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Summary (300 words)

Diabetes mellitus is a chronic disease which affects over 425 million people
worldwide (2017), a number which is expected to rise to 629 million people by 2045.
Diabetes mellitus occurs when the pancreas does not produce enough insulin to
meet the demands of the body, due to the malfunction or immune-mediated

destruction of the insulin producing B-cells.

The bio-artificial pancreas approach aims to return endogenous insulin production to
the patient, by delivering donor pancreatic islets encapsulated in a supportive
biomaterial and protected by a semi-permeable immunoisolating shell. The overall
objective of the research in this PhD thesis is to develop a novel functionalised
biomaterial suitable for use as the extracellular matrix in a bio-artificial pancreas.
This functionalised biomaterial would first be assessed in vitro with a suitable cell
model and then undergo process development and scale-up manufacture for use in

pre-clinical small and large animal model in vivo testing.

The functionalised biomaterial was formulated as a native hyaluronic acid hydrogel,
functionalised with a perfluorodecalin oxygen carrier emulsion. The formulated
biomaterial showed rheological characteristics suitable for delivery to a bio-artificial
pancreas and improved oxygen storage characteristics compared to non-

functionalised hydrogels.

In vitro testing of the biomaterial seemed to show that is was not beneficial to a B-cell
line. However it was shown to be biocompatible by an International Organisation for
Standardisation (ISO) validated method and also showed biocompatibility with

human islets in vitro.

Process development of the biomaterial resulted in the development of a protocol for
its preparation that was successfully transferred to facilitate the in vivo testing. In a
large animal model the biomaterial was successfully filled into a semi-permeable
immunoisolating shell. In the small animal model the biomaterial showed efficacy
when used to deliver primary rat islets cells to the rat model, showing improved

fasting and post-prandial blood glucose for up to 8 weeks.
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1.1 Diabetes Mellitus
1.1.1 Impact of diabetes mellitus worldwide

Diabetes mellitus (DM) is a chronic disease which affects over 425 million people
worldwide (2017), a number which is expected to rise to 629 million people by 2045
(Figure 1.1) (1). According to the WHO in a 2016 report, prevalence of DM has risen
from 4.7% to 8.5% worldwide between 1980 and 2014. Additionally, DM is rising in
prevalence in countries of all income levels and is rising faster in low to middle
income countries (2). DM is a global disease with impact globally. In 2015 alone
more than 5 million deaths were caused by DM worldwide, responsible for more
deaths than HIV/AIDS, Tuberculosis and malaria combined (3). There is a
substantial economic cost of DM, with a 2016 systematic review published in The
Lancet estimating a cost of $825 billion worldwide (4).
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Figure 1.1 Global incidence of DM (1).
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1.1.2 Pancreas anatomy

The pancreas is an upper abdominal organ situated behind the stomach. The
pancreas is an organ of both the gastrointestinal system (the exocrine pancreas),
secreting important digestive enzymes into the intestine, and the endocrine system,
secreting hormones into the blood to control energy metabolism and storage
throughout the body. Anatomically the pancreas is splitin three portions, the head,
next to the duodenum, the body, and the tail, that extends to the spleen. The
pancreas has an extensive arterial blood supply, being supplied by branches of both
the celiac trunk and superior mesenteric artery. The exocrine pancreas comprises of
more than 95% of the pancreas and is made up of the acinar and duct cells. The
acinar cells form pouches throughout the pancreas, which make and secrete the
exocrine enzymes to the pancreatic duct system. These ducts branch outwards,
eventually feeding into the common bile duct which releases the pancreatic enzymes
to the digestive system (5). The endocrine pancreas is the part of the pancreas
associated with the management of energy metabolism and is made up of clusters of

endocrine cells, the islets of Langerhans.
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Figure 1.2 Diagram of the human pancreas and surrounding organs (6).
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1.1.3 Islet anatomy

Pancreatic islets (islets of Langerhans) are structured aggregates of endocrine cells
found throughout the pancreas, making up approximately 1% of the total weight of
the pancreas. They are complex micro-organs, made up of a number of cell types
which contribute to the release of the endocrine hormones and peptides responsible
for blood glucose regulation (7, 8). The four distinct cell types making up the islet are
the a-cells, d-cells, pancreatic protein (PP) cells, and B-cells and each islet is also
fed with a microvascular network to ensure the cells are sufficiently perfused with

nutrients and oxygen.

The a-cells make up 15-20% of the pancreatic islet. They are responsible for the
secretion of glucagon, the main peptide hormone which works alongside insulin to
regulate blood glucose, by mobilising stored glycogen into glucose to prevent
hypoglycaemia in healthy persons. Making up 5-10% of islet mass, the d-cells
release the peptide hormone somatostatin which has a regulatory role in inhibiting
the release of glucagon and insulin from the a- and B-cells respectively. The PP cells
are the least well studied of the islet cells and are responsible for producing the
pancreatic polypeptide. It has shown effects on gastrointestinal motility, as a satiety
factor and some metabolic effects, including the suppression of insulin and
somatostatin secretion (9). The B-cells form the main bulk of the pancreatic islet
making up between 50-80% of pancreatic islet mass. They are responsible for the
production and release of insulin into the blood.

Pancreatic islets can vary in size, composition and structure between individuals but
there are some common characteristics to most islets. Morphologically human islets
are spherical/oval in shape and their size can vary from small to large, 50-500um in
diameter (10). Cell arrangement in pancreatic islets has been studied extensively
and human islets are generally considered to comprise of a random intermingling of
the a-, B-, and &-cells (11).However some studies have suggested that islets are
organised specifically, with an outer mantle of a- and &-cells and a core of B-cells,
similar to rodent islets (12). There is also disparity in islet cell arrangement between
differently sized islets, and islets from different locations in the pancreas; smaller
islets are have a higher percentage of B-cells than larger sized islets and islets found

in the head of the pancreas have a larger proportion of PP cells. All islets have an
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extensive microvasculature (capillary network 5 times more dense the exocrine
network) to ensure that sufficient oxygen and nutrients are provided to the highly
metabolically active cells, and also ensuring that the cells can respond to the
changes in blood glucose levels rapidly (8). Sympathetic fibres, which allow for

autonomic innervation of the islets, are also present within the islet.

Sympathetic
fibres

Blood
vessels

a Alpha cell

E Beta cell
Q Delta cell

Islet cell composition

Figure 1.3 The cell arrangement seen within a human/non-human primate
pancreatic islet showing the random intermingling of the cell types, the presence of

the microvascular network and the sympathetic fibres (12).
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1.1.4 Pathophysiology of DM

DM occurs when the pancreas does not produce enough insulin to meet the
demands of the body. Insulin is a peptide hormone secreted by the -cells, and itis a
key hormone involved in glucose homeostasis in the body, facilitating glucose uptake
by cells and regulating carbohydrate, lipid and protein metabolism (13). In DM the
failure to produce sufficient insulin results in unregulated blood glucose levels which
can lead to high blood glucose, hyperglycaemia. Uncontrolled hyperglycaemia is the
primary cause of symptoms of patients presenting with undiagnosed DM; polyuria,
polydipsia, increased hunger and unexplained weight loss (14), and, if left
undiagnosed and/or unmanaged, uncontrolled high blood glucose can lead to further
complications; cardiovascular complications, macro/microvascular degeneration,

retinopathy, nephropathy, and lower limb neuropathy (15).

Diabetes UK and the WHO have listed a number of diagnostic criteria that covers the
different types of DM; Type 1 (T1D), Type 2 (T2D), and gestational diabetes (16, 17).
A patient presenting with any number of the symptoms outlined earlier can be
diagnosed for T1D or T2D by:

e Random plasma glucose test = 11.1 mmol/L

e Fasting plasma glucose test = 7.0 mmol/L; or = 5.6 mmol/L in gestational
diabetes

e Oral glucose tolerance test, plasma glucose =11.1 mmol/L two hours after
administering 75g anhydrous glucose orally; or =2 7.8 mmol/L in gestational
diabetes

e Tests inthe ranges above without symptoms require an additional blood
glucose test on a separate day to confirm a diagnosis

e HbA1c of 48mmol/mol (6.5%) is the recommended cut off point for diabetes
diagnosis, however levels below this do not exclude diabetes diagnosed using

blood glucose tests.

T2D is the most prevalent type of DM, accounting for up to 90-95% of all cases of
DM worldwide.T2D is a progressive disease which is preceded first by impaired
glucose uptake, which if left untreated can develop into T2D. The primary

mechanism of T2D development is known as insulin resistance, a reduced response
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of target tissues to insulin, affecting normal glucose metabolism (18). Insulin
resistance develops as result of a combination of factors e.g. weight, age, genetics,
and can lead to abnormal insulin secretion, as a result of sustained hyperglycaemia.
Poorly managed T2D is progressive, as increased insulin resistance results in higher
insulin demand to control blood glucose levels. This demand eventually results in
critical oxidative stress to the B-cells (19, 20), leading to cell death and the loss of
endogenous insulin production. T2D is considered a manageable disease, and
progression can be halted and even reversed with appropriate lifestyle changes,
such as diet and exercise (21). In addition to lifestyle changes, T2D may also need
to be managed using oral pharmacotherapy that aims to control blood glucose levels
(22), however progression of the disease may result in the need for insulin

replacement therapy (23).

T1D is less prevalent than T2D, accounting for 5-10% of all cases of DM worldwide
(1, 3, 24, 25). T1D is characterised by B-cell autoimmunity leading to the T-cell
mediated destruction of 3-cells in the pancreas (Figure 1.4). The autoimmunity is
caused by a complex relationship between a genetic predisposition to the disease
and a number of environmental factors. The majority of these environmental factors
have yet to be identified, and as a result the events that trigger the production of
autoantibodies which lead to the destruction of 3-cells remain largely unknown (24,
26, 27). Research into predicting the development of T1D via biomarkers and
subsequent treatment with immunological therapies is ongoing but to date
implementing this treatment has been difficult. One of the most significant hurdles to
successful treatment is timing. Interventions are typically applied late, after the
immune response has already peaked, limiting the effect of potential treatments.
Successful pre-diagnosis combined with effective treatment of the autoimmunity are
both necessary to treat/prevent the development of T1D (26, 27). There is
substantially reduced insulin production in T1D in comparison to T2D and

management of the disease is primarily through exogenous insulin treatment.
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Figure 1.4 Pathogenesis of T1D. T-cells (CD4+ and CD8+) and dendritic cells (DC)
interact with auto antigen presenting B-cells. This leads to the subsequent targeting
of pancreatic islets by the T-cells for destruction. BCR, B cell receptor; TCR, T cell
receptor; MHC, major histocompatibility complex (25).
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1.1.5 Treatment of T1D
1.1.5.1 Exogenous Insulin

As B-cell mass in T1D patients has been substantially reduced the treatment
strategies implemented for T2D patients are not first-line in T1D. In T1D, lifelong
insulin replacement therapy is the first-line pharmacotherapy. Insulin analogues have
been developed over time to have a range of properties which allow a patient to
better control their blood glucose. There are two main classes of insulin analogues
available, long acting insulin and short/rapid acting insulin (28). Long acting insulin,
such as insulin glargine, acts to provide basal insulin levels throughout the day (29).
Insulin glargine is modified to precipitate in the subcutaneous tissue of the injection
site. Here it forms a depot which gives prolonged released into the blood over the
course of a day (30). Rapid acting insulin, such as lispro and aspart, are used in
combination with long acting insulin, to give a bolus dose of insulin before or after a

meal to counteract post-prandial blood glucose (PPBG) increases (31, 32).

Self-administration of exogenous insulin is not a set regimen, and insulin
requirements change on a daily basis, in response to environmental factors such as
diet and exercise. If insulin therapy is not managed correctly and excess insulin is
administered blood glucose levels may fall and precipitate hypoglycaemia; blood
glucose levels below 3.9mM are considered hypoglycaemic. Symptoms can include
autonomic symptoms such as shaking, sweating, anxiety, palpitations and nausea
(33). As blood glucose falls further the patient can experience cognitive
symptoms/CNS dysfunction like loss of concentration, drowsiness and dizziness,
eventually leading to the patient suffering seizures, entering a coma, and even death
(34). Most diabetic patients will be educated of the signs and symptoms of
hypoglycaemia and will be advised to carry a source of glucose to consume to
counteract these symptoms. Repeated hypoglycaemic episodes can impair the
body's response to hypoglycaemia, known as hypoglycaemia unawareness.
Hypoglycaemia unawareness occurs when a patient’s threshold blood glucose for
the early adrenergic symptoms, such as shaking and sweating, are the same as or
lower than the threshold for cognitive and neurologic symptoms such as confusion,
and coma/death (35) (Figure 1.5). This is a serious condition as it can affect a

patient’s safety and quality of life severely. Additionally, there is a small subset of

31



patients, with a type of diabetes known as ‘brittle’ (36, 37) diabetes, who even with a
good insulin treatment regimen will still experience large, unpredictable and
dangerous fluctuations in blood glucose levels ranging from hyperglycaemia before

insulin administration to hypoglycaemic levels after insulin administration.

Hypoglycemia aware Hypoglycemia unaware

* older patients
* patients with frequent hypoglycemic episodes
* patients with diabetic autonomic neuropathy

4 L —

symptoms
Onset of CNS
dysfunction
Onset of autonomic

2 }
symptoms
| :|> Coma/seizure {

Adapted from Holt & Hanley, 2007

]_ Onset of autonomic

Blood Glucose (mM)

Figure 1.5 Onset of symptoms of hypoglycaemia in patients who are hypoglycaemia
aware or unaware. The onset of the warning autonomic symptoms occurs at lower
blood glucose levels in hypoglycaemia impaired patients, increasing the risk of
seizures/comal/death in these patients. The onset of cognitive symptomsis
unaffected which increases the likelihood autonomic symptoms will go unnoticed
(38).

Despite the relative safety of self-administered exogenous insulin therapy, self-
management of multiple injectable medications, multiple times daily injections and
the risk of developing life-threatening hypoglycaemia is a significant risk within the

population and all of these factors are associated with a large treatment burden to
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the patient (39). This has led to the need for and the development of more

convenient and effective treatments for insulin dependent DM.

Insulin pumps were the first means of simplifying patient’s insulin treatment. Insulin
pumps are typically small pocket sized devices which contain a reservoir of insulin
and are 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. There are a number of insulin pump
manufacturers, developing pumps and needle sets to accommodate different patient
body types and lifestyles. These include differences in cannula size/angle for
different body types or tubing lengths to account for different infusion sites for
example. There are a number of different types of pumps commercially available
from different manufacturers such as Medtronic, Insulet, and Roche. Figure 1.6 gives

an example of a Medtronic device.

Figure 1.6 A Medtronic insulin pump. The image on the left shows how an insulin

pump would be worn by the patient. The right images shows the (1) Insulin pump, (2)
the insulin reservoir that is inserted into the pump, (3) the infusion set, consisting of
the needle and cannula and adhesive patch to keep it in place, and (4) the infusion

set insertion device, to make it easier to place the cannula correctly (40).

Pumps typically have two main settings, a basal rate which is programmed to

provide a low dose of insulin, which is administered continuously to mimic basal
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pancreatic rates, and a bolus dose setting which allows for the administration of a
bolus dose of insulin to respond to and limit PPBG spikes or other hyperglycaemic
events. Insulin pumps remove a great deal of burden on the patient as infusion sets
are changed 2-3 times weekly as opposed to injections being 4 times daily. Bolus
dosing is still managed by the patient and blood glucose testing is still required with a
pump to ensure blood glucose is adequately controlled. A paper published in2017
by Beck et al. inthe Lancet (41) saw that initiating adults with T1D on insulin pumps
afforded better glycaemic control but also an increase in biochemical hypoglycaemia
(lows in blood glucose which are not noticeable through major side effects but may

impair cognitive function) (42).

1.1.5.2 Blood glucose monitoring

As outlined above, monitoring blood glucose levels is an important aspect in the
treatment of T1D. The traditional, and still most commonly used, method of
measuring blood glucose levels is called self-monitoring blood glucose (SMBG)
using a blood glucose monitor. The conventional blood glucose monitor is a small
device that the patient carries on their person and requires a small sample of the
patient’s blood to perform an electrochemical reading to determine blood glucose
concentration. Blood is normally let using a small pin-prick and collected on a testing
strip and the device provides the result immediately on a screen. The patient can

then manage their blood glucose levels with insulin or food as necessary (43).

As outlined, this method for reading blood glucose can be painful and unpleasant, is
subject to user error by the patient, and only provides a blood glucose reading at a
snapshot in time, meaning it must be repeated multiple times daily to be effective.
Continuous glucose monitoring (CGM) is an advancement compared to conventional
blood glucose monitoring. CGM uses a fixed sensor placed subcutaneously, that
measure glucose concentrations in the interstitial fluid. The first wave of CGM
devices required daily calibration by a SMBG reading to function correctly, however
newer models do not require any calibration to function. The sensor can then output
the readings to the recording device in real-time or/and be saved for viewing later
(44). CGM devices perform a reading every 5 minutes, allowing for a near real-time
update in the patient’s blood glucose levels. CGM devices can also be programmed

with alerts that provide warnings through the device or connected apps on the
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patient's phone when blood glucose levels rise too high or fall too low, allowing for
quicker response times to hyper/hypoglycaemic events (45). CGM provides multiple
improvements to SMBG such as reducing the treatment burden associated with
multiple times daily pin-prick measurements, allowing for better blood glucose
management through real-time updates and recording blood glucose levels for
review with a healthcare provider, and through alerts to help better avoid glycaemic
events (46, 47).

1.1.5.3 The artificial pancreas

The next step in medical devices to improve the quality of life and care for T1D
patients is the artificial pancreas; a medical device which combines the
advancements in CGM and exogenous insulin pumps to attempt to imitate a healthy
pancreas’s role in regulating blood glucose levels in T1D patients (48). The artificial
pancreas is a closed loop system of 3 technologies i) infusion pumps for insulin
delivery, ii) a continuous blood glucose monitor, iii) a dosing algorithm to ensure
insulin is delivered at the correct dose (49) (Figure 1.7). A Lancet paper (50) saw
uniformly improved blood glucose control in a multi-centre systematic review and

meta-analysis of out-patient randomised control trials using an artificial pancreas.
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Figure 1.7 An outline of the function of the closed loop system that makes up the

artificial pancreas (51).

The aim of the artificial pancreas is to require little to no input from the user to
maintain glycaemic control, outside of occasional SMBG testing to ensure the
system is calibrated. Currently, the technology is limited by the algorithms used in
the available devices. In order to ensure accuracy the available devices ask for 2
times daily SMBG for calibration, and require manual input of mealtime
carbohydrates and current blood glucose level to provide a bolus dose of insulin. The
algorithms are also limited in the blood glucose target levels, where the target levels
may be fine for the majority of patients but can be too low for patients who

experience post exercise hypoglycaemia, requiring changes to the target levels set
in the algorithm to address this issue (52).

There are currently no artificial pancreas systems commercially available. The most
advanced systems that are regulated and approved control basal insulin rates only,

requiring user input for bolus dosing, and widespread application of these systems is
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limited by their high cost. This has led to the concept of the do-it-yourself artificial
pancreas (DIY APS). The DIY APS of CGM devices and insulin pump, combined
with a communication device, such as a smart phone, and utilising open source
publically developed algorithm. Although users of DIY APS systems have reported
success with these systems there are a number of concerns and risks associated
with the safety of DIY APS due to their being unregulated and untested in clinical
trials without formal pathways to report adverse events or distribute safety notices.
These issues provide questions as to how healthcare professionals will need to
approach managing the care of their patients using DIY APS systems, until

commercially available systems become more affordable for widespread use (53).

Although in its early stages, the artificial pancreas remains a promising future system
for the treatment of T1D. As the systems and algorithms advance and patient input is
further minimised the artificial pancreas may prove to be one of the main competitors
to other therapies that aim to return endogenous insulin production to the patient

such as transplantation therapies.
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1.2 Transplantation in DM

Restoration of endogenous insulin production has been identified as the ideal
treatment of T1D where possible. This can be achieved by a whole pancreas
transplant or by the transplant of pancreatic islets. The goal of these transplantations
is to restore sufficient B-cell mass so that the patient can endogenously produce the
insulin required to meet the blood glucose demand. Additionally, this has the
potential to reduce the risk of human error associated with the self-administration of

insulin and allows for much tighter glycaemic control.

