2.0.0 in preparation for quantification. All measurements were taken 

using Image J Software and data was collected using Microsoft excel. The thickness of the 

capsule was measured by calculating the arithmetic mean thickness.  

Using Image J Fiji version 2.0.0, a random offset stereological square grid (cyan lines) 

was superimposed onto the image stacks to provide test lines. Where the tissue-implant 

interface of the capsule intersected a test line, an orthogonal line is drawn from this point to 

the edge of the capsule (yellow line) as seen in Figure 2.5. These measurements were 

compiled and averaged to calculate the mean fibrous capsule thickness per implant. 
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2.2.6.3 Myofibroblast abundance 

Any stromal spindle cells which stained positive for αSMA, and were not associated 

closely with any CD31+ staining were regarded as myofibroblasts. 20 random fields at of view 

were acquired at the tissue/implant interface to assess whether the abundance of 

myofibroblasts was influenced by varying surface topographies. Primary antibodies of CD31 

(ab28364, Abcam) (1:200), αSMA (ab5694, Abcam) (1:100) were incubated for 1 hour at 37 

°C. Secondary antibodies of Alexa Fluor® 594 goat anti-rabbit IgG (ThermoFisher Scientific) 

(1:100) and AlexaFluor® 488 goat anti-mouse IgG (ThermoFisher Scientific) (1:100) were 

incubated for 60 minutes at room temperature. Sections were stained with Hoechst and 

coverslipped using fluoromount. Immunofluorescence-stained slides were observed using a 

spinning disc inverted confocal microscope (Yokagawa CSU22) combined with Andor iQ 2.3 

software. Area Fraction was estimated using the systematic point counting method using 

Image J (Fiji version 2.0.0) software.  

Figure 2.5: Morphometric and stereological method used to analyse fibrous capsule 

thickness surrounding the implanted implants stained with Masson’s Trichrome with 

Gomori’s Aldehyde Fuchsin. 
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A random offset stereological square grid was superimposed onto the images to 

provide test points. To calculate area fraction of myofibroblasts, intersections falling on 

αSMA+ and CD31- cells were counted and expressed as a ratio of total intersections within 

the region of interest. 

2.2.6.4 Collagen organisation and maturity 

For assessment of fibrotic capsule collagen maturity and arrangement, sections were 

deparaffinised in xylene, rehydrated through graded ethanol washes (100–70% v/v) to water 

before staining as previously described. Briefly, fibrotic capsule was assessed using 

picrosirius red and stained in 0.1% fast green (pH 7, Fast Green FCF; Sigma Aldrich) and 0.1% 

Sirius red in saturated picric acid (picrosirius red stain), both in the same solution at a 1:1 

ratio for 1 hour according to previously established protocols [260]. Following this, the 

sections were rapidly dehydrated through graded ethanol washes (70–100% v/v. Staining 

was performed using a Leica ST5010 Autostainer XL (Leica Biosystems; Wetzlar, Germany). 

The slides were then mounted using DPX mountant (Sigma Aldrich) and left to dry 

horizontally for five hours. Polarised light micrographs were captured using an Olympus BX4 

polarised light microscope (Mason Technology Ltd. Dublin, Ireland) at 20x magnification. The 

polarising lenses were positioned on the light path before the sample and the second 

polariser (analyser) after the sample. Images were taken whereby maximum polarisation was 

achieved by adjustment of the polarising filters, and again orthogonal to this maximum 

polarisation. The two captured images were merged using the MAX function in ImageJ 

software (freely available from https://imagej.nih.gov/) which enables a complete 

visualisation of the collagen fibres present. 
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2.2.7 Macrophage response 

The CD68 glycoprotein is a commonly used as a pan-macrophage marker secreted 

by monocytes and tissue macrophages. The CD68 (MCA341r, BIORAD) (1:300) primary 

antibody, was incubated for 1 hour at 37 °C. Secondary antibody of Alexa Fluor® 594 goat 

anti-mouse IgG (ThermoFisher Scientific) (1:100) was incubated for 60 minutes at room 

temperature. Sections were stained with Hoechst and coverslipped using fluoromount. 

Immunofluorescence-stained slides were observed using a spinning disc inverted confocal 

microscope (Yokagawa CSU22) combined with Andor iQ 2.3 software. 20 random fields of 

view were acquired from each tissue section.  

Volume fraction (Vv): Vv measures the proportion of a particular feature (in this case 

macrophages) within the reference tissue, describing the volume of that tissue taken up by 

the feature [261,262]. The Vv of stained macrophages was estimated using 20x confocal 

images and ImageJ. This was done by thresholding to eliminate auto fluorescence and 

calculating the % area of tissue occupied.  

 
𝐴

𝐴
=  

𝑉

𝑉
  

Numerical density (Nv): Nv refers to the number of particles within a unit volume of 

tissue. This was attained using ImageJ, via the creation of an unbiased sampling frame 

(30,000µm) and using the physical disector method. The number of sampled particles divided 

by the disector provides an unbiased estimation of numerical density [262,263] (Figure 2.6). 

Image pairs, 4µm apart (t=4), were taken from 60x mag Z-stacks and the number of 

macrophages present in the first image but not the second were counted. The area (a) of the 

frame occupied by tissue was noted. The numerical density was calculated from these counts 

as follows; 

𝑁𝑣 =  
𝑁 

𝑡 𝑥 𝑎
  

Volume weighted mean volume (𝑉𝑣̅̅̅̅ ):  Volume weighted mean volume provides an 

unbiased estimate of particle volume[261,264]. It gives a larger weighting to larger particles. 

This was calculated using the point sampled intercept (PSI) method and a staggered point 

grid to sample particles based on volume. This was done by randomly placing the point grid 

on the area of interest. The length of any macrophage intercepting the points was measured 

along the transect line and the following formula was applied; 
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�̅�𝑣 =  
𝜋

3
 (𝑙 ̅𝑜) 3   

𝑡𝑎𝑘𝑖𝑛𝑔 𝑙 ̅ 𝑜 𝑡𝑜 𝑏𝑒 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑐𝑢𝑏𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑙𝑒𝑛𝑔𝑡ℎ𝑠 

 

 

 

Figure 2.6: The physical dissector method. (a) Schematic of method – The number of 

macrophages present in the reference section (starred) which are not present in the look-

up section are counted. (b) Example of reference section and look-up section 

encountered in this study. 
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2.2.8 Angiogenesis 

2.2.8.1 Blood vessel abundance 

The visualisation of blood vessels was facilitated by immunohistological staining for 

CD31, an endothelial cell marker. A HRP/DAB detection IHC Kit, for use with mouse and rabbit 

primary antibody (ab64264) was used. This kit provides a peroxidase block, a peroxidase 

labelled polymer and a substrate chromogen. The primary antibody used CD31 (ab28364, 

Abcam) (1:200) was incubated for 1 hour at 37 °C. Slides were counterstained with 

haematoxylin and coverslipped using D.P.X. 

Figure 2.7: Unbiased counting frame, the principal. (a) Schematic of unbiased counting 

rule. Any blood vessel that is cut by a forbidden line is not counted (-). Blood vessels that 

appear inside the counting frame or are cut by the acceptance lines without also cutting 

the forbidden line are counted (+). (b) Example of this principal being executed on the 

fibrous capsule. 
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A systemic random sampling strategy was used. From each tissue section, ten non-

overlapping images were taken of the Fibrous capsule surrounding each implanted implant. 

Volume Fraction: Using Image J Fiji version 2.0.0, a simple point counting method [265,266], 

was used to assess the volume fractions (Vv) of the blood vessel. The numbers of points 

which coincided with blood vessels were counted. The volume fractions of blood vessels 

were then calculated by expressing the proportion of points hitting blood vessels as a fraction 

of the total number of points observed in the tissue, from which the final Vv was calculated. 

Number of Blood Vessels per Unit Area (Na): This was calculated using an unbiased 

counting frame using the forbidden line rule which consists of red forbidden lines and green 

acceptance lines (Figure 2.7). Any blood vessel that is cut by a forbidden line is not counted. 

Blood vessels that appear outside the counting frame or are cut by the acceptance lines 

without also cutting the forbidden line are counted. The application of this counting rule 

generates an unbiased estimate of the number of blood vessels per unit area[261,267,268]; 

𝑁𝑎 =  
𝑐𝑁

𝑐𝑃𝑡𝑠 𝑥 𝐴
 

𝑡𝑎𝑘𝑖𝑛𝑔 𝑐𝑁 𝑎𝑠 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑛𝑜. 𝑜𝑓 𝑏𝑙𝑜𝑜𝑑 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑎𝑛𝑑 𝑐𝑃𝑡𝑠 𝑎𝑠 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑛𝑜. 

𝑜𝑓 𝑝𝑜𝑖𝑛𝑡𝑠 

𝑖𝑛 𝑡ℎ𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 

Length Density (Lv): method of estimating the length of the blood vessels within the 

tissue[266,268] 

𝐿𝑣 =  𝑁𝑎 𝑥 2 

Radial Diffusion (Rd): refers to the cylindrical perfusion space surrounding a blood 

vessel and is used as a measure of Krogh’s distance. This was calculated using the formula 

below [263,266]; 

𝑅𝑑 =
1

√(𝜋(𝐿𝑣))
  

Diameter of Blood Vessels: The minimum blood vessel diameter was measured, using 

ImageJ, for each blood vessel counted in an unbiased sampling frame. Measurements 

obtained were divided into size brackets (0-5µm, 6-10µm, 11-15µm, up to 40µm+) and 

expressed as percentages[268]. 
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2.2.8.2 Blood vessel maturity 

In order to further analyse the angiogenic response, the abundance of αSMA, a cell 

marker indicative of vessel maturity was quantified. Typically, as blood vessels mature, they 

become abundant in αSMA expressing cells such as smooth muscle cells, myofibroblasts or 

pericytes [269,270]. Primary antibodies of CD31 (ab28364, Abcam) (1:200), αSMA (ab5694, 

Abcam) (1:100) were incubated for 1 hour at 37 °C. Secondary antibodies of Alexa Fluor® 594 

goat anti-rabbit IgG (ThermoFisher Scientific) (1:100) and AlexaFluor® 488 goat anti-mouse 

IgG (ThermoFisher Scientific) (1:100) were incubated for 60 minutes at room temperature. 

Sections were stained with Hoechst and coverslipped using fluoromount. 

Immunofluorescence-stained slides were observed using a spinning disc inverted confocal 

microscope (Yokagawa CSU22) combined with Andor iQ 2.3 software. 20 random fields at of 

view were acquired at the tissue/implant interface to assess whether the abundance of 

myofibroblasts was influenced by varying surface topographies. Blood vessels positive for 

αSmooth Muscle Actin in the capsule were counted using the ImageJ Cell Counter and 

expressed as a ratio of total.  

2.2.9 Statistical analysis 

GraphPad Prism (8.1.0) was used for statistical analysis. Normality of distribution 

was assessed by the Shapiro-Wilk test. Subsequent parametric and/or non-parametric tests 

were performed. For parametric data, a one-way or two-way analysis of variance (ANOVA) 

with post-hoc Tukey’s multiple comparison was performed to compare between groups. For 

non-parametric data, a Kruskal-Wallis test was performed for comparing more than two 

groups. Statistical significance was accepted when p<0.05. A minimum of two blinded 

counters were used for all analysis. 
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2.3 Results 

2.3.1 Post-explantation imaging of implants  

Differences in encapsulation tissue were noted upon gross examination, with Figure 

2.8 (a) showing an example of these unmagnified samples viewed via transillumination. The 

s1 and s2 implants appeared reasonably transparent. With increasing microtexture in 

samples s3 to s5, there was a greater degree of opaqueness and thus incorporation of the 

implants into surrounding tissue. The increase in pericapsular outgrowth was further verified 

by micro-CT imaging shown in Figure 2.8 (b). In the control and non-textured samples of s1 

and s2, there are significant gaps between the implant surface and surrounding tissue. The 

microtextured surface of s3 displayed better contour matching than that of s1 or s2, and this 

became more apparent, with distinct tissue on-growth, as the micro-porosity of the surface 

increased in s4. The inclusion of multiple layers of rope-coiled pores resulted in excellent 

tissue ingrowth in s5. These phenomena were also observed in the SEM images shown in 

Figure 2.8 (c). While there is minor delamination of tissue from the implants because of the 

sample processing, an imprint of the rough surface of the implants was seen in the tissue of 

s3 and s4. Like the micro-CT imaging, large gaps between the implant and surrounding tissue 

was seen in s1 and s2. The tissue in-growth encouraged by s5 prevented this delamination. 

The increase in tissue on-growth is starkly obvious when comparing SEM of s1 and s5 

explants in Figure 2.8 (d, e) which was also verified by microCT imaging. 
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. 

Figure 2.8: Post-explantation representative images of implants in-situ. (a) Trans-

illumination of implant s1–s5 post-explantation on a light box allowing visualisation of 

blood vessels and the fibrous capsule surrounding the implants. (b) MicroCT cross 

sections of implants s1–s5. (c) SEM cross-sections of implants s1–s5. Scale bar: 1 mm. (d) 

SEM image of smooth implant s1 demonstrating no tissue integration. Scale bar: 1 mm. 

(e) SEM image of multiscale porosity implant s5, demonstrating tissue integration 

surrounding rope coil. Scale bar: 250 μm 
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2.3.2 Fibrous capsule analysis 

2.3.2.1 Fibrous capsule thickness 

In order to quantify the degree of implant incorporation into the surrounding soft 

tissue, a thickness assessment was performed on the fibrous capsule surrounding the s1 

through s5 implants. Histology was performed on 2 week explants and capsular outgrowth 

was calculated by measuring thickness of the hyper-dense collagen made visible by Masson’s 

trichrome stain, shown in Figure 2.9 (a). Normal distribution was observed in all groups and 

a one-way ANOVA was carried out with post hoc Tukey’s analysis. A significant increase in 

pericapsular outgrowth was seen as implant surface topography complexity increased 

(****P<0.0001) illustrated in Figure 2.9 (b). To account for the imprints of the external 

macrotexture, the total area of tissue between the implant and the panniculus carnosus was 

also measured. Although there was an increased fibrous capsule thickness around implant 

s5, the area between the implant interface and the superficial muscle layer remains 

unchanged across all implant configurations, as shown in Figure 2.9 (c). This finding suggests 

that the although capsule thickness is larger in rope coil groups, the overall amount of 

capsule is not increased, it merely appears thicker due to its more tortuous development and 

increased affinity for tissue integration around the rope coil. 
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(a) 

Figure 2.9: Analysis of the fibrous capsule. (a) Representative Masson’s trichrome-

stained histological sections (Scale bar=1 mm) and associated high magnification images 

of the fibrous capsule (Scale bars = 200 μm). (b) Mean fibrous capsule thickness, data +/- 

SD. (c) Areas of tissue extending from the tissue/implant interface to the panniculus 

carnosus, data +/- SD of s1–s5. ****= P<0.0001.  



  Chapter 2 

93 
 

2.3.2.2 Myofibroblast abundance 

The volume fraction of αSMA+ cells within 100 μm of the implant interface was 

estimated using an unbiased stereological counting technique. Normal distribution was 

observed in all groups and a one-way ANOVA was carried out with post hoc Tukey’s analysis. 

A significantly increased differentiation and proliferation of myofibroblasts (*P<0.05), seen 

in Figure 2.10 was evident surrounding the s5 implant group suggesting an increase in ECM 

production which would correlate with an increased fibrous capsule thickness seen in Figure 

2.9. 

2.3.2.3 Collagen organisation and maturity 

Polarised Light Microscopy (PLM) of picrosirius red stained tissue sections was performed to 

better characterise the collagen network surrounding the implants. Picrosirius red stain has 

been increasingly used for decades for collagen studies in medical research [271]. Collagen 

is birefringent or double refractive and this property is mainly due to ground substance acid 

mucopolysaccharides which are also anisotropic. Collagen which is abundant in basic amino 

groups reacts with acidic dyes exclusively such as Picrosirius red stain which when bound to 

collagen in an ordered method, enhances collagen birefringence [271]. Stained fibers exhibit 

a spectrum of colours when viewed under polarized light depending on the fibre size, packing 

density and thus shows clear orientation of collagen fibre [272]. A greater anisotropic 

orientation of collagen deposition was more evident in s1 and s2 when compared to s3-s5, 

which exhibited an increasingly organised collagen structure in Figure 2.11. The collagen 

structure generated in these groups was arranged into bundles orientated parallel to the 

implant surface, forming a fibrous capsule of concentric layers intertwined around the 

external features of the implants. Picrosirius red stains collagen type I, II, III [273–275] 

increasing their normal birefringency enabling very fine type I collagen fibres with weak 

birefringence to appear green in colour and mature type III collagen fibres appearing orange 

or red indicative of a further maturative stage [276]. The majority of the capsule in s1 and s2 

appeared red/orange implying the presence of mature collagen type I. However, in s1-s3 

there is an increased proportion of green and yellow fibres (thin, collagen type III-like) 

indicative of an earlier remodelling phase [276–278]. Taken together these data suggest that 

increasing the surface topography macrotexture promotes increased integration of the soft 

implant in vivo and positively modifies the ECM composition present at the tissue/implant 

interface to promote integration of the implant surface with surrounding soft tissues. 
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Figure 2.10: Analysis of the volume fraction of myofibroblasts within the surrounding 

fibrous capsule. (a) Representative immunofluorescent images of αSMA stained tissue 

(Blue = Hoechst, Green = αSMA, Red = CD31). (b) Volume fraction of αSMA+ cells 

n=5/group, Data are mean +/- SD. *= P<0.04.   
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Figure 2.11: Analysis of collagen maturity and organisation at the tissue/implant interface. 

(a) Representative polarised light microscopy images of s1-s5. Scale bar = 100 μm. (b) 

Representative images of collagen surrounding rope-coil feature on s4 and s5. Scale bars = 

50 μm. Orange/red= mature collagen, Green= immature collagen. 
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2.3.3 Macrophage response 

2.3.3.1 Macrophage abundance 

To establish whether the varying surface characteristics affected the activation and 

abundance of macrophages within the fibrous capsule, tissue sections were stained with a 

pan-macrophage marker (CD68) (Figure 2.12 (a)). Volume Fraction and numerical density 

analysis of CD68+ cells surrounding each implant was calculated. Normal distribution was 

not observed and a one-way ANOVA was carried out with a Kruskal-Wallis test which 

revealed no significant difference between groups (Figure 2.12 (b, c)). Volume weighted 

mean volume was used to estimate the volume of macrophages within the tissue. This 

method of analysis gives larger weighting to larger macrophages and thereby accounting for 

macrophage fusion to form foreign body giant cells. Using non-parametric statistical analysis, 

no significant difference was found however, the spread of the data suggests that implants 

s2 and s4 have larger amounts of giant cells than other implant groups. 

2.3.3.2 Macrophage polarisation 

 To assess the impact of the varying surface characteristics on macrophage 

polarization, tissue sections were co-stained with both CD68/CCR7 and CD68/CD163. The 

ratio of CCR7+ cells out of total CD68+ cells was compared to the ratio of CD163 positive cells 

out of total CD68+ cells using confocal microscopy images (Figure 2.13 (a)). A 2-way ANOVA 

was performed with a Bonferroni’s multiple comparisons test which found a significantly 

higher ratio of CCR7+ macrophages (M1) compared to CD163+ macrophages (M2) across all 

implant designs (****P<0.0001), suggesting the majority of macrophages present display an 

M1, or pro-inflammatory phenotype (Figure 2.13 (b)). Normal distribution was not observed 

and a one-way ANOVA was carried out with a Kruskal-Wallis test which revealed no 

significant in the ratio of M1 or M2 across groups. A second cohort of s4 implants was left 

implanted for 4 weeks (n=4), and macrophage staining revealed no difference in ratio of 

CCR7+ or CD163+ macrophages at a later time point. These data indicate that increasingly 

complex topographies do not evoke an enhanced macrophage response and that 

macrophage populations are consistent across all groups, with a consistent phenotype up to 

4 weeks. 
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Figure 2.12: Analysis of the macrophage response at the tissue/implant interface. (a) 

Representative fluorescent images of CD68 (red) staining of s1-s5. Scale bar = 50 μm. (b) 

Volume fraction of CD68+ cells, data +/- SD. (c) Number of CD68+ cells per mm3, data +/- 

SD. (d) Volume weighted mean volume μm3 +/- SD (n=5). 
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Figure 2.13: Analysis of the macrophage phenotype surrounding the 3D printed porous 

topography implants. (a) Representative immunofluorescent image of CD68 and CCR7 

(M1 phenotype marker). (b) Representative immunofluorescent image of CD68 and 

CD163 (M2 phenotype marker). Scale bar = 20 μm. (c) Volume fraction of CCR7 and 

CD163 macrophages, data +/- SD of s1-s5 at 2 weeks and S4 implant at 4 weeks. M1 vs 

M2 s1-s5. ****P<0.0001 
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2.3.4 Angiogenesis  

2.3.4.1 Blood vessel abundance 

To investigate if surface texturing impacted neovascularisation at the implant 

surface. Tissue samples were stained for CD31, an endothelial cell marker, and a stereological 

analysis was performed to quantify blood vessel density surrounding each implant. Normal 

distribution was observed in all groups and a one-way ANOVA was carried out with post hoc 

Tukey’s analysis. Assessment of the tissue/implant interface revealed that increasing 

complexity of the surface architecture led to a significant increase in the volume fraction, 

number per unit area, length density, and radial diffusion distances of blood vessels between 

s1 and s5 (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001) (Figure 2.14).  Analysis of blood 

vessels within 100 µm of the implant surface was also performed. Analysis of this revealed 

the increased surface complexity correlated with increased vessel density and that radial 

diffusion distances were significantly reduced in the s5 group when compared to s1. Across 

all five implant configurations, approximately 60% of blood vessels were found to be 

between 10 and 15µm in diameter, suggesting young/new vessel formation. 

2.3.4.2 Blood vessel maturity 

In order to further analyse the angiogenic response, the abundance of αSMA+ blood 

vessels, a marker indicative of vessel maturity was quantified. As blood vessels mature, they 

become abundant in αSMA expressing cells such as smooth muscle cells, myofibroblasts or 

pericytes [269,270]. A ratio of αSMA+ vessels to total CD31+ vessels was obtained using 

confocal microscopy (Figure 2.15). Normal distribution was not observed and a one-way 

ANOVA was carried out with a Kruskal-Wallis test. This analysis revealed a significant increase 

in αSMA+ vessels surrounding s5 when compared to s1 (*P=0.0303).  Taken together, this 

data indicated that the complex surface of s5 led to a recruitment of blood vessels and 

promoted increased vessel maturation at the interface with the tissue 
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Figure 2.14: Analysis of angiogenesis between the tissue/implant interface and the 

panniculus carnosus. (a) Representative Images of CD31 staining s1-s5. Scale bar = 100 

μm. (b) Volume Fraction of Blood Vessels. (c) Numerical Density of Blood Vessels (d) 

Length Density of Blood Vessels. (e) Radial Diffusion Distance. (f) Average blood vessel 

diameter for s1-s5. (g) Numerical Density of Blood Vessels within 100 µm of implant. (h) 

Radial Diffusion Distance within 100 µm of implant. Data represented as means +/- SD.   

*P<0.05, **P<0.01 & ***P<0.001. 
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Figure 2.15: Analysis of vessel stability and maturity at the tissue/implant interface. (a) 

Representative fluorescent images of αSMA (green) and CD31 (red) staining of s1-s5 at 

the tissue/implant interface. Scale bar = 50 μm. (b) Ratio of αSMA to CD31+ vessels, data 

+/- SD of s1-s5. *=P<0.03. 
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2.4 Discussion 

The primary aim of this study was to determine an optimal surface topography 

(degree of micro- and macrotexture) for an islet macroencapsulation devices which harness 

the desired degree of tissue integration and vascularisation needed for encapsulated islet 

cell survival and function. Biocompatibility of device polymers, integration into the host 

tissue without a heightened immune response, and vascularisation are of crucial importance 

to the potential long-term efficacy of islet macroencapsulation. Previous studies have 

demonstrated that micro-range surface texture can modify cellular responses in the 

surrounding tissue, dampen chronic inflammation and promote angiogenesis, resulting in 

improved implant integration [279,280]. 

In the 14-day rodent study described in this chapter, it was demonstrated that 

implants possessing micro- and macropore structures (implants s4 and s5) showed an 

excellent propensity to encourage tissue attachment when compared to smooth implants. 

Increased tissue integration correlated with a significantly thicker fibrous peri-capsular 

outgrowth, increased myofibroblast abundance and collagen maturity (Figures 2.9, 2.10 and 

2.11). Additional area/volume measurements of the hyper-dense collagenous capsules 

surrounding the implants demonstrated that peri-capsular outgrowth area was consistent 

across all implant groups (Figure 2.9 (b), (c)). This finding suggests that the overall amount of 

newly formed hyper-dense collagen did not increase, but merely appeared thicker due to its 

more tortuous development and increased affinity for tissue integration around the rope coil 

groups.  

Macrophage activity surrounding the implants was assessed as a measure of the FBR 

[280]. Volume fraction and numerical density of macrophages were examined at the 

tissue/implant interface and although no significant differences between implants was 

observed, all implants elicited a FBR (Figure 2.12). All afore mentioned parameters are useful 

in the diagnosis of an inflammatory response but none take into account the degree of 

inflammation [280]. This can be accounted for by assessing the number of giant cells (FBGCs) 

within the fibrous capsule by measuring the macrophage volume as opposed to 

number/numerical density. Volume fraction accounts for total macrophage presence but not 

the presence/absence of FBGCs which are an integral part of an active FBR and important in 

assessing successful implant integration [204,281]. This was done by quantifying the volume 

weighted mean volume of the macrophages, which will inevitably be larger if FBGCs are 

present. No significance differences were found between each implant design however, due 

to the increased sizes of s2 and s4, it would suggest that they possess a higher abundance of 



  Chapter 2 

104 
 

FBGCs. Previous studies have suggested that chronic immune responses may promote 

vascular development and induce angiogenesis [282]. The implant with the lowest 

angiogenic response (s1) also displayed indication of lower FBR associated macrophage 

counts. As well as this, s1 displayed little to no evidence of FBGCs. Macrophages are crucial 

in regulating the process of fibrous encapsulation [207], and typically  the M2 polarization is 

seen with improved implant integration and long-term functionality [283–285]. However, in 

this study we see persistently higher levels of the M1 (proinflammatory) macrophage 

compared to M2 (anti-inflammatory) macrophages across all implant topographies (Figure 

2.13). While the M1 polarisation seen across all implants would seem to indicate a reduced 

potential of integration and remodelling, it is likely that at the 2-week time point observed 

here the FBR is in the latter phases and is thus driven by myofibroblasts.  This data correlates 

with the previous macrophage data (Figure 2.12), proving that increasingly complex 

topographies do not evoke a significantly enhanced macrophage response and that 

macrophage populations are consistent across all groups, with a consistent phenotype up to 

4 weeks [283,286,287]. 

The formation of new vessels is imperative for the mass-diffusion of nutrients, waste, 

and oxygen to encapsulated cells. Without sufficient vascularisation, cellular function and 

device efficacy cannot be maintained. The results of this study indicate that vascular beds 

surround all implants which could potentially facilitate encapsulated islet survival and 

subsequent insulin diffusion. However, this analysis proved that significant increases in 

vascular density correlate with increased complexity of implant surface topography as seen 

in Figure 2.14. Crucially, the most complex implants, s4 and s5 were also associated with a 

reduction in radial diffusion distance (Rd), suggesting the presence of optimally vascularised 

tissue to facilitate the survival of encapsulated cells [168]. 

The use of modified surface topography to regulate fibrous capsule deposition 

surrounding implanted polymers is well documented [288,289] however, its combined use 

for to promote tissue integration and vascularisation to enhance diffusion potential is novel. 

Encapsulation devices such as the βAir aim to reduce the FBR but have attempted to do so 

with the expense of natural neovascularisation. This method of immunological 

communication has been demonstrated as effective in reducing overall FBR in large animals 

[290,291]. But this approach does not aim to directly use the fibrous capsule formation to 

enhance integration. It is therefore possible that reduced fibrous capsule formation may not 

trigger the same sequential wound healing response leading to vascularisation of the implant 

site. Due to this reduced vascularisation, oxygen supplementation to encapsulated cells is 
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required. Although the βAir device has been designed to compensate this and its 

effectiveness of this approach has been demonstrated in the long-term, the possibility of a 

loss in oxygen supplementation function is possible unless regularly monitored [292]. 

The patterning techniques described are completely versatile and are of huge 

potential to the medical device industry by offering tenability of fibrous capsule formation 

and angiogenesis through surface modification enabling increase or decrease of tissue 

integration, increase or decrease of fibrous capsule formation and increase or decrease of 

angiogenesis. The manufacturing technique could also provide a novel platform for drug 

delivery applications. The improved tissue integration and peri-implant vascularity could 

enhance the systemic uptake of small molecules or macromolecules infused into the implant, 

and the interconnected porous structures allow for diffusion of active therapies across the 

implant.  

The manufacturing technique presents an alternative approach to prevascularisation 

with growth factors [293,294], that may help resolve the diffusion limitations of current 

devices and simulate the native microarchitecture of the cellular cargo [235,295,296]. 

However, the response seen in this study could be even further augmented with the addition 

of growth factors. Scheiner et al investigated an in-vitro strategy by incorporating VEGF 

loaded microspheres in 3D-printed poly(dimethylsiloxane) (PDMS)-based devices prior to 

their prospective loading with transplanted cells. In-vitro release studies demonstrated that 

incorporation of VEGF-releasing microspheres ensures adequate release of VEGF for a time 

window of four weeks [297]. By combining surface texturing and VEGF microspheres you can 

potentially stimulate the development of a stable vascular network while simultaneously 

encouraging successful tissue integration. This will be further investigated in Chapter 3 of 

this thesis. 

In conclusion, it was determined that a complex micro- and macrotexture were 

optimal surface topographies to enhance tissue integration and vascularisation needed for 

encapsulated islet cell survival and function. Implant s5 was therefore identified as the 

favourable designs for further experimentation. Their design enhancements provide a 

scaffold for tissue and blood vessel development, tissue attachment and integration in the 

absence of a heightened macrophage response. This finding has the potential to resolve the 

diffusion limitations of current devices and simulate the native microarchitecture of the 

cellular cargo for the maintenance of normoglycemia.
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Chapter 3 

Assessing the effects of VEGF releasing microspheres on 

the angiogenic and foreign body response to a multiscale 

porosity macroencapsulation device  
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3.1 Introduction 

The islets of Langerhans are a highly metabolic group of cells which require ample 

amounts of oxygen and glucose to function correctly. Typically they receive between 5-15 % 

of the pancreatic blood supply even though they account for as little as 1-2% of the healthy 

pancreatic mass [15–17]. These native islet cells are encompassed by a dense capillary 

network, with radial diffusion distances equating to ~10–15 µm [18,19]. This high islet blood-

flow rate guarantee that these specialised cells receive adequate oxygen and nutrient supply 

for survival and function [20]. Islet isolation procedures can often destroy the native islet 

vascular networks causing prolonged hypoxic stress contributing to a loss of 60% of 

transplanted islets during the first 48 hours post-transplantation [227,228]. In order to 

supply sufficient oxygen to islet cell mitochondria, the maximum radial diffusion distance 

between an islet cell and a capillary must not exceed 200 μm [298,299]. For these reasons, 

the development and distribution of neovascularisation adjacent to encapsulation device 

surface as well as the spatial arrangement of the encapsulated cells are essential to promote 

survival of encapsulated islets and is a primary limiting factor in long-term device success. 

Islet survival and functional capacity are usually determined in the first three days 

post-transplantation, at which time the surrounding graft is largely avascular [130]. Previous 

studies by Padera and Colton examining the ideal time course of microarchitecture-driven 

vascularisation demonstrated a time frame comparable to the typical wound healing cascade 

of 7-21 days and diminishing by day 329. They found the number of stable vascular structures 

plateaued at day 21 and remained consistent until day 329. This differed from the typical 

would healing cascade as the abundance of stable vessels is expected to decline due to 

regression [300]. Devices which utilise novel polymers or surface topographies to promote 

vessel formation can significantly enhance neovascularisation surrounding the implant 

[191,301,302]. Another approach to enhance oxygen supply and graft survival is 

prevascularisation, whereby a non-vascularised encapsulation device is implanted 

days/weeks prior to islet delivery [192,303]. Sernova’s Cell Pouch™, consisted of a multi-

channel sheet interleaved with an array of rods [182]. This pouch implanted subcutaneously 

for a month creates a prevascularised environment. Once microvasculature surrounds the 

device, the rods are removed to expose channels that allow the infusion of transplanted 

islets into the device. Unlike this, Beta O2 Technologies has developed an alternative strategy 

to combat the delay in vascularisation by producing the βAir device. This device has an 

incorporated refillable oxygen tank, aiming to provide exogenous oxygen to implanted 

islets[230].  
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This technique would by-pass the necessity of the integral prevascularisation period 

preventing any limitation to the diffusion of oxygen and nutrient supply. In the previous 

chapter we examined novel additive manufacturing techniques to tailor multiscale porosity 

on the surface of soft tissue implants. We found that the degree of tissue integration and 

vascularity in proximity to the implant is shown to increase 2.5 fold with precisely controlled 

surface structural complexity. 

Rapid vascularisation in the vicinity of devices has been promoted by the protein-

based delivery of growth factors such as vascular endothelial growth factor (VEGF) to extra-

hepatic sites by facilitating the controlled release of angiogenic stimuli [192,259,304,305]. 

VEGF is eventually released by transplanted islets to promote blood vessel formation and its 

early delivery within encapsulation strategies has been associated with enhanced 

engraftment and islet function [293,294,306]. In vitro release studies by Scheiner et al, 

demonstrated that incorporation of VEGF-releasing microspheres ensures adequate release 

of VEGF for a time window of four weeks. Inclusion of these VEGF-releasing microspheres 

within our silicone multiscale porosity devices could enhance angiogenesis and act as an 

innovative vascularisation strategy for artificial pancreas implants[307]. 
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3.1.1 Aims 

The overall aim of this research chapter is to assess whether encapsulating VEGF 

microspheres within the s5 designed device - referred to as the ‘multiscale porosity 

macroencapsulation device’ - can promote the formation of a substantial vascular network 

at the device surface.  

The specific aims of Chapter 3 were: 

 To investigate whether the addition of VEGF microspheres increased blood vessel 

formation around the multiscale porosity macroencapsulation device using in-vivo 

imaging and ex-vivo immunohistochemical and immunofluorescent staining 

 Assess the morphology of the fibrous capsules surrounding each multiscale porosity 

macroencapsulation device using histological assessment, MicroCT and SEM imaging 

 To characterise the compositions of the resultant fibrous capsules using 

immunofluorescent and histological staining  

 To establish whether the addition of VEGF affected the activation, abundance and 

polarisation of macrophages at the tissue interface capsule using 

immunofluorescent staining 

To achieve these aims, multiscale porosity macroencapsulation devices -/+ VEGF 

microspheres were implanted sub-muscularly in the dorsum of a rodent model for a period 

of 28 days.  
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3.2 Materials and Methods 

3.2.1 Macroencapsulation device and contents 

3.2.1.1 Device fabrication 

Device design and manufacturing was carried out by the O’Cearbhaill Lab, UCD, 

Dublin. I worked very closely with UCD to develop these rodent sized macroencapsulation 

devices, providing design inputs including shape, size and volume parameters. 

 16 devices of dimensions 10 x 20 x 2 mm were fabricated from medical grade 

silicone (Figure 3.1). Devices possessed a porous inner membrane with a micro and macro 

structure: Two membranes are fabricated entirely of salt/silicone solution (12 × 5 µm layers). 

The MED4840 rope-coil layer is extruded onto the surface, followed by over-spraying using 

another two salt/silicone solution layers. The salt was washed out of the membranes over a 

24-hour period. A detailed description of the device manufacture process can be found in 

section 2.2.1 Device Fabrication. Each device was to be filled with 200 μL total of HA gel with 

the addition or absence of VEGF microspheres.  

 

Figure 3.1: Rat sized (10 x 20 x 2 mm) macroencapsulation devices. (a) Photograph of 

devices. (b) MicroCT overview depicting complex surface architecture.  
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3.2.1.2 Hyaluronic acid gel formulation 

These formulations and procedures were carried out by a DRIVE PhD candidate, Liam 

McDonough, RCSI, Dublin. I visited RCSI to receive training in procedure and production of 

gels for this study. 

 200 μL of a 1% native HA hydrogel (Contipro a.s. Czech Republic) formulation was 

injected into each device. For –VEGF devices, a 1 % w/v native HA hydrogel was used to 

accommodate and deliver VEGF microspheres used in this study. For +VEGF devices, a 1 % 

w/v native HA hydrogel with the VEGF microspheres was formulated. This was formulated 

by making a native HA hydrogel with a concentration greater than 1% which was then diluted 

back to 1% with a 25 mg/mL VEGF microsphere suspension. 

3.2.1.3 Vascular Endothelial Growth Factor (VEGF) microsphere formulation 

These procedures were carried out by Dr Karina Scheiner in the Kok Lab, Utrecht 

Institute of Pharmaceutical Sciences, Utrecht University, The Netherlands and InnoCore 

Pharmaceuticals B.V., Groningen, The Netherlands. 

In order to acquire a sustained local delivery of VEGF for a period of 4 weeks, 

monodisperse VEGF-loaded microspheres [Recombinant human VEGF165 (PeproTech Inc. 

Rocky Hill, NJ, USA)] were used (Figure 3.2)[307]. VEGF165 is a heparin-binding homodimeric 

glycoprotein involved in embryonic vasculogenesis and angiogenesis. These VEGF-loaded 

microspheres were prepared with blends of [PCL–PEG–PCL]-b-[PLLA] multiblock copolymers 

with various PEG molecular weight and content, using a solvent extraction-based membrane 

emulsification process. The microspheres had a VEGF loading of 0.79 wt % and loading 

efficiency of 78%. VEGF release is governed by diffusion through the water-swollen polymer 

matrix. Scheiner et al [297,307], the creators, provide a detailed documentation on the 

fabrication of these microspheres. 
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Figure 3.2: Vascular Endothelial Growth Factor (VEGF) microspheres. (a) Morphology of 

VEGF-loaded microspheres [307]. Scale bar=20 μm. (b) Cumulative release of VEGF from 

microspheres based on a 50:50 blend and a target VEGF loading of 1.0 wt %. The release 

study was performed at 37 °C in PBS pH 7.4 supplemented with 0.025% Tween 20 and 

0.02% NaN3. Released VEGF was measured by ELISA (red) and SE-UPLC (blue), and plotted 

as cumulative release (filled blue and red circles, connected by a black line) and as a 

normalized cumulative release (blue and red circles). Normalized cumulative release data 

were fitted using the Korsmeyer–Peppas model (blue and red dotted lines) [307]. 
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3.2.2 Subdermal implantation in rats  

These procedures were carried out by Abiel srl., Palermo, Sicily. I contributed to the 

design and planning of this study, provided direction, travelled to Palermo to receive training 

and witnessed the implantation process, provided support for explantation of implants and 

tissue en bloc, and trained individuals on our tissue fixation and shipping protocols. 

Rodent studies were approved by the Italian Ministry of Health (Authorisation No. 

66/2017-PR). 8 rats RccHan Wistar (ENVIGO) 150/200 g females, age 12 weeks were used 

during this study. Rats were anesthetized by isofluorane and hair was removed in the area 

of implantation on the dorsum. Three incisions were made in each rat. Two of which were 

located to the left and right of the midline in the thoracic portion of the dorsum. Each incision 

cut through the dermis to the muscles of the dorsum. Each rat was implanted with 2 devices 

of the same treatment group (-VEGF or +VEGF) to provide a technical replicate (Figure 3.3). 

Devices were placed in the cavity following enlargement with a pair of scissors and filled. 

Each implant site was closed with 2/3 stitches and the animals were treated with anti-biotic 

ceftriaxone (25 mg/Kg) and painkiller tramadol (4 mg/Kg), for 5 days. Devices were also 

analysed by computerized axial tomography (Capiler CT-Scanner, PerkinElmer). This imaging 

enabled visualisation of the implants to accurately pinpoint its location and monitor its 

position. Before sacrifice at 4 weeks, angiogenesis at the implant site was evaluated using 

Iopamiro 370 staining. This was performed by cannulation of rat tail vein (cannula 22G) and 

continuous perfusion of warmed Iopamiro 370 at 10 mL/hour.  

Images were acquired with FOV73 and FOV40 cameras. Using the OsiriX Lite 

program, low and high resolution images were constructed and used in combination with 

this software to isolate the complex vessel network surrounding each device and provide an 

estimation of vascular volume. Rats were euthanized at 4 weeks, each device and the 

immediate surrounding tissue were extracted. 
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Figure 3.3: Study Design (a) 4 rats were each implanted with 2 multiscale porosity devices 

containing a standard HA gel composition. (b) 4 rats implanted multiscale porosity 

devices containing a standard HA gel with addition of VEGF microspheres (Robert Wylie 

BDes, MSc) 
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3.2.3 Fixation, embedding and staining 

Tissues were fixed overnight using 4% paraformaldehyde (pH 7.4). The tissue 

allocated for histological analysis was then washed in 0.2 M phosphate-buffered saline with 

a final wash in 70% ethanol. Samples were transected in half, orientated and embedded in 

paraffin wax blocks. Sections of 5 μm were cut and stained with Masson’s trichrome, 

picrosirus red and αSMA for fibrous capsule analysis. Additional sections were stained with 

a CD31, αSMA, CD68, CCR7 and CD163 antibodies for analysis of angiogenesis and immune 

response. The staining protocols are provided in detail in Chapter 2. 

3.2.4 Angiogenesis 

3.2.4.1 Blood vessel abundance 

The visualisation of blood vessels was facilitated by immunohistological staining for 

CD31, an endothelial cell marker. A HRP/DAB detection IHC Kit, for use with mouse and rabbit 

primary antibody (ab64264) was used. This kit provides a peroxidase block, a peroxidase 

labelled polymer and a substrate chromogen. The primary antibody used CD31 (ab28364, 

Abcam) (1:200) was incubated for 1 hour at 37 °C. Slides were counterstained with 

haematoxylin and coverslipped using D.P.X. A systemic random sampling strategy was used 

to estimate volume fraction (Vv), Number of Blood Vessels per Unit Area (Na), Length Density 

(Lv) and Radial Diffusion Distance (Rd). These methods of analysis are described in detail in 

section 2.2.8 Angiogenesis in the previous chapter. 

3.2.4.2 Blood vessel maturity 

In order to further analyse the angiogenic response, the abundance of αSMA, a cell 

marker indicative of vessel maturity was quantified. This was to assess whether the vessel 

maturity was influenced by the presence of VEGF microspheres. Immunofluorescent staining 

using CD31 and αSMA primary antibodies is described in detail in section 2.2.8.2 Blood vessel 

maturity in the previous chapter. Immunofluorescence-stained slides were observed using a 

spinning disc inverted confocal microscope (Yokagawa CSU22) combined with Andor iQ 2.3 

software. 20 random fields at of view were acquired at the tissue-device interface. Blood 

vessels positive for αSMA in the fibrous capsule were counted using the ImageJ Cell Counter 

and expressed as a ratio of total.  
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3.2.5 Scanning Electron Microscopy (SEM) 

Each tissue sample was bisected longitudinally to create a cross-section of the device 

and surrounding tissue. Samples were post-fixed overnight in 2.5% glutaraldehyde in 0.2 M 

PBS (pH 7.4). Samples were washed twice in 0.2 M PBS for 10 minutes before dehydration 

through a series of graded alcohols (30%, 50%, 70%, 90% and 100%). Following dehydration, 

samples were transferred to the EMITECH K850 critical point dryer. This removed all 

the liquid in a precise and controlled way, so fragile tissue was not damaged or distorted in 

the process. Samples were then mounted onto aluminium stubs using carbon adhesive tabs. 

An Emscope SC500 was used to lightly sputter coat the samples. Specimens were imaged 

using a Hitachi S2600N Scanning Electron Microscope using a secondary electron detector 

(Vacuum 15 kV, electron Beam 50). SEM images were pseudo-coloured using 

MountainsMap® SEM Color 7.3.7984. 

3.2.6 Fibrous capsule analysis 

3.2.6.1 Fibrous capsule thickness  

Using Masson’s Trichrome with Gomori’s Aldehyde Fuchsin stained tissue sections, 

morphometric and stereological methods were used to analyse the thickness of the fibrotic 

capsule surrounding the encapsulation devices. This method is described in detail in 2.2.6.1 

Fibrous capsule thickness and Figure 2.1 in the previous chapter. 

3.2.6.2 Myofibroblast abundance 

Any stromal spindle cells which stained positive for αSMA, and were not associated 

closely with any CD31+ staining were regarded as myofibroblasts. 20 random fields at of view 

were acquired at the tissue-device interface to assess whether the abundance of 

myofibroblasts was influenced by the presence of VEGF within the devices. The 

immunofluorescent staining procedure is described in 2.2.6.2 Myofibroblast abundance. 

Area Fraction was estimated using the systematic point counting method using Image J (Fiji 

version 2.0.0) software. A random offset stereological square grid was superimposed onto 

the images to provide test points. To calculate area fraction of myofibroblasts, intersections 

falling on αSMA+ and CD31- cells were counted and expressed as a ratio of total intersections 

within the region of interest. 
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3.2.6.3 Collagen organisation and maturity 

For assessment of fibrotic capsule collagen maturity and arrangement, sections were 

stained with picrosirius red and counterstained with fast green as previously described by 

Monaghan et al. [308]  and in section 2.2.6.3 Collagen organisation and maturity of this 

thesis. 

3.2.7 Macrophage response 

The CD68 glycoprotein is commonly used as a pan-macrophage marker secreted by 

monocytes and tissue macrophages. The CD68 immunofluorescence staining is described in 

detail in 2.2.7 Macrophage response. Immunofluorescence-stained slides were observed 

using a spinning disc inverted confocal microscope (Yokagawa CSU22) combined with Andor 

iQ 2.3 software. 20 random fields of view were acquired from each tissue section to analyse 

the volume fraction of macrophages within the fibrous capsule (described in 2.2.7 

Macrophage response). 

3.2.8 Statistical analysis 

GraphPad Prism (8.1.0) was used for statistical analysis. Normality of distribution 

was assessed by the Shapiro-Wilk test. Subsequent parametric and/or non-parametric tests 

were performed.  For parametric data, an unpaired t-test was performed for comparing 

between two groups and a one-way or two-way analysis of variance (ANOVA) with post-hoc 

Tukey’s multiple comparison for comparing between groups. For non-parametric data, a 

Mann-Whitney U was performed for comparing between two groups and a Kruskal-Wallis 

test for comparing more than two groups. Statistical significance was accepted when P<0.05. 

A minimum of two blinded counters were used for analysis. 
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3.3 Results 

3.3.1 X-ray microtomography (Micro-CT) 

Micro-CT imaging was performed on a weekly basis to enable visualisation of the 

macroencapsulation devices to accurately pinpoint their location and monitor position over 

the 4 weeks. Extreme changes to the device position could disrupt the newly forming tissue 

and vasculature surrounding each device. Over the 4-week implantation period, devices 

maintained their position and therefore were approved for further analysis as seen in Figure 

3.4. 

3.3.2 In-vivo analysis of angiogenesis 

Before sacrifice at 4 weeks, Iopamiro 370 staining was performed to permit 

visualisation of the complex vessel network surrounding each device and allow an estimation 

of vascular volume to be calculated.  Qualitative analysis using high resolution imaging 

showed a greater aggregation / density of vessels surrounding the +VEGF devices when 

compared to the vessels surrounding -VEGF devices. Quantitative analysis using the OsiriX 

Lite provided estimation of vascular volume. Normal distribution was observed in both 

groups and an un-paired t-test was performed. A significant increase in vascular network 

volume (*P=0.0132) was observed in the +VEGF group (Figure 3.5). This finding suggested 

that the addition of VEGF microspheres promoted increased formation of vessels 

surrounding the devices. 
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Figure 3.4: Micro-CT images of devices implanted subcutaneously in the dorsal thoracic 

region of rats. (a) Schematic describing orientation of micro-CT images. (b) 

Representative micro-CT images of implanted –VEGF and +VEGF devices at time 0 – 4 

weeks. 
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Figure 3.5: In-vivo evaluation of angiogenesis at 4 weeks. (a) Representative images of 

Iopamiro 370 stained -VEGF and +VEGF devices were captured at both low (FOV73 

camera) and high resolutions (FOV40 camera). (b) Mean volumes of surrounding vascular 

network estimated using the OsiriX lite program. n = 4 per group, data are means ± SD, 

*=P<0.05. 
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3.3.3 Angiogenesis  

3.3.3.1 Blood vessel abundance 

To investigate if the addition of VEGF microspheres promoted neovascularisation at 

the implant surface sections were stained for CD31 (an endothelial cell marker) and 

stereological analysis was performed to quantify blood vessel density surrounding each 

device (Figure 3.6).  Normal distribution was observed in all groups and an unpaired t-test 

was performed. Assessment at the tissue-device interface revealed no significant difference 

in number per unit area (P=0.3288), length density (P=0.3413), and radial diffusion distance 

(P=0.7811) of blood vessels between –VEGF and +VEGF groups.  