1.2.1 Pancreas Transplantation

Whole pancreas transplantation is a procedure which is successful in the reversal of
diabetes, but is a very invasive high risk surgery and as with all transplants requires
subsequent life-long treatment with immunosuppressants. The long term risks and
side effects of immunosuppressive agents are well established. The general risks
associated with immunosuppression are opportunistic infections, an increased risk of
malignancies, and bone marrow suppression and cytopenia (54). There are also a
number of specific side effects associated with specific drugs. Corticosteroids are
commonly used inimmunosuppression and chronic corticosteroid use is associated
with side effects such as weight gain, osteoporosis, hypertension, hyperlipidaemia,
and worsening glucose control (55). 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 (56); azathioprine is associated with hepatotoxicity; and there is an
increased cancer risk in patients using these agents for immunosuppression long-
term (57).

The first whole pancreas transplantation was reported 50 years ago at the University
of Minnesota, and pancreas transplantation is the current gold standard for the
restoration of B-cell mass today. More than 23,000 transplants have taken place, in
both T1D and T2D patients, to date (15). Due to the invasiveness of the procedure,
and the requirement for systemic immunosuppression to prevent graft rejection,
there are strict criteria which limit the procedure’s application to the population of

patients with DM (58). The first criteria that is commonly required is that the patient
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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. 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 (59). 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 (60). Alternatively, a pancreas transplant may be necessitated without a
simultaneous kidney transplant in patients with diabetes with frequent wide
fluctuation in glycaemic levels, with a high risk of life-threatening hypoglycaemia
(58).

1.2.2 Islet Transplantation

Pancreatic islet transplantation is a promising therapy which has shown the return of
endogenous insulin production to the patient (36, 37). In contrast to whole pancreas
transplantation, which is a major and invasive surgery, islet transplantation is a
minimally invasive procedure. There are ~1 million pancreatic islets in the human
pancreas, and -cell mass makes up about 1-2% the total weight of the pancreas.
Thus, isolating the islets which hold the functional, insulin producing cells was seen
as an important step in a safe treatment to reverse DM (61). Islet transplantation

today consists of two main steps; islet isolation and transplantation of isolated islets.

1.2.2.1 Islet isolation

Isolation and purification of islets from the rest of the pancreatic tissue was a key
challenge to ensure the successful translation of islet isolations to the clinic. In 1988
the Ricordi Chamber was developed as an automated and consistent method of
isolating quantities of islets from the human pancreas (62). The protocol 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 itis distended. The fat is removed
and then the pancreas is cut into smaller pieces to facilitate transfer to the Ricordi
Chamber (63).
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Figure 1.8 Schematic outlining the process of islet isolation from the human
pancreas. The Ricordi Chamberwas a key device designed to automate the

separation of islets from the bulk of pancreatic acinar tissue.

The Ricordi Chamber isolator consists of two stainless steel chambers separated by
a 280um mesh and a number of glass marbles are placed in the chamber to aid
mechanical digestion. The pancreas and marbles are placed in the bottom of the
chamber and additional digestive enzymes are added. The mesh is placed over the
top and the Ricordi Chamber is fully assembled by adding the top chamber and
closing (64). This is then connected to the digestion circuit. Although the digestion
circuit may vary the principle behind the circuit remains the same. A solution is
circulated through the entire system to heat the pancreas, gradually dilute
collagenases and collect the islets. 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 (65). Ficoll is a hydrophilic polysaccharide that is dissolved
in the media to increase the density to make the 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
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Ficoll contains isolated fat and connective tissues. The first layer of gradient will have
the most pure isolation of tissue. The next layer will be less pure but is still collected,
as many islets remain here. The islets are then washed of Ficoll and suspended in

culture media before use.

The site of transplantation of pancreatic islets is important, 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 a successful islet transplantation (66). The portal vein can
be accessed minimally invasively through the use of a percutaneous catheter which
helps to minimise the surgical risk of the procedure (36). The vascular
transplantation of the islets gives them direct access to the blood for oxygen and

nutrient supply.

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
150um. Islets are counted within 50um ranges and correction factors are used to
convert the counted islet diameters into IEQs (67, 68). 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
glycaemic 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 (69, 70).

1.2.2.2 Transplantation and the Edmonton protocol

The first successful islet transplantation was performed almost 30 years ago,
reported by Najarian et al and Largiadér et al (71). Islet transplantation continued for
a number of years with variable success but it was not until 2000 and the
development of the Edmonton protocol that the procedure saw real success. In a
study with seven T1D patients reported by Shapiro et al a new protocol outlined an
immunosuppressive regimen which allowed for a significant increase in islet viability
after transplantation. The islets were isolated and transplanted as described above.

The immunosuppression regimen was glucocorticoid free consisting of sirolimus,
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tacrolimus and daclizumab (70). Glucocorticoids are known to have diabetogenic
effects (72) and their exclusion from the immunosuppression regimen was key to the
increase in islet survival post infusion. 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 (37).

However, application of the protocol is still limited, despite its success. A 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 patients with diabetes, such as patients with impaired
awareness at risk of hypoglycaemia. Strategies to address these factors have led to
a wide range of research to improve islet transplantation outcomes and application of

the therapy.

1.3 Extravascular islet transplantation

Two of the biggest challenges facing the intravascular islet transplantation procedure
are the need for systemic immunosuppression and the requirements for multiple
donor pancreata to reach the 10,000 IEQ/kg body weight for a successful treatment.
These issues are directly related to the intravascular site; an allogeneic transplant
will require lifelong immunosuppression to prevent graft rejection, and a high amount
of IEQ required is due to the loss of islet mass immediately after transplantation into
the hepatic portal vein (73). These issues could be addressed by finding new
sources of islets or B-cells for these transplantations and/or encapsulation of the
islets/cells within an immunoprotective supportive biomaterial and transplantation to
an extravascular site. Such an approach is referred to as a ‘bioartificial pancreas’
(74).

1.3.1 Sources of cells for transplantation

Human islets are in short supply for islet transplantations, with the average 70kg
male patient requiring upwards of 700,000 IEQ for a successful transplantation.
Although a set cut-off point for successful islet isolation has not been decided, a
number of authors have determined that a minimum of 250,000 IEQ are required to
be isolated to be considered a successful isolation (75, 76). On average a minimum

of three donor pancreata are required for a successful islet transplantation using the
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Edmonton protocol. In Ireland in 2018, there were a total of 81 deceased organ
donors with ~20,000 people having T1D in Ireland (1, 77), showing the degree of
scarcity against the potential demand. As a result, a great deal of research into
alternative islet and B-cell sources has been carried out, ranging from xenogeneic

islet transplantation to induced pluripotent stem cells (iPSCs).

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 showed some effect inreducing blood glucose levels
(78). It was not until 1994 that fetal porcine islet like cell clusters were transplanted to
10 human patients, and although the treatment was not successful in treating

diabetes, it was shown that the xenografts could survive for many months (79).

Pig islets have been extensively studied as a potential source of islets for
xenotransplantation. Similarities between pig and human insulin are well
documented, and pig insulin was used for a number of years prior to the
development of conventional manufacturing processes for human insulin (80). Pig
islets are similarly sized to human islets and share a similar anatomy with human
islets, consisting of a core of B-cells with some islets containing a-cells at the centre
(11, 81). 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 (78). As with all transplantation, rejection
of the xenogeneic pig islets is a risk; however recent advances in genetic
engineering have produced transgenic pig islets which can overcome rejection, have
improved insulin production, and deactivate the porcine endogenous retrovirus
(PERV), to prevent potential transmission of infection from the xenotransplant (82,
83). 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.

Stem cell technologies have been in development for many years, with T1D being a
prime candidate for a stem cell therapy as only a single cell type, the insulin

producing B-cell, needs to be replaced (84). iPSCs are stem cells which are initially
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adult human stem cells that have pluripotency, the ability to differentiate to cells from

any germ layer, induced back into the cell, and in theory this can be the patient’s

own autologous cells (Figure 1.9). There are a number of groups that have

successfully differentiated autologous cells into functional B-cells (85, 86), and the

results of the first clinical trial of transplanted human partially differentiated endocrine

progenitors of B-cells for the treatment will be available later in 2019 (87).
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Figure 1.9 Overview of utilising a patients 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 -cells; the B-cells can now be transplanted

back into the patient (84).
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1.3.2 Biomaterials as an extracellular matrix
1.3.2.1 Biomaterials in islet transplantation

A biomaterial is any material, construct or surface that interacts with biological
systems. They may be naturally occurring or synthetic in origin and will be
biocompatible with the body’s existing tissues. This wide definition of a biomaterial
applies to a large number of potential applications, ranging from materials such as
metal and ceramics, used in surgical replacements of joints or in stents, to hydrogel

and biomaterial scaffolds, used in drug delivery or in implantation.

The purpose of using biomaterials inislet transplantation is to provide protection and
support to the encapsulated islets. To this end, a biomaterial that mimics/provides
support similar to the extracellular matrix (ECM) of the native islet would be the best
biomaterial for islet transplantation. Islets exist within the pancreatic niche, and have
a number of interactions with the intra-islet and extra-islet pancreatic tissues for their
function. As outlined in the anatomy of the human islet, there is a rich vascular
network that supplies each islet individually, and studies with mouse B-cells have
shown that the B-cells in the islet interact with these endothelial cells, with the B-cells
producing vascular endothelial growth factor (VEGF) to promote vascular
development, while benefiting from basement membrane produced by the same
endothelial cells that supports insulin gene expression (88). Islets are also
innervated by parasympathetic and sympathetic neurons to either promote glucose
stimulated insulin secretion (GSIS) or inhibit insulin secretion respectively (89). The
tight architecture of the islet and cell-cell contacts between B-cells plays an important
role in optimal insulin expression and GSIS (90). In addition to intra-islet interactions,
the B-cell also has interactions with the surrounding pancreatic ECM (91) and non-
pancreatic tissues, such as the effect of the gut hormones, incretins, on insulin
secretion (92). In the process of islet transplantation, the islets are isolated and
purified from excess pancreatic tissues. This results in the removal of the ECM,
cutting of the vascular blood supply, cutting of innervation from the central nervous
system, and removal of the islets from the pancreatic niche and so lose the effect of
non-islet tissues. Although a biomaterial that mimics the ECM and pancreatic niche
would be the best biomaterial for islet transplantation, implementing a strategy to

account for everything that is lost following islet isolation may not be possible, and so
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replacing a few key factors while providing a protective biomaterial has been the

focus of biomaterial development in islet transplantation to date.

A large number of biomaterials have been investigated for the purpose of
transplantation of islets to extravascular sites. Poly-lactic acid polymers (PLA) are an
easily manipulated material that can be polymerised to produce materials with
varying properties. In particular, poly (lactic-co-glycolic) acid (PLGA) has been used
in animal models of islet transplantation. PLGA scaffolds have been used to house
islets, and then transplanted to an extravascular/extrahepatic site (93, 94). Another
study implanted a commercially available PLA polymer, Ethisorb®, seeded with
autologous islets into the omentum of pancreaectomized dogs, and all four animals
achieved normoglycaemia for up to 5 months (95). A further study showed
successful reversion of diabetes with a PLGA scaffold functionalised with collagen
IV, a human ECM protein, in mice (96). A number of other biomaterials such as
collagen scaffolds (97, 98), polyhydroxyalkonate polyesters (99), and fibrin scaffolds
(100) have also been investigated as potential alternative biomaterials for
extravascular islet transplantation, however the role of hydrogels as an ECM are of

particular interest in this thesis.

1.3.2.2 Hydrogels in islet transplantation

Hydrogels are three-dimensional polymeric networks based on hydrophilic
macromonomers. Hydrogels can be made from virtually any water-soluble polymers
and are capable of retaining large amounts of water within their matrix (101). In
general, hydrogels exhibit excellent biocompatibility and they have highly tunable
mechanical properties, which allows them to be designed in such a manner that they
can mimic the mechanical properties of a target tissue (102). There are a number of
types of hydrogels, and they can be classified according to different properties
associated with their polymer origin (natural or synthetic), polymer network
(homopolymeric, copolymeric or multipolymeric interpenetrating polymeric
hydrogels), configuration (amorphous, semi-crystalline or crystalline, physical
appearance (whether the final hydrogel appears as a matrix, film, or microsphere),
electrical charge (nonionic, ionic, zwitterionic) and the different types of crosslinking
(103). There are two main types of crosslinking and the type of crosslinking is

important to the final properties of the hydrogel. Chemically crosslinked hydrogels
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generally refers to hydrogels that have undergone a permanent crosslinking reaction,
such as covalent bond forming between the hydrogel polymers. Physically
crosslinked hydrogels typically refer to non-covalently linked hydrogels, with
crosslinks being formed by transient junctions arising from polymer chain
entanglements, or physical interactions such as ionic bonds, hydrophobic

interactions or hydrogen bonding between polymer chains (Figure 1.10).

Hydrogels have seen a large number of uses in biomedical applications ranging from
the delivery of small and large drug molecules (104), the tunable properties allowing
for prolonged or rapid release of a loaded drug in response to in vivo stimuli, as a
therapeutic agent themselves as a structural component, for structural support in
cardia applications (105), and for the encapsulation of therapeutic cells (106). In this
thesis, the use of hydrogels for the encapsulation of islets for the treatment of T1D is
of particular interest. Table 1.1 gives some examples of the different applications of
different hydrogel polymers investigated in islet transplantation in the literature, and
shows the number of different methods, transplantation sites, and applications

possible using a hydrogel platform.
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Figure 1.10 Schematics for the formation of three types of hydrogels. (A) is an
example of an ‘onotropic’ crosslinked hydrogel, such as calcium alginate. The
polyanionic alginate polymer interacts with a multivalent Ca®* to give the final
crosslinked hydrogel. (B) Schematic for the formation of two types of hydrogel from a
single polymer. On the left a chemically crosslinked hydrogel is formed when a
crosslinking reaction forms crosslinks between the polymer chains off the functional
polar group. On the right a physical hydrogel is formed by physical entanglement of
the polymer chains. Adapted from Hoffman et al (107).
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Table 1.1 Examples of hydrogels investigated in the literature for islet transplantation purposes.

Hydrogel polymer

Application

Reference

Alginate

Islets seeded at 1,000 IEQ non-human primate islets (NHP) per 1mL of
a modified alginate (Z1-Y15). Crosslinked spheres 1.5mm diameters
were implanted laparoscopically to bursa omentalis space in NHPs and

islets were protected for up to 4 months without immunosupression.

Bochenek et al (108).

iIPSCs derived B-cells (SC-B) encapsulated at a density of 2,000 SC-3
clusters per 1mL sodium alginate solution CXCL12to enhance GSIS.
Crosslinked microspheres were 600-700um diameter containing >1 SC-
B cluster per sphere. Diabetic mice implanted with CXCL12 alginate
spheres became normoglycaemic within 72 h without

immunosupression.

Alagpulinsa et al (109).

INS-1E cell line cells were encapsulated in alginate microcapsules with
or without high molecular weight hyaluronic acid supplementation. The
hybrid alginate-HA hydrogel microcapsules enhanced insulin producing

cell survival.

Cafibano-Hernandez et al
(110).

SC-B cells encapsulated in alginate spheres transplanted into mice and
treated for 174 days before euthanisation. The implant induced
glycaemic correction with immunosuppression for 174 days and the

retrieved implants contained viable insulin producing cells.

Vegas et al (111).
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Hydrogel polymer

Application

Reference

Alginate Adult pig islets were encapsulated in alginate in a macroencapsulation Dufrane et al (112) .
xenogeneic subcutaneous implant ina primate model and was shown to
control diabetes for up to 6 months without immunosupression.

Collagen-HA Rat islets encapsulated in a crosslinked HA/collagen hydrogel and Harrington et al (113).

transplanted into the rat omentum without immunosupression.
Transplanted rats were followed for 52 weeks before termination and

showed normoglycaemia for the duration of the experiment.

Collagen-Chitosan-

Laminin

Porcine neonatal islet cells and circulating angiogenic cells were
encapsulated in the collagen-chitosan-laminin (CCL) matrix at a density
of 300 IEQ/500uL of hydrogel. Islet viability and function was promoted
in the collagen-chitosan hydrogel in vitro.

McEwan et al (114).

Poly (ethylene
glycol)

Rat islets were encapsulated in the poly (ethylene glycol)-malemide
(PEG-Mal) crosslinked hydrogel at a density of 4,000 IEQ/500uL as the
full macroencapsulation device. The PEG-Mal hydrogels were implanted
in either the omentum or subcutaneous space of rats, and monitored in

vivo over 14 weeks.

Weaver et al (115).

Rat islets were encapsulated in a VEGF releasing PEG-Mal hydrogel at
a density of 1,500 IEQ/100uL and implanted into the small bowel
mesentery for 4 weeks with no immunosupression. The study showed

remarkable vascularisation of the PEG-MAL hydrogels.

Phelps et al (116).




1.3.3 Macroencapsulation
1.3.3.1 Device consideration

Macroencapsulation involves encapsulation of islets within a single
immunoprotective device that additionally can include a biomaterial to support islet
viability and function. These devices are typically used to deliver islets
extravascularly and essentially act as a bio-artificial pancreas (117). These devices
are also typically retrievable or flushable and refillable, which is an important
consideration for regulatory purposes. 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 (118). 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 (119). Immune cells can be readily blocked due to their large ~10um
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- a (3.80nm) and insulin (2.64nm) (120).

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 (121).

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. The subcutaneous site is popular for

macroencapsulation devices due to access to the vascular network and space that
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the subcutaneous space provides (122). The intraperitoneal wall has been used in
the past for its volume and ease of access in a surgical procedure (123). 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 itis possible that a

macroencapsulation device could be transplanted here also (124).

1.3.3.2 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 site such that the pO- is high enough to provide the encapsulated
islets with sufficient oxygen (125) or by iii) techniques such as pre-vascularising the

implanted device before filling it with cells (126).

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 (118). Careful device dimension
considerations could optimise diffusion across the membrane and biomaterial to
address this challenge (127).
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Fibrotic tissue forms when fibroblasts attach to the macroencapsulation device. 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 (122). 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 (123).

1.3.4 Microencapsulation

The primary goal of microencapsulation is the same as macroencapsulation, to
protect the islets from the immune system while also allowing the diffusion of
beneficial nutrients into the islets and diffusion of insulin and waste away from the
islets. Microencapsulation involves the encapsulation of islets on a microsized scale;
the encapsulation of 1-3 islets in microsized beads ranging from 200um to 1000um.
Another method of microencapsulation known as “conformal coating” utilises an
interfacial polymerization approach, to allow for the individual covering of islets in

very thin layers of hydrogel (Figure 1.11) (128).

Macroencapsulation

_ . Conformal
Microencapsualtion Coating

Immunoisolating membrane size decreases

Diffusion of nutrients increases

Figure 1.11 Strategies for encapsulatingislets (129).

As outlined in Table 1.1 above, a number of different hydrogels have been used for

the formation of microcapsules for islet transplantation, with alginate proving to be
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the most widely researched throughout the years. A review by Omami et al. outlines
clinical trials that have been performed or are ongoing utilising microencapsulated
allo- or xenogeneic transplants. The majority of these trials had no
immunosuppression, and showed evidence of islet function for the duration of the
trials through detectable C-peptides, reduced exogenous insulin usage, and

complete insulin independence in some trials (130).

One of the biggest advantages of microencapsulation in comparison to
macroencapsulation is the relatively large diffusion area and small diffusion distance
between the transplanted islets and the systemic blood supply after vascularisation.
However, a significant disadvantage of a microencapsulation approach is that in
practice it is not practical or impossible to retrieve/confirm retrieval of all
microcapsules, which is a major regulatory barrier to the translation of microcapsules
(122).

1.4 Advances in extravascular macroencapsulation for the treatment of DM

1.4.1 TheraCyte™ and Encaptra® Drug Delivery System

The TheraCyte™ device is a macroencapsulation device, consisting of a planar
device design of two semi-permeable membranes, sealed together to form a pouch,
with an input port for loading the device. The TheraCyte™ device uses a
biocompatible polytetrafluroethylene (PTFE) microporous membrane that promotes
neovascularisation (122). The pouch consists of a three layered membrane: an inner
layer of 0.4um PTFE, a middle layer of 5um PTFE, and an outer layer of polyester
mesh (131) (Figure 1.12). The combination of the polyester and PTFE layers
promotes vascularisation into the device, and the small 0.4um pore size acts as an
immunoisolating barrier, allowing the diffusion of oxygen, glucose and nutrients into

encapsulated cells, and the release of insulin and waste material out of the device.
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Figure 1.12 Image outlining the immunoisolation concept of the TheraCyte™ device

from the TheraCyte™ website (132).

Research using the TheraCyte™ device was initiated by Baxter Healthcare
Corporation following the discovery of the neovascularisation properties of the PTFE
membrane in the late 90s, and was initially researched as a means for delivering
gene therapies (133). Though they were unsuccessful with this, they formed Neocrin
to investigate using the device for the treatment of diabetes, and to convert the
device to be able to be flushed and re-filled, which was unsuccessful due to the
capillary overgrowth. The project was downsized and the TheraCyte™ Company
was spun-out to sell the devices, allowing academic and corporate entities to
research with the device (127). A number of subsequent studies with the
TheraCyte™ device have confirmed its potential for use as a macroencapsulation
device. The device is immunoisolating and has been shown to reverse diabetesin a
number of studies by allogeneic islet transplantation (134-136) and enable the
survival of xenogeneic islet grafts in mice for up to 50 days, and up to 8 weeks in
non-human primates (137, 138). The TheraCyte™ device has also been studied
using differentiated adult human mesenchymal stromal cells to control diabetes in

dogs, showing diabetes reversal for up to 18 months in 4 of 7 treated dogs (139) and
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human embryonic stem cells in mice, showing glucose-responsive C-peptide levels
at 20-30 weeks (140).

The TheraCyte™ device has not progressed further than pre-clinical and
experimental work, however when the patent for the technology expired, the
company ViaCyte developed the Encaptra® drug delivery system that is similar to
the TheraCyte™ technology. The Encaptra® system is a device, that similar to
TheraCyte™, consists of a semi-permeable immunoisolating membrane without a
filling port (Figure 1.13). ViaCyte has also engineered the PEC-01™ cells, a
proprietary pancreatic endoderm cell product. These cells are derived by the directed
differentiation of human embryonic stem cells, and are delivered via the Encaptra®
system. Following implantation in the Encaptra® device the PEC-01™ pancreatic
progenitors mature into functional B-cells following implantation, showing significant
GSIS response 8 weeks following implantation (141, 142). The PEC-Encap/VC-01™
product candidate is the combination and the product has shown promising pre-
clinical data in small animal studies. In 2014 ViaCyte received approval to evaluate
the PEC-Encap product in human clinical trials, NCT02239354, which are ongoing.
This is a first-in-human, Phase 1/2 trial to evaluate the safety, tolerability, and
efficacy at various doses of the VC-01 product in subjects with T1D. There are two
cohorts: Cohort 1 will receive 2 VC-01 product implants and Cohort 2 will receive 4
or 6 VC-01 product implants. The duration of the study is for 2 years, and the primary
outcomes are the incidence of all adverse events reported during the study and
change in C-peptide from baseline levels to the 6 month check-up visit. No results
have been released yet and the trial is estimated to be completed in January 2021
(143).
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Figure 1.13 Cross-sectional diagram of the PEC-Encap product (144).

1.4.2 Bair

The BAir bio-artificial pancreas is a macroencapsulation device in development by
the company Beta-O,. The device consists of an immunoisolating semi-permeable
membrane, a hydrogel matrix to suspend encapsulated islets, and an air reservoir to
supply oxygen to the encapsulated islets. The device has a hard external housing
consisting of polyether ketone, and the semi-permeable membrane uses two
hydrophilised PTFE membranes with a pore size of 0.45um. These pores are then
impregnated with a high viscosity mannuronic acid alginate, allowing the diffusion of
glucose inwards and insulin outwards (145). The PTFE membranes support
vascularisation but vascularisation of the BAir device does not provide sufficient
oxygen to encapsulated cells, as in the TheraCyte ™/Encaptra® devices. BAir
employs a novel method of supplying oxygen to the encapsulated cells; an air
reservoir. The islets in the device are separated from the oxygen reservoir via a
rubber silicone membrane, which facilitates the free diffusion of oxygen gas from the
reservoir. The device chamber must be refilled daily with a gas blend (95% oxygen,
5% carbon dioxide) to ensure adequate oxygen supply to the encapsulated islets
and can be refilled via a port located externally to the body that is connected to the

device by silicone tubing (Figure 1.14) (145).
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Figure 1.14 (A)The BAir device and (B) a cross-sectional schematic of the different
layers and chambers of the device. Adapted from the Beta-O, website and Ludwig et
al (146, 147).

Beta-O; first published on the BAir device in 2010, showing allogenic transplantation
of pig islets in non-diabetic pigs for up to 13 days, to show islets remained viable
after transplantation (147). A follow-up study in 2012 inrats showed that
encapsulation in the device improved islet function after 90 days (148). BAir has
shown efficacy in xenotransplantation inthe treatment of diabetes using rat islets in

mini pigs (149), human islets in rats, and pig islets in nonhuman primates (150).

In 2012, a first-in-man trial was performed with a 63 year old man. There was
insufficient islets obtained for a standard islet transplantation, and the calculated islet
mass transplanted was 2,100 IEQ/kg. The device was implanted into a pre-

peritoneal pocket and no discomfort was reported after 2 weeks. The patient was
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followed for 10 months and the transplanted islets were functional for the 10 months,
but only showed modest improvements to disease management, likely due to the low
islet mass transplanted (151). Approval for a Phase 1 clinical safety/efficacy study,
NCT02064309, has enrolled 4 patients and was estimated to have completed in May
2019, with no results posted yet. The study is an interventional, single group, open
label study. Patients will be implanted with the Bair device. The primary outcome is
safety of the device, as evaluated by incidence of adverse events within the first year
(152).

1.4.3 Sernova Cell Pouch System™

The Sernova Cell Pouch System™ is a macroencapsulation device designed by
Sernova Corp. The device consists of a porous polypropylene based matrix, and is
designed to be implanted subcutaneously. Vascularisation is promoted into the
device by the design of the pouch, and as a result itis not intrinsically
immunoisolating. Due to the poor vascularisation of the subcutaneous site, the
pouch is designed to first be implanted to the subcutaneous site and pre-

vascularised over 30 days before the implantation of therapeutic cells.

An in vivo study of the efficacy of the cell pouch system was performed in mice, with
islets transplanted to the kidney capsule used as a control. The pouch was implanted
4-5 weeks before transplant of islets to the pre-vascularised device. The device was
well tolerated and showed reversal of diabetes comparable to the control kidney

capsule transplant recipient for up to 100 days after implantation (153).

To date the Sernova Cell Pouch System™ has received approval for two clinical
trials. The first trial, "A phase Vll study of the safety and efficacy of the Sernova Cell
Pouch™ for therapedutic islet transplantation, NCT01652911, was terminated without
reason given in July 2016 and no results have been posted (154). Approval for a
second clinical trial was granted in May 2018, “A safety, tolerability and efficacy
study of Sernova’s Cell Pouch™ for clinical islet transplantation”, NCT03513939,
enrolled its first patient in December 2018 and the study is estimated to be
completed in July 2021. The study is interventional, with 7 participants and is a
prospective, non-randomized, single-arm study. The cell pouch will be implanted
under the skin for a minimum of 3 weeks, before initiating immunosuppression for

another 3 weeks to ensure sufficient vascularisation of the device. A mass of 3,000
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IEQ/kg bodyweight will be transplanted. The primary outcome of the study is to
assess the safety of the cell pouch for up to 1 year following implantation, assessed

by evaluating the incidence and severity of adverse events (155).

1.4.4 DRIVE project

The Diabetes Reversing Implants with enhanced Viability and long-term Efficacy
(DRIVE) project aims to develop an implant for the delivery islets to treat T1D. The
implant will consist of a functionalised biomaterial (3-gel), a macroencapsulation
device (B-shell), and a surgical tool (B-Cath) and procedure (O-fold) to deliver the

implant in a minimally invasive procedure.

The B-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 B-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).

Figure 1.15 Islets extracted from the pancreas will be included in the B-Gel. The
hydrogel will contain a combination of materials including the oxygen carriers which

will release oxygen to the islets in vivo.
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The B-Shell is a macroencapsulation device, which will enable the delivery of the B-
Gel to an extra-hepatic site. The B-shell will consist of a semi-permeable,
immunoisolating, retentive, and protective membrane. The B-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 infon 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. This
will allow for allografted islets to be transplanted without the need for

immunosuppression.

The B-Cath will be a minimally invasive, custom designed catheter which will allow

for the delivery of the B-shell to an extra-hepatic site, and filing of the device in situ.

The DRIVE project is ongoing alongside this thesis project, and the functionalised
biomaterial developed for this PhD thesis will be utilised as the lead hydrogel
formulation for the DRIVE project. The DRIVE product is currently in pre-clinical

biocompatibility and efficacy trials in small and large animal models.
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1.5 Thesis Objectives

While there has been much advancement in conventional diabetes management,
returning endogenous insulin production to the patient with diabetes 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 islets and the number of 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 objective of the research in this PhD thesis is to develop a novel
functionalised biomaterial suitable for use as the ECM in a bio-artificial pancreas.
Our central hypothesis was that hydrogels would act as a suitable ECM, to provide
mechanical support and protection to the encapsulated islets, and that
functionalisation with an oxygenation technology would overcome the hypoxia
associated with macroencapsulation which is one of the key challenges of
extravascular implantation of cells. These factors, in combination with the
immunoprotective macroencapsulation device and a system to promote
vascularisation i.e. the DRIVE technology, have the potential to overcome
challenges faced by previously investigated approaches. In order to test this

hypothesis the following objectives were pursued:

1. Formulation of a perfluorocarbon oxygen carrier functionalised hydrogel using
hyaluronic acid and methyicellulose polymers, and assessment of their
properties for inclusion in a bio-artificial pancreas. (Chapter 2)

2. Assessment of the lead fuctionalised hydrogels in vitro with a suitable B-cell
line and primary pancreatic islets. (Chapter 3)

3. Process development and scale-up manufacture of the functionalised

hydrogels for small and large animal in vivo testing. (Chapter 4)
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Chapter 2

Formulation and physiochemical characterisation of a functionalised

biomaterial to improve viability of transplanted islets
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2.1 Introduction
2.1.1 Oxygen precursors for tissue engineering

Oxygen is an essential molecule required for the survival and function of most cells
in the body. Therefore ensuring that there is a sufficient oxygen supply available to
cells in tissue engineering applications is a key challenge that must be addressed,;
the development of hypoxia within bioengineered scaffolds remains one of the most
pressing issues to date (156, 157). There have been a number of successful grafts
of engineered tissue constructs without the addition of a supplementary oxygen
supply, but these have mainly concerned tissues with low oxygen requirements due
to their low metabolic activity (158). The development of a device containing
pancreatic islets, an exceptionally metabolically active tissue with a high oxygen
demand (159, 160), requires an adequate oxygenation technology to minimise the

development of hypoxia and to protect the efficacy and viability of the islets.

There are a number of novel and established technologies being investigated in the
literature to supplement oxygen supplies for bioengineering purposes. Oxygen
generating biomaterials are one of the most heavily investigated areas in delivering
oxygen to bioengineered scaffolds. The mechanism involves the decomposition of
hydrogen peroxide (H>Oy) to produce oxygen by the following reaction (161):

2H,0, —> O, + 2H,0

This mechanism can reliably and sustainably provide oxygen release with only water
generated as an easily eliminated by-product. Liquid hydrogen peroxide itself has
been studied as an oxygen generating material however it does not provide oxygen
sustainably; the decomposition into its products occurring rapidly within 5 h (162). As
aresult a great deal of research has been focused on improving this release rate by
formulating the liquid hydrogen peroxide to retard its decomposition and prolong
oxygen release. Strategies range from encapsulating hydrogen peroxide in PLGA
microspheres (163), encapsulation in d-poly (methyl methacrylate) microcapsules
(164) and generating a H>O»/poly (vinyl pyrrolidone) (PVP) complex (165). These
approaches have seen varying levels of success, ranging from sustained oxygen

release for >7 h in the case of the PLGA microspheres and up to two weeks of
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sustained, physiologically relevant oxygen release in the case of the H,O./PVP

complex.

Solid/metal peroxides are in a similar class of oxygen generating materials as liquid
hydrogen peroxide, functioning by generating hydrogen peroxide when allowed to
react with water which will then decompose into oxygen and water as described
above. By limiting the solid peroxides interaction with water through hydrophobic
encapsulation, oxygen release can be more finely tuned with solid than liquid
peroxides. Two such solid peroxides are calcium peroxide and magnesium peroxide

which interact with water by the following reactions (161):
Ca0O; + 2H,O —> Ca (OH)Z + H>0,
MgOz + 2H,O —m™—> Mg (OH)2 + H,Oo

Calcium peroxide is a much more prolifically studied solid peroxide, due to its
relatively higher solubility in water and thus faster reaction and oxygen release rate.
Pedraza et al have investigated a polydimethylsiloxane (PDMS)-CaO, scaffold as a
means of oxygenating B-cells and islets in hypoxic conditions in vitro (166). The
highly hydrophobic nature of PDMS allowed for prolonged release of >40 days from
the scaffold. Coronel et al have investigated a PDMS-CaO; disk for the
supplementation of oxygen to pancreatic islets in vivo (167). Streptozotocin induced
diabetic rats were implanted with the scaffold and were normoglycaemic within 5
days up to 40 days when the study was voluntarily terminated. Although solid
peroxides provide a promising outlook on the supply of oxygen to cells in
bioengineered scaffolds there are still a number of concerns which may limit their
use in vivo. The solid peroxides are a limited oxygen source which once depleted
adds no additional benefit to the bioengineered scaffold. The oxygen release of
these materials is also not limited by the surrounding environment which can lead to
super saturated oxygen systems, the loss of O, from a scaffold by diffusion and also

the risk of generating cytotoxic oxygen radicles (161, 166, 168, 169).

A novel technology to provide a renewable supply of oxygen to a site is the use of
photosynthetic organisms such as microalgae. In theory these organisms could
recycle waste CO; into fresh oxygen to be utilised by the cells they are co-cultured

with. Microalgae have been successfully co-cultured with human cells (170), and
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have been successfully implanted in hydrogel (171) and collagen (172) scaffolds.
Although studies have had interesting results a clear limitation of this novel
technology is the need for light within the scaffold, limiting its placement to the skin

or potentially subcutaneous tissue.

Microtanks are another novel technology, consisting of hollow polymer microspheres
which can be loaded under hyperbaric conditions with 100% oxygen. The spheres
are commercially available and are melt-mixed into polycaprolactone, spread into
sheets and punched into disks of microtank-loaded constructs. By varying the
concentration of microtanks loaded into the constructs oxygen delivery can be varied
to prolonged times of up to 6 days and may be used to support cell viability in anoxia
for this length of time (173).

2.1.2 Perfluorocarbons

The perfluorocarbons (PFCs) are a group of chemically inert compounds with
properties that make them interesting for oxygen delivery. They are an easily
manipulated group of compounds as they are mostly liquid at room temperature and
are very chemically and thermally stable (174, 175). Structurally, the PFCs are made
up of long chain fluorinated or semi-fluorinated carbon molecules. The C-F bond is a
very strong intramolecular bond, leading to the low reactivity and chemical inertness
of the PFCs. Fluorinated carbon molecules also result in very low intermolecular
forces, Van der Waals forces (176). It is the weak intermolecular forces that allow for
the PFCs high gas solubility, with the gas molecules “fitting” into the cavities between
molecules (177). This gives the PFCs a relatively simple mechanism of action for
delivering oxygen to a target site compared to the other strategies discussed. Due to
their high solubility for oxygen the PFCs can be pre-loaded with oxygen before use
with cells. As itis not independently driven by a catalyst or other mechanism, the
release of this oxygen payload is dependent on the diffusion gradient of the
surrounding environment. This ensures that there is an oxygen supply available in
surplus of what may be available in culture media, scaffold materials or blood
plasma. This limits the risk of hyperoxygenation and the production of free oxide
radicals (178). Additionally, once an initial oxygen payload has been delivered the
PFCs can remain in situ as part of a scaffold, effectively enhancing oxygen transport

within the scaffold. The use of PFC emulsions for this purpose has been explored in

66



alginate hydrogels (179-181), chitosan based hydrogels (182, 183), and fibrin
scaffolds (184). Finally, PFCs can act as a scavenger molecule for the waste product
CO,(185), effectively oxygenating and removing waste gases simultaneously. A
wide range of PFCs have been synthesised to date and their physical properties vary
based on their molecular weight and chemical structure, existing primarily as either a
liquid or gas. Their biological and chemical stability makes them interesting for use in
biological and medical processes which includes uses such as biomedical imaging
(186, 187), tamponades in ophthalmological surgeries (188, 189), biocompatible
drug delivery agents (190) and their most studied uses as an oxygen carrier for use
with cells in vivo and in vitro.

PFCs have been manipulated for use as an oxygen carrier to enhance oxygen
transport for a wide range of purposes in the biomedical field. PFCs have been
investigated for their potential to enhance cells growth and viability in 2D/floating
culture. The first strategy that is employed is to culture in a 2 phase system, where
the hydrophobic PFC is immiscible with the aqueous culture medium. A second
strategy is using a PFC emulsion with the aqueous media. Aeration and suitable
oxygenation is a potential limiting step in commercial bioreactors, limiting cell
concentrations and thus products. Damiano et al used perfluoromethyldecalin (Flutec
PP9) to oxygenate a bioreactor, aerating the PP9 and spraying it into the bioreactor
vessel where it fell to the bottom for collection and recirculation. When compared to
standard bubbling, growth was up to 6.2 times greater when PP9 was used (191).
Pilarek et al cultured adherent cell lines at the interface formed between oxygenated
PFD and DMEM culture media, to study growth and morphology. The cells had the
potential to grow as 3D aggregates as they were not limited by vessel shape and

oxygen requirements of a 3D aggregate were met by the PFD (192).

PFCs have also been used as a means of enhanced organ preservation for
transplantation with hearts, kidneys, livers, lungs, small bowels, and pancreases alll
being stored in or with PFCs prior to transplantation (193). There are a number of
techniques which can be used to preserve the organs however the most common
method used with the pancreas is cold static storage. This sees the reduction of the
temperature of the organ to 4°C to reduce metabolic activity. The PFCs can be used
as part of a two-layer (TLM) or one-layer method (OLM). TLM sees a double layer of

PFC and preservation solution prepared, and the organ is then placed floating
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between the two layer (194). The PFC layer can then be oxygenated continuously.
OLM removes the need for a preservation solution layer allowing the use of PFC
alone, which further simplifies the procedure. Brandhorst et al found that OLM was a

viable method for pancreas preservation (195).

The use of PFCs as a component of a potential blood substitute has also been
studied. Fluosol-DA was the first commercially available PFC emulsion based blood
substitute. It had a strong safety profile but did not show suitable efficacy as it could
not meet the oxygen demands required. Subsequently further research was done to
make a better blood substitute product, so called 2" generation PFC emulsions.
These emulsions used PFCswith higher oxygen capacities and greater
concentrations of PFC. Oxygent is one such 2" generation emulsion, containing
60% wi/v of Perfluoro-octyl bromide (PFOB) with a phospholipid emulsifier. It was
shown to be effective when used in lieu of a blood transfusion intraoperatively (196)

and was found to enhance standard treatment of haemorrhagic shock (197).
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Table 2.1 Examples of PFCs used for oxygenation in cell culture, organ preservation and blood substitution.

Perfluorocarbon

Function

‘ Reference

Flutec P99 Liquid-liquid oxygenation of submerged cultures in a bioreactor. | Damiano etal (191)

Flutec P11 Enhancement of oxygen transfer in hybridoma cell culture in a Cho et al (198)
bioreactor.

Perfluoro- Component of Fluosol-DA blood substitute. Mitsuno et al (199)

tripropylamine

Oxygenating calcium alginate encapsulated insulinoma cells.

Goh et al (200)

Fluorinert FC-40
Fluorinert FC-70

Enhancing oxygen transfer in a bioreactor as PFC emulsion.

Ju et al (201)

Perfluoro-octylbromide
(PFOB)

PFC emulsion for guinea pig heart preservation.

Isaka et al (202)

Component of Oxygent used in blood transfusion

intraoperatively

Keipert (196)

Component of Oxygent used in resuscitation from haemorrhagic

shock.