3.3.3.2 Blood vessel maturity 

In order to further analyse the angiogenic response, the abundance of αSMA+ blood 

vessels, a marker indicative of vessel maturity was quantified. As blood vessels mature, they 

become abundant in αSMA expressing cells such as smooth muscle cells, myofibroblasts or 

pericytes [269,270]. A ratio of αSMA+ vessels to total CD31+ vessels was obtained using 

confocal microscopy (Figure 3.7). Normal distribution was observed and an unpaired t-test 

was performed. A significantly higher ratio of in αSMA+ vessels was observed in the +VEGF 

group compared to the -VEGF (**P=0.0040).  
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Figure 3.6: Analysis of angiogenesis between the tissue-device interface and the 

panniculus carnosus. (a) Representative Images of CD31 staining of tissue/device 

interface in –VEGF and +VEGF samples. Scale bar = 200 μm. (b) Numerical Density of 

Blood Vessels. (c) Length Density. of Blood Vessels. (d) Radial Diffusion Distance. n = 4 

per group, data are means ± SD.  
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Figure 3.7: Analysis of vessel stability and maturity at the tissue-device interface. (a) 

Representative fluorescent images of αSMA (green) and CD31 (red) staining of –VEGF 

and +VEGF at the tissue/device interface. Scale bar = 50 μm. (b) Ratio of αSMA+ to total 

CD31+ vessels, for analysis of vessel stability and maturity. n = 4 per group, data are 

means ± SD, **=P<0.01. 
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3.3.3.3 Blood vessel diameter 

Subsequently, due to contrasting results an investigation into blood vessel diameter 

was carried out. The lumen diameters of 250-700 CD31+ stained blood vessels were 

measured per animal and were sampled based on unbiased stereological sampling 

techniques. Diameters were represented as mean ± SD (Figure 3.8 (a)). A large variation in 

data was observed contributing to a non-normally distributed population. A non-parametric 

t-test was performed with subsequent Mann Whitney U analysis. Blood vessels surrounding 

devices containing VEGF microspheres demonstrated a significant increase in diameter when 

compared to –VEGF devices (***P=0.0002). A percentage frequency distribution of vessel 

diameters was also constructed in order to display the spread of the data based on diameter 

size (coefficient of variation = 49 vs 60%) (Figure 3.8 (b)).  The majority of vessels were 

between 5-10 µm in diameter. When comparing the size distribution of +VEGF and –VEGF 

devices, fewer +VEGF blood vessel diameters were found in the 5-10 categories with a higher 

proportion of +VEGF vessels found in the 20-35 µm categories when compared to –VEGF 

diameters (median = 7.7 vs 8.2 µm and 90th percentile = 14 vs 16 µm). 
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Figure 3.8: Analysis of blood vessel diameters (a) Blood vessel diameters (b) Percentage 

frequency distribution of blood vessel diameters surrounding –VEGF and +VEGF devices. 

n = 4 per group, data are means ± SD, ***=P<0.001. 
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3.3.4 Scanning Electron Microscopy (SEM) 

SEM was performed in order to examine the relationship between the 

macroencapsulation devices and the surrounding tissue. As demonstrated in the previous 

chapter of this thesis, the inclusion of multiple layers of rope-coil and micro-porosity results 

in excellent tissue integration. This finding was also confirmed in the present study with both 

–VEGF and +VEGF devices exhibiting an excellent propensity for tissue on-growth and 

integration into the surrounding tissue as seen in Figure 3.9.  

3.3.5 Fibrous capsule analysis 

3.3.5.1 Fibrous capsule thickness 

In order to assess whether the addition of VEGF microspheres impacted the degree 

to which devices became incorporated into surrounding soft tissue, a thickness assessment 

was performed on the fibrous capsule surrounding both –VEGF and +VEGF groups. Histology 

was performed on the 4 week explants and fibrous capsule thickness was calculated by 

measuring thickness of the hyper-dense collagen made visible by Masson’s trichrome stain, 

shown in Figure 3.10. Normal distribution was observed in both groups and an unpaired t-

test was performed. No significant difference was found (P=0.3478) between the treatment 

groups indicating that VEGF microspheres do not promote increased fibrous capsule 

formation. 
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Figure 3.9: Representative Scanning Electron Microscopy (SEM) images of-VEGF and 

+VEGF devices. (a) Overview of encapsulation device (pseudo-coloured in brown) in-situ 

with surrounding fibrous capsule (FC). Scale bar = 500 μm. (b) Topological modification 

rope coil (RC) in intimate contact with fibrous capsule (FC). Scale bar = 100 μm. (c) Fibrous 

capsule surrounding rope coil on external surface of +VEGF device. Scale bar = 100 μm. 
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3.3.5.2 Myofibroblast abundance 

The volume fraction of αSMA+ cells within 100 μm of the device interface, excluding 

those associated with CD31+ blood vessels, was estimated using an unbiased stereological 

point counting technique. Normal distribution was observed in both groups and an unpaired 

t-test was performed seen in Figure 3.11. No significant difference was found (P=0.8685) 

between the treatment groups indicating that VEGF microspheres do not promote increased 

abundance of myofibroblasts within the fibrous capsule. This finding generally correlates 

with the fibrous capsule thickness results seen in Figure 3.10 (b). 

3.3.5.3 Collagen organisation and maturity 

Polarised Light Microscopy (PLM) of picrosirius red stained tissue sections was 

performed to better characterise the collagen network surrounding the implanted devices. 

Isotropic orientation of collagen deposition with highly organised collagen structure was 

evident in both treatment groups (Figure 3.12). Similar to the s4 and s5 groups in the 

previous chapter, the collagen structure generated in these groups was arranged into 

bundles orientated parallel to the device surface, forming a fibrous capsule of concentric 

layers intertwined around the external features of the devices. The majority of the fibres 

appeared red/orange implying the presence of mature collagen type I [276–278]. Taken 

together these data suggest that the addition of VEGF microspheres does not influence the 

devices affinity for integration into the surrounding tissue. 
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Figure 3.10: Analysis of the fibrous capsule thickness. (a) Representative Masson’s 

trichrome-stained histological sections of –VEGF and +VEGF groups. Scale bar = 2 mm (b) 

Mean fibrous capsule thickness. n = 4 per group, data are means ± SD.  
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Figure 3.11: Analysis of the volume fraction of myofibroblasts within the surrounding 

fibrous capsule. (a) Representative immunofluorescent images of αSMA stained tissue 

(Blue = Hoechst, Green = αSMA, Red = CD31). (b) Volume fraction of αSMA+ cells. n = 4 

per group, data are means ± SD. 
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Figure 3.12: Analysis of the fibrous capsule and collagen maturity at the tissue device 

interface. Representative polarised light microscopy images –VEGF and +VEGF samples. 

Scale bar = 100 μm. Orange/red= mature collagen, Green= immature collagen. 
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3.3.6 Macrophage response 

3.3.6.1 Macrophage abundance 

To establish whether the addition of VEGF release affected the activation and 

abundance of macrophages within the fibrous capsule, tissue sections were stained with a 

pan-macrophage marker (CD68) (Figure 3.13 (a)). Multinucleated giant cells were apparent 

at device interface in both groups (Figure 3.13 (b)) SEM imaging enabled visualisation of 

immune cell aggregation on the device surface (Figure 3.13 (c)).  Volume Fraction of CD68+ 

cells surrounding each device was calculated. Normal distribution was observed and a 

parametric unpaired t-test was carried out which revealed no significant difference between 

groups (P=0.7014) (Figure 3.13 (d)). 

3.3.6.2 Macrophage polarisation 

To assess the impact of the varying surface characteristics on macrophage 

polarization, tissue sections were co-stained with both CD68/CCR7 and CD68/CD163. The 

ratio of CCR7+ cells to total CD68+ cells was compared to the ratio of CD163 positive cells to 

total CD68+ cells using confocal microscopy images (Figure 3.14 (a)).  Multiple t-tests were 

performed which found no significant differences between M1 or M2 phenotypes between 

–VEGF and +VEGF treatment groups (P=0.13). A significantly higher ratio of CCR7+ 

macrophages (M1) compared to CD163+ macrophages (M2) was seen in both treatment 

group (****P<0.0001), suggesting the majority of macrophages present display an M1, or 

pro-inflammatory phenotype (Figure 3.14 (b)). This data indicates that the presence of VEGF 

microspheres do not evoke an enhanced macrophage response and that macrophage 

populations are consistent across all groups, with a consistent phenotype up to 4 weeks. 
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Figure 3.13: Analysis of the macrophage response at the tissue/device interface. (a) 

Representative fluorescent images of CD68 (red) staining at the tissue/device interface 

of 4 weeks -VEGF and +VEGF devices. Scale bar = 50 μm. (b) Multinucleated foreign body 

giant cells accumulation at the tissue/device interface of a +VEGF sample. Scale bar = 50 

μm. (c) SEM image demonstrating an aggregation of cells on the diffusion membrane of 

the device. Macrophages = blue, Erythrocytes = red, lymphocytes = yellow. Scale bar = 50 

μm. (d) Volume fraction of CD68+ cells. n = 4 per group, data are means ± SD. 
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Figure 3.14: Analysis of the macrophage phenotype surrounding the implanted devices. 

(a) Representative immunofluorescent image of CD68 and CCR7 (M1 phenotype marker) 

and CD68 and CD163 (M2 phenotype marker) for –VEGF and +VEGF treatment groups. 

Scale bar = 20 μm. (b) Volume fraction of CCR7 and CD163 macrophages. n = 4 per group, 

data are means ± SD. M1 vs M2 ****P<0.0001. 
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3.4 Discussion 

In this study we describe a 4-week rapid vascularisation strategy which consisted of 

VEGF microspheres encapsulated within a multiscale porosity encapsulation device, 

implanted sub-muscularly in a rodent model. It has been established that successful 

development of a highly interconnected vascularised network has the potential to resolve 

the diffusion limitations of newly seeded/transplanted islet cells and ultimately reduce the 

time of cellular reconnection to host vasculature and improve islet survival within the 

macroencapsulation device [309–311] . Without sufficient vascularisation, cellular function 

and device efficacy cannot be maintained.  

In vivo analysis of angiogenesis demonstrated a significantly increased (*P=0.0132) 

density of vessels surrounding the +VEGF devices when compared to the vessels surrounding 

-VEGF devices. However, no significant difference was observed in the CD31 histological 

analysis of number of vessels per area, length density and radial diffusion distance. These 

findings were unexpected, contradicting the in vivo angiogenesis analysis and therefore 

warranted further examination of vascularisation. Subsequently, an analysis of vessel 

stability and maturity was carried out which demonstrated a significantly higher (**P=0.004) 

ratio of mature vessels surrounding the VEGF loaded devices. This finding suggested that the 

addition of VEGF, may promote the development of more stable and mature blood vessels. 

Consequently, an investigation into the diameters of the newly formed vasculature was 

performed, as the histological analysis performed did not account for the sizes of the 

vasculature which may account for the larger vessel density seen with in vivo imaging. Blood 

vessels surrounding the +VEGF devices possessed significantly increased diameter 

measurements when compared to –VEGF devices (***P=0.0002). When comparing the size 

distribution of +VEGF and -VEGF devices, fewer +VEGF blood vessel diameters were found in 

the 5-10 µm categories with a higher proportion of +VEGF vessels found in the 20-35 µm 

categories when compared to –VEGF diameters. This increase in vessel diameter and 

maturity correlates with previous in vitro and in vivo studies suggesting that VEGF165 not only 

promotes angiogenic sprouting but may also play a key role in determining lumen diameter 

[312–315]. Interestingly in quail embryos, VEGF165 was shown to induce vessels with large 

lumens by stimulating the fusion of blood vessels [314]. However, Nakatsu et al found the 

process to be dose dependant. Low concentrations (0 ng/mL to 35 ng/mL) of 

VEGF165 promoted growth of long, thin vessels, whereas higher concentrations of VEGF, 

which correlate with the dosage chosen for the present study [297,307], remarkably enhance 

vessel diameter [316].  While VEGF165 was used in this study, it must be acknowledged that 
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several VEGF isoforms exist, each uniquely stimulating the growth of pre-existing 

(angiogenesis) or de novo vessels (vasculogenesis) [317,318]. It’s likely that the ideal 

angiogenic stimulating microsphere must contain more than one of these isotypes in order 

to achieve a more substantial and rounded angiogenic response. 

Our findings also correspond with Trivedi et al. [15], who infused VEGF into 

TheraCyte devices implanted subcutaneously in a rodent model. This study reported a three-

fold increase in blood vessels per field of view in proximity to devices subject to the highest 

dose, compared to an un-infused control. Researchers implanted the Theracyte device for a 

prevascularisation phase of 3 months prior to the introduction of islets. Results of this study 

showed that the required dose of encapsulated islets was reduced 10-fold in the 

prevascularised devices when compared to a device and islets which were simultaneously 

implanted [319].  

In the previous chapter we showed that the 3D printed porous topography of the s5 

implant can increase vascularity in proximity over 2-fold. As this optimal topographical 

design was used in this study, it is expected that it further promoted blood vessel formation 

which is most likely attributed to improved cell attachment, alignment patterns and ability 

to support a vascularised network. Previous studies have suggested that novel surface 

topographies can influence the behaviour of cells however, this response is dependent on 

the dimensions and the specific morphology of the surface topographies utilised [320,321]. 

Brauker et al produced a hugely influential paper in this field which described how 

membrane pore size has a positive correlation to the cell infiltration and an altered foreign 

body reaction that allowed vascular structures to form in close proximity to the device wall 

[301]. In more recent study, greater abundances of blood vessels were formed around a large 

pore mesh in very close proximity to the immunomodulatory membrane which should 

improve mass transfer [322]. Rosengren et al examined the effects of surface roughness by 

implanting smooth and textured low-density polyethylene disks and found observed that the 

smooth topography developed a thicker fibrous capsule [323]. Following this hypothesis, 

Khosravi et al also demonstrated that a nanotopographical surface significantly increased 

peri-implant blood vessel density on days 7, 11, and 28 [324].  

We further investigated the effect of VEGF microspheres on the fibrous capsule 

composition and FBR. Both groups showed an excellent propensity to encourage tissue 

attachment. Thickness measurements of the newly formed hyper-dense collagen deposited 

around the devices was consistent in both treatment groups. These similarities in tissue 
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integration and fibrous capsule thickness correlated with myofibroblast abundance and 

collagen maturity results.  Macrophage activity surrounding the devices was assessed as a 

measure of the FBR [280]. The volume fraction and macrophage phenotype was examined 

at the tissue–device interface and although no significant differences between devices was 

observed, all devices elicited a FBR.  

Like the previous studies, persistently higher levels of the M1 phenotype are seen in both -

/+ VEGF devices [283,286,287]. This data correlates with the volume fraction data, 

suggesting that the addition of VEGF microspheres does not evoke a significantly enhanced 

macrophage response and that macrophage populations are consistent across all groups, 

with a consistent phenotype up to 4 weeks [283,286,287]. 

In conclusion, this data indicated that the addition of VEGF microspheres combined 

with a multiscale porosity device had a statistically increased angiogenic response by 

promoting increased vessel stability, maturity and vessel size within a 4-week period. The 

successful development of a highly interconnected vascularised network demonstrated in 

this study, has the potential to resolve the diffusion limitations of newly seeded/transplanted 

islet cells and ultimately reduce the time of cellular reconnection to host vasculature, 

improving potential islet survival within our macroencapsulation device. The results obtained 

are comparable to published angiogenic analysis performed on devices developed by 

TheraCyte, Beta-O2 Technologies, Defymed and the Sefton Lab, University of Toronto (Table 

3.1). The VEGF microspheres in this study have many potential uses, and could be 

incorporated in the silicone device structure if more complex geometries were desired as 

demonstrated in a previous in vitro strategy [297] 
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Table 3.1:  Summary of published angiogenic analysis surrounding macroencapsulation devices. 

Company / 
Research 
institute 

 
Device 

 
Vascularisation Strategy 

 
Implant site 

Duration of 
Implantation  

Blood 
Vessels 
/mm2 

Volume 
fraction of 

blood 
vessels 

 
Ref. 

DRIVE Project 12 mm disk shaped implants fabricated 
from medical grade silicone with 3D 
printed porous topography 

3D printed porous topography Subcutaneous 2 weeks 375 ± 344 26 ± 10 (See 
Chap. 

2) 

Multiscale porosity macroencapsulation 
device composed of medical grade 
silicone with 3D printed porous 
topography 

VEGF-releasing microspheres within 3D 
printed porous topography devices 

Subcutaneous 4 weeks 155 ± 43 8 ± 0.84 (See 
Chap. 

3) 

TheraCyte TheraCyte Device: Rectangular device 
with outer layer of woven polyester mesh 
(vascularisation membrane), a middle 
layer of 5 μm porosity PTFE and an inner 
layer of 0.4 μm porosity  PTFE 
(immunoisolating membrane) 

VEGF infused at 100 ng/day (low dose) 
and 500 ng/day (high dose) 

Subcutaneous 10 days Low dose : 
133 ± 17 

Data not 
available 

[15] 

High dose: 
75 ± 16 

Beta-O2 
Technologies 

βAir: Circular device composed of two 
hydrophilic porous PTFE membranes 
impregnated with high viscosity 
mannuronic acid alginate acting as an 
immuno-protective barrier 

Platelet micro-particles (PMP) - releasing 
device 

Subcutaneous 3 weeks 150 ± 50 Data not 
available 

[298] 

Defymed Mailpan - Circular device 15 cm in 
diameter composed of a copolymer of 
acrylonitrile and sodium methallyl 
sulfonate 

Pre-vascularisation period of 6 weeks Peritoneal 6 months Data not 
available 

15 ± 7.7 [243] 

Sefton Lab, 
University of 
Toronto. 

Silicone tubes (1.57 mm inner diameter 
(ID) x 3.18 mm outer 109 diameter (OD)) 

Methacrylic Acid copolymer (MAA) -
based coating as a pre-vascularisation 
strategy for a period of 2 and 3 weeks 

Subcutaneous 2 weeks 200 ± 20 Data not 
available 

[481] 
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Chapter 4 

To examine the potential of the multiscale porosity islet 

encapsulation device for the treatment of diabetes in 

STZ-induced diabetic rodents 
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4.1 Introduction 

The current gold standard treatment for type 1 diabetics is administration of daily 

exogenous insulin. This treatment requires life-long patient compliance for accurate blood 

glucose monitoring and daily insulin injections. However, this treatment strategy fails in 

mimicking natural patterns of insulin secretion, as subcutaneous insulin injections suffer 

from suboptimal onset, peak and duration which can ultimately hinder the regulation of 

glucose metabolism [325,326]. 

Pancreatic islet transplantation has been validated as a valuable therapy for T1D 

patients as islets have the ability to provide tight regulation of circulating blood glucose. 

However, the availability of this treatment is limited by the shortage of pancreas donors, the 

low islet yield from each pancreas, the loss of islets proceeding intra-portal islet infusion 

(>60%), and the requirement of lifelong immunosuppression [327,328].  

Encapsulating islets within a semipermeable immunoisolating device represents a 

promising approach to enable replication of the native islet micro- and macro-environment, 

the protection of islet grafts, reduce or eliminate immunosuppression, while simultaneously 

providing a safer platform for the use of alternative cell sources [298,329]. Numerous pre-

clinical studies of encapsulated cells have demonstrated that immunoprotection is 

achievable [231,330–332] however, the same cannot be said for efficacy which can be 

attributed to the hypoxic conditions created by the surrounding biomaterial barrier 

[191,333–335]. The FBR can further impair device functionality due to the development of 

an avascular, collagen-rich capsule around the implant. This dense fibrosis can lead to the 

implant being walled off thus preventing the device from functioning or integrating as 

intended [251]. 

 As discussed previously in Chapter 3, the development and distribution of 

neovascularisation adjacent to encapsulation device surface as well as the spatial 

arrangement of the encapsulated cells is essential. Standard radial diffusion distances can be 

disrupted by macroencapsulation devices, often resulting in extensive hypoxic-induced cell 

death and dysfunction [335–337]. However, in the previous chapters, it was found that the 

degree of tissue integration and vascularity in proximity to the device was shown to increase 

2.5 fold with precisely controlled surface structural complexity. This approach, in 

combination with encapsulated VEGF microspheres presents an improved approach to 

vascularisation that may help resolve the diffusion limitations of current pre-clinical 

encapsulation devices. 
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Likewise, the site of implantation can affect integration, biocompatibility and 

efficacy of the implanted device. The most suitable site for transplantation of 

macroencapsulation devices is widely debated. In clinical islet transplantation, islets are 

infused into the portal vein, as the portal circulation matches the true physiological route of 

insulin release [338]. Typically, insulin is secreted by pancreatic β-cells and reaches the liver 

via the portal vein [339]. This is a crucial metabolic pathway known as the hepatic first-pass 

effect (HFPE), and is required for the maintenance of normoglycemia by increasing the 

concentration of blood glucagon thus preventing hypoglycemia [340,341]. Currently insulin 

is administered subcutaneously, which does not provide an adequate HFPE [342]. 

Historically the peritoneal cavity was a frequently used implantation site favoured 

due to the space available for large implant volume and ease of access [331,343–347]. 

Varying degrees of success have been reported from this site, from exogenous insulin 

independence for 9 months in diabetic patient [345], to gravity-dependent movement, lack 

of vascularisation leading to limited oxygen and nutrient diffusion [292]. However, more 

recent pre-clinical and clinical studies have confirmed that physiological delivery of insulin 

directly to the intra-peritoneal space results in faster pharmacokinetics/pharmacodynamics 

and thus superior glycemic regulation compared to subcutaneous insulin delivery [348–

351].   
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4.1.1 Aims 

The overall aims of this chapter are to optimise intra-peritoneal cavity delivery of 

islets encapsulated within multiscale porosity macroencapsulation devices and to determine 

whether this device can support syngeneic islet survival and function in an STZ-induced Type 

1 model. 

The specific aims of Chapter 4 were: 

 To develop a rodent sized multiscale porosity macroencapsulation device 

 To determine the most efficacious intra-peritoneal surgical and encapsulation 

strategy for the treatment of diabetic rats  

 Assess the morphology of the fibrous capsules surrounding each multiscale porosity 

macroencapsulation device using histological assessment, MicroCT and SEM imaging 

 To characterise the compositions of the resultant fibrous capsules using 

immunofluorescent and histological staining  

 To examine the angiogenic response using immunohistochemical and 

immunofluorescent staining 

 To examine the activation, abundance and polarisation of macrophages at the tissue 

interface capsule using immunofluorescent staining 

To achieve these aims, a hydrogel suspension of VEGF microspheres and syngeneic rat 

islets were encapsulated within multiscale porosity macroencapsulation devices, implanted 

free intra-peritoneally or subsequently sutured to the AAW of STZ-induced diabetic rodents 

for a period of 4-8 weeks.  
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4.2 Materials and Methods 

4.2.1 Isolation and purification of syngeneic islets 

These procedures were carried out by Abiel srl., Palermo, Sicily in accordance with 

device fill volume and gel seeding density as specified in the study design and planning which 

I contributed to. 

Rodent studies were approved by the Italian Ministry of Health (Authorization No. 

1236bbbb). The rodent islet isolation protocol was adapted from Carter et al, for use with 

collagenase enzymes [352]. Rats were euthanised by CO2 asphyxiation and cervical 

dislocation and hair was removed from the abdomen. A door shape incision was made in the 

midline of the abdomen. Once the ribs were removed, the duodenum was identified and 

gently spread to expose the pancreatic tissue and the common bile duct. The bile duct was 

clamped at both ends to prevent flow into the liver and duodenum. Immediately before 

perfusion, 100 μL of thermolysin was added to the 10mL collagenase solution made from 

40U of ColG and 170U ColH, to form the digestion solution. Following cannulation of the bile 

duct, 5mL of digestion solution was perfused into the pancreas which became visible 

distended after 1-3 mL. Once the full volume was perfused the needle was removed followed 

by the removal of the clamps. The pancreas was extracted and transferred to a petri dish 

where excess tissue was removed before being immersed in the remaining 5 mL of digestion 

solution and placed on ice for up to 1 hr.  

The pancreas in digestion solution was agitated at 100RPM at 37°C for 10 minutes to 

digest the tissue further before adding 20 mL of media containing serum to neutralise and 

further dissociate by vigorous shaking. The tubes were then centrifuged and the media was 

replaced by 10mL of fresh media. The cell suspension was then passed through a 0.419mm 

wire sieve to filter out non-digested tissue, fat and lymph. The sieved material was collected 

and washed with fresh media to bring the final volume to 25mL. This was then centrifuged 

to isolate a cell pellet before resuspending in 15mL ice-cold heavy Histopaque-1119 

(1.119g/mL). 20 mL ice-cold light Histopaque-1077 (1.077g/mL) was carefully layered to 

make a sharp interface. Finally, 15 mL of media was layered on top of the Histopaque-1077 

with another sharp interface. The tube containing the gradient was centrifuged at 800G for 

5 min, using the slowest acceleration and deceleration. The islets formed a visible ring at the 

interface and were collected using a pasteur pipette. Finally, the islets were washed thrice. 

Prior to encapsulation the rat islets were pooled into a 5mL volume and 4 x100 μL samples 

were taken for counting.  
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Islets were imaged using a Leica System microscope and measured using the ImageJ 

(Fiji version 2.0.0) software. The islet diameters were compared to table for calculating IEQ 

for human islets from the Integrated Islet Distribution Program (IIDP)[353]. 