Kemming et al (197)

PFOB emulsion used to prevent hypoxia in pancreatic (3-cells

prior to transplantation

Maillard et al (203)




0.

Perfluorocarbon
Perfluorodecalin (PFD)

Function

Optimising oxygen mass transfer ina multiphase bioreactor.

‘ Reference

Amaral et al (204)

Growth of cells at a liquid-liquid interface of culture media and

oxygenated PFD.

Pilarek et al (192)
Lowe et al (205)

TLM for pancreas preservation

Witkowski et al (194)
Scott et al (206)

OLM for human pancreas preservation.

Brandhorst et al (178, 207)

TLM for canine bowel preservation.

Tsujimura et al (208)

Endobronchial administration for porcine lung preservation

Loehe et al (209)

Component of Fluosol-DA blood substitute

Mitsuno et al (199)

Perfluorohexyloctane
(F6H8)

An alternative to PFD in OLM for human pancreas preservation.

Brandhorst et al (178, 207)

Used to as a HTK-F6H8 emulsion to flush porcine kidneys

during cold ischaemia.

Asif et al (210)

Used for long-storage of rat pancreata for subsequent islet

isolation

Brandhorst et al (211, 212)




2.1.3 PFD and F6HS8

Two PFCsthat have been widely explored and which were chosen for further study
as part of this project are F6H8 and PFD. PFD was chosen due to its long history of
use, having an established safety and efficacy record for a wide variety of uses.
F6HS is the second PFC chosen due to the work performed by Brandhorst et al
which specifically showed F6H8 to have promise for organ preservation of donor

pancreata.

F6H8 is a semi-fluorinated PFC consisting of six fluorinated carbon molecules with a
non-fluorinated octane tail (C14F13H17). It is a liquid at room temperature and has a
lower specific gravity of 1.35g/cm? than other PFCs. This property has led to its
traditional use as a temporary vitreous tamponade (213) in retinal surgery, and itis
available commercially as F6H8-Vitreous Substitute (Fluoron). Its lower specific
gravity allows itto be used without risking further mechanical damage to the eye. It
has previously been studied as a long term tamponade (214) but evidence suggests
that it may induce some structural modifications over longer periods of time (215). It
is the lower density of F6H8 that benefits it in organ preservation also. PFD was
traditionally used as part of TLM and later OLM for organ preservation. The use of
PFD is somewhat limited by its high density (1.92g/cm?®), as itis unable to penetrate
deeper tissues of the pancreas. F6H8s lower density allows for deeper tissue
permeation and its similar carrying capacity to PFD results in better oxygenation.
When compared with PFD, F6H8 had higher intrapancreatic pO» than PFD treated
pancreata (178) and another study found that F6H8 preparations allowed for
increased cold ischaemia time (216). Although there is currently limited data
available for F6H8 usage in tissue engineering, the efficacy and safety established
through its use as a tamponade with a delicate organ such as the eye and proven
efficacy with pancreatic cells makes strong candidate molecule for use with the
hybrid HA/PFC hydrogel.
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Figure 2.1 (A) Structure of F6H8, a semi-fluorinated PFC. (B) Structure of PFD, a
fully fluorinated PFC.

PFD has a long history of use as an oxygen carrier. PFD is an extremely stable and
inert molecule, consisting of two fully fluorinated carbon rings (C1oF1g). It is a liquid at
room temperature and has a high density of 1.92g/cm?. It is favoured for its long
history of use in biological systems, with one of its first reported uses being as part of
Fluosol-DA, a blood substitute from a Japanese manufacturer (217). It was a
component of the first blood substitute product to receive FDA approval (218), which
indicates that there is a comprehensive safety profile attached to all components of
the preparation. Although the product was ultimately pulled from the market it was
not as a result of safety associated with the product but poor efficacy of the
treatment identified in post marketing research. Efficacy of PFD is seen with higher
concentrations, with this particularly clear with PFDs use in TLM of organ
preservation. Entire organs meant for transplant can now be excised, flushed with
preservation solution, partially immersed in oxygenated PFD (219) and maintain

viability for prolonged periods of cold storage.

PFD has also started to see some use in tissue engineering purposes to make
oxygenated scaffolds. Douglas et al reported supplementing a chitosan hydrogel with
PFD to improve adipose derived stem cells viability and reduce cell death (183) while
Tamimi et al investigated the use of integrating PFD into an engineered bioceramic
with bone marrow to enhance bone regeneration (220). Maillard et al have reported
the use of PFD emulsions for the culture of pancreatic islets in a fibrin-based matrix

prior to islet transplantation; storage of isolated islets in the fibrin/PFD emulsion
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matrix improved islet viability, function and morphology and helped to reduce
hypoxia in encapsulated islets (184). There is a large body of evidence surrounding
safety and efficacy of PFD in vivo making PFD a suitable choice as one of the

primary PFCsto be investigated for this project.

2.1.4 Hyaluronic acid

Hyaluronic acid (HA) or hyaluronan is a naturally occurring polysaccharide polymer
found widely distributed in all mammalian tissues as a major component of the ECM
(221). The HA polymer is an uncomplicated polysaccharide, consisting of linear
repeating units, a disaccharide of alternating D-glucuronic acid and D-N-
acetylglucosamine connected by B-linkages (Figure 2.2) (222) and has a high
molecular weight of up to 1 x 107 DA (223, 224).

COO~ CH,OH

H H NHCOCH,

D-glucuronic acid N-acetyl-glucosamine

Figure 2.2 The structure of HA repeating subunit (225).

It is synthesised by a group of plasma membrane proteins called the hyaluronan
synthases and subsequently degraded by another enzyme group the hyaluronidases
(226, 227). HA has a number of functions as part of the ECM ranging from:
interactions with proteins in the ECM and on the cell surface, modulating functions
ranging from immune inflammatory response to tumour progression; as a hydrophilic
filler protein, maintaining tissue hydration and lubrication in joints and other
mechanically active tissues; and in wound healing (228, 229). Although HA is found
throughout the body it’s prevalence in mechanically active sites has led to a great
deal of research, such as; the synovial fluid of joints and cartilage, used in

osteoarthritis as a treatment and to provide symptomatic pain relief (230, 231); and
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the skin, HA is used in popular “anti-ageing” cosmetics (232). An unmodified or
“native” HA (natHA) does not form a chemically crosslinked hydrogel, instead making
a physical matrix network with transient junctions caused by polymer chain
entanglement (103). As a result, research into using a natHA as a biomaterial by
itself is limited, and itis more frequently used to supplement other formulations for its
modulatory functions. However due to the natHA’s high molecular weight and chain
length, its biocompatibility, and safety in use it shows potential to be used as part of
this project. By functionalising a natHA hydrogel with an oxygen precursor
with/without another bioactive element could provide a suitable biomaterial to

improve islet viability following transplantation.

Although HA shows promise as a biomaterial in its native state, HA also has a highly
modifiable polysaccharide backbone. The hydroxyl and carboxylic groups are the
two primary sites on the saccharide monomers, that facilitate the substitution of side-
chains/groups (233). Substitutions can be made to add favourable characteristics to
the HA such as adding side groups to facilitate crosslinking and hydrogel formation,
or improving cell adhesion to improve by adding bioactive side groups like RGD
(234). For this project we also investigated a tyramine modified HA (HA-TA) which
allows for the formation of a rigid solid hydrogel by covalent bonding of the phenol on
the tyramine groups. Horseradish peroxidase (HRP) and H,O- are the catalysing
agents for this reaction. The heme group on the HRP and the H,O, form an
intermediate oxidated heme on the HRP (Compound I). Compound | converts back
to HRP in its initial state in 2 steps. Compound 1 first reacts with the first substrate,
the phenol group (Ph-OH) of the HA-TA, to give Compound Il and a phenol radicle
(Ph-O¢). Compound-Il then reacts with a second Ph-OH group to return back as
HRP, releasing a H,O molecule and giving a second Ph-O-. The two Ph-O+ can now
dimerise giving a covalent bond. In the correct conditions this allows the formation of
crosslinks across separate HA chains to form a solid hydrogel (235). This reaction is
outlined in Figure 2.3 (236).
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Figure 2.3 Crosslinking reaction of the HA-TA hydrogel (236).

Gelation can be finely controlled by the degree of substitution of the HA and by

changing the concentration of the HRP and H»O,. HA-TA hydrogels have previously

been studied for a number of purposes such as drug and/or cell delivery. Lee et al
(236) and Xu et al (237) investigated the use of the HA-TA hydrogel as an injectable

vehicle for protein delivery, with drug release being mediated by hyaluronidase

degradation of the hydrogel. Other groups have investigated similar hydrogels as cell

75



delivery vehicles (238, 239). The primary challenge of functionalising a HA-TA
hydrogel is ensuring the physical characteristics of the crosslinked hydrogel are

maintained.

2.1.5 Methylcellulose

Methyicellulose (MC) is a water soluble, biodegradable cellulose polysaccharide
derivative. It is commonly used in the pharmaceutical industry as a filler in tablets
and capsules, stabilising agent in emulsions (240), as a therapeutic agent by itself as
a bulk laxative (241), in encapsulation (242), and as a gelling agent (243). When
looking at MC for use as a biomaterial, pure MC undergoes a thermoresponsive
crosslinking reaction at ~50-70°C. Although this high temperature is unsuitable for
use as a biomaterial a number of studies have identified different salts that can
reduce the gelation temperature to lower levels within physiological levels (244).
Work done previously in the Duffy-Kelly Lab has identified a formulation for a MC
hydrogel using B-glycerophosphate (BGP) to reduce the gelation temperature (245).
This hydrogel forms a crosslinked hydrogel at physiological levels. This hydrogel has
also been formulated with a type | collagen to act as a bioactive ECM adhesion
molecule for encapsulated cells. Our aim is to further functionalise this
methylcellulose/collagen (MCC) hydrogel with an oxygen precursor while ensuring

the sol-gel transition at physiological temperatures is not lost.

76



2.1.6 Aims

The overall aim of this Chapter is to formulate and characterise a functionalised
biomaterial to improve the viability of transplanted cells.

Three biomaterials formulations were assessed using two base polymers, HA, using
both a native natHA (natHA) and a crosslinked HA (HA-TA), and a thermoresponsive
MC hydrogel.

To address the challenge of hypoxic conditions in transplanted cells in extravascular
scaffolds and device as discussed in Chapter 1 we wanted to look at improving the
oxygen supply to encapsulated islets in the initial period immediately following

implantation, when the transplanted cells have an increased oxygen demand.

PFCswere chosen due to their established safety and biocompatibility profile,
mechanism of action and high oxygen solubility, allowing them to store higher

concentrations and improve the rate of diffusion through the material.

The specific aims of this chapter were:

e To formulate the hydrophobic PFCs as a stable emulsion to facilitate their
incorporation into the hydrogels.

e To functionalise the hydrogel biomaterial with the PFC emulsion.

e To characterise the oxygen loading and storage properties of the
functionalised hydrogel biomaterial to assess whether they improve the
oxygen supply.

e To rheologically characterise the functionalised hydrogel biomaterial to

determine their suitability for delivery to an extravascular device.

77



2.2 Materials and Methods
2.2.1 Materials

PFD, MC (88k Da, 400 centiposes), H.O», BGP, glacial acetic acid, hydrochloric acid
(HCI) and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich
(Ireland). F6H8 was obtained from Novaliq GmbH (Germany). Lipoid E80 was
purchased from Lipoid AG (Switzerland). natHA polymer (~1.2-1.3M Da chains), HA-
TA (~200-250K Da chains) and HRP were obtained from Contipro a.s. (Czech
Republic). Bovine type | fibrillar collagen was purchased from Southern Lights

Biomaterials (New Zealand). Oxygen (99.5% purity) was purchased from BOC gases
(Ireland).

78



2.2.2 Experimental Outline

PFCs —1— Homogenised Size Characterisation

—— Sonicated emulsion Stability

—— Pure PFCs (control) Oxygen measurement

v
Lead PFC emulsion

v

HA-TA/PFC hydrogel

Oxygen measurement

natHA/PFC emulgel

Rheological
Hybrid MCC/PFC characterisation

hydrogel

Lead functionalised biomaterial

Figure 2.4 Outline of the formulation and characterisation activities perform for

selection of the lead functionalised biomaterial.
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2.2.3 PFC emulsion formulation

As PFCs are a hydrophobic class of compounds the PFCs of choice, PFD and F6HS,
were formulated as an emulsion to enable incorporation into a hydrophilic polymer
matrix. The PFC emulsion formulation was adapted from a protocol outlined by
Sanchez et al (246) at concentrations of ~70%w/v of the PFC in PBS, using Lipoid
E80 as the emulsifier, by two methods, homogenisation and sonication. The final

composition of the two emulsions is shown in Table 2.2.

Table 2.2 Formulation composition for the PFC emulsions.

PFD 1.908g/mL 160mg 0.7mL 1.3mL

F6H8 1.33g/mL 160mg ImL ImL

2.2.3.1 Preparation of the homogenised PFC emulsions

Homogenised PFC emulsion was prepared using the Ultraturrax T25 homogeniser.
For 2mL of the final emulsion, lipoid was weighed into a 10mL beaker and PBS
added. The lipoid was gradually dispersed in the PBS using the homogeniser at
9500RPM until fully dispersed and the liquid was an opaque milky white. Under
continuous mixing at 9500RPM the PFC was added dropwise and once added
completely the homogeniser speed was increased to 17500RPM and mixed on ice
for 10 min (PFD) or 20 min (F6H8). All mixing was done on ice to minimise heat

generation.

2.2.3.2 Preparation of the sonicated PFC emulsions

Sonicated PFC emulsions were prepared using the Branson SLPt sonicator (150
watts) with a 0.125" microtip. For 4mL of the final emulsion, lipoid was weighed into a
50mL tube and PBS added. The lipoid was dispersed at 50% amplitude for 30 sec.
The 50mL tube was transferred to an ice bath and PFC added. The sonic probe tip
was positioned at the layer of lipoid dispersion and the PFC mixture was sonicated

for a further 7 min at 50% amplitude.
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2.2.4 Emulsion characterisation
2.2.4.1 Size and stability characterisation

PFC emulsions were characterised for their droplet size by dynamic light scattering
(DLS) using the Zetasizer NanoZs (Malvern). 2mL of the emulsions were stored in
15mL tubes at three temperatures: 20-25°C, 37°C and 4°C. Samples for size

measurements were taken periodically to assess emulsion stability.

2.2.4.2 Oxygen loading and oxygen release

Oxygen storage properties of PFC emulsions were characterised by measuring
oxygen release profiles, using PBS and pure PFCs as a control. Emulsions were first
diluted to 30% w/v PFC. This concentration was identified as the working
concentration for the PFCs during preliminary testing with the HA-TA hydrogel;
concentrations >30% w/v of PFD resulted in poorly formed hydrogels (Figure 2.5A).
Samples were then oxygenated by bubbling 99.5% purity oxygen through the liquid

for 7 min/mL; this was identified as sufficient to saturate the sample (Figure 2.5B).

The oxygen concentration over time was measured using the Firesting O, optical
oxygen meter (Pyroscience GmbH, Denmark) (Figure 2.6A). 1mL oxygenated
samples were placed in identical vials and the probes were placed equal depths into
each vial. A 1mL layer of PBS was carefully overlaid onto the emulsion to prevent
evaporation directly affecting the emulsion concentration (Figure 2.6C). The results
were recorded using the Pyroscience proprietary software and the graphs were

generated using Microsoft Excel.
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Figure 2.5 Preliminary experiments used to inform formulation and methods used in
Chapter 2. (A) Structure of HA-TA hydrogels with differing PFC concentrations; from
left to right 0/30/35/45% wv. (B) Oxygenation of 3mL of a HA-TA/PFC mixture;
oxygen concentration plateaus after ~20 min.
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Figure 2.6 (A) The Pyroscience OXR50 retractable probe tip. The fine needle
houses the fibre optic probe. The tip is coated in a REDFLASH dye which detects
the oxygen based on the principle illustrated. (B) The REDFLASH dyes show near
infrared luminescence which is quenched in the presence of high oxygen
concentration (247). (C) Oxygen probe setup with tips placed equal distances into

the sample | identical vials.
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Table 2.3 Formulation composition evaluated using a HA-TA, natHA or MCC as base polymers.




2.2.5 Formulation of a PFC functionalised biomaterial

Three base polymers, HA-TA, natHA, and MCC, were investigated to identify a lead
functionalised biomaterial formulation. Table 2.3 outlines the general formulation for

the gel formulations discussed in subsequent sections.

2.2.5.1 Formulation of a hybrid HA-TA/PFD hydrogel

A short-chain HA substituted with tyramine side chains was supplied by Contipro.
This material can form a covalently crosslinked hydrogel via an enzyme catalysed
reaction, outlined in Figure 2.3. Table 2.3 (GF 1-2) outlines the composition of the

different HA-TA formulations.

HA-TA hydrogel acted as a control. To prepare the hydrogel, lyophilised HA-TA was
hydrated in PBS (conc. 1% w/v) overnight on a roller to ensure the HA-TA was fully
hydrated. The HA-TA polymer solution was sterile filtered using a 0.2um syringe
filter. The crosslinking agent HRP was provided aliquoted at 8 U/mL and H,O», was
prepared fresh at 0.1% wi/w for each preparation. The HA-TA polymer solution was
divided into two parts, Part A and Part B, and one crosslinking agent was added to
each part; 30pL/mL HRP solution to Part A; 30uL/mL H,0O, to Part B. Both solutions
were drawn into separate syringes and attached to the gel mixing rig (Figure 2.7). As
the solutions are pushed through the rig they pass through the static mixer which
ensured homogenous mixing. After mixing the hydrogel take ~30-60 sec to form a
solid shape and can be collected into different containers or a mould depending on
the characterisation being performed. The hydrogels were given sufficient time to
fully gel before manipulation. The HA-TA hydrogels are a solid clear colourless

hydrogel.
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Figure 2.7 Schematic showing HA-TA hydrogel preparation and the gel mixing rig.

A hybrid HA-TA/PFD hydrogel was prepared using the HA-TA and the sonicated
PFD emulsion (66.78% wi/v) from Section 2.2.3.2 above. Lyophilised HA-TA was
hydrated in PBS at a 1.818% w/v and was vortexed with PFD emulsion at a
0.55:0.45 ratio to give a mixture with the final concentrations of 1% w/v HA-TA and
30% wiv PFD. The same mixing protocol for forming the HA-TA hydrogel from above
was followed using the HA-TA/PFD mixture (Figure 2.7). After mixing the hybrid HA-
TA/PFD hydrogel took longer (~1-2 min) to fully gel.

2.2.5.2 Formulation of a natHA/PFD emulgel

The natHA used for this study was a long chain, high molecular weight (~1.2-
1.3MDa) with no side chain substitution. When hydrated the natHA forms a
concentration dependant viscous liquid hydrogel. Table 2.3 (GF 3-7) outlines the

different compositions of the natHA formulations.

Control natHA was prepared at a number of different concentrations for rheological
assessment. Lyophilised natHA was hydrated in PBS in a 50mL tube over 1-2 days
on a roller to ensure itwas fully hydrated. Hydrogels ranging from 1-2% were

prepared for assessment (GF3-5).
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NatHA/PFD emulgel was prepared using the natHA and the sonicated PFD emulsion
(66.78% wiv) from Section 2.2.3.2. NatHA was hydrated in PBS up to concentrations
of 3% wi/v for dilution with PFD emulsion to give the final concentrations in Table 2.3
(GF 6-7). Due to the high viscosity of the natHA hydrogels, the PFD emulsion was
incorporated into the natHA by passing the natHA and the PFD emulsion between
two syringes connected by a female-female coupler to give a homogenous
natHA/PFD emulgel.

2.2.5.3 Formulation of a hybrid MCC/PFD hydrogel

MCC wafers were prepared according to the protocol outlined in the paper by Payne
et al (245). A stock solution of 4% w/iv MC was prepared by stirring in deionised
water. The collagen slurry was prepared by blending bovine type | collagen into a
solution of 0.05M acetic acid at 15,000RPM for at least 90 min. The slurry was
added dropwise into the 4% w/w MC polymer solution, and deionised water was
added, to give final concentration of 2.5% w/v MC and 0.1% w/v collagen. This was
allowed to mix for 1 h and then equilibrated at 4°C overnight. The equilibrated
solution was aliquoted into 30mL aliquots in 50mL falcon tubes and centrifuged at
3500 G to degas the polymer solution. The polymer solution was transferred to metal
moulds and freeze-dried using an optimised freeze drying protocol to prepare MCC
wafers. The MCC wafers were sterilised by gamma irradiation at 25 kGy, in

accordance with sterilisation standards in the European Pharmacopeia (248).