4.2.2 Induction of diabetes in rats 

Adult RccHan Wistar rats (ENVIGO) 150/200 g females, age 12 weeks were used 

during this study. Rodent studies were approved by AREC (Authorization No. 66/2017-PR), 

and performed by Abiel Srl (Italy). Subsequent to an 8 hour fasting period, rats were fed 2 

g/kg of glucose via a gastric tube. Circulating blood glucose (BG) levels were monitored 

between 0-180 minutes of this feeding every 3/4 days. Initially the circulating BG levels of 

healthy (non-diabetic) rats were monitored for a period of 4 weeks to establish normal BG 

levels. Following this, an intra-venous injection of 60mg/kg dose of Streptozotocin (STZ) was 

used to induce diabetes. STZ is a broad-spectrum antibiotic that is toxic to the insulin 

producing β-cells of pancreatic islets which is used experimentally to induce diabetes in small 

and large animals studies within 2-4 days [354–359]. Rats exhibiting a repeating basal 

circulating BG level of greater than 300 mg/dL were considered diabetic. Before proceeding 

with transplantation experiments, the BG of 4 rats was analysed for a period of 4-weeks to 

confirm permanency of induced diabetic state.  

4.2.3 Macroencapsulation device and contents 

4.2.3.1 Device fabrication 

These procedures were carried out by Fergal Coulter and the O’Cearbhaill Lab, UCD, 

Dublin. I worked very closely with UCD to develop and enhance these rodent sized 

macroencapsulation devices, providing design inputs including volume, position delivery in 

the peritoneum, suture points, islet dose and oxygenated hydrogels. 

Devices of dimensions 10 x 20 x 2 mm were fabricated from medical grade silicone 

(Chapter 3 Figure 3.1). Devices possessed a porous inner membrane with a micro and macro 

structure: Two membranes are fabricated entirely of salt/silicone solution (12 × 5 µm layers). 

The MED4840 rope-coil layer is extruded onto the surface, followed by over-spraying using 

another two salt/silicone solution layers. The salt was washed out of the membranes over a 

24-hour period. A detailed description of the device manufacture process can be found in 

section 2.2.1 Device Fabrication.  
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4.2.3.2 Native Hyaluronic acid/Perfluorodecalin emulgel formulation with 

incorporation of islets and VEGF microspheres 

These formulations and procedures were carried out by a DRIVE PhD candidate, Liam 

McDonough, RCSI, Dublin. I visited RCSI to receive training in procedure and production of 

gels for this study. 

Lyophilised native hyaluronic acid (natHA; Contipro a.s. Czech Republic) was 

rehydrated in PBS (pH 7.4) up to concentrations of 1.8 % w/v over 1-2 days. Perfluorodecalin 

(PFD) emulsions were prepared by diluting lipoid with PBS and sonicating while immersed 

within an ice bath at 50% amplitude for 7 minutes. The hydrogel was produced by 

homogenization of the 66.78% (w/v) PDF emulsion within the 1.8 % (w/v) Nat/HA hydrogel 

by mixing between 2 syringes. The resulting emulgel is oxygenated by flowing oxygen 

through the emulgel via a Y static mixer. The oxygenated emulgel was mixed and diluted with 

a suspension of 25mg/mL VEGF microspheres and 2400 IEQ in complete media to produce 

the final emulgel formulation to be encapsulated within the devices. 

4.2.4 Intra-peritoneal implantation in rats  

These procedures were carried out by Abiel srl., Palermo, Sicily. I contributed to the 

design and planning of this study, provided direction, performed extensive data 

interpretation and analysis of glucose readings, provided support for explantation of implants 

and tissue en bloc, and trained individuals on our tissue fixation and shipping protocols. 

Rodent studies were approved by the Italian Ministry of Health (Authorisation No. 

1236bbbb). Rats were anesthetized by isofluorane and hair was removed in the area of 

implantation on the abdomen. One incision was made in each rat located in the midline of 

the abdomen. Each incision cut through the dermis to the muscles of the anterior abdominal 

wall. Each implant site was closed with 2/3 stitches and the animals were treated with anti-

biotic ceftriaxone (25 mg/Kg) and painkiller tramadol (4 mg/Kg), for 5 days. Animals were 

partially immunosuppressed by administering mycophenolate mofetil 40 mg/kg and 

ciclosporin 5 mg/kg every day for 2 weeks and then every 3 days for the remainder of the 

experiment. Subsequent to an 8 hour fasting period, rats were fed 2 g/kg of glucose via a 

gastric tube. Circulating blood glucose (BG) levels were monitored between 0-180 minutes 

of this feeding every 3/4 days.  
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4.2.4.1 Implantation of syngeneic islets within a collagen gel 

Corning Collagen Type-I, rat tail, was used at a concentration of 3 mg/ml. This gel 

formulation was prepared by diluting a stock solution of Collagen Type-I, rat tail, with PBS 

(pH 7.4) and neutralising using 1N sodium bicarbonate while sonicating immersed within an 

ice bath at 50% amplitude for 7 minutes. 2,000 IEQ encapsulated within 500 mL of Type-I 

collagen gel was implanted intra-peritoneally in 4 rats. This was performed by making a small 

incision through the abdominal wall and extracting a loop of the large intestine and 

associated mesentery. The gel and cell mixture was placed upon the mesentery’s fan-like 

arrangement, which was sandwiched together before being reinserted into the abdominal 

cavity. After 4 weeks, animals were euthanised and gels with immediate surrounding tissue 

were extracted. 

4.2.4.2 Implantation of syngeneic islets encapsulated within a multiscale porosity 

macroencapsulation device 

Each multiscale porosity device containing HA + PFD + MSPs-VEGF + 2.000 IEQ was 

implanted intra-peritoneally in 4 rats. This was performed by making a small incision through 

the abdominal wall and extracting a loop of the large intestine and associated mesentery 

(Figure 4.1 (a)). The device was placed upon the loop of mesentery (Figure 4.1 (b)) as was 

carefully sandwiched between the mesentery while being carefully reinserted into the 

abdominal cavity (Figure 4.1 (c-e)). After 4 weeks, animals were euthanised and devices with 

immediate surrounding tissue were extracted. 
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4.2.4.3 Implantation of syngeneic islets encapsulated within a multiscale porosity 

macroencapsulation device sutured to the anterior abdominal wall 

Each device containing HA + PFD + MSPs-VEGF + 2.000 IEQ was implanted intra-

peritoneally in 8 rats. Findings from the previous study led to a modification in the design of 

the macroencapsulation device. Two diametrically opposed suture holes were incorporated 

into the device and enabled devices to be sutured to the internal anterior abdominal wall 

(peritoneum) with the configuration peritoneum/omentum/device. Computerised axial 

tomography (Capiler CT-Scanner, PerkinElmer) was performed. This imaging enabled 

visualisation of the implants to accurately pinpoint its location and ensure no movement of 

folding of the device had occurred. Another variation was to support the animals with 

exogenous insulin (1 U/rat) in the first week after transplant in order to prevent immediate 

stress to the transplanted islets as seen in the previous studies. At 8.5 weeks, 4 animals were 

euthanised and each device with immediate surrounding tissue were extracted. The 

remaining 4 rats were anesthetised by isofluorane and had their respective devices removed. 

Their BG levels would be monitored for a further 2.5 weeks to monitor progression back into 

a diabetic state. Explanted devices and surrounding tissue were processed. 

Figure 4.1: Implantation process of multiscale porosity device. (a) Extraction of Large 

intestine and associated mesentery. (b) Device placement upon the mesentery. (c-e) 

Sandwiched device implantation. 
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4.2.5 X-ray microtomography (MicroCT) 

Unstained explanted devices from rats were stored in 70% ethanol and imaged in a 

microCT 100 scanner (Scanco Medical, Switzerland). Samples were scanned at 45 kVp and 

200 µA with a 0.1mm Aluminium filter. Images and videos of each device iteration were 

generated with CTVox software (Bruker, USA). For soft tissue visualisations, samples were 

stained in a solution of 2.5% phosphomolybdic acid in 70% ethanol for 5-7days. μ-CT images 

were captured using the μCT 100 scanner at 70 kVp and 85 µA with a 0.5mm Aluminium 

filter. Images and videos were generated using ImageJ software.   

4.2.6 Scanning Electron Microscopy (SEM)  

Each tissue sample was bisected longitudinally to create a cross-section of the device 

and surrounding tissue. Samples were post-fixed overnight in 2.5% glutaraldehyde in 0.2 M 

PBS (pH 7.4). Samples were washed twice in 0.2 M PBS for 10 minutes before dehydration 

through a series of graded alcohols (30%, 50%, 70%, 90% and 100%). Following dehydration, 

samples were transferred to the EMITECH K850 critical point dryer. This removed all 

the liquid in a precise and controlled way, so fragile tissue is not damaged or distorted in the 

process. Samples were then mounted onto aluminium stubs using carbon adhesive tabs. An 

Emscope SC500 was used to lightly sputter coat the samples. Specimens were imaged using 

a Hitachi S2600N Scanning Electron Microscope using a secondary electron detector 

(Vacuum 15 kV, electron Beam 50). SEM images were pseudo-coloured using 

MountainsMap® SEM Color 7.3.7984. 

4.2.7 Fixation, embedding and staining 

Tissues were fixed overnight using 4% paraformaldehyde (pH 7.4). The tissue 

allocated for histological analysis was then washed in 0.2 M phosphate-buffered saline with 

a final wash in 70% ethanol. Samples transected in half, orientated and embedded in paraffin 

wax blocks. Sections of 5 μm were cut and stained with Hematoxylin and Eoin, Masson’s 

trichrome and αSMA for fibrous capsule analysis. Additional sections were stained with a 

CD31, αSMA, CD68, CCR7 and CD163 antibodies for analysis of angiogenesis and immune 

response. The staining protocols are provided in detail in Chapter 2. 
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4.2.8 Polarised Light Microscopy (PLM) 

4.2.8.1 Picrosirius red staining 

Slides underwent 2 x 10 minute changes of xylene to remove the paraffin present. 

Xylene is then removed by two changes of absolute alcohol before bringing to water through 

95%, 70% and 50% alcohols. Alcohol is removed in running tap water for 2 minutes. Slides 

are stained in 0.1% Fast Green for 45 minutes before washing in tap water for 2 minutes. 

Slides are then stained in 0.1% sirus red in saturated picric acid for 1 hour. Slides were then 

dehydrated through graded alcohols and cleared in two changes of xylene. The slides are 

cover slipped using DPX mounting medium and left to dry. 

4.2.8.2 Polarised light imaging  

Two polarised images of the fibrous capsule were captured using Capture 2.0 

software using the Olympus BX43 polarised light microscope (Mason Technology Ltd. Dublin, 

Ireland). The images were captured at 20x magnification in 10 regions of interest of the 

fibrous capsule. The exposure time was set to 600 ms and light intensity was kept constant. 

First, the polariser positioned on the light path before the sample and the second polariser 

(analyser) were set to 90 and 0 degrees, respectively. For the second image these were set 

to 135 and 45 degrees, respectively. The two captured images were added together using 

the MAX function in ImageJ software enabling a complete view of the collagen fibres present. 

4.2.8.3 Image analysis 

4.2.8.3.1 Collagen fibre colour under polarised light 

The total area covered by collagen was first calculated in number of pixels, using 

ImageJ. This was achieved through adjusting the brightness from approximately between 50 

and 65 up until 255 and selecting the highlighted area. This excluded the dark background of 

the images. Then, using colour thresholding and selecting consistent hue ranges, the areas 

of collagen that was red, orange, yellow or green was recorded separately for each colour in 

pixels. The colour thresholds used were; Red (0-9 and 185-255), Orange (10-38), Yellow (39-

51), and Green (52-184). Calculations were carried out as follows; 

 

% of collagen fibres area that is red or orange =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑅𝑒𝑑 𝑃𝑖𝑥𝑒𝑙𝑠+𝑂𝑟𝑎𝑛𝑔𝑒 𝑃𝑖𝑥𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑃𝑖𝑥𝑒𝑙𝑠
𝑥

100

1
  

% of collagen fibres area that is yellow or green =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑌𝑒𝑙𝑙𝑜𝑤 𝑃𝑖𝑥𝑒𝑙𝑠+𝐺𝑟𝑒𝑒𝑛 𝑃𝑖𝑥𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑃𝑖𝑥𝑒𝑙𝑠 
𝑥

100

1
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4.2.8.3.2 Collagen fibre coherency under polarised light 

The coherency of the collagen fibres was evaluated for the polarised images using 

the OrientationJ plugin on ImageJ, based on Fourier Transform analysis. The images were 

each converted to 32-bit for this image analysis process. For each image, the Dominant 

Direction function was used. The Dominant Direction function determines the most common 

direction/ orientation of the fibres. This function also determines how random or uniform 

the image is as a whole on a scale from 0 (random) to 1 (uniform). For example, if every line 

in the image was travelling in the same direction then the coherency value would be 1. 

4.2.9 Statistical analysis 

Statistical analysis was performed using GraphPad Prism (8.1.0) was used. Normality 

of distribution was assessed by the Shapiro-Wilk test. Subsequent parametric and/or non-

parametric tests were performed.  For parametric data, an unpaired t-test was performed 

for comparing between two groups and a one-way or two-way analysis of variance (ANOVA) 

with post-hoc Tukey’s multiple comparison for comparing between groups. For non-

parametric data, a Mann-Whitney U was performed for comparing between two groups and 

a Kruskal-Wallis test for comparing more than two groups. Statistical significance was 

accepted when p<0.05. A minimum of two blinded counters were used for analysis. 
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4.3 Results 

4.3.1 Induction of diabetes in rats 

Prior to establishing a robust diabetic rat model, the circulating BG levels of healthy 

(non-diabetic) rats were monitored for a period of 4 weeks to establish normal fasting BG 

levels (Figure 4.2 (a)). These results demonstrate that the average value for fasting BG 

concentration was 100 mg/dL, which remained consistent over the 4-week period. 

Pancreatic islets exhibited a normal morphology as seen in Figure 4.2 (b).  Following, an intra-

venous injection of STZ, circulating BG levels were measured for a period of 4 weeks. All rats 

exhibited erratic fasting BG concentrations and considered diabetic once fasting BG was 

greater than 200 mg/dL (Figure 4.2 (c)).  In contrast to islet morphology seen in healthy rats, 

the induction of diabetes caused disruption to islet morphology with a marked visible 

reduction of insulin producing β–cells (Figure 4.2 (d)). Before proceeding with 

transplantation experiments, the concentrations were analysed for a period of 4-weeks to 

confirm permanency of induced diabetic state. 

4.3.2 Implantation of syngeneic islets within a collagen gel 

Circulating BG levels of transplanted rats were monitored for a period of 4 weeks to 

establish the efficacy of collagen gel encapsulated islets. Fasting BG concentrations indicated 

a partial reversion of diabetes within 2.5 weeks, demonstrating an average value below 200 

mg/dL, a value within the condition of "normal". However, BG concentrations become more 

erratic between 2.5 and 4 weeks with values at 3 and 4 weeks >300 mg/dL (Figure 4.3 (a)). 

After 4 weeks, animals were euthanised and gels with immediate surrounding tissue were 

extracted. Masson trichrome staining of the gels demonstrated a highly irregular 

arrangement of islet cells with few islets exhibiting normal morphology (Figure 4.3 (b)).  

Immunofluorescent staining of insulin and glucagon positive cells confirm this highly irregular 

arrangement with no obvious islet morphology (Figure 4.3 (c)). Cells positive for insulin or 

glucagon were present however, did not appear throughout the collagen gel construct. To 

assess the impact of gel-encapsulated islets on macrophage abundance and polarization, 

tissue sections were co-stained with both CD68/CCR7 and CD68/CD163 (Figure 4.3 (d)). This 

image data demonstrated that macrophages had infiltrated the gel Volume fraction and 

number per mm3 of CD68+ cells was largely consistent across all three animals (Figure 4.3 (e-

f)). The ratio of CCR7+ cells to total CD68+ cells was then compared to the ratio of CD163 

positive cells to total CD68+ cells which demonstrated a higher ratio of CCR7+ macrophages 

(M1) compared to CD163+ macrophages (M2), suggesting that the majority of macrophages 

present display an M1, or pro-inflammatory phenotype (Figure 4.3 (g)).  
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Figure 4.2: Establishing STZ-induced diabetic rats (a) Representative fasting blood glucose 

concentrations (mg/dL) for healthy, non-diabetic (ND) rats. (b) Representative 

immunofluorescent image of healthy rat pancreas with functional islets (Hoechst, blue; 

Glucagon, green; Insulin, red) Scale bar = 200 µm. (c) Representative fasting blood glucose 

concentrations (mg/dL) for STZ-induced diabetic (D) rats. (d) Representative 

immunofluorescent image of STZ-induced diabetic rat pancreas with malformed islets 

(Hoechst, blue; Glucagon, green; Insulin, red) Scale bar = 200 µm. n = 3-4 per group. 
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4.3.3 Implantation of syngeneic islets encapsulated within a multiscale porosity non-

sutured macroencapsulation device  

Circulating BG levels of transplanted rats were monitored for a period of 4 weeks to 

establish the efficacy of a hydrogel-based macroencapsulation of islets within a non-sutured 

multiscale porosity device. All rats exhibited erratic fasting BG concentrations of >200 mg/dL 

(Figure 4.4 (a)). These results were consistent with BG concentrations of diabetic rats and 

thus did not successfully revert the diabetic status of the animal. As seen in previous 

chapters, Micro-CT imaging was performed to enable visualisation of the 

macroencapsulation devices to accurately pinpoint their location and monitor movement 

over the 4 weeks. Significant changes to the device position could ultimately disrupt the 

newly forming tissue and vasculature surrounding each device affecting islet viability and 

efficacy. As seen in Figure 4.4 (b) devices did not maintain their correct configuration and 

position, slipping and folding into the infero-lateral portion of the abdomen, which may 

account for the impaired functionality of implanted islets. 

 

Figure 4.3: Islet cell encapsulation within a collagen gel implanted intra-peritoneally. (a) 

Fasting blood glucose concentrations (mg/dL) for diabetic rats treated with islets 

encapsulated within a collagen gel for 4 weeks. n = 3 per group. (b) Masson’s trichrome 

image of collagen encapsulated islets in rat C2, with high magnification demonstrating 

one islet structure (circled in yellow). Scale bars = 200 µm & 20 µm. (c) Representative 

immunofluorescent images of islets encapsulated within collagen gel (Hoechst, blue; 

Glucagon, green; Insulin, red). (d) Representative immunofluorescent image of CD68 and 

CCR7:M1 phenotype marker (Hoechst, blue; CCR7, green; CD68, red) and CD68 and 

CD163:M2 phenotype marker (Hoechst, blue; CD163, green; CD68, red). Scale bar = 20 

μm. (e) Volume fraction (%) of CD68+ cells. (f) Number of CD68+ (pan-macrophage 

marker) cells per volume. (g) Volume fraction of CCR7+ and CD163+ to total CD68+ 

macrophages. n = 1 per group, data are represented as means ± SD, n = 3 per group. 



  Chapter 4 

155 
 

 

Figure 4.4: Non-sutured macroencapsulation devices containing islets implanted intra-

peritoneally. (a) Fasting blood glucose concentrations (mg/dL) of non-sutured 

macroencapsulation devices (NSM) containing islets. (b) Micro-CT images of non-sutured 

devices in-situ to accurately monitor movement and associated explantation images of 

NSM-1 to 4 in-situ within the abdominal cavity. Devices are labelled with red asterisks. n 

= 4. 
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Figure 4.5: Micro-CT imaging of non-sutured macroencapsulation devices containing 

islets implanted intra-peritoneally. (a) Micro-CT cross section of islet encapsulation 

device. (b) A volumetric rendering of implant after microCT demonstrating the fibrous 

capsule (turquoise) and device contents; islets and VEGF microspheres (purple). Scale bar 

= 100 μm. 
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4.3.4 MicroCT Analysis of the multiscale porosity non-sutured macroencapsulation 

device  

The development of a surrounding fibrous capsule was verified by microCT imaging 

shown (Figure 4.5 (a)). While there is some delamination of tissue from the device most likely 

due to sample processing, an imprint of the contours of the surface of the devices can be 

seen in various regions of the cross-sectional image.  Evidence of encapsulated islets and 

VEGF microsphere structures can be seen within the device. A 3D volumetric rendering of 

the device and contents was generated using the microCT data which successfully 

demonstrates the surrounding fibrous capsule (turquoise) and device contents; islets and 

VEGF microspheres (purple) (Figure 4.5 (b)).  

4.3.5 Implantation of syngeneic islets encapsulated within a multiscale porosity 

macroencapsulation device sutured to the anterior abdominal wall 

Findings from the previous study, section 4.3.3, led to a modification in the design of 

the macroencapsulation device. Two diametrically opposed suture holes were incorporated 

into the device and enabled devices to be sutured to the internal anterior abdominal wall. 

Circulating BG levels of transplanted rats were monitored for a period of 4 weeks to establish 

the efficacy of a hydrogel-based macroencapsulation of islets within a sutured multiscale 

porosity device. 

Four out of n=8 rats (S-1, S-3, S-5 and S-6) demonstrate an average fasting BG 

concentration of 100 mg/dL, indicative of successful reversion of diabetes (Figure 4.6 (a)). 

Fasting BG concentrations of S-2 and S-4, indicate a partial reversion of the diabetes, while 

S-7 and S-8 (non-responders) exhibited inconsistent fasting BG concentrations of ≥200 

mg/dL. These results were more consistent with BG concentrations of diabetic rats and thus 

did not successfully revert the diabetic status of each animal. Micro-CT imaging confirmed 

maintenance of device configuration and position, which could account for more positive 

outcome of this study (Figure 4.6 (b)). 

Taken together the fasting BG concentrations of rats implanted with non-sutured 

(n=4) and sutured devices (n=8) were compared to the standard non-diabetic (n=3) and 

diabetic (n=4) mean readings ± SD (Figure 4.7). This graph demonstrates the stark difference 

between non-sutured and sutured devices. By simply suturing the device to the anterior 

abdominal wall BG concentrations can be maintained to within the non-diabetic fasting 

range  
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Figure 4.6: Sutured macroencapsulation devices containing islets intra-peritoneally. (a) 

Fasting blood glucose concentrations (mg/dL) of sutured devices (S) containing islets for 

8.5 weeks. (b)  Micro-CT images of sutured devices in-situ to accurately monitor 

movement at 3 weeks post implantation. n = 8. 
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4.3.6 Analysis of blood glucose levels 2.5 weeks following explant of devices  

Responder rats S-1, S-3, S-5 and S-6, which demonstrated successful reversion of 

diabetes for 8 weeks in section 4.3.4 were chosen for further analysis. At 8.5 weeks, these 

four rats were anesthetised by isofluorane and had their respective devices removed. Their 

BG levels were tested at 2.5 weeks to monitor progression back into a diabetic state. 

Following feeding, the percentage reduction in BG concentration between feed-induced 

hyperglycemia and return to basal BG levels was calculated (Figure 4.8 (a)). This 

measurement would demonstrate the ability of each rat to maintain glycemic control 

without intervention.  At 8.5 weeks, prior to explant, three of the n=4 (S3, S-5 and S-6) 

demonstrated a 30-85% reduction compared to 0-15% reduction in circulated blood glucose 

at 2.5 weeks post explant. In contrast, the percentage reduction in rat S-1 increases from 8 

to 20% at 2.5 weeks post explant. Animals were euthanised and each pancreas was 

processed for histological analysis. Immunofluorescent staining of insulin and glucagon 

positive cells within each pancreas demonstrate highly disrupted islet morphology (fig) which 

corresponds with typical diabetic islet morphology as shown in Figure 4.8 (b). 

 

Figure 4.7: Summary fasting blood glucose concentrations (mg/dL) for 0-8 weeks. n = 3-8 

per group, data are means ± SD. 
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Figure 4.8: Analysis of blood glucose levels 2.5 weeks following explant of devices & 

histological analysis of associated pancreatic tissue. (a) Percentage reduction in blood 

glucose at 8.5 weeks of implantation and 2.5 weeks after explant.  (b) Representative 

immunofluorescent images of pancreases several weeks following explant of devices 

(Hoechst, blue; Glucagon, green; Insulin, red). Scale bar = 200 µm.  n = 4 per group, data 

are represented as means ± SD. 
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Figure 4.9: SEM imaging of sutured macroencapsulation devices with associated 

surrounding tissue. (a) Overview image of sutured device demonstrating 

integration into the surrounding tissue. Scale bar = 500 μm. (b) Image of rope-coil 

surface feature integrated into the surrounding tissue. Scale bar = 200 μm.  (c) High 

mag image of VEGF microspheres (light red), red blood cells (red), leucocytes 

(yellow) and macrophage (green). Scale bar = 20 μm. 
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4.3.7 Analysis of the fibrous capsule surrounding sutured macroencapsulation device 

4.3.7.1 Scanning Electron Microscopy (SEM) 

SEM was performed in order to examine the development and integration between 

the macroencapsulation devices and the surrounding tissue. As demonstrated in the 

previous chapter of this thesis, the inclusion of multiple layers of rope-coil and micro-

porosity results in excellent tissue integration (Figure 4.9 (a)).  

4.3.7.2 Fibrous capsule thickness 

To assess the degree of fibrous capsule development surrounding the sutured 

macroencapsulation devices, a thickness assessment was performed of the newly formed 

hyper-dense collagen made visible by Masson’s trichrome stain (Figure 4.10 (a)). 