The control MCC hydrogel was prepared by rehydrating an MCC wafer in 30mL of a
5.6% w/v BGP salt solution, by stirring for up to 3 days onice. The pH was adjusted
to 7.0-7.4 using 1M HCI. This gave the final MCC polymer solution which is a
translucent/clear colourless liquid. When heated above 37°C this forms an opaque

solid hydrogel.

The hybrid MCC/PFD hydrogel was prepared by rehydrating an MCC wafer in
16.5mL of a 10.18% w/v BGP salt solution, by stirring for up to 5 days on ice. The pH
was adjusted to 7.0-7.4 using 1M HCI. Once the wafer had been fully hydrated the
resulting MCC polymer solution was diluted with sonicated PFD emulsion to give the

final concentrations in Table 2.3.
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2.2.6 Rheological characterisation of functionalised biomaterials

The rheological characteristics of all formulations were measured on either the AR-
1000 constant stress rheometer (TA instruments, USA) or the Discovery Hybrid
Rheometer HR-2 (TA instruments, USA). Temperature control was provided by a
peltier plate and a LAUDA Ecoline 003 E100 water-bath (Lauda-Konigshofen,
Germany) was used as the heat-sink. All measurements were performed using the
same cone shaped geometry (40mm diameter, 4.013° cone angle, 112um gap), and
solvent trap of the geometry was filled with water to minimise evaporation during
testing. Prior to commencing testing, the rheometer was calibrated by setting the
geometry gap and performing rotational mapping of the geometry. Approx. 1.3mL of
the sample was loaded on to the temperature controlled peltier plate and the
geometry was lowered to the gap. Analysis of rheometry data was processed using
TA Data Analysis software, if using the AR-1000, or TRIOS Software, if using the
HR-2 (TA instruments, USA). All samples were run in triplicate with presented results

being indicative of the norm.

Flow procedures (steady state flow and peak flow hold) were used to measure the
viscosity (Pa.s) of the hydrogel in response to changes in shear stress (Pa).
Oscillatory procedures (time sweep and temperature sweep) were used to measure
the storage modulus (G’) and the loss modulus (G”’) to measure gelation over time
for the HA-TA based hydrogels, and thermoresponsive gelation for the MCC based
hydrogels. Rheological assessments performed on the hydrogel formulations in this

chapter are outlined in Table 2.4.
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Table 2.4 Experimental parameters for rheological characterisation of the formulations of the HA-TA, natHA and MCC base

polymers.

Time Sweep 30 min 20°C 1%
S I I S O
- Peak Hold Recovery 1-50-1 Pa  5-5-10 min 25°C
| Bl e w
- Peak Hold Recovery 1-35-1 Pa  5-5-10 min 25°C
-_--_--
Temperature sweep 20 min 25-45°C @1°C/min -
increments



2.2.7 Oxygenation and characterisation of oxygen storage properties of the

functionalised biomaterials

Different oxygenation protocols were developed for the different biomaterials, based
on their viscosity. The oxygen storage properties of the functionalised biomaterials

were characterised by measuring their oxygen release profiles.

2.2.7.1 Oxygenation of HA-TA hydrogels

The oxygen storage properties of the HA-TA and hybrid HA-TA/PFD hydrogels were
characterised by measuring their oxygen release profiles. The HA-TA polymer
solution and HA-TA/PFD mixture were oxygenated by bubbling 99.5% purity oxygen
at 1L/min flow rate through Part B (Figure 2.7) in a syringe for 7 min/mL. Part B was
exclusively oxygenated as when encapsulating cells the cells would be mixed into

Part A to reduce their contact with H>O», as this is cytotoxic to cells.

Part B was oxygenated in a syringe to minimise the loss of oxygen. This approach is
the result of preliminary work that was performed to identify where oxygen was being
lost when preparing HA-TA hydrogels. GFla was oxygenated by bubbling in a glass
vial, at a rate of 7 min/mL. Once oxygenated the oxygen concentration in the GFla
was measured in the vial and recorded. GFla was then drawn up through an 18g
needle into a syringe and transferred to a fresh vial, where the oxygen concentration
was measured again. It was identified that the vacuum generated to draw liquids into
a syringe partially degassed oxygenated samples, reducing the oxygen

concentration inthe sample (Figure 2.8).
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Figure 2.8 Before drawing into the syringe the hybrid HA/PFC polymer mixture was
oxygenated by bubbling up to 500mmHg oxygen. Post-drawing into the syringe the
hybrid HA/PFC polymer mixture into the syringe 280mmHg oxygen remained in the

mixture.

2.2.7.2 Oxygenation of natHA hydrogels and MCC hydrogels

Due to the high viscosity of the natHA and MCC hydrogel and emulgels, oxygen
could not be bubbled through the liquid as was done with the HA-TA polymer

solutions.

Therefore a new method for oxygenation was developed in conjunction with
collaborators in Boston Scientific Ireland as shown in Figure 2.9. A Y-mixer, a y-
linker for two syringes with a static mixer element designed into the output, was 3D
printed by BSCI. The natHA or MCC hydrogels were connected to one of the Y-mixer
inputs and a second syringe connected to a supply of 99.5% pure oxygen was
connected to the other input. An open ended syringe is connected to the output of
the Y-mixer for collection of the oxygenated material. The syringe with the material to
be oxygenated is set up on a syringe pump at a pumping rate of 50uL/min and the
oxygen is turned on to 1.5L/min flow rate. The static mixer element creates a high
surface area for oxygen diffusion into the material being oxygenated and the low
pumping rate provides sufficient time for diffusion to occur. Once the material has
stopped pumping through the setup the plunger can be put back into the collection

syringe and used immediately (Figure 2.9).
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Figure 2.9 Oxygenation protocol setup to oxygenate highly viscous natHA hydrogel
and natHA/PFD emulgels.

2.2.7.3 Oxygen release testing

The oxygen storage properties of the oxygenated hydrogels were characterised by
measuring their oxygen release profiles. The oxygen concentration over time was
measured using the Firesting O, optical oxygen meter. 1mL of oxygenated hydrogel
was transferred to identical vials. A 1mL layer of PBS was laid onto the samples to
prevent evaporation dehydrating the hydrogels and the probes were placed equal
depths into each vial. The results were recorded using the Pyroscience proprietary

software and the graphs were generated using Microsoft Excel.
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2.3 Results
2.3.1 PFC emulsions droplet size and stability

Table 2.5 shows the droplet size and stability for the homogenised PFD and F6H8
emulsions over 48 h at room temperature (20-25°C) and 4°C. Both PFC emulsions
exhibited micro-sized droplets with a high (>0.6) polydispersity index with an average
increase in droplet size over 48 h. The PFD emulsion showed a larger average
droplet size of >2000nm and the F6H8 showed a smaller droplet size ranging from
~600-900nm over the 48 h. The homogenised PFD and F6H8 emulsions were an
opaque milky liquid and both emulsions were visibly unstable, with phase separation

occurring within 24 h (Figure 2.10).

Droplet size and stability of sonicated PFC emulsions was measured over 21 days
after storage at room temperature, 4°C, and at 37°C. Table 2.6 shows the size
characterisation and stability data for the sonicated PFD and F6H8 emulsions. The
sonicated emulsions are a nano-sized emulsion with a lower (<0.4) PDI than their
homogenised counterparts. The emulsions are shown to be stable over the 21 days
on the bench and in the fridge with little change in the droplet size and PDI. The
sonicated PFD emulsion was an opaque milky liquid and the sonicated F6H8

emulsion was a translucent yellow liquid.
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Table 2.5 Dynamic light scattering data showing the average size (d.nm) and

polydispersity index (PDI) of the PFD and F6H8 emulsions prepared by
homogenisation after storage at room temperature and 4°C for up to 48 h.

I N

Z-Average PD Z-Average PDI Z-Average PDI

(d.nm) (d.nm) (d.nm)
=10 PED | 2204.33 0.763 2376.33 0.818 1891.33 0.714
F6H8 579.1 0.625 918.93 0.643 865.9 0.663
ZiG[N PED | 2204.33 0.763 2262.66 0.829 2580.67 0.944
(4°)
F6H8 579.1 0.625 747.16 0.635 769 0.619

Figure 2.10 Visible phase separation in the homogenised PFD emulsions. (A) O h

after preparation. (B) 24 h after preparation. PFD emulsion shown is representative

of what was seen after 24 h in F6H8 emulsion.
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Table 2.6 Dynamic light scattering data showing the average size (d.nm) and

polydispersity index (PDI) of the PFD and F6H8 emulsions prepared by sonication.

The sampleswere stored at room temperature, 4°C, and at 37°C for 21 days.

0 days 7 Days 21 days
I O N S

Incubator
(37°C)




The sonicated PFD emulsion was selected as the lead emulsion due to it's history of
use in vivo compared with the F6H8 and a longer stability study for 2 months was
performed. Table 2.7 shows the size characterisation data for the sonicated PFD and
Figure 2.11 shows the DLS intensity distribution of the 3 time-points. The sample
kept at 4°C showed the greatest stability showing a monomodal size distribution and
no discolouration at 60 days. The sample kept at 37°C which showed a large

increase in PDI, a shift to a tri-modal size distribution and substantial discolouration.

Table 2.7 Stability study of the lead PFD emulsion prepared by sonication. Dynamic
light scattering measurements showing the average size (d.nm) and polydispersity
index (PDI).

Z-Average PDI Z-Average PDI Z-Average PDI
(d.nm) (d.nm) (d.nm)
147.88 0.242 148.1 0.297 146.82 0.285
147.88 0.242 146.82 0.273 146.83 0.288
147.88 0.242 140.68 0.393 149.61 0.566
o¢) ~Bench - 0d : o) ~Fridge - 0d °G) ~Incubator - 0d
A Bench(2025°C) 2enh-3 g Fridgeia"e) 7o oy € IMeUbRROr 3G e e o
12 Bench - 60d Fridge - 60d 12 Incubator - 60d
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[e>)

Figure 2.11 DLS intensity distribution for the sonicated emulsion at 0 h, 1 month and
2 months and corresponding images to show appearance of emulsionineach
condition after 60 days. A - Sample kept on the bench at room temperature, B —

sample kept in the fridge, and C — sample kept in an incubator at 37°C.
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2.3.2 Oxygen release profiles from PFC emulsion

The oxygen release profiles of PBS, PFD, F6H8, and the homogenised and
sonicated PFC emulsions were measured after bubbling with oxygen (Figure 2.12).
PBS showed oxygen loading at 555mmHg and release to 160mmHg over 6 h, PFD
showed loading at 512mmHG and release to 160mmHg over ~1.1 h, and F6H8
showed release from 639mmHg to 160mmHg over ~0.9 h (Figure 2.12A). The
homogenised F6H8 emulsion showed loading to 512mmHg and release to
160mmHg in ~64 h and the homogenised PFD emulsion showed loading at
464mmHg release too 160mmHg in ~24 h. The sonicated F6H8 emulsion showed
loading at 670mmHg and release to 165mmHg in 72 h, and the PFD emulsion
showed loading at 700mmHg and release to 168mmHg in 72 h (Figure 2.12B).
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Figure 2.12 Oxygen release profiles of the PFCs, the PFC emulsions and PBS as a
control to atmospheric levels (155-160mmHg). (A) The PFD and FEH8 samples were
open to air and showed release of loaded oxygen in <1 h and PBS showed release
of loaded in <6 h. (B) The emulsions showed a more prolonged release of oxygen
compared to pure PFCs, the sonicated emulsions showed the most prolonged for up
to 80 h. Data shown representative of the norm (n=3).
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2.3.3 Rheological properties of the functionalised biomaterials hydrogel

2.3.3.1 HA-TA hydrogels

A steady state flow sweep was performed in order to evaluate the viscosity of the
HA-TA polymer solution and polymer/PFD mixture without crosslinkers, GFla and
GF2a (Table 2.3), under increasing shear stress. These formulations were low
viscosity liquids, GFla was a colourless clear liquid and GF2a was an opaque milky
liquid. The steady state flow sweep rheogram (Figure 2.13) below shows that GF2a
mixture has a higher viscosity than the GFla. GF2a showed shear thinning,

decreased viscosity with increasing shear stress, thinning from 0.25 Pa.s at5 Pa
shear stress down to 0.088 Pa.s at 25 Pa.
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Figure 2.13 Rheogram of steady state flow from 5-35 Pa of the HA-TA polymer
solution (GFl1a) and HA-TA/PFD mixture (GF2a), demonstrating that the addition of
the PFD emulsion increases the viscosity of the mixture compared to the polymer
solution alone and shows shear thinning under increasing shear stress. Data shown

representative of the norm. (n=3)
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An oscillatory time-sweep was performed on the crosslinked HA-TA hydrogels, GF1b
and GF2b (Table 2.3), to measure gelation over time and the final strengths of the
hydrogels measured by the storage modulus (G”) relative to the loss modulus (G’).
GF1b formed a clear colourless solid hydrogel, and GF2b formed an opaque white
solid hydrogel. Figure 2.14 shows the rheograms of the oscillatory time-sweep of
both the GF1b (Figure 2.14A) and GF2b (Figure 2.14B). Gelation has occurred when
the storage modulus (G’) surpasses the loss modulus (G”) and both samples gelled
before the rheometer could be started, indicating the crosslinking reaction is rapid.
The final storage modulus of GF1 is 912.6 Pa and the final storage modulus of GF2b
is 278.2 Pa.
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Figure 2.14 Rheological characterisation of the HA hydrogel (GF1b) and hybrid
HA/PFD hydrogel (GF2b) Gelation occurs when G’ exceeds G”. (A) Rheogram of
oscillatory time sweep of GF1b. (B) Rheogram of the oscillatory time sweep of GF2b.

Data shown representative of the norm. (n=3)
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2.3.3.2 NatHA hydrogels

A steady state flow sweep was performed in order to evaluate the viscosity of the
natHA hydrogels, GF3-GF7 (Table 2.3), under increasing shear stress. GF3-5 were
clear colourless viscous liquids and GF6-7 were opaque white viscous liquids. Figure
2.15 shows the steady state flow sweep rheograms for the natHA formulations, GF3-
GF7. GF3-GF5 shows that increasing the concentration of natHA gave a non-linear
increase in the resting viscosity of the natHA hydrogels. The rheograms for GF6 and
GF7 show that the addition of the PFD emulsion to the natHA hydrogels gave the
resulting natHA/PFD emulgels relatively high standing viscosities, in comparison to
the natHA hydrogels alone (GF5). All of the natHA hydrogels showed shear thinning,
with the emulgels, GF6 and GF7, showing substantially increased shear thinning, in

comparison to the natHA hydrogel counterparts with similar resting viscosities.
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Figure 2.15 Rheograms of steady state flow from 1-50 Pa of the natHA hydrogels
and emulgel (GF3-6) and 1-35 Pa (GF7), showing increasing viscosity with
increasing natHA concentration, increased viscosity with the addition of the PFD
emulsion, and shear thinning with increased shear stress. Data shown

representative of the norm. (n=3)
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A peak flow hold recovery test was performed to by holding a sample at a low
(resting) stress for 5 min, applying a stress for 5 min, and removing the stress to the
resting stress for an additional 10 min. The rheograms in Figure 2.16 and Figure
2.17 show the peak flow hold recovery measurement of GF6 and GF7 respectively,
and show that when the shear stress is removed from the emulgel that the initial

rheological characteristics before applying the shear stress are recovered.
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Figure 2.16 Rheogram of the peak flow hold recovery of the 1%/30% natHA/PFD

emulgel (GF6). The sample demonstrates low viscosity when put under higher shear
stress and then recovery over 10 minwhen the shear stress is removed. Data shown

representative of the norm. (n=3)
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Figure 2.17 Rheogram of the peak flow hold recovery of the 0.615%/30%

natHA/PFD emulgel (GF7). The sample demonstrates low viscosity when put under
higher shear stress and then recovery over 10 minwhen the shear stress is

removed. Data shown representative of the norm. (n=3)
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2.3.3.3 MCC hydrogels

A steady state flow sweep was performed in order to evaluate the viscosity of the
MCC hydrogels (GF8 and GF9) (Table 2.3), under increasing shear stress. Figure
2.18 shows the steady state flow sweep rheograms for the MCC formulations. The
addition of the PFD emulsion increased the standing viscosity of the GF9 compared
to GF8. GF9 showed substantial shear thinning.
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Figure 2.18 Rheograms of steady state flow from 1-50 Pa of the MCC hydrogels,

showing increased viscosity with the addition of the PFD emulsionto GF9, and shear

thinning with increased shear stress. Data shown representative of the norm. (n=3)
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Temperature sweeps were performed to confirm the sol-gel temperature, when the
storage modulus (G’) is greater than the loss modulus (G”), of the MCC hydrogels
using oscillatory rheological testing (Table 2.4). Figure 2.19 shows the oscillatory
rheograms for the temperature sweep performed. GF8 showed sol-gel transition at
35°C with increasing gel strength (G’) with increasing temperature. GF9 shows sol-
gel transition at 30°C and increasing gel strength up to 39°C, and a subsequent drop

in strength at higher temperatures. GF9 remained gelled at the temperatures tested.
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Figure 2.19 Rheograms of oscillatory temperature sweep from 25-45°C of the MCC
hydrogels, GF8 and GF9. GF8 shows sol-gel transition at 35°C and increasing
strength at higher temperatures, whereas GF9 shows sol-gel transition at 30°C and
decreasing strength at higher temperatures. Data shown representative of the norm.
(n=3)
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2.3.4 Oxygen release profiles of the functionalised biomaterials hydrogel
2.3.4.1 HA-TA hydrogels

The oxygen release profiles of GF1b and GF2b after loading with oxygen by
bubbling Part B (Figure 2.7) for 10 min (Figure 2.20). GF1b showed oxygen loading
to 469mmHg and release to 160mmHg in ~20 h, and GF2b showed loading at
545mmHg and release to 160mmHg in ~47 h.
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Figure 2.20 Oxygen release profiles of the HA-TA hydrogel (GF1b) and the hybrid
HA-TA/PFD hydrogel (GF2b). Inclusion of the PFD increased the loaded oxygen of
the hydrogel and showed a more prolonged release of oxygen to atmospheric levels

(155-160mmHg) over 45-50 h. Data shown representative of the norm. (n=3)
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2.3.4.2 natHA hydrogels

The oxygen release profiles of GF3, GF5, GF6 and GF7 after loading with oxygen by
using the oxygenation setup from Section 2.2.7.2 (Figure 2.21). GF3 and GF5
showed oxygen loading to 380mmHg and 599 mmHg respectively and release to
160mmHg over ~26 h. GF6 showed oxygen loading to 567mmHg and release to
160mmHg over ~50 h. GF7 showed oxygen loading at 621 mmHg and release to
160mmHg over 58 h.
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Figure 2.21 Oxygen release profiles of natHA hydrogels 2% wv (GF3) and 1% wv

(GF5) and the natHA/PFD emulgels 1%/28% and 0.615%/28% (GF6 and GF7

respectively). Results shown representative of the norm. (n=3)
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2.3.4.3 MCC hydrogels

The oxygen release profiles of GF8 and GF9 after loading after loading with oxygen
by using the oxygenation setup from section 2.2.7.2 (Figure 2.22). GF8 showed
oxygen loading to 600mmHg and release to 160mmHg in ~55 h, and GF9 showed
loading at 545mmHg and release to 160mmHg in ~100 h.
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Figure 2.22 Oxygen release profiles of MCC hydrogels (GF8) and the MCC/PFD

emulgels (GF9). Results shown representative of the norm. (n=3)
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2.4 Discussion

The aim of this chapter was to formulate and characterise a functionalised
biomaterial with the aim of improving the viability of transplanted cells to an
extravascular site in an implant. There were two key challenges to this: firstly, finding
a material that adequately mimics the ECM to support islets in vivo; and secondly
supplying oxygen to implanted islets to prevent the development of hypoxia inthe
biomaterial which damages cells, leading to cell death. To address these challenges
a biomaterial which could be functionalised with improved supplemental oxygen
supply was formulated. A panel of lead biomaterials, HA-TA, natHA, and MCC, were
selected for functionalisation with PFCs as the oxygenation technology. In the
formulation stage, the key characteristics identified for the final biomaterial were
stability, rheological characteristics to allow for successful delivery to a device for

implantation, and oxygen carrying capacity of the functionalised biomaterial.