Representative images of fibrous capsule surrounding non-responders (S-7 and S-8) and 

strong responders (S-1, S-3, S-5 and S-6) are shown in Figure 4.10 (b).  Fibrous capsule 

thickness ranged from 25-50 μm across the eight devices. 

4.3.7.3 Myofibroblast abundance 

The volume fraction of immunofluorescent labelled αSMA+ cells within 100 μm of 

the device interface was estimated using an unbiased stereological (Figure 4.10 (c)) point 

counting technique. The volume fractions ranged from <0.1-0.25 (Figure 4.10 (d)). These 

findings correlated with the fibrous capsule thickness results seen in Figure 4.10 (b) the 

exception of devices S-2 and S-7 which demonstrated lowest volume fraction of 

myofibroblasts while simultaneously exhibiting the thickest capsules. 
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Figure 4.10: Analysis of fibrous capsule formation around sutured macroencapsulation 

devices. (a) Representative Masson’s trichrome images of the fibrous capsule 

surrounding a glucose non-responder and responder Scale bar = 100 µm. (b) Fibrous 

Capsule thicknesses (µm). (c) Representative immunofluorescent image for analysis of 

myofibroblast abundance (Hoechst, blue; αSMA, green; CD31, red). Scale bar = 20 µm.  

(f) Volume fraction of αSMA+ cells (myofibroblasts) within the fibrous capsule. n = 1 per 

group, data are represented as means. 

 



  Chapter 4 

164 
 

 

Figure 4.11: Analysis of fibrous capsule composition around sutured macroencapsulation 

devices using polarised light microscopy. (a) Representative PLM images of the fibrous 

capsule surrounding a glucose non-responder and responder Scale bar = 100 µm. (b) 

Percentage of the collagenous fibrous capsule composed of yellow and green or red and 

orange. (c) Quantification of the directional uniformity (coherency) of collagen fibres. n 

= 1 per group, data are represented as means ± SD. 
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4.3.8 Analysis of fibrous capsule composition around sutured macroencapsulation 

devices using polarised light microscopy 

To characterise the collagen network surrounding the sutured macroencapsulation 

devices, a picrosirius red stain and PLM was performed (Figure 4.11). Representative images 

of the collagenous fibrous capsule surrounding non-responders (S-7 and S-8) and strong 

responders (S-1, S-3) are shown in Figure 4.11 (a).  Analysis of collagen fibre colour 

demonstrated that > 80% of collagen fibres were red or orange in appearance, implying the 

presence of mature collagen type I. The remaining 20% was composed of green and yellow 

fibres (thin, collagen type III-like) indicative of an earlier remodelling phase[276–278]. This 

increased proportion red/orange fibres is indicative of a more mature and established 

fibrous capsule however, this proportion did not differ between responders and non-

responders (Figure 4.11 (b)). Quantification of the directional uniformity (coherency) which 

determined how random or uniform the fibres are as a whole on a scale from 0 (random) to 

1 (uniform) demonstrated values <0.5 in all groups (Figure 4.11 (c)). This suggested that 

collagen organisation was more anisotropic. 

4.3.9 Analysis of the angiogenesis surrounding sutured macroencapsulation devices 

4.3.9.1 Blood vessel abundance 

To investigate the degree of neovascularisation development surrounding the 

sutured macroencapsulation devices, tissue sections were stained for CD31, an endothelial 

cell marker, and stereological analysis was performed to quantify blood vessel density 

surrounding each device Representative images of the CD31 stained fibrous capsule 

surrounding non-responders (S-7 and S-8) and strong responders (S-1, S-3, S-5 and S-6) are 

shown in Figure 4.12 (a). The number of blood vessels per unit area ranges between 250-

650, length density ranging from 500-1200, and quite similar radial diffusion distances of 15-

24 µm across all devices (Figure 4.12 (b-d)). 

4.3.9.2 Blood vessel maturity 

In order to further analyse the angiogenic response, the abundance of αSMA+ blood 

vessels, a marker indicative of vessel maturity was quantified. A ratio of αSMA+ vessels to 

total CD31+ vessels was obtained using confocal microscopy (Figure 4.12 (e, f)). From this 

analysis, it was demonstrated that 50-80% of blood vessels were classified as mature. 
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Figure 4.12: Analysis of angiogenesis surrounding sutured devices. (a) Representative 

CD31 stained histological image. Scale bars = 200 µm. (b) Number of blood vessels per 

mm2. (c) Length density. (d) Radial diffusion distance. (e) Representative 

immunofluorescent image for analysis of vessel maturity and stability (Hoechst, blue; 

αSMA, green; CD31, red). Scale bar = 20 µm.  (f) Ratio of αSMA+ blood vessels to total 

blood vessels. n = 1 per group, data are represented as means. 
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4.3.10 Analysis of the macrophage response surrounding sutured macroencapsulation 

devices 

To assess the impact of a sutured multiscale porosity device on macrophage 

abundance and polarization, tissue sections were co-stained with both CD68/CCR7 and 

CD68/CD163 (Figure 4.13 (a)).  Representative immunofluorescent images show 

macrophage aggregation directly at the tissue-device interface. Volume fraction of CD68+ 

cells demonstrated that 10-21% of the volume of the capsule is composed of macrophages 

(Figure 4.13 (b)).  The number of CD68+ cells per mm3 varied as strong responders S-1 and S-

3 demonstrated a reduced response compared to other device (Figure 4.13 (c)). The ratio of 

CCR7+ cells to total CD68+ cells was then compared to the ratio of CD163 positive cells to 

total CD68+ cells which demonstrated a higher ratio of CCR7+ macrophages (M1) compared 

to CD163+ macrophages (M2), suggesting that the majority of macrophages present display 

an M1, or pro-inflammatory phenotype (Figure 4.13 (d)). 

4.3.11 Comparison of histological analysis of devices sutured to the anterior abdominal 

wall vs submuscular implantation  

To assess whether the implantation duration and site of the multiscale porous 

devices affected fibrous capsule composition, angiogenic and macrophage responses, the 

histological results were directly compared. Fibrous capsule thickness assessments 

performed demonstrated a 2-fold increase in capsule thickness in the submuscular vs 

sutured AAW devices (****P<0.0001) with little variation in the volume fraction of 

myofibroblasts (Figure 4.14 (a, b)). Interestingly the reduced fibrous capsule thickness 

exhibited a 3-fold increase in the number of blood vessels per area (****P=0.0001), and thus 

demonstrated a significant reduction in the radial diffusion distance between vessels 

(**P=0.004) and increased vessel maturity (*P=0.0136) when compared to the submuscular 

devices (Figure 4.14 (c-e)). However, this increase in the angiogenic response was associated 

with a 3-fold increase in the volume fraction of macrophages (***P=0.0004) (Figure 4.14 (f)). 

This data indicates that a pre-peritoneal space may be an ideal site for implantation due to 

its reduced fibrous capsule thickness and increased angiogenic response when compared to 

the submuscular implantation in the dorsum. The increase in macrophage response is 

possible associated with the formation of this rich vascular network. 
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Figure 4.13: Analysis of the macrophage response surrounding sutured devices. (a) 

Representative immunofluorescent image of CD68 and CCR7:M1 phenotype marker 

(Hoechst, blue; CCR7, green; CD68, red) and CD68 and CD163:M2 phenotype marker 

(Hoechst, blue; CD163, green; CD68, red). Scale bar = 20 μm. (b) Volume fraction (%) of 

CD68+ cells. (c) Number of CD68+ (pan-macrophage marker) cells per volume. (d) Volume 

fraction of CCR7+ and CD163+ to total CD68+ macrophages. n = 1 per group, data are 

represented as means, M1 vs M2 ****P<0.0001. 
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Figure 4.14: Comparing histological analysis of devices sutured to the Anterior Abdominal 

Wall (AAW) vs submuscular implantation (Chapter 2) (a) Fibrous Capsule thicknesses 

(µm). (b) Volume fraction of αSMA+ cells (myofibroblasts) within the fibrous capsule. (c) 

Number of blood vessels per mm2. (d) Radial diffusion distance (µm). (e) Ratio of αSMA+ 

blood vessels to total blood vessels. (f) Volume fraction (%) of CD68+ cells. n = 4-8 per 

group, data are represented as means ±SD *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. 
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4.4 Discussion 

To develop an efficacious islet encapsulation system, one must recognise the 

complex relationship between, device design, islet quality, implantation site, and integration 

into the host site. In this study, we describe the optimisation of intra-peritoneal transplant 

methodology to achieve adequate angiogenic and tissue integration for increased viability 

and long-term efficacy of encapsulated syngeneic islets. 

Identification of alternative, extrahepatic sites for islet transplantation has been 

extensively examined in preclinical studies such as the spleen [360], renal capsule [361], 

muscle [362], gastric submucosa [363], intestinal submucosa [364], venous sac [365], 

omentum [193],  bone marrow [366] and peritoneum [367]. Traditionally intra-peritoneal 

implantation of encapsulated islets is associated with some sub-optimal performance due to 

lack of integration, development of an avascular fibrous capsule, gravity-mediated 

aggregation and impaired graft viability and functionality [347,368–370]. However, this site 

maintains its attractiveness due to its ability to absorb insulin directly into the portal system 

to facilitate HFPE [350,371,372] and also its ability to host a macroencapsulation device in 

rodent models. Most successes are limited to rodent models or in vitro experimentation but 

despite this, intra-peritoneal implantation of micro- and macro-encapsulation is frequently 

chosen for clinical trials [373–376].  

These suboptimal findings were reflected by both gel encapsulation and non-sutured 

macroencapsulation of islets within the peritoneal cavity. Both implantation approaches 

demonstrated largely erratic fasting blood glucose concentrations above 200 mg/dL, 

consistent with diabetic levels (Figure 4.7). Histological analysis of gel-encapsulated islets 

revealed disrupted islet morphology and the infiltration of macrophages throughout the cell 

graft (Figure 4.3 (d-g)) which most likely reduced the therapeutic potential of these cells. 

MicroCT visualisation of the non-sutured macroencapsulation devices demonstrate extreme 

changes to the device configuration and position over the 4-week implantation period 

(Figure 4.4 (b)). This movement disrupted tissue integration and the development of a highly 

interconnected vascularised network which potentially compromised islet survival. 

Optimisation of the implantation procedure by suturing the macroencapsulation 

device internally to the pre-peritoneal site resulted in a positive functional read out for the 

encapsulated islets possibly indicative for improved efficacy of encapsulated cells (Figure 4.6 

(a)). As devices maintained their configuration and position throughout the implantation 

period, the potential for tissue integration and vascularisation increased.  
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Typically, peritoneum has an imperative role in effective solute transport, which 

constitutes the rationale for peritoneum dialysis and attributes do its rich vascularisation 

[377]. Over a period of 8 weeks, over half (6/8) of implanted rodents achieved graft-derived 

insulin levels, sufficient to prevent STZ-induced hyperglycemia (Figure 4.6 (a)).   

Unlike intra-peritoneal implantation, subcutaneous transplantation is hugely 

popular among the most current encapsulation systems, such as βAir [230,298], Viacyte 

[220–223], Mailpan [378] and Sernova’s Cell Pouch [182,234] from preclinical through to 

clinical trials. Although popular, an unaltered subcutaneous site has produced no evidence 

that cells transplanted can ameliorate diabetes in humans or in animal models, hypothesized 

in part to be a result of poor neovascularisation [20,379–381]. These findings directed 

investigations into alternative transplant sites. However, subcutaneous sites have many 

beneficial attributes compared to other sites due to its large transplantable surface area, 

accessibility, availability for biopsy, imaging, retrieval without compromise to collateral 

organs and translatability from small to large animal models. While these attributes are 

attractive for encapsulation systems they are balanced with reduced vascularity and tissue 

oxygen tension compared to other more richly vascularised sites which are also suited for 

transplant [382]. In order to reap the benefits of subcutaneous sites, encapsulation systems 

must utilise novel polymers or surface topographies to promote vessel formation that can 

significantly enhance neovascularisation [191,301,302]. Alternatively rapid vascularisation in 

the vicinity of devices could be promoted by previously reported potent angiogenic 

molecules such as  VEGF, fibroblast growth factor, hepatocyte growth factor, insulin-like 

growth factor, angiopoietin-1, and angiopoietin-2 [383,384]. Protein-based delivery of 

growth factors such VEGF, can facilitate the controlled release of angiogenic stimuli 

[192,259,304,305] and has been associated with enhanced engraftment and islet function 

within encapsulation strategies [293,306]. These strategies are discussed in Chapter 3. 

In conclusion, the combination of an optimised intra-peritoneal implantation 

procedure and a multiscale porosity encapsulation device can facilitate efficacious islets and 

the maintenance of normoglycemia in diabetic rodents for up to 8 weeks. By choosing a site 

with abundant endogenous vasculature with the possibility for proangiogenic manipulation, 

it can enable the development of a highly interconnected vascularised network surrounding 

the encapsulation device. This network largely mirrors the natural physiological 

vascularisation of the native pancreas, and can provide adequate oxygenation and nutrient 

supply for active and sustained engraftment.
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Chapter 5 

To examine the scalability and functionality of multiscale 

porous islet encapsulation devices in an STZ-induced 

diabetic porcine model
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5.1 Introduction 

Promising approaches for islet cell encapsulation are translated through large animal 

models that ultimately pave the way to proceed to Phase I and II of clinical trials in human 

subjects. In this chapter we aim to detail the first steps in translating a rodent sized multi-

scale porous device to a large scale, functional macroencapsulation device implanted in a 

diabetic porcine model.  

As discussed in Chapter 4, the site of implantation can affect integration, 

biocompatibility and efficacy of the implanted device. The most suitable site for 

transplantation of macroencapsulation devices is widely debated. However, investigating 

novel implant sites is limited by the wide spread use of rodent models in the evaluation of 

devices. These animal models are insufficient for the identification of novel sites due to the 

scale of rodent anatomy, preventing examination of potential spaces which are easily 

accessible in humans. The requirement for more appropriate implant sites is highlighted by 

advances in encapsulated β-cell replacement therapy. Encapsulating islets within an 

immunoisolating device represents a promising approach to enable protection of islet grafts, 

reduce or eliminate immunosuppression, while simultaneously providing a safer platform for 

the use of alternative cell sources [168,208,385]. The restoration of glycemic control in 

animal studies has resulted in several encapsulation technologies advancing to late 

preclinical/early clinical testing [203,208,332,386]. However, efficacious implant sites in 

rodents, for examples the kidney capsule, will lack the ability to host a human-sized implant 

due to inaccurate anatomical correlation, thus precluding the delivery of cells [387,388]. 

To fully appreciate the benefits of islet cell encapsulation, a more appropriate 

implant site must be identified. Such a site must be clinically accessible through a low risk 

procedure, enable long term monitoring of islet function, enable retrievability in the event 

of a complication, and provide a suitable environment for the safeguarding of efficacious 

islet cell function. For this study, three potential sites within the Anterior Abdominal Wall 

(AAW) were identified due to their ability to accommodate a macroencapsulation device. 

The transversus abdominus plane (TAP) is a potential space between the transversus 

abdominus and the internal oblique muscles of the abdomen, and is routinely accessed by 

anaesthesiologists with ultrasound guidance to provide analgesia for abdominal surgery via 

a TAP block [389]. The plane of the posterior rectus sheath lies between the muscle belly of 

the rectus abdominus and the fascia of the posterior rectus sheath, and can be accessed in 

similar fashion using ultrasound to provide analgesia for abdominal surgery [390].  
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The supra-inguinal trapezoid plane, referred to as Pre-Peritoneal Space in this thesis, 

lies superior to the inguinal ligament, in a plane deep to the rectus muscle belly and 

transversus abdominus fascia but superficial to the peritoneum. This space is developed 

during laparoscopic inguinal hernia repairs with the total extraperitoneal technique[391].  

5.1.1 Aims 

  The aims of this chapter are to determine the most clinically favourable AAW site 

for implantation of multiscale porosity macroencapsulation devices and also to determine 

the scalability and functionality of these devices. 

The specific aims of Chapter 5 were to: 

 To define the dimensions of potential implant sites in the AAW using a clinical image 

database 

 Determine the scalability of the multiscale porosity macroencapsulation device, 

from rodent size to porcine sized with translatability for human implantation  

 Determine whether the bioavailability of insulin diffusion through the multiscale 

porosity macroencapsulation device is equivalent to conventional subcutaneous 

insulin delivery 

 Assess the morphology of the fibrous capsules surrounding each multiscale porosity 

macroencapsulation device using histological assessment, MicroCT and SEM imaging 

 Establish whether the multiscale porosity macroencapsulation device affected the 

activation/abundance of macrophages at the tissue interface capsule using 

immunofluorescent staining 

 Compare the aforementioned fibrous capsule analyses to a smooth surfaced 

macroencapsulation device under development within our lab. 

To achieve these aims, up-scaled multiscale porosity macroencapsulation devices 

were fabricated and implanted in the most favourable abdominal wall site in STZ-induced 

diabetic pigs for a period of 21 days. 
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5.2 Materials and Methods 

5.2.1 Determining the most favourable AAW site for implantation of an islet 

encapsulation device  

The majority of the surgical procedures were carried out by Dr Scott Robinson, a 

vascular surgeon working within the Duffy Lab, NUIG. Drawing on my anatomical knowledge 

and cadaveric dissection experience from my undergraduate degree and teaching I assisted 

in both cadaveric assessments of the AAW and optimisation of surgical procedures for this 

study. 

5.2.1.1 Determining the suitability of potential implant sites in the AAW 

To identify an optimal recipient site (Figure 5.1 (a)) for the implantation of islet 

encapsulation device, several design constraints were considered that, if adequately 

addressed, would provide significant improvement over currently used transplant sites 

(Table 5.1). While the tissue planes in the AAW only represent potential spaces, these spaces 

must be able to accommodate 1mm thick multiscale porosity encapsulation device (to allow 

for adequate diffusion of glucose, oxygen and insulin) so that predicted volumes for each 

space can be approximated from 2D anatomic measurements.  

5.2.1.2 Determining the dimensions of potential implant sites in the AAW 

To define and compare the geometry of the potential AAW sites for translation from 

pigs to humans, analytic morphomics was used. This involved the use of high quality 

computational techniques to link image-based biomarkers with different disease states to 

improve patient outcomes. This approach was developed by the Wang Lab and colleagues at 

the University of Michigan Morphomics Analytics Group (MAG). It involves the use of a series 

of semi-automated algorithms to compare body composition measures (e.g. psoas muscle 

density, visceral and subcutaneous fat distribution, bone mineral density) from a cohort of 

patient computed tomography (CT) scans. This technique has been used extensively to 

predict surgical outcomes after liver [392–394], lung [395], kidney [396,397], and bone 

marrow transplant [398]. The MAG possesses a repository of over 40,000 unique CT scans 

from patients at the University of Michigan from which a core set of morphomic parameters 

has been calculated. Additionally, MAG has generated a Reference Analytics Morphomics 

Population (RAMP) derived from the CT scans of 6,000 healthy patients age 1-91 providing a 

control group for comparison to a diseased cohort. However, this imaging database is also a 

useful technique for medical device design. Through modification of the existing MAG 

algorithms written in MATLAB 2013a (MATLAB 2013a, MathWorks Inc., Natick, MA), the area 

and volume (n=2) of the potential spaces of the AAW could be calculated.  
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To measure the TAP space, “seams” are identified at bone and muscle borders. The 

term seams refer to the approximate anatomical boundaries of each potential implant site. 

As demonstrated in Figure 5.1 (b), the TAP seams are identified at the medial (semilunar line) 

and lateral (lumbosacral fascia) are connected and extended superior to the costal margin, 

and inferiorly to the inguinal ligament. The posterior rectus sheath was defined as an area 

bounded by the linea alba seam, lateral rectus seam, pubic bone, and costal margin. The pre-

peritoneal space was defined as an area bounded by the linea alba seem, the dorsal muscle 

group seem, a line extending from the pubic symphysis to anterior superior iliac spine, and 

the L3-L4 vertebral level. From this user delineation, a point cloud is created of the area of 

interest, which enables to software to accurately map the area of interest. Surface area 

measurements were computed by measuring the Hounsfield units of each individual pixel 

and averaging these values across all pixels in bilateral site cross-sectional slices [397] (Figure 

5.1 (d)). Similar forms of this algorithm can be applied to approximate the pre-peritoneal and 

posterior rectus sheet sites, such that from a large cohort of imaging studies we can generate 

a population based “map” of the geometry of these potential spaces. These area and volume 

measurements were performed both on pig and human CT images to allow easy 

translatability of large animal study finds, to future clinical studies.  

To determine if delivery of an macroencapsulation device to an implant site within 

the AAW is clinically feasible, we used commercially available supplies to access the TAP 

space in a pig. The layers of the AAW were clearly visualised with ultrasound, allowing for 

ultrasound guided hydro dissection along the appropriate transversus abdominus plane 

(Figure 5.1 (c)). 
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Table 5.1: Design criteria for implant site 

1. Must have adequate arterial blood supply 

2. Adequate venous drainage  

3. Site should be extraperitoneal to avoid intra-abdominal procedure 

4. Site should be easily accessible to allow for device refill/removal 

5. Site should allow for longitudinal monitoring of implant function 

6. Presence of device should not cause pain 

7. Minimal potential complications, or easily managed complications 

8. Location of device should prevent device migration 

9. Device placement should not impact or be impacted by movement 

10. Accommodate a volume of 0.5 mL/kg, thickness of 1 mm 

11. Accessible through a minimally invasive procedure 
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Figure 5.1: Determining the dimensions of potential implant sites in the AAW. (a) 

Schematic of potential spaces in the AAW. (b) Morphomic seams to identify the borders 

of the AAW on CT scan. The curved green lines represent the boundary of the TAP space. 

(c) Ultrasound visualization and hydro dissection of TAP space. (d) Creation of point 

cloud enabling software to accurately map the area of interest, permitting surface area 
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5.2.2 Device fabrication 

These procedures were carried out by Fergal Coulter and the O’Cearbhaill Lab, UCD, 

Dublin. I worked very closely with UCD to develop and enhance these human sized 

macroencapsulation devices, providing design inputs including volume, position delivery in 

the peritoneum, and suture points. 

In order to validate the clinical relevance of the macro- and micro- texturing 

processes further, additive manufacturing processes described in detail in Chapter 2 were 

used in the fabrication of a porcine sized device with functional attributes for submuscular 

implantation (Figure 5.2 (a)). The 10 mL device was constructed of two porous (5-8 μm 

micropores) membranes with a rope-coil layer extruded onto the surface, followed by over-

spraying two salt/silicone solution layers.  A layer containing an internal support structure 

was incorporated by extrusion of MED4840 in a pattern that strengthened the device, 

prevented ballooning, and directed distal filling (Figure 5.2 (d)) of the device cavity with an 

internal catheter. The device also included a catheter attachment with one-way valve for 

unidirectional filling and fixation rings reinforced with surgical stainless steel to allow ease 

of handling and suture fixation of the device without risking damage to the body of the 

implant. Absolute maximum device thickness 1mm to limit hypoxia and/or necrosis of islets 

and the ‘Figure of 8’ shape gives maximum flexibility to twist and distort the device without 

causing kinks, and potentially minimise fibrotic response from hard kink corners (Figure 5.2 

(b)). 

During the time of this study the Duffy lab were simultaneously establishing the ip-

Regenervoir, an implantable therapeutic reservoir system for diverse clinical applications in 

large animal models [399]. The ip-Regenervoir device consists of an inner loading chamber 

that can be infused with therapeutic cells, and an outer bio adhesive channel which can be 

filled with a bio adhesive to secure the loading chamber to surrounding tissues. This device 

consisted of a soft, flexible thermoplastic polymer (thermoplastic polyurethane, or TPU) used 

for the production of the entire reservoir frame. A combination of 0.3 and 0.075 mm thick 

TPU sheets were used in the construction (HTM-8001-M and HTM-1001 polyether TPU film, 

American Polyfilm, Inc).  The active surface of Regenervoir consists of a porous layer of TPU 

that facilitates the therapeutic effect of the cellular cargo. Each component was bonded to 

this assembly using a heat transfer machine. In order to establish the biocompatibility of 

these devices within the transversus abdominis plane, n=2 were included within this study.  
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Polyurethanes have excellent safety records with over 30 years of use in medical 

applications such as balloon catheters, artificial heart valves and elastic hernia mesh implants 

[400–405]. These studies utilised TPU due to its customisable properties and 

biocompatibility. For the purpose of this chapter, this device was used as a comparative 

group due to its identical surgical implantation site, duration of implantation and its smooth 

surface exterior. 

Figure 5.2: Upscaling of multiscale porous device. (a) Schematic of multiscale porous device 

scaled for use in pig studies (i) Inner support structure (ii) surgical tie points (iii) outer rope-

coil layers (iv) input valve (v) permeable silicone membrane (b) Exploded view. (c) A 

volumetric rendering of implant after microCT imaging with high magnification image 

demonstrating rope-coil texturing on surface. (d) Filling procedure: Catheter inserted 

through the tube until the distal end of the pouch. Step-by-step filling: Alternated injection 

of 2ml of coloured gel and retraction of the catheter of 2cm (5 Steps). 
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5.2.3 Porcine Studies 

These procedures were carried out by Explora Biotech Srl Rome, Italy. I contributed 

to the design and planning of these studies, provided direction, travelled to Rome to receive 

training and witnessed the implantation process, provided support for explantation of 

implants and tissue en bloc, and trained individuals on our tissue fixation and shipping 

protocols, and insulin dose calculations.  