PFCswere chosen for delivery of a supplemental oxygen supply due to their high
oxygen solubility and inert nature. The main challenge associated with incorporating
the PFCsinto a hydrophilic biomaterial is that they are a highly hydrophobic class of
chemicals, due to the fluorination of the carbon backbone. Consequently,
preparation of the PFCs as an o/w emulsion is required for their incorporation into a
hydrophilic hydrogel (176). Two approaches to the formation of the PFC emulsions
were explored; preparation by homogenisation and sonication, and their size and
stability characteristics were investigated.

The homogenised PFC emulsions were prepared first and were shown to be very
unstable. Both the homogenised PFD and F6H8 emulsions were characterised for
their size over a 48 h period on the bench and in the fridge, and both showed
physical instability and an increase in droplet size in both storage conditions. This
can be explained by one of two mechanics; creaming and coalescence (249).
Creaming is caused by flocculation of emulsion droplets into larger collection of
droplets, loosely bound together by intermolecular forces, and is reversible through
resuspension of the flocculated droplets through agitation of the sample. Following
from flocculation, coalescence is a physical change in droplet size, whereby
flocculated droplets combine together to form a single bigger droplet, this is

irreversible and the sample must be re-homogenised to reverse coalescence. The
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increase in Z.average droplet diameter suggests that the settling has resulted in
some coalescence of the emulsion, indicating the homogenised emulsions are not

stable.

In addition to homogenisation we also identified that using direct sonication via a
sonic probe allowed for the rapid and effective formation of PFC emulsions without
modifying the emulsion composition. The parameters for emulsifying the PFCs, 50%
amplitude for 5 min run time while immersing the container in ice water to minimise
the effect of heat generated, resulted in promising emulsions. The sonicated PFD
emulsion appeared visually similar to the homogenised emulsions and the sonicated
F6H8 appearing as a translucent, yellow dispersion, the optical change suggesting
the formation of a colloidal nanoemulsion. The formation of the colloidal
nanoemulsion in the sonicated F6H8 sonicated emulsion but not the sonicated PFD
emulsion is likely due to the differences in the molecular weights of the PFCs (PFD
1.908g/mL and F6H8 1.33g/mL), with Daik et al showing a similar property with lower
molecular weights resulting in smaller droplets in a liquid natural rubber emulsion
(250).

The sonicated PFC emulsions are made up of a narrow range of droplet sizes,
leading to a substantially lower Z-average d.nm in comparison with the homogenised
emulsions as seen in Table 2.5. This small <200nm droplet size gives rise to a very
stable set of emulsions, as described by the DLVO theory. The DLVO theory
describes the balance between the electrostatic repulsive forces and attractive Van
der Waal’s forces and kinetic energy of Brownian motion of the nano-droplets. The
stable colloid has larger repulsive forces than the Brownian motion kinetic energy
can overcome, preventing coagulation and coalescence (251). The improved stability
can be seen when comparing the two techniques employed to emulsify the PFCs;
there are substantial changes in droplet size in the homogenised emulsions over 48
h, whereas the sonicated emulsions maintain their droplet sizes for up to 21 days
(Table 2.6). After the sonicated PFD emulsion was selected as the lead emulsion
due to it's history of use in vivo compared with the F6H8 a longer stability study for 2
months was performed. In Figure 2.11 the intensity distribution profiles show that
there are some changes in the size populations over the 60 day period, the degree
of which is dependent on storage conditions, where after 30 days the emulsion

droplet size starts to show a shift from a monomodal to a bimodal distribution, with
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increasing droplet size. In the samples stored on the bench and at 37°C there is also
evidence of a split with yellow discolouration indicating oxidation of the lipoid. This
has affected the stability in the sample stored at 37°C substantially, with an increase
in the PDI to >0.5 after 60 days and the formation of a peak >1000nm on the
intensity distribution graph. In comparison the sample stored at 4°C shows creaming
of larger droplets, with smaller droplets remaining in suspension, without

discolouration and the creamed droplets can be readily resuspended by vortexing.

PFC emulsion oxygen release profiles compared to the oxygen release profiles of
the unmodified PFCs show substantial differences. The homogenised emulsions
loaded a relatively lower oxygen concentration than the pure PFCs but saw a
substantially longer release profile; the pure PFD and F6H8 dropped to atmospheric
oxygen concentrations within 1 h (Figure 2.12A) whereas the homogenised PFD and
F6H8 emulsions dropped to atmospheric levels within ~25 h and 65 h respectively
(Figure 2.12B). Additionally, the sonicated emulsions saw even higher loading
oxygen concentrations, with longer release profiles than both of the homogenised
emulsions of ~70-80 h. This difference in release profiles can be explained by the
high diffusion co-efficient for oxygen of the PFC family. The unmodified PFCs have a
higher diffusion co-efficient for oxygen than water (252). As a result, the rate of
diffusion of oxygen from the pure PFCsinto the air is more rapid than from the PFC
emulsions as they also must diffuse through the continuous phase of the emulsion
i.e. water, which acts to limit the rate of diffusion of the oxygen from the PFCs in the
emulsion. Additionally, the lecithin component of the emulsion acts as a barrier
impeding oxygen diffusion (253). Fundamentally, an o/w emulsion is a droplet of
hydrophobic liquid, covered in a layer of an emulsifier, dispersed homogenously
within an aqueous continuous phase. The oxygen must first diffuse from the
hydrophobic droplet, the PFC, through the emulsifier, the lecithin, into the aqueous
phase of the emulsion and finally released to the air. This retards the diffusion of

oxygen from the PFC compared to the pure PFC alone.

This can be briefly explained by Fick’s First Law of Diffusion: Fick’s First Law is

written as J=-D Z—“;, where J is the diffusion flux, D is the diffusion coefficient, and %

is the concentration gradient.
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A decrease in the diffusion coefficient, such as between the PFC and the lecithin,
would decrease the flux of the oxygen. This explains the rapid release of oxygen
from the pure PFCs, the high diffusion co-efficient results in a rapid release of
oxygen. In contrast, as the diffusion co-efficient through the lecithin, and then water,
is lower, a more prolonged oxygen release is seen. This beneficial characteristic of
the emulsions prevents the rapid diffusion and loss of oxygen. The more prolonged
oxygen release profile is due to the smaller droplet size as the thickness of the
lecithin layer is proportionally larger to the smaller volume of encapsulated PFC. A
proportionally larger barrier to oxygen diffusion acts to further decrease the rate of

diffusion relative to the larger droplet sizes.

Based on the above stability data and oxygen release profiles the sonicated
emulsions were clearly superior to the homogenised emulsions; however neither the
PFD nor F6H8 emulsions were shown to have better characteristics to support
inclusion of one over the other. PFD was selected as the lead component as it has
more data to support in vivo use, having previously been a component of an FDA
approved product, and chemically can hold more oxygen than F6H8, which is of
critical importance in the initial period following islet delivery when cells are under the
highest stress. The 2 month stability data for the sonicated PFD emulsion shows
suitable stability for short-term use for the in vitro an in vivo work and for on demand

manufacture of a final product.

The PFD emulsion, as the lead oxygen carrier was then progressed to incorporation
and evaluation in the hydrogel biomaterials. The lead biomaterial must have
properties that allow for the delivery to a macroencapsulation device while also being
able to suspend and protect transplanted islets once delivered. The device will likely
be filled in situ so properties that facilitate delivery via a catheter would be beneficial.
Preliminary work done identified that a concentration of 30% w/v PFD was the
maximum concentration at which the hybrid HA/PFD hydrogel could still form a solid
hydrogel (Figure 2.5A). The lead HA-TA formulation selected was GF2b, 1% HA-TA
and 30% w/v PFD hydrogel as it formed a visibly solid hydrogel. The non-crosslinked
polymer mixture for this formulation (GF2a) was characterised rheologically by a
steady state flow sweep. The GF2a mixture flows readily and was shown to have a
low viscosity of <0.3 Pa.s at a shear stress of 5 Pa, and shows shear thinning

(Figure 2.13). The GF2a mixture was also shown to have a higher viscosity than a
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1% HA-TA polymer solution (GF1a). The presence of the PFD emulsion droplets and
flocculated droplets increases the viscosity by disrupting flow through the mixture,
and shear thinning occurs as a result of the suspended droplets being forced to align
with the flow under increased shear stress and breaking up the floccs that further
improves flow (254). An oscillatory timesweep of both formulations following the
addition of the crosslinkers (GF1b and GF2b) indicated a rapid crosslinking reaction
for sol-gel transition. The GF2b hydrogel showed a lower G’ than the GF1b hydrogel
indicating that the incorporation of the emulsion reduces the overall strength of the
HA-TA/PFD hydrogel, or as seen in Figure 2.5A can prevent the formation of a
hydrogel entirely. We hypothesise that this is due to the emulsion droplets sterically
hindering the crosslinking reaction; that the physical presence of the emulsion
droplets blocks the formation of crosslinks between the HA-TA chains. A similar
effect has been seen in the literature where PEG functionalisation sterically blocked
covalent crosslinking in a heparin hydrogel (255) and Maillard et al saw a similar
effect when supplementing a fibrin matrix with a PFD emulsion (184). The final
strength of hydrogel is not a critical parameter for the success of the biomaterial, as
itis intended for use in a macroencapsulation device, but some crosslinking to form

a matrix to keep islets suspended is beneficial.

NatHA was the second biomaterial investigated. In contrast to the HA-TA hydrogel,
the natHA hydrogel functions by chain entanglement to give a high viscosity liquid
(256). The rheograms of the natHA hydrogels in Figure 2.15 show that this viscosity
scales non-linearly with concentration with GF3 (2% w/v HA) showing a viscosity
substantially more than double the viscosity of GF5 (1% w/v HA) and in all cases
shear thinning behaviour. Preliminary work performed by DRIVE partners in DCU
showed that GF3 was able to maintain pseudoislets in suspension for >3 days (data
not shown). As a result this resting viscosity (viscosity at 1 Pa shear stress) was

targeted for the functionalised biomaterial.

Incorporation of the emulsion into natHA (GF6 and GF7) increased the resting
viscosity of the resultant emulgel in comparison to the natHA hydrogel counterparts,
which is in line with the results seen with the HA-TA polymer solutions and mixtures
(GF1a and GF2a). This can also be seen in when comparing the viscosities of GF5
hydrogel and GF6 emulgel. Both GF5 and GF6 have 1% w/v natHA polymer, but the
standing viscosity of the GF6 emulgel is 10-20 times higher than the GF5 hydrogel.
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GF6 emulgel matches the resting viscosity of the GF3 hydrogel (2% w/v natHA)
which was the target viscosity. The GF6 emulgel also showed significant shear
thinning behaviour. As outlined above shear thinning is a useful property when
developing a biomaterial for delivery via a catheter, however unlike the HA-TA
hydrogels which could crosslink into a solid hydrogel after shear thinning to retain the
islets in suspension, the natHA/PFD emulgels could not. Therefore itis important
that these hydrogels are able to recover their structure on removal of shear stress. A
recovery protocol showed that upon removal of the stress the hydrogel gradually
recovers its viscosity over 10 min. This result is positive; it shows the GF6 emulgel
does recover its viscosity over time, but not immediately, which gives the emulgel
time to spread homogenously throughout the device after delivery. The GF7 emulgel
was formulated as a lower viscosity biomaterial to overcome some of the challenges
of working with a higher viscosity biomaterial, such as the shear stress being applied
to and damaging the cells when mixing them into the GF6 emulgel, and issues
identified with filling the devices which will be discussed in Chapter 3 and Chapter 4
respectively. The GF7 emulgel showed similar properties to the GF6 emulgel,

showing both shear thinning and recovery, but with a lower overall viscosity.

The MCC hydrogels were the final biomaterial investigated for this project. The MCC
hydrogels were considered for the project as they are liquid at lower temperatures,
but are thermoresponsive and can be modified to undergo sol-gel transition at
physiological temperatures to form a solid hydrogel. These properties align with the
target characteristics of the ECM biomaterial for this project, as the MCC gel in liquid
state could be delivered via a catheter and then form a solid biomaterial to suspend
the islets in situ. In line with the results seen above, the addition of the PFD emulsion
in GF9 greatly increases the resting viscosity of the hydrogel, compared to GF8
(Figure 2.18). As a follow-up, an oscillatory temperature sweep test was performed
to identify the sol-gel transition temperatures of the hydrogels to ensure they were
within physiological limits. The GF8 hydrogel underwent sol-gel transition at 35°C,
which is suitable for gelling in situ. The addition of the PFD emulsion (GF9) resulted
in a substantial decrease in sol-gel transition temperature (Figure 2.19) to 30°C,
which creates a risk of gelation in the catheter. Douglas et al hypothesised that the
inclusion of the hydrophobic PFD decreases the aqueous content of the final

hydrogel. This in turn increases the incidence of interactions facilitating the formation
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of a gel at lower temperatures (183). This also applies to the BGP concentration,
where lower aqueous phase volume leads to an increase in BGP concentration in the
agqueous phase. The mechanism of action of the BGP is to alter the ionic
environment to lower the sol-gel transition temperature (245). The effective increase
in the aqueous concentration of the 3-GP by the presence of the PFD emulsion is
likely to have contributed to the reduced the sol-gel transition temperature of GF9.
Additionally, the GF9 hydrogel is unstable relative to the GF8 formulation. GF8
shows an increase in hydrogel strength (increasing G’) with increasing temperature,
up to 45°C. In comparison, the GF9 increases in strength up to 39°C and
subsequently begins to break back down as the G’ decreases.

The GF1la polymer solution and GF2a mixture were oxygenated by bubbling oxygen
through the liquid in the syringe. In both cases only Part 2 (Figure 2.7) of the
formulation was oxygenated. This was done as Part 1 contains the cells of the
hydrogel and the cells were mixed into Part 1 by syringing the polymer solution up
and down. Comparing the oxygen release profile of the GF1b hydrogel in Figure 2.20
and the oxygen release profile of PBS from Figure 2.12A shows that formulation of a
hydrogel substantially prolongs the diffusion of oxygen. The GF1b hydrogel had half
of its total volume oxygenated but showed a more prolonged diffusion of the loaded
oxygen to atmospheric levels from the hydrogel over 20 h, in comparison to the PBS
which saw diffusion to atmospheric levels within 6 h. This is a well-documented
mechanic of a number of biomaterials that can be explained by the matrix of the
biomaterial reducing the rate of diffusion of oxygen through it. In our case, this effect
lowers the diffusion rate of the oxygen out of the material but in practical applications
this is one of the primary mechanisms that causes of the formation of necrotic cores
in biomaterials (257). The oxygen release profiles from Figure 2.20 show that the
inclusion of the PFD emulsion in the GF2b hydrogel improved both the loaded
oxygen and gave more prolonged release of oxygen from the hydrogel, up to 47 h,
when compared with the GF1b hydrogel. The prolonged oxygen release matches the
results seen with the PFD emulsion and PBS, and the improved oxygen loading can
be explained by the inclusion of the PFD emulsion increasing the diffusion of oxygen
into the biomaterial.

The high viscosity of the natHA formulations did not facilitate oxygenation by

bubbling. This is due to an effect caused by the shear thinning of the materials.
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When oxygenating the high viscosity hydrogel or emulgel a bubble of oxygen shear
thins through the viscous liquid, creating a “path” behind it. The continuous flow of
oxygen then follows this shear thinned path through the highly viscous liquid, and in
place of a stream of bubbles with a collective large surface area there is a single low
surface area channel of oxygen passing through the liquid (258). To address this
issue, in collaboration with Boston Scientific a method using a Y-linker with a static
mixing element to increase surface area for diffusion to improve oxygen loading was
developed. The oxygen loading into GF3 hydrogel shows the lowest loaded oxygen
of any of the investigated materials, 380mmHg, but it shows a prolonged release of
oxygen for up to ~26 h, the same as GF5 hydrogel which loaded more oxygen
(Figure 2.21). This can be explained by the higher viscosity matrix of the GF3
hydrogel retarding the diffusion of oxygen more than the lower viscosity matrix in the
GF5 hydrogel, affecting both the diffusion into the material and diffusion out. In
comparison, the GF6 emulgel has a similar resting viscosity to the GF3 hydrogel but
shows improved oxygen loading. Additionally, the viscosity of the suspending
medium also affects the diffusion co-efficient according to the Stokes-Einstein
equation, which would affect the rate of diffusion according to Fick’s First Law. The
GF6 emulgel shear thins substantially under increasing shear stress and this
decrease in viscosity would result in a subsequent increase in diffusion of oxygen
into the emulgel in comparison to the GF3 hydrogel. The improved loading seen in
the lower viscosity GF7 emulgel provides additional data to support this hypothesis.
Both the GF6 and GF7 emulgels load at high levels of 567mmHg and 621 mmHg,
showing release to atmospheric levels in 50 and 58 h respectively, giving the most

prolonged oxygen release profiles of the HA based biomaterials.

The MCC hydrogels, GF8 and GF9, were oxygenated by the same method as the
natHA formulations, due to the high viscosity of the GF9 formulation. The GF8 and
GF9 formulations show high initial oxygen loading similar to the lower viscosity
natHA hydrogels. However, the MCC hydrogels show substantially more prolonged
release of oxygen than the natHA hydrogels. GF8 shows oxygen loading at
~580mmHg, similar to the GF6 and GF7 hydrogels, but shows release to
atmospheric levels over 50 h, despite having no PFD component in the hydrogel
(Figure 2.22). In line with this, the GF9 hydrogel shows loading at ~550mmHg, and

shows the most prolonged release of oxygen compared to any other hydrogel tested
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of ~100 h to reach atmospheric levels. We hypothesise that the substantial
prolonged release of oxygen is the result of a partial or total sol-gel transition during
the experiment at room temperature as the sol-gel transition temperature of the gel
had been reduced, as seen in Figure 2.19. If this had occurred, this would be in line
with the results seen in the GF1b crosslinked HA-TA hydrogel showing a

substantially more prolonged release of oxygen than PBS alone.

Out of the three biomaterials investigated in this chapter, the natHA/PFD emulgels
show the greatest promise as a suitable biomaterial to provide oxygen to
encapsulated cells due to their rheological characteristics allowing for delivery via a
catheter and their prolonged oxygen release profiles. Although the MCC hydrogels
showed the most prolonged oxygen release profiles, the instability of the final GF9
hydrogel, and risk of sol-gel transition during delivery blocking the catheter precludes
it for this project. In comparing the natHA/PFD emulgels with the sonicated PFD
emulsion itself, the emulsion alone shows higher oxygen loading (700mmHg) and a
more prolonged release of oxygen (72 h to atmospheric levels) than in the emulgels.
This indicates that oxygen loading into the GF6 and GF7 emulgels is being limited by
the oxygenation method used for these experiments due to the viscosity of emulgels,
and it is possible that substantially greater oxygen loading could be achieved. The
protocol currently in use (preparing volumes of 1-3mL) may not be scalable to larger
volumes needed for human sized devices (~140-300 mL), and future work should
focus on developing a new oxygenation method for these hydrogels. Ultimately, the
natHA/PFD emulgels fulfil the material characteristics desired for the ECM of an
artificial pancreas, showing shear thinning facilitating delivery via a catheter to an in
situ device, and an improved oxygen supply for encapsulated cells following

transplantation.
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Chapter 3

Development of an in vitro model to determine glucose responsivity and

evaluation of lead formulations
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3.1 Introduction

In Chapter 2 the formulation and characterisation of a number of biomaterials for use
as an extra-cellular matrix in a bio-artificial pancreas based on their physical
properties was discussed. This Chapter focuses on the assessment of these lead
biomaterials with a suitable in vitro model to investigate their potential efficacy and

biocompatibility, before moving into in vivo studies.

3.1.1 An in vitro cell model for translation to human applications

When investigating novel therapeutics for use with human islets the relative scarcity
and difficulty of sourcing human islets for research use is a major challenge. An
estimate on donor pancreases in the United States estimated that there was 1 donor
pancreas available for every 333 T1D patients (259). With whole pancreas
transplantation and islet transplantations (which require up to 2 donor pancreases
per patient) taking priority over research, there is evidently a need for alternative cell

sources to perform preliminary testing.