Porcine studies were approved by the Italian Ministry of Health (Authorisation No. 

976/2017-PR). Prior to the experiments, the animals were housed in single cages and were 

subjected to a one-week acclimatisation period following Directive 2010/63/EU. Prior to 

surgery, animals received 10 mg/kg ketamine (KetaVet 100, MSD, Rome, Italy), 0.5 mg/kg 

diazepam (Hospira, Naples, Italy), 0.02 mg/kg atropine (ATI, Bologna, Italy). Anesthesia was 

induced by 1–5 mg/kg ketamine and 0.5 mg/kg diazepam. After intubation, 2–3% isoflurane 

(IsoFlo, Esteve, Rome, Italy) was administrated by mask to maintain anesthesia. 

5.2.3.1 Establishing an STZ-induced diabetic pig model 

Three female Landrace pigs, weighting 25-30 kg were utilised for the study. To induce 

diabetes animals received a single dose of STZ 150 mg/kg in citrate buffer at pH 4.5 and 

administered intravenously while under general anaesthesia. An IV bolus of 5% glucose was 

administered 1 hour after STZ treatment to avoid hypoglycemia, and the animals were 

carefully monitored for 12 hours after recovery of anaesthesia. Blood glucose was recorded 

daily over the 21-day time course using a MultiCare® glucometer (Biochemical Systems 

International, Italia). The study plan is demonstrated in (Figure 5.3 (a)). The primary outcome 

measures: survival rate at 28 days. The secondary outcome measures: Weight and general 

physical examination, daily glucose monitoring and assessment of diabetic state. Results of 

this study demonstrated: 1) 100% Survival rate at 28 days of follow-up. 2) No loss of body 

weight (growth curve) (Figure 5.3 (b)).  3) Successful daily glucose monitoring (Figure 5.3 (c)). 

4) Measurement of glucose metabolism at day 0 (before diabetes) and at day 28 (Intravenous 

glucose tolerance test, IVGTT) (Figure 5.3 (d)). 5) Confirmation of diabetic state and 

destruction of insulin producing cell via IHC staining (Figure 5.3 (e)). These in vivo trials have 

confirmed that STZ is a safe and effective to mimic the pathological conditions of T1D and 

permitted progression onto preclinical feasibility study and subsequent preclinical efficacy 

study of surgical implantation which I will discuss in detail throughout this chapter. 
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Figure 5.3: Establishing an STZ-induced diabetic pig model - Analysis of the first pig enrolled. 

(a) Study plan. (b) The body weight of the diabetic animal increased from day 1-28. (c) Blood 

glucose levels results for a period of 28 days post-STZ induction. These values confirmed 

diabetic state. (d) Intravenous tolerance test performed at day 1 (before STZ-induced 

diabetes) and at day 28. (e) Immunohistochemistry with anti-insulin antibody on sections of 

the pancreas from non-diabetic (ND) control and STZ-treated diabetic pigs. 
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5.2.3.2 Preclinical feasibility study of surgical implantation 

Two female Landrace pigs, weighting 25-30 kg were utilised for the study. The TAP 

submuscular implant site (Figure 5.4 (b-c)) was used for preclinical efficacy testing of the 

multiscale porous devices. The purpose of this study was to establish an aseptic and surgical 

technique of implantation while paying particular attention to animal well-being, and 

physiological status during all phases of protocol to enhance the outcome of future surgeries. 

To implant the devices, a vertical incision was made just off midline and the dissection was 

carried down to the transversus abdominis fascia. A second vertical incision was made 15 cm 

lateral to the initial decision, and the dissection carried down to the transversus abdominis 

muscle. The space between the two incisions was bluntly dissected, and a rolled device was 

brought onto the surgical field with preloaded filling catheter placed. A PDMS loop was tied 

through the distal suture ring, and the device was passed through from the lateral to the 

medial incision, and then unfolded and positioned. Sutures were used to secure the device 

to underlying tissue through 4 suture rings. The fill line was then tunnelled through a 3rd, 

smaller lateral incision. A 1% Hyaluronic Acid gel containing an iodixanol emulsion was 

injected into the device and positioning of the device was visualised with fluoroscopy (Figure 

5.4 (d-g)). Animals were euthanised (IV injection of Tanax, 0.3 mL/kg; MSD Animal Health Srl-

Italy), and a post-mortem dissection was carried out to confirm positioning of the device.  

5.2.3.3 Preclinical efficacy study  

Four female Landrace pigs, weighting 25-30 kg were enrolled in the study (Figure 5.4 

(a)). To induce diabetes animals received a single dose of Streptozotocin (STZ) 150 mg/kg in 

citrate buffer at pH 4.5 and administered intravenously while under general anaesthesia. An 

intravenous bolus of 5% glucose was administered 1 hour after STZ treatment to avoid 

hypoglycemia, and the animals were carefully monitored for 12 hours after recovery of 

anaesthesia. Blood glucose was recorded daily over the 21-day time course using a 

MultiCare® glucometer (Biochemical Systems International, Italia). On day 7 after induction 

of diabetes, animals underwent general anaesthesia and received surgical implantation of 

bilateral multiscale porous devices in the submuscular space of the anterior wall. On day 21, 

the animals were again placed under general anaesthesia and selected to either receive an 

injection of insulin in the subcutaneous space or infusion through the device. For animals 

receiving an infusion of insulin through the device, the inlet tubing was exposed and 10 mL 

of 1 U/kg regular insulin (Humilin, Eli Lilly and Co.) was injected. Blood glucose was monitored 

at 2 hours following insulin delivery.  
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Methods used to compare subcutaneous administration versus device delivery of 

insulin was adapted from Abramson et al [406]. Animals were the euthanised by IV 

administration of Tanax (0.3 mL/kg; MSD Animal Health Srl-Italy).  

 

 

 

 

Figure 5.4: Surgical placement of unscaled multiscale porous devices. (a) 28-day study plan for 

Preclinical efficacy study of surgical implantation. (b) Schematic of submuscular implant site 

in the anterior abdominal wall of pig. (c) Schematic showing positioning of implant after 

surgery. (d) Surgical placement of implant in submuscular plane. (e)  X-ray fluoroscopy of 

device after implantation showing radiopaque markers to confirm positioning. (f) Infusion of 

inner channel of implant with filling catheter. (g) X-ray fluoroscopy of implant uniformly filling 

with 12ml of radiopaque hyaluronic acid (HA) emulsion into the cargo channels created by the 

internal support structure of the device. 
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5.2.4 Tissue processing and histology 

Following euthanasia, the devices were removed en bloc with surrounding muscle 

tissue and fixed in 4% PFA for 48 hrs. Core biopsy samples were taken systematically at 5 

locations across the device (Figure 5.5 (a)) using an 8 mm punch biopsy and placed in a 2% 

agarose mold to maintain structure (Figure 5.5 (b)). 4 of these cores were for histological 

analysis while the 5th was processed for SEM imaging. Cores for histological analysis were 

processed and embedded in paraffin wax blocks. Sections of 5-10 μm were cut and stained 

with Masson’s trichrome for fibrous capsule assessment (Figure 5.5 (c)). 

 

 

Figure 5.5: Processing of tissue samples en bloc. (a) Device and surrounding tissue 

marked with random core biopsy locations marked 1-5. (b) Core biopsy placed in 2% agar 

to maintain stability of tissue structure. (c) Masson’s trichrome stain of core biopsy taken 

through implant and surrounding tissue. 
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5.2.5 Diffusion tensor imaging and analysis 

These procedures were carried out by Brooke Tornifoglio, Alan Stone and the Lally 

Lab, TCD, Dublin. I contributed to the design and planning, specimen preparation, shipping, 

data interpretation and analysis.  

Diffusion tensor imaging (DTI), a magnetic resonance imaging technique, involves 

deriving and displaying quantitative parameters that can be correlated to histological or 

physiological stains as it characterises intrinsic features of tissue microstructure and 

microdynamics [407,408]. This imaging technique characterises water molecule’s diffusion, 

which can in turn be modelled to visualise macrostructures and fibre tract organisation. In 

the absence of any obstructing boundaries, the diffusion of water molecules is random and 

unspecific to any direction. This property is based on the theory of Brownian translational 

motion and is referred to as diffusion isotropy [409,410]. However, in vivo water diffusion 

can become anisotropic due to interference of complex microstructural barriers in tissue, 

such as cell membranes or fibres. Anisotropy refers to differing values in different directions 

[411]. In other words, the water molecules can have a preferential direction of diffusion 

based on the underlying microstructure of a tissue. The use of DTI can provide quantitative 

data about the scale and directionality of water diffusion along a vector in a 3D 

space [408,412–416], which ultimately gives non-invasive insight into tissue architecture. 

The diffusion tensor itself is composed of eigenvalues and eigenvectors, which 

characterise the diffusion within a voxel. From this tensor, multiple indices can be calculated. 

Specifically, the eigenvalues can be used to calculate the fractional anisotropy (FA). This is 

one of the most frequently used indices as it quantifies of diffusion anisotropy within a voxel. 

FA is a scalar value between zero and one and highlights the degree of anisotropic diffusion, 

which gives insight into the alignment and structural integrity of cellular structures and fibre 

tracts (e.g. collagen) – as their boundaries and interactions with the water molecules are 

driving hindered and restricted diffusion [410,412,415–418]. While FA highlights the degree 

of anisotropy, the mean diffusivity (MD) is the average amount of diffusion occurring in all 

directions. This index is useful as it takes the diffusion occurring in all directions into account 

and yields insight into how much diffusion is occurring in a volume. For example, pathological 

conditions which cause increased spacing between boundaries often cause a decrease in 

anisotropy, as a result of either increased perpendicular diffusivity and/or reduced parallel 

diffusivity [419]. Thus, DTI yields insight into the microstructure in the fibrous capsule by 

measuring the interaction of diffusing water molecules and the structural boundaries like 

cells and fibres. 
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5.2.5.1 Image acquisition 

The fixed pancreatic device samples were stored at 4 oC in 70% ethanol until MR 

imaging. All samples were placed in a 3D printed holder custom made to fit the MRI coil. For 

imaging, the holder containing the sample was filled with fresh PBS at room temperature. A 

7T Bruker BioSpec 70/30 Ultra Shield Refrigerated system equipped with Paravision 6 and a 

volume coil were used for all imaging sequences. T1- and T2-weighted scans, were used to 

visualise the device and surrounding tissue. T1-weighted parameters were as follows: TE/TR: 

7/1452 ms, 20 averages, slice thickness: 0.5 mm, number of slices: 100, image size: 256 x 

256, field of view: 70 x 70 mm and acquisition time: 1 hour and 23 minutes. T2-weighted 

parameters were as follows: TE/TR: 19.55/9137.6 ms, 20 averages, slice thickness: 0.5 mm, 

number of slices: 30, echo spacing: 6.518 ms, RARE factor: 8, image size: 256 x 256, field of 

view: 70 x 70 mm and acquisition time: 1 hour and 13 minutes. A 2D diffusion tensor imaging 

(DTI) sequence was used for all four samples. The first rope coil device was imaged with the 

following parameters: TE/TR: 18.182/1011 ms, 5 averages, slice thickness: 0.5 mm, slice gap: 

0.5 mm, number of slices: 47, image size: 128 x 128, field of view: 64 x 64 mm, b-value: 800 

s/mm2, 32 diffusion directions, gradient duration: 3.8 ms and gradient separation: 8.802 ms.  

Acquisition time was 5 hours and 55 minutes. The second rope coil device and two smooth 

devices were imaged with a refined 2D DTI sequence with the following parameters: TE/TR: 

18.182/4000 ms, 4 averages, slice thickness: 0.5 mm, slice gap: 0.5 mm, number of slices: 20, 

image size: 140 x 140, field of view: 70 x 70 mm and the same diffusion parameters. 

Acquisition time was 20 hours and 32 minutes. 

5.2.5.2 Image analysis 

Prior to calculation of the diffusion tensor all diffusion images were de-noised and 

correction for Gibbs ringing applied [420,421]. Using the corrected diffusion imaging data, 

the diffusion tensor was estimated using ExploreDTI [422]. Fractional anisotropy (FA) and 

mean diffusivity (MD) [mm2/s] were calculated from the eigenvalues of the diffusion tensor. 

Regions of interest (the fibrous cap and native tissue) were defined based on the T1- and T2-

weighted scans. The FA and MD values of the fibrous caps in each sample were normalised 

by the native tissue within each respective sample. Tractography was performed in order to 

visualise the microstructural arrangement of the tissue. The following parameters were used 

for both devices: seed point resolution: 0.5 x 0.5 x 0.5 mm, seed point FA threshold: 0.15, FA 

tracking threshold: 0.15, fiber length: 1–50 mm, angular threshold: 15o and a step size of 0.5.  
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5.2.6 MicroCT 

Before implantation, devices were imaged in a microCT 100 microCT scanner (Scanco 

Medical, Switzerland) at 45 kVp and 200 µA with a 0.1mm Aluminium filter and a voxel size 

of 102.6 µm. DICOM images of the resulting scan were segmented in 3D slicer and 3D model 

of the device was generated (Figure 5.2 (c)) The targeted submuscular implant site was 

identified on axial views of a previously obtained non contrast abdominal CT scan of a 

euthanised Landrace swine (Explora Biotech Srl) CT scan using 3D Slicer and a full-size 3D 

model of the device was superimposed over the CT images in the submuscular plane (Figure 

5.4 (c)). This imaging enabled us to provide an input into size requirements of the porcine 

device, described in 5.2.1 Device fabrication. 

For imaging of the explanted device and surrounding tissue, a gradient ethanol 

concentration fixation was modified [423]. After fixation, the core biopsy samples were taken 

and the metal markers in the device were dissected and removed from the sample. The 

tissue was dehydrated and stained in 2% w/v iodine solution in absolute ethanol for 5 days, 

washed in 100% ethanol to remove excess iodine, then imaged in absolute ethanol. MicroCT 

images were captured at 90 kVp and 116 µA with a 0.1mm Copper filter and voxel size of 88 

and 34.13 µm. Images and videos were generated using ImageJ software.   

5.2.7 Pull-off testing of integrated multiscale porosity devices and smooth surfaced 

control 

A Zwick mechanical testing machine (Z050, Zwick/Roell) with a 100N load cell was 

used for pull-off testing. Explanted tissue with integrated ropecoil devices were cut into 1.5 

x 1 x 0.5 cm samples. 0.5 cm of the ropecoil device was carefully decoupled from the 

underlying tissue on both ends of the length of the sample. The 0.32 cm diameter silicone fill 

line was used a control whereby the tissue area in contact with the tubing is equal to the 

ropecoil (1 x 0.5 cm). The samples were mounted in the tensile tester using pneumatic 

clamps at 6 PSI run at a shear rate of 20 mm/min [424] and maximum tangential adhesion 

force was recorded (n=3/group).  

5.2.8 Scanning Electron Microscopy (SEM) 

Each core was bisected longitudinally to create a cross-section of the device and 

surrounding tissue. Samples were post-fixed overnight in 2.5% glutaraldehyde in 0.2 M PBS 

(pH 7.4). Samples were washed twice in 0.2 M PBS for 10 minutes before dehydration 

through a series of graded alcohols (30%, 50%, 70%, 90% and 100%). Following dehydration, 

samples were transferred to the EMITECH K850 critical point dryer.  
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This removed all the liquid in a precise and controlled way, so fragile tissue is not 

damaged or distorted in the process. Samples were then mounted onto aluminium stubs 

using carbon adhesive tabs. An Emscope SC500 was used to lightly sputter coat the samples. 

Specimens were imaged using a Hitachi S2600N Scanning Electron Microscope using a 

secondary electron detector (Vacuum 15 kV, electron Beam 50). SEM images were pseudo-

coloured using MountainsMap® SEM Color 7.3.7984. 

5.2.9 Fixation, embedding and staining 

The 4 core biopsies were orientated and embedded in paraffin wax blocks. Sections 

of 5 μm were cut and stained with, Masson’s trichrome and αSMA for fibrous capsule 

analysis. Additional sections were stained with CD31 (ab233364, Abcam) (1:50), αSMA 

(ab7817, Abcam) (1:100) and CD68 (BA4D5, Biorad) (1:250) antibodies for analysis of 

myofibroblasts, angiogenesis and macrophage response. The staining protocols are provided 

in detail in Chapter 2. 

5.2.10 Statistical analysis 

Statistical analysis was performed using GraphPad Prism (8.1.0) was used. Normality 

of distribution was assessed by the Shapiro-Wilk test. Subsequent parametric and/or non-

parametric tests were performed.  For parametric data, an unpaired t-test was performed 

for comparing between two groups and a one-way or two-way analysis of variance (ANOVA) 

with post-hoc Tukey’s multiple comparison for comparing between groups. For non-

parametric data, a Mann-Whitney U was performed for comparing between two groups and 

a Kruskal-Wallis test for comparing more than two groups. Statistical significance was 

accepted when*P<0.05. A minimum of two blinded counters were used for analysis. 
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5.3 Results 

5.3.1 Determining the most favourable AAW site for implantation of a multiscale 

porosity macroencapsulation device  

5.3.1.1 Determining the suitability of potential implant sites in the AAW  

The AAW potentially meets or exceeds each of the design criteria highlighted in Table 

5.1. They can provide a nutritive environment with adequate structural boundaries, and 

contain multiple compartments that are routinely accessed during common clinical 

procedures (Figure 5.1 (a)). The superficial location of the AAW allows for longitudinal 

monitoring with non-invasive imaging, and access for biopsy if needed. Implantation and 

retrieval can be performed without violating the peritoneal space, thereby avoiding the 

numerous complications associated with intrabdominal procedures. The AAW has a robust 

blood supply, with contributions from the internal mammary artery (superior epigastric and 

musculophrenic branches), the external iliac artery (inferior epigastric and deep circumflex 

branches) and common femoral artery (superficial epigastric and superficial circumflex iliac 

branches). Venous drainage is typically systemic, but in pathologic states (e.g. portal 

hypertension) venous collaterals develop connecting the portal and systemic systems. The 

presence of a living implant in the abdominal wall could feasibly develop portal drainage like 

the native pancreas, thereby providing more physiologic glucose control compared to 

subcutaneous implants. 

5.3.1.2 Determining the dimensions of potential implant sites in the AAW 

To determine the area of the candidate AAW implantation sites, modification of the 

existing Morphomics Analytics Group algorithms written in MATLAB were utilised to 

delineate “seams”, create a point cloud of the space, thus enabling the software to 

accurately map the area of interest and measure. Results indicate that the area of the three 

potential implant sites were very similar in humans with comparable areas between pig and 

human in the pre-peritoneal and posterior rectus sheath sites (Figure 5.6 (a)). The TAP, 

defined as the region between the medial (semilunar line) and lateral (lumbosacral fascia) 

connecting and extending superiorly to the costal margin, and inferiorly to the inguinal 

ligament, showed the most considerable difference between pig and human. While the TAP 

space may be novel as an implantation site, TAP blocks are regional techniques for analgesia 

of the anterolateral abdominal wall guided by ultrasound. This technique has been used for 

over two decades for a variety of abdominal surgeries [425–432]. As the most frequently 

accessed site, the requirement for additional surgical training for implantation procedures 

would be reduced.  
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Therefore, the TAP site was chosen as the most suitable site due to its simplified 

translatability in terms of point of care for implantation by interventional radiology. Area and 

projected volume measurement data (Figure 5.6 (b)) would be crucial in the development of 

the upscaled device to allow easy size translatability from large animal, to future clinical 

studies. As the area of the TAP space was substantially larger in pig models, device fixation 

was important and thus suture hole incorporation into the device design would be necessary.  

 

Figure 5.6: Determining the dimensions of potential implant sites in the AAW. (a) Area 

measurements of potential implantation sites in pig and human subjects. (b) Volumes of 

potential implantation sites in humans. 
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5.3.2 Analysing the diffusion capabilities of the multiscale porosity device   

In order to determine whether the bioavailability of insulin through the multiscale 

porous devices is equivalent to conventional insulin delivery, animals received 1U/kg of 

insulin suspended in 10 mL of PBS solution through either subcutaneous injection or infused 

into the device. The percent blood glucose changes after 2 hours in animals that received 

insulin infusion through the multiscale porosity device was comparable to that seen with 

subcutaneous delivery (Figure 5.7 (a)) indicating that the porosity of the surface texturing 

could be used to facilitate physiological diffusion necessary for efficacious islet 

macroencapsulation. Comparing these results to Abramson et al [406], who similarly tested 

the diffusional capacity of their oral biologic delivery system, using insulin as a model drug, 

the multiscale porous device demonstrated comparable if not equivalent results, when 

demonstrating the devices ability to deliver insulin compared to gold standard subcutaneous 

administration (Figure 5.7 (b)). 

Figure 5.7: Comparing the diffusion capabilities of multiscale porosity devices to an oral 

biologic delivery system. Response of diabetic animals to insulin delivered through 

subcutaneous injection vs (a) multiscale porosity devices (b) oral biologic delivery 

system. 
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5.3.3 Diffusion tensor imaging of the fibrous capsule surrounding the multiscale 

porosity and smooth devices  

DTI was used in this study to analyse the structural properties of the collagenous 

fibrous capsule surrounding devices. DTI permits a 3D measurement of water diffusion 

within tissue and is used to gain information quantify both the integrity (quantification of 

diffusivity and anisotropy) and orientation fibres (tractography) [408,433]. 

The analysis of tractography pathways, depicted via a standard red-green-blue 

mapping (Anterior-Posterior, green; Right-Left, red; Inferior-Superior, blue) demonstrated a 

highly unorganised, multidirectional composition fibrous capsule surrounding multiscale 

porosity devices. In contrast, the tractography of the fibrous capsule surrounding smooth 

devices revealed a more uniform tractography (Figure 5.8 (a)). 

DTI was used to measure the FA, a scalar value between zero and one and highlights 

the degree of alignment of cellular structures within fibre tracts (e.g. collagen), as well as 

their structural integrity [410,412,415,416,418]. FA was mapped from approximately 100 

slices per device. This analysis was performed not only on the surrounding fibrous capsule, 

but also on an area of native connective tissue uninhibited by the implantation of a device 

to act as a control measurement in each animal. Comparative analysis between control tissue 

and the fibrous capsules demonstrated significant differences between the tissue controls 

and the corresponding surrounding fibrous capsules. The largest of these differences was 

observed between the fibrous capsule surrounding smooth devices compared to its 

corresponding control and also compared the fibrous capsule surrounding the multiscale 

porosity devices (****P<0.0001) (Figure 5.8 (b)). Theses control tissues were then used to 

normalise the FA results of the surrounding fibrous capsules, and demonstrated a 

significantly increased FA of fibrous tissue surrounding the smooth surfaced devices 

compared to multiscale porosity devices (****P<0.0001) (Figure 5.8 (d)). These results 

suggested the fibrous capsules surrounding smooth devices, differed structurally due to 

increased homogeneity, to both its corresponding native tissue control but also the fibrous 

capsule surrounding multiscale porosity devices. 

DTI was used to measure MD which can aid in the understanding of structural 

integrity. MD analysis describes the capability of multidirectional water diffusion within 

tissue. Similar to FA, MD of the fibrous capsules and corresponding areas of native 

connective tissue (acting as a control), was measured from approximately 100 slices per 

device.  
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Comparative analysis between control tissue and the fibrous capsules demonstrated 

significant differences in MD between all the tissue controls and the corresponding 

surrounding fibrous capsules (****P<0.0001) (Figure 5.8 (c)). Once fibrous capsules were 

normalized with corresponding controls, a significantly increased MD was observed in the 

fibrous capsules surrounding multiscale porosity devices (****P<0.0001) (Figure 5.8 (e)). 

With increased diffusivity comes increased aptitude for the multidirectional diffusion of 

water molecules [419]. These results demonstrate that multiscale porous 

macroencapsulation devices can promote a more heterogonous fibrous capsule 

development, superior tissue diffusion properties when compared to smooth devices.  
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Figure 5.8: DTI analysis of the fibrous capsule surrounding multiscale porosity and 

smooth macroencapsulation devices. (a) Diffusion tensor imaging (DTI) tractography. 

The color-coding of tractography pathways was based on a standard red-green-blue 

(Anterior-Posterior, green; Right-Left, red; Inferior-Superior, blue). (b) Comparing the 

fractional anisotropy of a random segment of native tissue with the fractional 

anisotropy of the fibrous capsules surrounding both multiscale porous and smooth 

devices. (c) Comparing the mean diffusivity of a random segment of native connective 

tissue with the mean diffusivity of the fibrous capsules surrounding both multiscale 

porous and smooth devices. (d) Fractional anisotropy of the fibrous capsule for each 

device design normalised accordingly to the fractional anisotropy of their respective 

native tissues. (e) Mean diffusivity of the fibrous capsule for each device design 

normalised to the mean diffusivity of their respective native tissues. n =1 per group, data 

are represented as means ± SD. *=P<0.05, ***=P<0.001, ****=P<0.0001. 
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5.3.4 Pull-off testing of integrated multiscale porosity devices and smooth surfaced 

control 

In order to quantify the maximum tangential adhesion force or integration of the 

device into the surrounding tissue, pull-off testing was performed. As shown in Figure 5.9, 

there was a substantially higher maximum force in the multiscale porous device compared 

to smooth silicone controls. These data indicate that the external texture provides excellent 

tissue integration when implanted in the submuscular plane of a pig.   