3.1.1.1 Cell lines as an in vitro model in T1D

Cell lines are cells which have been modified to proliferate indefinitely. This allows
for the continued study of the cell type without the need to continually source primary
cells from a new organism. There has been a great deal of research aimed at
creating cell lines for many purposes, with many popular cell lines in use in labs
worldwide including CACO-2 (human Caucasian colon adenocarcinoma), Calu-3
(human lung adenocarcinoma) and the HeLa (the first immortalised cell line studied,

human cervical cancer).

For diabetes research a number of B-cell lines have been produced and researched.
The key challenge with developing a B-cell line is producing a proliferating,
immortalised cell line which does not differentiate from the original functionality of the
B-cells over a number of proliferations (260), most specifically responsiveness to

glucose and release of insulin.

The MING cell line is a mouse insulinoma cell line produced in 1990 by Miyazaki et
al. The MIN6 cell line was established from pancreatic tumors taken from the SV40

T-antigen transgenic mouse (261). The cell line has been well regarded as an in vitro
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model for T1D research as itis glucose responsive at physiological levels, and the
cell line shows GSIS at levels similar to an isolated pancreatic islet (262, 263). A
number of groups have looked at the encapsulation of MIN6 cells in biomaterials or
for encapsulation in a bioartificial pancreas device (119, 264-272). Skrrzypek et al
investigated MIN6 and MIN6/HUVEC (human umbilical vein endothelial cells)
aggregates inflat poly (ether sulfone)/polyvinylpyrrolidone devices compared to free-
floating aggregates, and showed that the encapsulated MIN6 aggregates were
similar to free-floating, indicating the encapsulation device did not affect glucose
response (273). Hayashi et al investigated the MING6 cell line in a three-layer agarose
microcapsule and a mesh reinforced polyvinyl alcohol hydrogel tube and the
encapsulated MIN6 were shown to function glucose responsively in a static

incubation after encapsulation (264).

The INS1 cell line was established in 1992 by Asfari et al. INS-1 cells are a rat
insulinoma cell line that is glucose responsive within physiological glucose levels
(274). Johnson et al have used the INS-1 cells encapsulated in alginate as a means
of developing assays for use with islets (275). The INS-1 cells are limited in that they
produce only 20% the amount of insulin that would be produced by native cells (276)
The INS-1E cell line was differentiated by Maechlar et al in 2004 from the parental
INS1 cell line. The INS-1E cell is a very stable cell line that can be used over a wide
range of passages while remaining glucose responsive. INS-1Es show secretory
responses to amino acid and sulphonylurea similar to isolated islets (277). The INS-
1E cells have been less extensively studied for encapsulation in biomaterials (278-
280).

Pseudoislets (PIs) are islet-like structures produced by a method which allows cells
to be cultured in a morphology that resembles natural islets (281). This way of
culturing the cell increases the cell-cell contact needed by the majority of insulin-
producing cell lines, as it helps to mimic the architecture of the islet unit that is lost
when culturing in 2D on plastic, ultimately improving cell function (282). There is a
range of literature detailing the different methods of forming PIs; ranging from static
incubation of cells on non-adherent plastics, the use of hanging droplet methods
(283), microencapsulation of cells in alginate microspheres (284), and the use of

magnetic microparticles to encourage formation (285), to outline a few.
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3.1.1.2 Mammalian islets as an in vitro model in T1D

Mammalian islets are the logical choice when investigating technologies for islet
encapsulation. There are a number of different animal models which are widely used
for islet research and identifying the most suitable islet source is important from a

scientific and ethical viewpoint.

As outlined above, although human islets would be the preferred islet source for
study, availability is limited and time-dependent. The second best choice of an islet
source is NHP islets. NHP islets closely resemble human islets anatomically, sharing
the intermingling endocrine cells and general morphology (286, 287). Ethically, NHP
should only be considered for research purposes if no other suitable species or
alternatives could be used (288) and NHP cannot be used for research in the

Republic of Ireland.

Pig islets have been studied as an alternative to human islets for many years, due to
the traditional usage of pig insulin in diabetes treatment. Pig islets are also being
investigated by a number of groups as a source of xeno-islets for human
transplantation (289). The usage of pigislets is ethically sound due to their long
history as farmed animals, and as a source for pancreases are readily available. Pig
islets are similarly sized to human islets and share a similar anatomy with human
islets, consisting of a core of B-cells with some islets containing a-cells at the centre
(11, 81). Pig islets are difficult to isolate however, as they have no islet capsule
which leads to fragmentation and irregular borders following isolation. As the pig
pancreas is a well-defined organ the techniques for islet isolation are difficult and

have a high skill and equipment requirement (290).

Rat islets are a suitable alternative to human islets for research purposes. Rat islets
have been used for a number of research purposes in diabetes research, ranging
from the first allogenic islet transplantations to encapsulation in novel devices with
oxygen carriers (291). Rat islets are a similar size to human islets and consist of a
core of B-cells with a border of a- and &-cells (11, 81). Relative to pig islet isolations,
the skill and equipment requirement for isolating rat pancreatic islets is low and the

technique is easily transferable.
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3.1.2 Glucose stimulated insulin secretion (GSIS)

The function of the B-cells in the homeostasis of blood glucose is controlled by the
secretion of the hormone insulin into the blood. Blood glucose control and the
release of insulin is predominantly controlled by B-cells responding to the blood
glucose level itself but it is further modulated and affected by other nutrients, neural

and hormonal factors.

Central to the understanding of GSIS is the adenosine triphosphate sensitive
potassium channel (ATP-K"). When plasma glucose levels increase, glucose enters
the B-cells through the glucose transporter (GLUT) on the cell membrane. The
glucose is metabolised by the cell, first undergoing phosphorylation by glucokinases,
followed by glycolysis to generate pyruvate. Pyruvate metabolism by pyruvate
dehydrogenase and pyruvate carboxylase in the cytosplasm, and further metabolism
in the mitochondria produces ATP. The ATP-K" channel is one of the primary
determinants of cell membrane potential and closure of the channel leads to
membrane depolarization. Membrane depolarization opens L-type voltage
dependant Ca?* channels, leading to an influx of Ca®*and arise in Ca®*

concentration inthe cell which stimulates insulin exocytosis (Figure 3.1).

The ATP-K* model alone describes a mono-phasic GSIS mechanism, whereby the
increased plasma glucose results in the fast release of insulin over 5-6 min to
maintain normoglycaemic levels. However, it was established by Grodsky in 1972
(292), that GSIS is biphasic, showing both the rapid release of insulin described by
the ATP-K" model as the first phase and an additional increase in insulin over the
following 60 min. A mechanism for an ATP-K" independent model of GSIS was
established in 1992 by showing that increased plasma glucose still resulted ininsulin
secretion even if the ATP-K* was permanently closed, preventing the membrane
polarization necessary for Ca®" influx. Insulin exocytosis without Ca®* increase
established the ATP-K™ channel independent GSIS (293). The exact mechanism of
action for this ATP-K* channel independent GSIS has not yet been identified. It is
theorized however that pyruvate metabolism and TCA cycle intermediates could be

potential key components.
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Figure 3.1 The GSIS pathways, outlining the ATP-K+ dependent and independent
pathways (294).

GSIS, primarily second phase ATP-K* channel independent, is further modulated
and enhanced by a number of nutrients, endogenous hormones, and neural factors.
Glucose itself causes a time-dependent potentiation of insulin secretion, where
glucose exposure actually increases response to another glucose stimulus applied at
a later time (295). Metabolizable amino acid and glyceraldehyde show similar
effects. Free fatty acids and the parasympathetic nervous system may also play a
role in time-dependent potentiation. The incretins, gastrointestinal hormones,
enhance nutrient induced insulin secretion by binding to G protein coupled receptors
and increasing cAMP production, which elevates GSIS (294). In vivo insulin
secretion is controlled by a number of interrelated systems, and is finely tuned and
modulated by nutrients, hormones and neural inputs, the implications of which may

not be fully elucidated.
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3.1.3 Aims

The overall aim of this Chapter is to assess the formulated biomaterials from Chapter

2 using in vitro cell models with a glucose responsive, insulin secreting cell line.
The specific aims of this Chapter are:

e To establish in vitro models using both a cell line and a primary cell source

e To evaluate the suitability of the invitro models for use in testing the lead gel

formulations

e To assess the functionality of cells after gel encapsulation
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3.2 Methods
3.2.1 Materials

The MING cell line was acquired from DRIVE partner DCU (Ireland). The LIVE/DEAD
kit for mammalian cells was purchased from Thermo-Fisher (Ireland). Lewis rats
were purchased from Envigo (United Kingdom) weighing 150-200g and kept for up to
a maximum of 4 weeks before euthanisation and islet isolation. The enzymes,
Collagenase G (ColG) and Collagenase H (ColH), were provided by DRIVE partner
Abiel (italy). Thermolysin, DMEM media (D5671), RPMI 1640 (R8758) media,
Histopaque-1119 and Histopaque-1077 were obtained from Sigma (Ireland). The rat
insulin ELISA kit was obtained from Mercodia (Switzerland). The INS-1E cell line
was acquired from Prof. Pierre Maechler, University of Geneva Medical Centre
(Switzerland). Immunoisolating shells were obtained from DRIVE partner NUIG
(Ireland).
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3.2.2 Experimental outline

—> MING cells Live/Dead

HA-TA
Hydrogels
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Insulin diffusion experiments
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Figure 3.2 Outline of in vitro work performed on candidate biomaterials.
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3.2.3 MING6 cell line

The MING cell line was cultured in T75 flasks at 37°C in 5% CO, and fed with a high
glucose DMEM (D5671), supplemented with 2% L-glutamine, 10% fetal bovine
serum (FBS), and 1% Pen-Strep. Cells ranging from passage number of 42 to 47
were used. The cells were cultured up to 70-80% confluence in the flasks and split
1:3 as required. MING6 cells do not tolerate higher confluence, losing glucose
responsiveness at higher confluences, and do not have sufficient cell-cell

interactions at lower confluences to be successfully cultured.

3.2.3.1 Encapsulation of the MING6 cell line in the HA-TA hydrogels

The HA-TA and hybrid HA-TA hydrogels were prepared as detailed in Table 2.3 and
Section 2.2.5. MIN6 cells were mixed into Part A, the HA-TA + HRP portion, to
minimise their exposure to the free H,O; in Part B, at a concentration of 10 million
cells/mL to give a final concentration of 5 million cells/mL when mixed with Part B.
This cell concentration was identified as suitable by preliminary work performed by
DRIVE partner DCU. The hydrogels and encapsulated cells were filled into 200pL
cylindrical moulds (8mm diameter, 4mm depth) and were given sufficient time to fully

gel (>2 min) before being transferred to a 24 well plate with DMEM for culture.

3.2.3.2 Liveldead staining of encapsulated MING6 cells

At the endpoint of the experiment, the encapsulated cells were stained using a
LIVE/DEAD kit for mammalian cells (Thermofisher). Cell staining was carried out
using a modified version of the manufacturer’s protocol. 2.5uL Calcein AM and 10uL
ethidium homodimer-1 were added to 5mL of PBS to give the staining solution. The
hydrogels were washed with PBS before transferring to the staining solution and

incubating for 30 mins. The hydrogels were washed again with PBS.

The HA-TA hydrogels were clear/slightly turbid and the confocal laser could easily
visualise up to 300um into the hydrogel. In contrast, the hybrid HA-TA/PFD
hydrogels were completely opaque and the laser could only penetrate 30um into the
hydrogel before complete loss of resolution. To overcome this and to investigate
cells closer the centre of the hydrogel, the solid hydrogel was bisected to give a flat

surface that runs throughout the hydrogel.
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3.2.4 Rat islets

Rat islets were isolated from rat pancreata as needed for each experiment. Rats
were purchased from Envigo and kept for at least 1 week before euthanisation and
islet recovery. For each experiment performed, islets were isolated from 6 rats over 3
days; 2 rat pancreases were harvested each day and the islets were isolated from
the pancreases within 1 hr. This work was carried out under AREC approval no.
1236bbbb.

3.2.4.1 Rat pancreas collection

Figure 3.3 (A) Rat s fixed supine and skin sterilised with ethanol and iodine. (B)
Door shaped incision exposing abdominal organs. (C) Small intestine identified and
pancreas is stretched between intestines. Areas outlined in circles were clamped to
block flow into the liver (red) and flow into the duodenum (yellow) (D) Bile duct
cannulated and the digestion solution is perfused into pancreas, the tissue distends
and spreads throughout the pancreas. (E) The perfused pancreas is collected with
the spleen (red-brown) attached. The spleen and fat tissue are removed at this

stage.
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The protocol was adapted from the long standing protocol for rodent islet isolation
(296) by DRIVE partner Abiel srl for use with their collagenase enzymes. Training on
this protocol was provided by Abiel.

10mL of collagenase solution containing 40U of ColG and 170U ColH was prepared
per rat and placed on ice before use. Each rat was individually euthanized by CO»
asphyxiation and cervical dislocation to confirm death. The rat was prepared for the
procedure by shaving the hair from the abdomen and sterilising the skin using
ethanol 95% and iodine. The rat was fixed supine on a styrofoam board and

transferred to a sterile work surface prior to incision (Figure 3.3A).

A door shape incision was cut into the abdomen of the rat and the ribs were removed
to better facilitate access to the bile duct (Figure 3.3B). Abdominal organs were
moved and the liver was repositioned against the thoracic cavity to expose the
common bile duct. The duodenum was identified and gently stretched to expose the
pancreatic tissue and the common bile duct. The bile duct runs from the liver and
into the duodenum (Figure 3.3C); both sides of the duct were blocked using a clamp

to prevent flow into the liver and duodenum.

Immediately before perfusion, 100uL of thermolysin was added to the 10mL
collagenase solution to make the Digestion solution. 5mL of Digestion solution was
drawn into a syringe and using a 30g needle, the bile duct was cannulated. The
Digestion solution was perfused into the pancreas and after 1-2mL the pancreas
should beginto noticeably distend (Figure 3.3D). Once the full volume was perfused

the needle was removed followed by the removal of the clamps.

The pancreas was extracted first by pulling it away from the organs itis attached to,
the duodenum and the small intestine, the stomach, large intestine and liver. The
pancreas was then transferred to a petri dish (Figure 3.3E) where the spleen and fat
were removed. The pancreas was then transferred to the remaining 5mL of
Digestion solution and placed on ice for up to 1 h. Two pancreases were collected in

~1 h and then transferred to a laminar flow hood for islet purification.
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3.2.4.2 Rat islet purification

The pancreata were agitated in the Digestion solution at 100RPM at 37°C for 10 min
to digest the tissue further. The digestion was halted by adding 20mL of media
containing serum, and the tissue was further dissociated by vigorous shaking, 40
shakes 20-30 sec, to free the islets from the surrounding tissue. The tubes were
centrifuged at 800RPM and the media was removed. The pellet was resuspended in
10mL of media. The resuspended slurry was passed through a 0.419mm wire sieve
into a fresh petri dish to separate out non-digested tissue, fat and lymph. The sieved
material was collected and the tube and dish were washed with fresh media to bring
the final volume to 25mL. The sieved material was now centrifuged at 800RPM. The

media was poured off and the pellet allowed to dry.

The pellet was resuspended in 15mL ice-cold heavy Histopaque-1119 (1.119g/mL)
and transferred to a new 50mL tube. 20mL ice-cold light Histopaque-1077
(1.077g/mL) was carefully layered to make a sharp interface. Finally, 15mL 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 (Figure 3.4A) at the
interface and were collected using a pasteur pipette. The islets were washed 3
times, and then transferred to a 10cm petri dish. Prior to encapsulation the rat islets
were pooled into a 5mL volume and 4 x100uL samples were taken for counting. The
islets were imaged using a Leica System microscope and the islets sizes were
measured using the ImageJ program (Figure 3.4B). The islets were measured by
their diameter and this was compared to table for calculating IEQ for human islets

from the Integrated Islet Distribution Program (IIDP) (Figure 3.4C).
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Figure 3.4 Ratislet purification (A) Islets forming a ring at the interface between
Histopaque-1077 and RPMI1640. (B) Islet countin a 96 well plate showing ImageJ
software output. (C) Table for calculating IEQ from the IIDP.

3.2.4.3 Encapsulation of rat islets in the HA-TA hydrogels

Rat islets were encapsulated in the HA hydrogels at a density of 5,000 IEQ/mL. This
islet concentration is based on the current practice of 10,000 IEQ/kg of the patient’s
weight. An average weight for an adult patient with diabetes of 70kg was taken as a
reference value, giving a required number of islets to be 700,000 IEQ total. As there
is a large loss of approximately 50% of the transplanted islets in a hepatic portal vein
islet infusion this means that ~350,000 IEQ are required to reverse T1D. At 5,000

[EQ/mL this would give a final fill volume of approximately 70ml.

The rat islets were encapsulated according to the same protocol used for the MING
cells, Section 3.2.3.1. The formulations tested with the islets are outlined in Table
3.1. The prepared gels were transferred to a 24 well plate with RPMI 1640 media

(12mM glucose concentration) at 37°C for culture before testing.

Table 3.1 HA-TA hydrogel formulations tested with islets at 5,000 IEQ/mL
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Hydrogel Lipoid E80 | PFD Oxygenated | Repeats

HA-TA hydrogel (GF1b) X X X n=3
HA-TA/Lipoid hydrogel 3.5% wiv X X n=2
HA-TA/PFD hydrogel (GF2b) | 3.5% wiv 30% wiv "H n=3

3.2.4.4 GSIS assay of encapsulated islets

At set time-points of 24 h, 96 h and 168 h a GSIS assay was performed to determine

the insulin secretion of islets encapsulated within the hydrogels.

Krebs-Ringers Buffer (KRB) was prepared according to Appendix 1 and the pH was
brought to 7.4. Glucose was added to the KRB to give a low glucose buffer (3.3mM
glucose) and a high glucose buffer (16.7mM glucose), based on a protocol provided
by DRIVE partner Abiel.

Hydrogels were first washed inlow glucose media for 30 min, changing the media
every 10 min. Hydrogels were incubated in low glucose media for 1 h after which
media was collected and stored at -20°C for ELISA. Following this hydrogels were
incubated in high glucose media for 60 min and media collected and stored at -20°C.
Mercodia rat insulin ELISA was used to determine the concentration of insulin

released by the encapsulated islets.

As a control to test baseline insulin secretion, free floating islets (FFI) were treated to
the same GSIS protocol at the 24 h time-point only. Encapsulated islet results were

normalized against FFI results.

3.2.5 Insulin diffusion experiments

Two protocols were used to characterise insulin diffusion properties through the HA-
TA and hybrid HA-TA/PFD hydrogels.

Insulin_release from HA-TA hydrogels was tested using FITC-labeled insulin. HA-TA
and hybrid HA-TA/PFD hydrogels were made up with 50mg/mL FITC-insulin,

injected into custom cylindrical moulds (8mm diameter, 4mm height) and allowed to
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set. The hydrogels were then transferred to a 24-well plate and incubated at 37°C in
1mL of PBS. The PBS was collected after 0.5/1/2/3/4/24 h time-points and replaced
with fresh PBS. The supernatant was measured with a fluorescent plate reader at
495/515nm ex/em.

Insulin_diffusion through the HA-TA hydrogels was visualized and measured by

confocal microscopy. HA-TA and hybrid HA-TA/PFD hydrogels were prepared using
the same custom mould as above. Hydrogels were transferred to a 24-well plate
incubated in 50mg/mL FITC-insulin solution of PBS. After 1 h hydrogels were
removed from the FITC-insulin solution and washed in PBS, bisected vertically, and
a tile scan of the bisected surface was performed using confocal microscopy. The
images were analyzed using image j, to determine a measurement of fluorescent

intensity in relative light units (RLUs) across the surface.

3.2.6 INS-1E cell line

The INS-1E cell-line was selected at this point as MIN6 cells at a low enough

passage number to ensure function were not available.

The INS-1E cell line was cultured in Falcon® T75 flasks, specifically Falcon® brand
as it is preferred by the cell line, at 37°C in 5% CO, and fed with RPMI 1640
(R8758), supplemented with 5% FBS, 1mM pyruvate, 10mM HEPES and 50uM [3-
mercaptoethanol. The cells were cultured up to a 70-80% confluence in the flasks
and split 1:6 once weekly.