 

 

5.3.5 MicroCT and SEM imaging of multiscale porosity and smooth devices with 

associated surrounding tissue 

5.3.5.1 MicroCT 

MicroCT imaging was performed in order to examine the relationship between the 

devices and the surrounding tissue. The imprint of the multiscale porous devices surface 

features in the immediate surrounding tissue were strikingly apparent in the cross-sectional 

image, indicating an impressive level of tissue integration. MicroCT cross-sectional images of 

the smooth device showed little tissue attachment or integration with the surrounding 

tissue. The device appears to be free of the surrounding tissue with a folded configuration 

(Figure 5.10). 

Figure 5.9: Pull-off testing of tissue surrounding multiscale porous devices and smooth 

control after 2 weeks of submuscular implantation in pig. Data are represented as 

means ± SD. *P=0.0103. 
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5.3.5.2 Scanning Electron Microscopy (SEM) 

SEM was performed in order to further examine the development and integration 

between the devices and the surrounding tissue. As demonstrated in the previous chapters 

of this thesis, the inclusion of multiple layers of rope-coil and micro-porosity results in 

excellent tissue integration (Figure 5.10). This was further confirmed within this porcine 

study, as the surface texturing induced a consistently disorganised fibrous capsule to 

envelope around the rope-coil structures at the device surface resulting in improved 

integration. In contrast, the fibrous capsule surrounding the smooth device appeared 

distinctively layered. Due to the absence of any distinct surface features, the formation of 

the fibrous capsule was unimpeded, which possibly contributed to its concentric layered 

organisation. 

 

 

Figure 5.10: MicroCT and SEM imaging of multiscale porous and smooth devices with 

associated surrounding tissue. MicroCT cross sections of multiscale porous and smooth 

devices, demonstrating their relationship with the surrounding tissue. Scale bars = 10 μm. 

High magnification SEM images of rope-coil surface feature integrated into the surrounding 

tissue and lack of integration surrounding the smooth device. Scale bars = 200 and 250 μm 

respectively. 
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5.3.6 Analysis of the fibrous capsule surrounding the multiscale porosity and smooth 

devices 

5.3.6.1 Fibrous capsule thickness 

To assess the degree of fibrous capsule development surrounding the multiscale 

porous and smooth macroencapsulation devices, a thickness assessment was performed of 

the newly formed hyper-dense collagen made visible by Masson’s trichrome stain. 

Representative images of core biopsies taken through the multiscale porous and smooth 

devices and surrounding of the fibrous capsules with associated magnified images are shown 

in Figure 5.11 (a-b). The fibrous capsule surrounding the multiscale porous device possessed 

distinct circular imprints caused by the textured rope-coil structures of the device. Fibrous 

capsule thicknesses were first determined per animal (Figure 5.11 (c)) before being plotted 

as the average capsule thickness per device design (Figure 5.11 (d)). The fibrous capsule 

thicknesses surrounding the multiscale porous devices averaged 336 ±74 μm with an average 

thickness of 388 ±152 μm surrounding smooth devices. This finding suggests that fibrous 

capsule thickness is not increased by the addition of an external macrotexture.  

5.3.6.2 Fibrous capsule area 

To account for the imprints left in the fibrous capsule caused by the external rope-

coil macrotexture on the multiscale porous devices, the total area of tissue between the 

device-interface and the internal oblique muscle (Figure 5.5 (c)) within an 8 mm core biopsy 

was calculated. The area of the fibrous capsules were first determined per animal (Figure 

5.11 (e)) before being plotted as the average capsule area per device design (Figure 5.11 (f)). 

The fibrous capsule area surrounding the multiscale porous devices averaged 6-8.7 ± 1 mm 

with a similar average area of 6.4-7.2 ± 0.6 mm surrounding smooth devices. The area 

between the device interfaces and the internal oblique muscle within an 8 mm core biopsy 

remains unchanged across all device configurations. This finding suggests that the overall 

amount of capsule is not increased with the addition of an external macrotexture. The 

capsule merely appears more tortuous in its development due to its increased affinity for 

tissue integration around the rope-coils. 

5.3.6.3 Myofibroblast abundance 

To assess the degree of myofibroblast abundance surrounding the multiscale porous 

and smooth macroencapsulation devices, the volume fraction of immunofluorescent 

labelled αSMA+ cells within 100 μm of the device interfaces (Figure 5.12 (a)) was estimated 

using an unbiased point counting technique.  
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The volume fractions of αSMA+ cells were first determined per animal (Figure 5.12 

(b)) before being plotted as the average capsule area per device design (Figure 5.12 (c)). The 

volume fraction surrounding the multiscale porous devices averaged 0.3-0.42 ± 0.05 with a 

similar average area of 0.3-0.34 ± 0.03 surrounding smooth devices. These findings 

correlated with comparable capsule production around each device which were calculated 

by thickness and area analysis seen in Figure 5.11 (e-f). 
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Figure 5.11: Analysis of fibrous capsule formation around multiscale porous and smooth 

macroencapsulation devices. Masson’s trichrome images of core biopsy taken through 

implant and surrounding of the fibrous capsule (Scale bar = 2 mm) with magnified image of 

the immediate tissue-device interface (Scale bar = 200 µm) surrounding (a) multiscale 

porous device and (b) smooth device. (c) Fibrous capsule thickness for each implanted 

device. Each data point represents the average fibrous capsule thickness for each core 

biopsy. (d) Average fibrous capsule thicknesses for each device design. Each data point 

represents the average fibrous capsule thickness surrounding each device. (e) Area of 

fibrous capsule extending from the tissue-device interface to the overlying internal oblique 

muscle for each implanted device within the 8 mm biopsy cores. Each data point represents 

the average fibrous capsule area for each core biopsy. (f)  Average area of the fibrous 

capsule extending from the tissue-device interface to the overlying internal oblique muscle 

for each device design. Each data point represents the average fibrous capsule area per 

device design. n = 2-6 per group, data are represented as means ± SD. 
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Figure 5.12: Analysis of myofibroblast abundance around multiscale porous and smooth 

macroencapsulation devices. (a) Representative immunofluorescent images for analysis of 

myofibroblast abundance (Hoechst, blue; αSMA, green; CD31, red). Scale bar = 100 µm. (b) 

Volume fraction of αSMA+ cells (myofibroblasts) within the fibrous capsule for each implanted 

device. Each data point represents the average volume fraction for each core biopsy. (c) Volume 

fraction of αSMA+ cells for each device design. Each data point represents the average volume 

fraction surrounding each device. n = 2-6 per group, data are represented as means ± SD. 
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5.3.7 Analysis of the angiogenesis surrounding multiscale porosity and smooth devices 

5.3.7.1 Blood vessel abundance 

To investigate the degree of neovascularisation development surrounding the 

macroencapsulation devices, tissue sections were stained for CD31, an endothelial cell 

marker, and stereological analysis was performed to quantify blood vessel density 

surrounding each device. Representative images of the CD31 stained fibrous capsule 

surrounding multiscale porous and smooth devices are shown in Figure 5.13 (a). The number 

of blood vessels per unit area and radial diffusion distances were first determined per animal 

(Figure 5.13 (b, d)) before being plotted as the average per device design. The number of 

blood vessels per unit area surrounding the multiscale porous devices averaged 140-282 ± 

50 vessels/mm2 with a similar average of 221-233 ± 8 vessels/mm2 surrounding smooth 

devices (Figure 5.13 (c)). The radial diffusion distance surrounding the multiscale porous 

devices averaged 26-35 ± 3 μm, slightly larger than an average of 28-29 ± 6 μm surrounding 

smooth devices (Figure 5.13 (e)). 

5.3.7.2 Blood vessel diameter 

The lumen diameters of >500 CD31+ stained blood vessels were measured per 

animal and were sampled based on unbiased stereological sampling techniques. Diameters 

were represented as mean ± SD (Figure 5.13 (f)). A percentage frequency distribution of 

vessel diameters was constructed in order to display the spread of the data based on 

diameter size for both the multiscale porous devices (coefficient of variation = 52.3 %) and 

smooth devices (coefficient of variation = 47.8 %) (Figure 5.13 (g)). The majority of vessels 

surrounding both device designs were between 5-10 µm in diameter. When comparing the 

size distribution of vessels, multiscale porous devices were surrounded by a greater 

percentage of blood vessels measuring ≤5 µm in diameter. However, the smooth devices had 

a higher proportion of vessels in the majority of vessel diameter categories ranging from 6-

20 µm. 

5.3.7.3 Blood vessel maturity 

In order to further analyse the angiogenic response, the abundance of αSMA+ blood 

vessels, a marker indicative of vessel maturity was quantified. A ratio of α-SMA+ vessels to 

total CD31+ vessels was obtained using confocal microscopy (Figure 5.14 (a)). The ratio of 

αSMA+ blood vessels to total blood vessels within the fibrous capsule was first determined 

per animal (Figure 5.14 (b)) before being plotted as the average ratio per device design 

(Figure 5.14 (c)). 
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 This analysis demonstrated that 70-80% of blood vessels surrounding both 

multiscale porous and smooth devices expressed αSMA+. This analysis demonstrated that 

the majority of vessels that developed around each device design were classified as stable 

and mature. 
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Figure 5.13: Analysis of angiogenesis around multiscale porous and smooth 

macroencapsulation devices. (a) Representative CD31 stained histological image. Scale 

bars = 100 µm. (b) Numerical density and (d) radial diffusion distances of blood vessels 

within the fibrous capsule surrounding each implanted device. Each data point represents 

the average numerical density/radial diffusion distances for each core biopsy. (c) 

Numerical density and (e) radial diffusion distances of blood vessels surrounding each 

device design. Each data point represents the mean numerical density/radial diffusion 

distances surrounding each device. (f) Blood vessel diameters (g) Percentage frequency 

distribution of blood vessel diameters surrounding multiscale porous and smooth 

macroencapsulation devices. n = 2-6 per group, data are represented as means ± SD. 
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Figure 5.14: Analysis of vessel stability and maturity surrounding multiscale porous and 

smooth macroencapsulation devices. (a) Representative immunofluorescent image for 

analysis of vessel maturity and stability (Hoechst, blue; αSMA, green; CD31, red). Scale 

bar = 100 µm. (b) Ratio of αSMA+ blood vessels to total blood vessels within the fibrous 

capsule for each implanted device. Each data point represents the ratio for each core 

biopsy. (c) Ratio of αSMA+ blood vessels to total blood vessels for each device design. 

Each data point represents the mean ratio surrounding each device. n = 2-6 per group, 

data are represented as means ± SD. 
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5.3.8 Analysis of the macrophage response surrounding multiscale porosity and 

smooth devices 

To assess the impact of surrounding the multiscale porous and smooth 

macroencapsulation devices on macrophage abundance, tissue sections were stained with a 

CD68 pan-macrophage marker (Figure 5.15 (a)). Representative immunofluorescent images 

show macrophage aggregation directly at the tissue-device interfaces surrounding both 

device designs. The volume fraction and number of macrophages per unit volume were first 

determined per animal (Figure 5.15 (b, d)) before being plotted as the average per device 

design (Figure 5.15 (c, e)). Volume fraction demonstrated that 10-20% of the fibrous capsules 

surrounding both multiscale porous and smooth devices were composed of CD68+ cells 

(Figure 5.15 (c)).  The number of CD68+ cells per mm3 surrounding both the multiscale porous 

and smooth devices ranged between 65,000-80,000 cells (Figure 5.15 (e)). These results 

suggest that increased surface topography did not induce a substantial macrophage 

response.  
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Figure 5.15: Analysis of macrophage response surrounding multiscale porous and smooth 

macroencapsulation devices. (a) Representative immunofluorescent image for analysis of 

macrophages (Hoechst, blue; CD68, red). Scale bar = 50 µm. (b) Volume fraction of 

macrophages within the fibrous capsule for each implanted device. Each data point 

represents the volume fraction for each core biopsy. (c) Volume fraction of macrophages 

within the fibrous capsule for each device design. Each data point represents the volume 

fraction surrounding each device design. (d) Number of CD68+ cells per mm3 of fibrous 

capsule for each implanted device. Each data point represents the number for each core 

biopsy. (e) Number of CD68+ cells per mm3 of fibrous capsule for each device design. Each 

data point represents the number per volume surrounding each device design. n = 2-6 per 

group, data are represented as means ± SD. 
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5.4 Discussion 

Due to the promising results of the multiscale porous devices in the previous rodent 

studies, clinically relevant large animal models are necessary to effectively examine the 

clinical effectiveness of this macroencapsulation system. Efficacious results obtained from 

this study and future experiments, will potentially satisfy regulatory agencies in order to 

proceed to clinical trials.  

For this study, the Transversus Abdominus Plane (TAP), located in the anterior 

abdominal wall was identified as a novel and translatable implant site for islet 

macroencapsulation devices. While the TAP space may be novel as an implantation site, TAP 

blocks are regional techniques for analgesia of the anterolateral abdominal wall guided by 

ultrasound. This technique has been used for over two decades for a variety of abdominal 

surgeries, such as caesarean section, hysterectomy, cholecystectomy, colectomy, 

prostatectomy, and hernia repair [425–432]. It is a highly vascularised region supplied by the 

superior epigastric, inferior epigastric and circumflex iliac arteries [431]. This dense vascular 

network could permit rapid development and distribution of neovascularisation adjacent to 

the macroencapsulation device surface thus ensuring that macroencapsulated cells would 

receive adequate oxygen and nutrient supply for survival and function [20]. This site meets 

the requirements for being easily accessible, can facilitate longitudinal monitoring of 

transplants and can provide nutritive support for islet cell survival. Morphometric analysis 

on the size of the TAP site (Figure 5.6) demonstrate that this 10 mL upscaled device of 

approximately 8527 mm2 would fit comfortably into the area of the human TAP site 

measuring approximately 10,000 mm2.This device was designed to have a maximum device 

thickness of 1mm to limit hypoxia and/or necrosis of islets, equating to a potential maximum 

volume of 8527 mm3. Given that the volume of a distended TAP site can reach approximately 

360,000 mm3, it would provide ample space to accommodate this multiscale porosity 

macroencapsulation device. Furthermore, due to the bilateral nature of this site, it ensures 

optimal and efficient patient specific dosing, permitting the implantation of two devices if 

necessary. 

In the porcine study we describe a 21-day safety and efficacy study which consisted 

of human-scaled multiscale porous macroencapsulation devices and a smaller cohort of 

smooth TPU devices for comparative means, implanted within the novel TAP site in an STZ-

induced diabetic pig model. In this study it was imperative to confirm whether this site could 

facilitate an appropriate level of vascularisation and integration surrounding the multiscale 

porous devices to ensure viability and long-term efficacy of future macroencapsulated cells. 
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The inclusion of a smooth surfaced TPU device, not only permitted comparative 

analysis on the effects of textured versus smooth surfaces, but also on the biomaterial used 

to produce the device. TPU has excellent biocompatibility and safety records with over 30 

years for use in medical applications such as balloon catheters, artificial heart valves and 

elastic hernia mesh implants [400–405]. However, none of these medical devices exclusively 

require the development of a highly interconnected vascularised network, and to the same 

extent, enhanced tissue integration for optimal functionality. Throughout this study, both 

device designs demonstrate comparable fibrous capsule thicknesses and area 

measurements, myofibroblast abundances and macrophage activation (Figure 5.11-5.12, 

5.15). For macroencapsulation devices where diffusion in and out is necessary, micro vessel 

proliferation within the surrounding fibrous capsule is essential. Without sufficient 

vascularisation, cellular function and device efficacy cannot be maintained [309–311]. Upon 

analysis of the angiogenic response, the potential for angiogenic development was 

analogous surrounding the macroencapsulation devices (Figure 5.13-5.14). However, 

devices possessing micro- and macropore structures demonstrated an enhanced propensity 

to encourage tissue attachment when compared to smooth TPU devices. The imprints of the 

multiscale porous devices surface features in the immediate surrounding tissue were 

strikingly apparent in the cross-sectional views of MicroCT, SEM and histological images 

indicating an increased affinity for tissue integration around the rope-coils (Figure 5.10-5.11). 

Cross-sectional images of the smooth device showed little tissue attachment or integration 

with the surrounding tissue. When fibrous tissue does not adhere to the polymer, it can 

result in sliding and friction between the tissue and implant. This lack of tissue integration 

and resulting friction could promote the accumulation of serous fluid and inflammatory cells 

at the interface [252,253]. Increasing integration would also reduce the distance between 

the macroencapsulated cells and surrounding blood vessels, which is essential for device 

function and cell survival. Pull-off testing used to quantify the maximum tangential adhesion 

force or integration of the device into the surrounding tissue, confirmed that a substantially 

higher maximum force in the multiscale porous device compared to smooth silicone controls 

(Figure 5.9). These data indicate that the external texture allows excellent tissue integration 

when implanted in the submuscular TAP space of a pig.   

Multiscale porous devices induced a consistently disorganised fibrous capsule 

composition which enveloped around the rope-coil structures at the device surface, resulting 

in improved integration. In contrast, the fibrous capsule surrounding the smooth device 

appeared distinctively layered. Due to the absence of any distinct surface features, the 
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formation of the fibrous capsule was unimpeded, which possibly contributed to its striking 

concentric layered organisation. DTI tractography analysis, further confirmed this highly 

concentric, uniform organisation of fibrous capsule architecture surrounding smooth 

surfaced devices (Figure 5.8).  The analysis of tractography pathways, demonstrated a highly 

unorganised, multidirectional composition fibrous capsule surrounding multiscale porosity 

devices. This observation was accompanied by a significantly decreased FA (****P<0.0001), 

indicative of a more heterogeneous capsule architecture with a significantly increased MD 

(****P<0.0001), indicative of the affinity for multidirectional diffusion of water molecules 

[408,412–416]. These results demonstrate that multiscale porous macroencapsulation 

devices can promote a more heterogonous fibrous capsule development, greater tissue 

integration and greater diffusion properties when compared to smooth devices. Flamini et 

al previously suggested that DTI imaging and analysis are beneficial to the field of 

bioengineering for tissue characterisation, medical device design, and preclinical testing 

[412]. By  obtaining realistic numerical models of tissue integrity, one can use these models 

to aid in preclinical testing of novel medical devices [434]. By providing a direct measure of 

capsule heterogeneity through FA analysis, and diffusional potential through MD analysis, 

DTI also has the potential to provide useful insights into water soluble macromolecule 

diffusion from a macroencapsulation device to the surrounding vasculature. The results of 

the DTI analysis surrounding multiscale porosity devices may be indicative for the tissues 

affinity for unimpeded diffusion of insulin after 21 days. 

The primary goal of islet macroencapsulation is the re-establishment of glucose 

homeostasis maintained by adequate insulin production and secretion by 

macroencapsulated cells. Insulin can be induced by a multitude of hormones and 

neurotransmitters however, predominant secretagogue is glucose [22]. The normal 

physiological secretion of insulin is pulsatile [435,436] in nature however, maintenance of 

this delicate regulation from within a macroencapsulation device, remains one of the 

greatest challenges in the field. The kinetics of insulin through a macroencapsulation system 

are subject to numerous biological and physio-chemical factors [190,437]. The composition 

of the macroencapsulation device, and the resultant pericapsular fibrotic overgrowth can 

hugely influence insulin kinetics. This collagenous overgrowth can be attributed to an 

immune response against the device polymer or to antigen shedding through membrane 

pores from macroencapsulated islet tissue [438]. The surrounding deposition of collagenous 

fibrous tissue elevates mass-transfer resistance of the tissue, ultimately resulting in the 

impedance of analyte diffusion between the device and the surrounding vasculature 
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[439,440]. The configuration of the Beta O2 device is a prime example of positive insulin 

kinetics, unhindered by the disruption of diffusion [229,230]. Although the relatively large 

surface-to-volume ratio of macroencapsulation devices can disrupt optimal exchange of 

macromolecules, thus compromising metabolic homeostasis. In the case of the multiscale 

porous device utilised in this study, the bioavailability of insulin through the device is 

equivalent to conventional insulin delivery subcutaneously (Figure 5.7). The purpose of this 

experiment was to create a reference measure, to analyse the devices capacity to release 

insulin produced by future encapsulated islet cells. This measure was previously used by 

Abramson et al [406], who developed an oral biologic delivery system that autonomously 

positions itself to engage with gastrointestinal tissue to achieve systemic drug uptake. Similar 

to Abramson et al [406] who used  insulin as a model drug, the multiscale porous device 

demonstrated comparable if not equivalent results, when demonstrating the devices ability 

to deliver insulin compared to gold standard subcutaneous administration. The insulin 

delivery efficacy achieved with the multiscale porosity device suggests that this method 

could replace subcutaneous injections for insulin and justifies further chronic large animal 

studies with islets encapsulated within. 

In conclusion, the implantation of an up-scaled multiscale porous 

macroencapsulation device within the novel TAP site, can facilitate the development of a 

highly vascularised, integrated, heterogeneously organised fibrous capsule with an affinity 

for unimpeded diffusion of insulin after 21 days. These findings prove that the properties of 

the surface multiscale texturing could be used to facilitate physiological diffusion necessary 

for efficacious islet macroencapsulation. This site met the requirements for being easily 

accessible and can facilitate longitudinal monitoring of devices. By choosing a site with 

abundant endogenous vasculature with the possibility for proangiogenic manipulation, it 

could enable the development of a highly interconnected vascularised network surrounding 

macroencapsulation devices, providing adequate oxygenation and nutrient supply for active 

and sustained engraftment of cells in future studies.
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6.1 Overview 

DM is a chronic metabolic disease characterised by the dysregulation of glucose 

metabolism. DM is a major health problem that has reached alarming levels across the globe. 

T1D is characterised by β-cell auto-immunity and the subsequent destruction of the insulin 

producing cells in the pancreas. Although T1D is the less prevalent of the two primary types 

of DM, the morbidity and mortality associated with T1D, combined with the substantial 

economic cost have made it a major public health issue that has attracted a great deal of 

interest for research into the treatment and prevention of the disease. As a consequence, 

many investigations in this field have pursued the development of a system known as the 

bioartificial pancreas. This three-part system would consist of donor human islets or insulin 

producing cells, a biocompatible ECM to house them, and a semi-permeable 

immunoisolating shell to prevent graft rejection without the need for systemic 

immunosuppression.  

Over the course of this thesis, extensive efforts have been focused on investigating 

the most superior biocompatible approach, including surface modification techniques, 

implant site, configuration of device, and methods to improve vascularisation for the 

purpose of islet cell macroencapsulation. In vivo rodent experimentation demonstrated that 

a combination of complex micro- and macrotexture were optimal surface topographies, 

providing a scaffold for blood vessel development, tissue attachment and integration in the 

absence of a heightened macrophage response. In addition, in vivo data indicated that the 

addition of VEGF microspheres combined with a multiscale porosity device had a statistically 

increased angiogenic response by promoting increased vessel stability, maturity and vessel 

size within a 4-week time period. This demonstrated the potential to resolve the diffusion 

limitations of newly seeded/transplanted islet cells and ultimately reduce the time of cellular 

reconnection to host vasculature, improving potential islet survival within our 

macroencapsulation device. Moreover, a study of therapeutic efficacy proved that 

macroencapsulated islets have the potential to maintain glucose responsiveness and 

function for 8 weeks within the multiscale porosity device. Finally, the utility of this 

manufacturing approach to create clinical scale devices with efficacious insulin delivery was 

demonstrated through a 14-day porcine device delivery and safety study. As a surrogate for 

cells producing insulin in the device, we compared insulin infusion through the device to 

subcutaneous delivery as a direct comparison to current insulin delivery regimens. 

Bioavailability was equal when the same dose of insulin was delivered via the device vs 

subcutaneous injection in a diabetic pig model. 
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 The results demonstrated clinical scalability, surgical delivery and functionality of 

textured devices. These experiments demonstrate significant progress made accumulating 

the extensive pre-clinical data required for translation of this project from the bench to 

bedside, but ultimately will inform all future work related to the clinical translation of the 

multiscale porosity macroencapsulation device as part of the DRIVE bioartificial pancreas. 

6.2 Thesis results summary 

6.2.1 Determining an optimal surface topography  

It has been well established that a successful islet macroencapsulation device must 

facilitate; normal insulin and glucose kinetics for the maintenance of normoglycemia, 

optimal nutrient and waste exchange, all while maintaining the viability of 

macroencapsulated cells. The foreign body response (FBR) to synthetic materials is an 

enormous impediment to the development and efficacy of immunoprotective islet-

macroencapsulation devices [180]. This FBR is often heightened when a polymeric device 

features a smooth external surface [246,247]. Fibrous tissue does not generally adhere to 

the polymer, and instead allows sliding and friction between the surrounding tissue and the 

device. Subsequent fibrotic encapsulation by dense impermeable avascular layers of 

collagen, impairs tissue integration and a lack of vascularisation severely affects the 

pharmokinetics of mass transport in the peri-device tissue [254] and can limit nutrient and 

oxygen diffusion and cell viability and response. Promoting tissue integration and blood 

vessel formation surrounding macroencapsulation devices is imperative to ensure positional 

fixation within the host tissue and thus prevent adverse effects [256]. Thus, when 

determining an optimal surface topography for this thesis, we aimed to improve the devices 

ability to harness the desired degree of tissue integration and vascularisation for potential 

islet cell macroencapsulation.  

To achieve this aim, novel additive manufacturing techniques were utilised to create 

a series of five 12 mm disk shaped implants, fabricated from medical grade silicone. Each 

subsequent implant in the series was progressively more complex than the previous, which 

was achieved by increasing the quantity of both rope-coil-derived macro-pores, and salt 

spray derived micro-pores. Previous studies have demonstrated that micro-range surface 

texture can modify cellular responses in the surrounding tissue, dampen chronic 

inflammation and promote angiogenesis, resulting in improved device integration [279,280]. 

These surface modifications were intended to encourage cellular attachment, while reducing 

macrophage and oriented fibroblasts aggregations, thus promoting tissue in-growth and 

vascularisation is proximity to the immunomodulatory membrane of the implant. 
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In the 14-day rodent study, it was demonstrated that implants possessing micro- and 

macropore structures showed an excellent propensity to encourage tissue attachment when 

compared to smooth implants. Increased tissue integration correlated with a thicker capsule 

due to its more tortuous development and increased affinity for tissue integration around 

the rope coil groups. Macrophage activity surrounding the implants was assessed as a 

measure of the FBR [280] which demonstrated that increasingly complex topographies do 

not evoke a significantly enhanced macrophage response. The formation of new vessels is 

imperative for the mass-diffusion of nutrients, waste, and oxygen to encapsulated cells. 

Without sufficient vascularisation, cellular function and device efficacy cannot be 

maintained. In order to supply sufficient oxygen to islet cell mitochondria, the maximum 

radial diffusion distance between an islet cell and a capillary must not exceed 200 μm 

[298,299]. The results of this study indicated that vascular beds surround all implants which 

could potentially facilitate macroencapsulated islet survival and subsequent insulin diffusion. 

However, this analysis proved that significant increases in vascular density correlate with 

increased complexity of implant surface topography. Crucially, the most complex implants, 

were also associated with a reduction in radial diffusion distance (<30 μm), suggesting the 

presence of optimally vascularised tissue to facilitate the survival of macroencapsulated cells 

[168]. 

Islet isolation procedures can often destroy the native islet vascular networks 

causing prolonged hypoxic stress contributing to a loss of 60% of transplanted islets during 

the first 48 h post-transplantation [227,228]. In order to supply sufficient oxygen to islet cell 

mitochondria, the maximum radial diffusion distance between an islet cell and a capillary 

must not exceed 200 μm [298,299]. For these reasons, the development and distribution of 

neovascularisation adjacent to macroencapsulation device surface as well as the spatial 

arrangement of the encapsulated cells is essential to promote survival of macroencapsulated 

islets and is a primary limiting factor in long-term device success. 
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6.2.2 VEGF releasing microspheres as a vascularisation strategy 

Having established that multiscale porosity on the surface of soft tissue implants can 

enhance tissue integration and vascularity, a multiscale porosity macroencapsulation device 

was fabricated. However, islet survival and functional capacity are usually determined in the 

first three days post-transplantation, at which time the surrounding graft is largely avascular 

[130]. It has been established that rapid development of a highly interconnected vascularised 

network has the potential to resolve the diffusion limitations of newly seeded/transplanted 

islet cells and ultimately reduce the time of cellular reconnection to host vasculature and 

improve islet survival within the macroencapsulation device [309–311]. Rapid vascularisation 

in the vicinity of devices can also be  promoted by the inclusion of growth factors such as 

VEGF to facilitate the controlled release of angiogenic cues [192,259,304,305]. Therefore, we 

wanted to determine whether encapsulating VEGF microspheres within multiscale porosity 

devices, could promote and enhance the formation of a substantial vascular network at the 

device surface.  

Data from this study indicated that the addition of VEGF microspheres combined 

with a multiscale porosity device had a statistically increased angiogenic response by 

promoting increased vessel stability, maturity and vessel size within a 4-week time period. 

The successful development of a highly interconnected vascularised network demonstrated 

in this study, could have the potential to resolve the diffusion limitations of newly 

seeded/transplanted islet cells and ultimately reduce the time of cellular reconnection to 

host vasculature, improving potential islet survival within our macroencapsulation device.  

6.2.3 Determining the therapeutic efficacy of the multiscale porosity 

macroencapsulation device  

To develop an efficacious islet macroencapsulation system, one must recognise the 

complex relationship between, device design, islet quality, implantation site and integration 

into the host site. In this study, we described the optimisation of intra-peritoneal transplant 

methodology to achieve adequate angiogenic and tissue integration for increased viability 

and long-term efficacy of macroencapsulated syngeneic islets in an STZ induced T1D model. 

Optimisation of the implantation procedure by suturing the macroencapsulation 

device internally to the pre-peritoneal site resulted in improved viability and efficacy of 

macroencapsulated cells. As devices maintained their configuration and position throughout 

the implantation period, the potential for tissue integration and vascularisation increased. 

Over a period of 8 weeks, over half of implanted rodents achieved graft-derived insulin levels, 

sufficient to prevent STZ-induced hyperglycemia.  
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This combination of an optimised intra-peritoneal implantation procedure and a 

multiscale porosity macroencapsulation device can facilitate efficacious islets and the 

maintenance of normoglycemia in diabetic rodents for up to 8 weeks. By choosing a site with 

abundant endogenous vasculature with the possibility for proangiogenic manipulation, it can 

enable the development of a highly interconnected vascularised network surrounding the 

macroencapsulation device to provide adequate oxygenation and nutrient supply for active 

and sustained engraftment. 

6.2.4 Clinical translation study 

Promising approaches for islet cell encapsulation are translated through large animal 

models that ultimately pave the way to proceed to Phase I and II clinical trials in human 

subjects. In the final study we aimed to detail the first steps in translating a rodent sized 

multi-scale porous device to a large scale, functional macroencapsulation device implanted 

in a diabetic porcine model.  

To fully appreciate the benefits of islet macroencapsulation, a more appropriate 

implant site had to be identified. For this study, three potential sites within the Anterior 

Abdominal Wall were identified due to their ability to accommodate a macroencapsulation 

device. The TAP is a potential space between the transversus abdominus and the internal 

oblique muscles of the abdomen, and is routinely accessed by anaesthesiologists with 

ultrasound guidance to provide analgesia for abdominal surgery via a TAP block [389]. This 

site was chosen due to its dense vascular network which could permit rapid development 

and distribution of neovascularisation adjacent to macroencapsulation device surface thus 

ensuring that encapsulated cells would receive adequate oxygen and nutrient supply for 

survival and function [20]. This also site met the requirements for being easily accessible, can 

facilitate longitudinal monitoring of transplants and can provide nutritive support for islet 

cell survival.  

Findings of this study demonstrated that implantation of an up-scaled multiscale 

porous macroencapsulation device within the novel TAP site, could facilitate the 

development of a highly vascularised, integrated, heterogeneously organised fibrous capsule 

with an affinity for unimpeded diffusion of insulin after 21 days. These findings prove that 

the properties of the surface multiscale texturing could be used to facilitate physiological 

diffusion necessary for efficacious islet macroencapsulation. This site met the requirements 

for being easily accessible and can facilitate longitudinal monitoring of devices.  
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The inclusion of a smooth surfaced TPU device in this study, not only permitted 

comparative analysis on the effects of textured versus smooth surfaces, but also on the 

biomaterial used to produce the device. Throughout this study, both device designs 

demonstrate comparable fibrous capsule thicknesses and area measurements, angiogenesis, 

myofibroblast abundances and macrophage activation. However, devices possessing micro- 

and macropore structures demonstrated an enhanced affinity for tissue integration around 

the rope-coils when compared to smooth TPU devices. When fibrous tissue does not adhere 

to the polymer, it can result in sliding and friction between the tissue and implant. This lack 

of tissue integration and resulting friction could promote the accumulation of serous fluid 

and inflammatory cells at the interface [252,253], which could in fact be the future following 

long term implantation of the TPU device however this would need to be tested further. 

Increasing integration would also reduce the distance between the macroencapsulated cells 

and surrounding blood vessels, which is essential for device function and cell survival. While 

histological analysis was similar across both device configurations, multiscale porous 

macroencapsulation devices can promote a more heterogonous fibrous capsule 

development, greater tissue integration and greater diffusion properties which may give it 

the edge for enhanced efficacy over both smooth surface silicone devices and smooth TPU 

macroencapsulation devices.  

By choosing a site with abundant endogenous vasculature with the possibility for 

proangiogenic manipulation, it could enable the development of a highly interconnected 

vascularised network surrounding macroencapsulation devices, providing adequate 

oxygenation and nutrient supply for active and sustained engraftment of cells in future 

studies 

6.3 Clinical relevance 

6.3.1 Putting a positive spin on fibrous capsule development 

The implantable medical device industry is plagued by the Foreign Body Response 

(FBR) which ultimately limits long-term performance and therapeutic efficacy. Medical 

devices that rely on integration with native tissue such as neural probes [441,442], indwelling 

catheters [443], mammary implants [444], pacemakers [445], glucose biosensors [446–448], 

and drug and cell delivery devices [446,449,450], are predominantly susceptible and impair 

functionality. Implantable medical devices have various failure rates that can be attributed 

to fibrosis and can be as high as 30 to 50% for implantable pacemakers [445] and 30% for 

mammoplasty prosthetics [444]. The FBR involves deposition of an avascular, collagen-rich 
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capsule around the implant by myofibroblasts that can result in significant impairment in 

device functionality. This dense fibrosis can lead to the implant being walled off thus 

preventing the device from functioning or integrating as intended [254]. Fibrous tissue does 

not generally adhere to the polymer, and instead allows sliding and friction between the 

tissue and implant. This lack of tissue integration and resulting friction can promote the 

accumulation of serous fluid and inflammatory cells at the interface [255]. Poor tissue 

integration of prostheses is associated with increased rates of infection in multiple types of 

soft tissue, including vascular and breast tissue [451].The foreign body response to synthetic 

materials is an enormous impediment to the development and efficacy of immunoprotective 

cellular-encapsulation devices [180]. 

However, the additive manufacturing method used to create multiscale porosity 

topography is a fast, effective method of coating medical implants of diverse curved 

topologies, modulating the host immune response and guiding the foreign body response via 

surface topology. The patterning techniques described here offers tunability of fibrous 

capsule formation and angiogenesis through surface modification enabling increase or 

decrease of tissue integration, increase or decrease of fibrous capsule formation and 

increase or decrease of angiogenesis.   

The methodology used to create micro- and macrotexture surface modifications is a 

simple, inexpensive method for the surface functionalisation of implantable biomaterials and 

has demonstrated the potential of being applied to various implantable devices to 

ameliorate the FBR to biomaterials. 

6.3.2 DRIVE technology as a treatment for T1D  

The primary objective of this thesis was focused on investigating the most superior 

biocompatible approach, including surface modification techniques, implant site, 

configuration of device, and methods to improve vascularisation for the purpose of islet cell 

encapsulation. 

Ultimately, the primary objective of the DRIVE project was to develop an 

extravascular macroencapsulation device to act as a bioartificial pancreas. In the field of 

extravascular macroencapsulation, there are currently 3 main leaders in the field: Encaptra®, 

βAir, and the Sernova Cell Pouch System™. All three companies have been in development 

longer, and all three have already started first-in-human trials. This raises an important 

question: is there room in the market for another extravascular macroencapsulation 

bioartificial pancreas? The preliminary in vivo results from the DRIVE project are promising, 
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but can the technology compete with the existing technologies? See Table 6.1 for 

comprehensive overview on how the DRIVE approach compares with other technologies. 

The Encaptra Drug Delivery system, or the VC-01 product, utilises the PEC-01 cell 

line, which mature into glucose-responsive insulin-secreting beta-like cells, used to 

overcome the issue of donor pancreatic islet shortages, an  issue that presented significant 

challenges to DRIVE [218,219]. However, the DRIVE product is flexible, and in the future 

when iPSC derived β-cells are available, the DRIVE product would be able to utilise those 

cells. Additionally, the VC-01 product is an immunoisolating device however, the company 

ViaCyte is also investigating the PEC-Direct and PEC-QT or VC-02 encapsulation systems. 

These are highly porous to allow blood vessel penetration and infiltration of the 

encapsulated cells at the cost of the immunoisolation, requiring immunosuppressive 

therapies in order to protect the implanted cells from immune rejection. If the DRIVE product 

can maintain its immunoisolating capacity, while also addressing vascularisation, it would be 

in a position to be able to compete with the VC-02 product. Similarly, this is also the 

competitive advantage of the DRIVE product over the Sernova Cell Pouch System which also 

prioritises vascularisation by compromising on an immunomodulatory barrier, thus 

immunosuppression is necessary to prevent rejection of implanted islets. 

The βAir macroencapsulation device was developed by Beta-O2 Technologies. βAir 

employs a novel strategy by providing continuous oxygenation of cells from the moment of 

encapsulation. This approach could potentially negate prolonged hypoxic stress which 

typically contributes to the loss of 60% of transplanted islets during the first 48 hours post-

transplantation [227,228] and prolong the survival of encapsulated islets. This is not a 

strategy that the DRIVE product can compete with. However, if the DRIVE product can 

achieve the same degree of long-term efficacy as the βAir device, it will surpass the βAir 

device as it will not require daily refills of the O2 reservoir [298].  

While the bioartificial pancreas represents an exciting frontier in diabetes treatment, 

in reality the next step in medical devices for the treatment of diabetes may not require 

endogenous insulin production at all. Currently, open loop systems remain the main 

approach for managing DM but a shift towards more automated, interconnected systems in 

the future is expected. The concept of the artificial pancreas, the use of an insulin pump, a 

CGM device, and an insulin dosing algorithm may be the biggest competition to all 

macroencapsulation devices. Nevertheless, despite promising results the artificial pancreas 

still has many obstacles to overcome before the successful development of commercially 

viable artificial pancreas device. Artificial pancreas products are in early stages, but show 
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greatly improved blood glucose control [96]. However, the functional components of the 

artificial pancreas must be maintained; sensors of the CGM must be replaced every 2-7 days 

and require frequency calibration [452], the device must be recharged regularly and insulin 

pumps refilled every 3 days [453]. The insertion of CGM subcutaneously is an invasive 

procedure and thus results in an inflammatory response at the insertion site that may 

produce inaccurate CGM data [452] whilst catheter blockage may prevent insulin delivery. 

Secondly, changes in insulin sensitivity can occur based on concurrent illness, unusual levels 

of physical activity and medication taken by the patient [454]. Another significant obstacles 

is the suboptimal accuracy and reliability of commercially available CGM systems, which can 

give a relative absolute difference between sensor and reference glucose measurements of 

up to 15% [454,455]. Such a persistent deviation may cause insulin over-delivery and so 

increased risk of hypoglycemia, posing the greatest challenge to closed-loop insulin delivery. 

Additional technical problems include the challenge of integrating CGMs, insulin pumps and 

system algorithms from different commercial entities [454,456]. Although an artificial 

pancreas device will always need to have insulin reservoirs changed, many patients may find 

this to be an acceptable price to pay to avoid undergoing surgery for the same, if not 

increased levels of glucose control. 

Islet transplantation offers the greatest potential to restore endogenous control 

over blood glucose levels in individuals with T1DM. Currently islet transplantation is 

approved in Canada, Australia, United Kingdom, and some European countries for use in 

patients with brittle T1DM – meaning the costs of islet transplantation are covered by 

national health systems or reimbursed by insurance companies.  

In the United States, the FDA is reviewing a Biological Licensure Application to 

approve islet transplantation, which would be of great significance [457]. The establishment 

of a replenishable stem cell source (for instance PEC-01 cells) will potentially address the 

issue of donor scarcity while the macroencapsulation devices will protect the transplanted 

islets from the recipients’ aberrant immune response (removing the need for 

immunosuppressants) [458], potentially paving the way towards a cure for T1D
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Table 6.1:  Comparing current islet macroencapsulation systems with the DRIVE approach. 
 

Company Immunoprotection Integration Strategy Angiogenic Strategy Oxygenation Strategy 

DRIVE:  
β-Shell 

Yes:  
Devices composed of medical grade silicone 
with selectively permeable membrane - pore 
size of ~ 5 μm. 

Yes:  
Microporous with multi-layered 
macro structure externally to 
provide scaffold for surrounding 
tissue integration and 
microvasculature. 

Yes:  
Incorporation of VEGF 
microspheres.  
Microporous with multi-layered 
macro structure externally. 

Yes:  
Native HA/Perfluorodecalin 
oxygenated emulgel. 

Viacyte: 
Encaptra 
 
 

Yes:  
Devices composed of ePTFE with selectively 
permeable membrane - pore size of 0.45 μm. 

No No No 

Viacyte:  
PEC-QT & PEC-
Direct 

No. Immunosuppression required: 
Devices composed of ePTFE with large 
diameter pores. 
 

No  Yes:  
Highly porous devices to allow 
blood vessel penetration and 
infiltration of the encapsulated 
cells. 

No 

Sernova:  
Cell Pouch 

Partial, Immunosuppression required:  
Pouch composed of a polypropylene based 
matrix with large diameter pores. 
Sertolin technology: Microencapsulation of 
cells within a polymer sphere preventing 
immune cell attack. 

Yes:  
Pouch to be implanted 
subcutaneously for 30-40 days to 
promote the development of 
surrounding tissue integration 
and microvasculature. 

Yes:  
Pouch to be implanted 
subcutaneously for 30-40 days. 
Its interior is filled with an array of 
rods, or a single rod to act as plugs 
during the prevascularisation 
process. 

No 

Beta-O2 
Technologies: 
βAir 

Yes:  
Devices possess PTFE membranes 
impregnated with high viscosity mannuronic 
acid alginate. 

No No Yes:  
Incorporated oxygen gas 
reservoir to be replenished 
daily via an external port. 

Defymed: 
MailPan 

Yes:  
Devices composed of selectively permeable 
polycarbonate membrane. 

No No No 
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6.4 Future work 

The preclinical data obtained throughout the course of this PhD have established 

that the multiscale porosity macroencapsulation device has significant potential as a 

component of a bioartificial pancreas. The ideal configuration of the DRIVE technology would 

include prevascularisation period of two-four weeks prior to the introduction of a cell cargo. 

This prevascularisation period would involve implantation of the macroencapsulation device 

containing VEGF releasing microspheres suspended within a HA gel. This prevascularisation 

period would enable time for tissue integration and the development and distribution of 

neovascularisation adjacent to encapsulation device surface which would in turn promote 

survival of future encapsulated islets. Following this prevascularisation period, the device 

would be emptied of its contents and subsequently islets encapsulated within an oxygenated 

hydrogel would be injected into the device. This approach would negate the hypoxic 

implantation period that is often a primary limiting factor in device efficacy. By combining 

functional biomaterials developed and optimised within the DRIVE consortium for long-term 

clinical efficacy of transplanted islets, future studies must endeavour to reach key milestone 

objectives in translating this novel device by completing chronic studies in small and large 

animals to prepare for a Phase 1 clinical trial of the technology using human islets as the 

insulin producing cell source. The overall aim of the proposed future studies is to 

demonstrate human islet cell viability and long-term efficacy when encapsulated within a 

multiscale porosity macroencapsulation device. This will be achieved through four aims, with 

sub-tasks as follows. 

 
1. Examine the ability of the multiscale porosity device to provide long-term in vivo 

immunoprotection to allogeneic islets in an immunocompetent rat model of T1D 

i. Induction of diabetes in rats using streptozotocin: Adult recipient rats [Female 

Lewis (LEW/SsNHsd, haplotype RT1l) 160 g] will receive an intra-venous injection 

of 60 mg/kg dose of Streptozotocin (STZ) to induce diabetes [354,355]. Blood 

glucose will be monitored and rats exhibiting a repeating basal circulating BG 

level of greater than 300 mg/dL will be considered diabetic.   

ii. Implant rodent-sized multiscale porosity devices in STZ-induced diabetic rats: 

Rats will be anesthetized by isofluorane and 1 rodent-sized device will be 

implanted per rat submuscularly in the dorsum. This site will mimic the future 

submuscular implantation site in the anterior abdominal wall.  
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Each device will contain 2000 IEQ of allogenic rat islets [Male Wistar Furth 

(WF/NHsd, haplotype RT1u) 200-250 g]. Intravenous Glucose Tolerance Test 

(IVGTT) will be carried out before STZ and 7d-28d after normal glycemia (<200 

mg/dL) is achieved to compare glucose clearance AUC. Blood glucose will be 

monitored for a period >130 days allowing us to directly compare with the 2020 

Bose et al study which examines a retrievable implant for the long-term 

encapsulation and survival of therapeutic xenogeneic cells [459]. 

2. Determine the pre-clinical efficacy of multiscale porosity device macroencapsulated 

human islets in an immunocompetent porcine model of T1D.  

i. Induction of diabetes in pigs using Streptozotocin: To induce diabetes, 20-30 kg 

Landrace pigs will receive a single dose of STZ 150 mg/kg administered 

intravenously while under general anaesthesia. Blood glucose will be recorded 

using CGMS to improve the management of hyperglycemia and hypoglycemia 

before transplantation and their welfare after transplantation. 

ii. Implant pig-sized multiscale porosity macroencapsulation devices in STZ-

induced diabetic pigs: Diabetic pigs will be treated with insulin glargine (0.3–0.8 

U/kg; Lantus; Sanofi-Aventis) once daily for glucose control, and the daily 

treatment will be stopped 36h before implantation to minimise the impact of 

remaining insulin glargine [460]. IVGTT will be carried out with 0.5 mg glucose/kg 

and blood sampling over subsequent 180 minutes. ELISA assay will measure 

Serum C-peptide and insulin (on IVGTT blood samples - <0.4 ng/mL c-peptide = 

diabetic). On day 7 after induction of diabetes, animals will undergo general 

anaesthesia and receive surgical implantation of porcine-sized devices into 

transversus abdominis plane (TAP). Devices will contain 1800-4600 IEQ/kg body 

weight[233] of human islets, supplied by islet expert Dr Federico Bertuzzi. 

Interstitial glucose concentration (IGC) will be monitored using CGMS (Dexcom 

G6) and two daily meals will be provided during the experiment for a period >60 

days [459] including assessment of stimulated c-peptide/insulin production 

(post-IVGTT) and reduction in insulin requirements. 

3. Ex vivo assessment of islet cell viability and function 

i. Explant device, assess fibrotic capsule and vascularisation surrounding rodent 

and porcine devices: Masson’s Trichrome stain and microCT analysis will be used 

to quantify the area of fibrotic encapsulation using previously established 
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techniques [461]. Immunohistochemistry will be used to assess vascularisation 

(CD31 staining)  and macrophage response (CD68;pan-macrophage, CCR7; M1 

macrophages, CD163; M2 macrophages) using previously established techniques 

within the NUIG lab [461]. 

ii. Explant device, assess viability and morphology of encapsulated islets within 

rodent and porcine devices: Histological analysis of islet morphology will be 

performed using hematoxylin and eosin staining. Immunohistochemistry will be 

used to assess the presence of insulin and glucagon within islet cells and 

immunophenotyping intragraft immune cells using previously established 

techniques within the NUIG lab. 

4. Clinical Translation 

i. Device Manufacture: GMP-like device manufacture will be carried out and will 

include development control of relevant manufacturing steps and control of 

critical steps and intermediates. 

ii. Sterility: Components of macroencapsulation system were previously assessed 

for sterilisation options using the decision tree for the selection of sterilisation 

methods (CPMP/QWP/054/98) with suitable studies performed to evaluate the 

optimal method in each case. Based on these outcomes, steam sterilisation was 

deemed optimal and a protocol of the macroencapsulation device will be 

established. 

iii. Preparation for Phase I clinical trial: Results of the studies performed in 1-4 will 

be compiled to accelerate progression to a future Phase I safety and efficacy 

clinical trial (based on the trial conducted by beta-O2 Technologies[233]). 

Multiscale porosity macroencapsulation devices containing isolated allogenic 

islets will be implanted in the TAP of 4 patients with T1D. Devices will be removed 

180 days post-transplantation, with a safety follow-up for an additional 6 

months.   
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6.5 Final conclusion 

Over the course of this project it has been demonstrated that additive manufactured 

multiscale porous coatings on macroencapsulation devices can encourage and increase 

tissue integration and the formation of significantly larger, more stable, mature vascular 

network without heightening the foreign body response. Moreover, macroencapsulated 

syngeneic islets can maintain glucose responsiveness and function for up to 8 weeks. These 

findings demonstrate scalability and functionality with the possibility of resolving diffusion 

limitations of current macroencapsulation devices at clinical scale. Although, the device has 

yielded promising results in both small and large animal studies, a great deal of future work 

will be required to translate these results from animal models to first-in-man trials.
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