3.2.6.1 INS-1E PIs

INS-1E cells were also prepared as PlIs to assess the effect of gel mixing during
encapsulation on islet integrity. Pls were prepared according to the following
protocol. INS-1E cells were cultured to 70-80% and were trypsinised and counted.
The INS-1E cells were suspended at a density of 500 cells/100uL and, using a
multichannel pipette, were seeded into a U-bottom 96-well plates at a density of 500
cells/iwell. The cells were incubated for 72 h to allow the formation of a single Pliwell.
When needed, the Pls were pooled and immediately encapsulated in a hydrogel at

the desired density to minimise the risk of hypoxia and clumping of the pooled Pls.
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3.2.6.2 Encapsulation of INS-1E cells in natHA hydrogels and natHA/PFD

emulgels

As outlined in Section 2.2.5.2, the natHA based hydrogels were too high a viscosity
to mix by stirring or passing up and down in a syringe. As a result INS-1E cells and
Pls were mixed into the natHA hydrogel and natHA/PFD emulgel by passing a cell/PI
suspension over and back between two syringes. NatHA hydrogel or natHA/PFD
emulgel was prepared at higher concentrations of their components. These were
then diluted down to their final concentrations using an INS-1E cell or Pl suspension.

For these experiments the INS-1E cells were prepared at a density of 5 million
cells/mL of final gel; this density was selected based on a paper by Cafiibano-
Hernandez et al (110). Following encapsulation, the hydrogels/emulgels were filled
into a 30uL immunoisolating shell (Figure 3.5) using a syringe pump at a slow rate

(50uL/min) to minimise the risk of bursting. The shells were filled through the port

using a 23G needle and heat sealed.

Figure 3.5 The immunoisolating shell design used for in vitro experiments with INS-
1E cellsand Pls. The shells have a round hemispherical 30pL chamber (~5mm
diameter). The flat surface on the underside is a semi-permeable immunoisolating
membrane (~10-15mm wide).
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3.2.6.3 Assessment of encapsulation Pl morphology

The morphology of Pls after encapsulation in natHA hydrogels of different viscosities
was measured. Pls were encapsulated at a density of 100 PIs/mL in natHA at final
concentrations of 2%/1.5%/1%/0.75% w/v natHA.

100pL volumes of encapsulated Pls in natHA were transferred to 96 well plates, and
100pL of a live/dead staining solution, prepared as outlined in Section 3.2.3.2, was
placed on top and was incubated for 30 mins. Pls were then imaged using

fluorescent microscopy to give a qualitative assessment of Pl morphology.

3.2.6.4 GSIS assay on encapsulated INS-1E cells

At set time-points of 24 h, 72 h and 168 h the GSIS was used to determine the
insulin secretion of the INS-1E cells and their Pls that were encapsulated in GF5

hydrogel or GF7 emulgel in the immunoisolating shells from Figure 3.5.

KRB was prepared according to Appendix 1.2 and the pH was brought to 7.4 to
ensure full dissolution of all components. Glucose and theophylline were added to
the KRB to give a low glucose buffer (3.3mM glucose) and a high glucose buffer
(16.5mM glucose). A wash buffer of a low glucose concentration (3.3mM glucose)
without theophylline was also prepared. Theophyline was added to enhance the
GSIS response of the encapsulated cells, to better mimic glucose responsiveness

seen in primary cells in the INS-1E cell-line (297).

The shells were transferred to a fresh 48 well plate and were then washed in wash
buffer for 30 min, changing the buffer every 10 min. The shells were then incubated
in low glucose buffer for 1 h, to normalize the conditions that may have developed
between wells. Following this incubation, the shells were washed 3 times again and
incubated for 2 h in low glucose buffer. The supernatant from this incubation was
collected and stored at -20°C. The shells were washed 3 times, and incubated in the
high glucose media for 2 h. This supernatant was collected, the shells were washed
a final 3 times and incubated in low glucose media once again. This supernatant was
collected and the shells were transferred back to RPMI 1640 media until the next
time-point. The Mercodia rat insulin ELISA was used to analyze the amount of insulin

released by the encapsulated INS-1E cells.
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The INS-1E cells were encapsulated in both a 1% w/v natHA hydrogel and the
natHA/PFD emulgel (GF7) in the immunoisolating shell. These samples were
incubated as two separate groups. The normoxia group was incubated at 37°C at
5% COzand the hypoxia group was incubated at 37°C at 5% CO- in a hypoxia
chamber set at 1% O,. GSIS assays were run at 24 h/72 h/168 h after

encapsulation.

3.2.6.5 Statistical analysis

Statistical analysis of this data was performed with GraphPad PRISM software,
version 8.1.2. Data was expressed means * standard deviation (SD), and
differences were considered significant between groups using one-way ANOVA and
Tukey's Post Hoc Test when p<0.05.
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3.3 Results
3.3.1 Live/ldead viability imaging of encapsulated MING cells

Figure 3.6A and 3.6B show cells encapsulated within a HA-TA hydrogel, and 3.6C
and 3.6D show cells encapsulated within a hybrid HA-TA/PFD hydrogel. The cells
encapsulated in HA-TA hydrogels show approximately equal live cells (green) and
dead nuclei (red). Additionally a number of live cells are associated with dead nuclei
i.e. red nuclei are present within the green live cells. In Figure 3.6C and 3.6D the
majority of nuclei are dead, and a large proportion of living cells are also associated
with a dead nucleus, indicating that encapsulated cells are staining for both are
permeable to both the live (Calcein AM) and dead (ethidium homodimer-1) stains.
Ethidium homodimer-1 is excluded by intact cell membrane, indicating that cells

staining for both dyes are non-viable.

.

Figure 3.6 Live/dead confocal imaging of encapsulated MING cells. Green indicates

living cells and red indicates dead nuclei. (A+B)Showing cells encapsulated in a HA-
TA hydrogel. (C+D) showing cells encapsulated in a hybrid HA-TA/PFD hydrogel.
Scale bars show 200um length.
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3.3.2 Rat islets
3.3.2.1 Islet isolation yields

In total there were 66 rats and 11 weeks of islet isolations over 7 months dedicated
to the preparation of a hydrogel. 6 additional rats were used over a number of weeks
to practice the isolation and purification techniques and to optimize process

parameters with the equipment in the RCSI.

The selected islets density of 5,000 IEQ/mL meant that for a 200pL hydrogel, the
size of the moulds that were used, a minimum of 1,000 IEQ was needed per gel. In
addition to this, the static mixer used to mix the hydrogels for crosslinking had a
dead volume of approximately 150-200uL. This meant that a minimum of ~1,500-
1,700 IEQ were required for a single hydrogel per experiment. As a result, this meant
that two of weeks (Figure 3.7) did not yield enough IEQ from the rat islet isolation
protocol to prepare a single hydrogel at the selected density. In total, eight HA-TA
based hydrogels were prepared at the selected islet encapsulation density and GSIS

was performed on these hydrogels.
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Figure 3.7 IEQ from six rats over 11 weeks of isolations. This is the total number of

IEQ isolated each week from 6 x >200g male Lewis rats.
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3.3.2.2 Insulin secretion from HA-TA encapsulated rat islets

For the purposes of these studies, a group will be considered to show glucose
responsive behaviour when the ratio between insulin release at high glucose
stimulation (16.7mM) and low glucose stimulation (3.3mM), referred to as the
glucose stimulation index (GSX) is >3 (298).

We saw that rat islets encapsulated in HA-TA (Figure 3.8A) and HA-TA/PFD (Figure
3.8C) hydrogels were not glucose responsive (GSX <3) and showed high standard
deviations at all time-points. Although neither group was glucose responsive, HA-
TA/PFD showed GSX values of <1 at all time-points compared to the HA-TA which
showed GSX of ~1 at 24 h and 168 h. The HA-TA/Lipoid (Figure 3.8B) hydrogels
were glucose responsive at24 h and 96 h however showed the highest standard

deviations, increasing the margin of error.
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Figure 3.8 Insulin secretion by encapsulated rat islets in response to low (3.3mM)
and high (16.7mM) glucose stimulation. (A) HA-TA hydrogel, showing no GSIS (n=3)
(B) HA-TA/Lipoid hydrogel, showing GSIS (n=2) (C) HA-TA/PFD hydrogel, showing
no GSIS (n=3). Values shown represent the mean + SD.
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The GSIS results of the encapsulated rat islets were also compared to FFI that were
used as a control. This was done by normalising the insulin secretion of the
encapsulated islets at low (3.3mM) glucose stimulation at each time-point with the
low glucose stimulation of the FFI at 24 h (Figure 3.9). The GSIS results are
presented as the insulin secretion per [EQ from the encapsulated islets normalised
as a ratio against the results of the GSIS for the FFlislet at 24 h, where FFlis 1. All
results were compared to FFI at 24 h instead of FFI at their respective time-points as
FFI viability is reduced over long term culture. The encapsulated rat islets show low
insulin release from the HA-TA hydrogels, with the highest insulin release being one
fifth (0.2) the release seen from the FFI and the lowest release being less than one
tenth (<0.1). This indicates that substantially less insulin is released from

encapsulated islets than FFI.
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Figure 3.9 Insulin secretion by encapsulated islets in HA-TA hydrogels normalised
against FFI controls, where FFlwould be 1. The encapsulated rat islets show low
insulin release from the HA-TA hydrogels, with the highestinsulin release being one
fifth (0.2) the release seen from the FFl and the lowest release being less than one
tenth (<0.1).
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3.3.3 Insulin diffusion through the HA-TA hydrogels

Release of encapsulated insulin from the HA-TA based hydrogels was slow, showing
<20% of encapsulated insulin being released after 1 h incubation, and <80% after 24
h. Insulin diffusion through the HA-TA hydrogel was also slow, taking ~2 h to diffuse
to the centre of a 200uL HA-TA hydrogel and taking >2 h to diffuse to the centre of a
HA-TA/PFD 200uL hydrogel.

Figure 3.10 shows the release of FITC-insulin from GF1b and GF2b over 24 h. GF2b
released more of the loaded FITC-insulin than GF1b in the time studied, however

neither released all loaded insulin by 24 h.
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Figure 3.10 Release of loaded FITC-insulin from the HA hydrogel (GF1b) and hybrid

HA/PFD hydrogel (GF2b). Graph shows cumulative percentage of loaded insulin at
05,1, 2,3,4,and 24 h.
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Figure 3.11 and Figure 3.12 show the diffusion of the FITC-insulin through GF1b and
GF2b respectively. FITC-insulin diffuses completely throughout the GF1b within 2 h
whereas the FITC-insulin only diffuses ~2mm into the GF2b in the same timeframe.
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Figure 3.11 FITC-insulin diffusion through the HA hydrogel (GF1b) using a confocal
microscopy tile scan to visualise the FITC-insulin diffusion through the hydrogel and
ImageJ to analyse the intensity of the response throughout the hydrogel. (A)
Diffusion through GF1b after 1 h. (B) Diffusion through GF1b after 2 h.
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Figure 3.12 FITC-insulin diffusion through the HA hydrogel (GF2b) using a confocal
microscopy tile scan to visualise the FITC-insulin diffusion through the hydrogel and
ImageJ to analyse the intensity of the response throughout the hydrogel. (A)
Diffusion through GF2b after 1 h. (B) Diffusion through GF2b after 2 h.
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3.3.4 PI morphology after mixing in natHA hydrogels

The viscosity of the higher concentration natHA hydrogels had a significant effect on
the morphology of the Pls after mixing as shown in Figure 3.13. The control Pls refer
to Pls that were not mixed and are in PBS, and they show the characteristic round
morphology expected of PIs. The Pls in 2% w/v natHA are completely broken and
have lost all Pl morphology. The Pls in 1.5% w/v natHA show some damage to their
morphology, but there is still evidence of their characteristic morphology. The Pls in
1% w/v and 0.75% w/v natHA show morphology comparable to the control. The

viability of the cells is unchanged in all natHA hydrogels.

Control

Figure 3.13 Islet morphology imaged by fluorescent microscopy with live/dead
staining after encapsulation in different concentrations of a natHA hydrogel. The

control refers to islets suspendedin PBS.
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3.3.5 Comparison of insulin secretion by encapsulated INS-1E cells in

normoxia and hypoxia in a natHA hydrogel and natHA/PFD emulgel

Figure 3.14 shows the GSIS results for the INS-1E cells encapsulated in the natHA
hydrogels in both normoxia and hypoxia. The graph shows that the cells
encapsulated in natHA hydrogel in normoxia were glucose responsive at all time-
points, with a GSX >3 and a statistically significant increase between insulin
secretion after the first low glucose (3.3mM) stimulation and high glucose (16.5mM)
stimulation. This indicates the cells within the natHA hydrogels in normoxia are
functional. In comparison, cells encapsulated in natHA hydrogel in hypoxia showed
lower insulin secretion at 24 h and little to no insulin secretion at 72 h and 168 h

time-points, indicating the cells were not functional in hypoxia.
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Figure 3.14 GSIS by INS-1E cells encapsulated in natHA hydrogels in an
immunoisolating shell in normoxia or hypoxia for up to 168 h. (A)INS-1E cells
encapsulated in natHA hydrogel in normoxia (B) INS-1E cells encapsulated in natHA
hydrogel in hypoxia. Values represent the mean = SD. *: p<0.05, ***: p<0.001
compared to the first low glucose stimulation. ++: p<0.01 compared to the high

glucose stimulation.
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Figure 3.15 shows the GSIS results for the INS-1E cells encapsulated in the
natHA/PFD emulgels in both normoxia and hypoxia. The graph shows that the
encapsulated cells were not glucose responsive in normoxia, showing no significant
differences in insulin secretion between stimulation with low or high glucose at any
time-point. In general, the insulin secretion by the natHA/PFD emulgel encapsulated

cells was lower than cells encapsulated in the natHA hydrogels.

A ®m33mM m16.SmM B 3.3mM B ®m33mM m16.5mM B 3.3mM
35 4 35
%30 - ;‘i 30 |
— 25 - — 25 -
5 §
= 20 - = 20 4
o e
o 15 T 15 -
5 5
£ 10 - £ 10 4 *k
o [w] +
£ 51 £ 51
£ 01 £ 01
5 | 24h 72h 168h 5 | 24h 72h 168h

Figure 3.15 GSIS by INS-1E cells encapsulated in natHA/PFD emulgelsin an
immunoisolating shell in normoxia or hypoxia for up to 168 h. (A)INS-1E cells
encapsulated in natHA/PFD emulgel in normoxia (B) INS-1E cells encapsulated in
natHA/PFD emulgel in hypoxia. Values represent the mean + SD. **: p<0.01
compared to the first low glucose stimulation. +: p<0.05 compared to the high

glucose stimulation.
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3.4 Discussion

The overall aim of this Chapter was to assess the formulated biomaterials from
Chapter 2 with a suitable in vitro model to identify which biomaterial should be
brought forward for further pre-clinical in vitro and in vivo testing. One of the key
challenges with this was identifying suitable in vitro models for the different
formulations that were being assessed, and throughout the testing a number of cell

lines and primary islet cells were used.

The first formulation that was assessed was the HA-TA/PFD hydrogel, with rat islets.
A primary cell type was used instead of a cell line because a cell line with a suitable
insulin secretion profile could not be optimised for use with the HA-TA hydrogels.
Initially, some preliminary work was performed with the MIN6 cell line, due to its
documented high insulin secretion and GSIS. However preliminary testing showed
they were not suitable for use with the HA-TA hydrogels as they were particularly
sensitive to the H,O, used to crosslink the HA-TA hydrogels. Although B-cell
sensitivity to H>O- is well documented in the literature (299), it was thought that the
low concentration (0.1% w/w), in conjunction with the relatively low residence time
due to the H,O» molecule being catalysed to form the HA-TA crosslinks on the
backbone, would be sufficient to prevent toxicity. Inberg et al identified that a
concentration of 200uM H,O, caused 17% of MING cells to be identified as necrotic
(300). 0.1% w/w converts to be ~30mM H»Og; it is likely that this high concentration
resulted in the large proportion of dead nuclei observed. This could also explain why
there are a higher proportion of dead cells in the HA-TA/PFD hydrogels (Figure 3.6C
and 3.6D) compared to the HA-TA hydrogels (Figure 3.6A and 3.6B). As previously
noted HA-TA/PFD hydrogels take longer to gel than the HA-TA hydrogels and are
weaker than the HA-TA hydrogel counterparts. This indicates that the H,O; has a
higher residence time to damage the encapsulated cells, and less is used overall in

the crosslinking reaction increasing the damage to encapsulated MIN6 further.

The primary challenge with using primary rat islets was sourcing a sufficient number
for the target density of 5,000 IEQ/mL. This density was necessary to ensure a
sufficient quantity of islets within a volume of hydrogel that was feasible for

implantation.
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Results from the rat islet encapsulation experiments showed limited glucose
responsivity and high standard deviations. Comparison with FFI at 24 h showed that

the insulin release by encapsulated islets is substantially lower than FFI.

We had two lead hypotheses on the cause of the reduced release. Firstly, that the
physical properties of HA-TA hydrogels were responsible for the lack of insulin

release was considered. Similarly to oxygen diffusion out of the HA-TA hydrogels, by

Fick’s First Law of diffusion “J = -D %;’, where J refers to the diffusion flux, which
describes the amount of a substance/molecule/atom that will flow through unit area
over a specific period of time. This law may describe the low insulin release, if the
flux of glucose and insulin is limited by HA biomaterial it is possible we would see a
large lag time on insulin production and release into the media being tested
compared to the FFI. Alternatively, we considered that the insulin molecule, which is
negatively charged at physiological pH (301), may be binding to the components of
the hydrogel. It is unlikely that this is the case, as the low insulin was consistent
between the HA-TA and HA-TA/PFD hydrogels. HA-TA itself also has an overall
negative charge indicating it should not be binding the insulin molecules, and Lee et
al investigated a HA-TA hydrogel system for protein delivery and saw that negatively
charged alpha-amylase could be sustainably released, in comparison to positively
charged lysozymes that were electrostatically bound to the hydrogel. Finally we
considered the possibility that the insulin was physically retained within the

crosslinks of the hydrogel, preventing diffusion outwards.

To investigate the hypothesis that the physical properties of the HA-TA hydrogels
were reducing insulin release, a FITC labelled insulin was used to measure release
from HA-TA hydrogels and to image the diffusion of insulin into the hydrogels. FITC-
insulin loaded into the HA-TA and HA-TA/PFD hydrogels was released very slowly,
with only ~15% and ~25% being released respectively after 1 h. This correlates with
the release of approximately 10% and 20% from the islets encapsulated in the same
hydrogels when compared with the FFI. Additionally the full insulin payload had not
been fully released after 24 h. Figures 3.11 and 3.12 show the diffusion through the
HA-TA hydrogel and HA-TA/PFD hydrogel respectively. It took 2 h of incubation for
the FITC-insulin to diffuse to the centre of the HA-TA hydrogel. The FITC-insulin did
not diffuse to the centre of the HA-TA/PFD hydrogel within the same time-frame. It is
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clear from these results that the diffusional barrier from the HA-TA matrix retarded
the diffusion of insulin through the hydrogels. This is a significant issue in the

translation of the device to the clinic due to the potential “lag” period

Therefore further evaluation focused on the natHA based hydrogels. Due to issues
relating to ethics, cost and time management it was decided to revert to the use of a
cell line in place of continuing with the primary rat islets. MIN6 cells at the correct
passage were not available therefore an alternate cell line was identified for use; the
INS-1E cell line (Pierre Maechler, Geneva, Switzerland). This cell line is well
established as discussed in Section 3.1.1 and was being used by other partners in
the DRIVE consortium (EKUT, Tubingen)

INS-1E PIs were used to assess structure and morphology after mixing into the high
viscosity natHA based hydrogels. We looked at the Pls structure, morphology, and
viability after mixing and encapsulation inthe natHA hydrogels. This was performed
to ensure that shear stresses imparted on the Pls during the mixing step would not
damage them. Shear stress is a concern for cells that undergo hydrodynamic
stresses (302-304). While the islet capsule is likely to provide greater protection to
primary islet cells than a PI, evaluation of the impact of mixing to a Pl provides an
important indicator of the effect of mixing. 2% natHA resulted in destruction of the PI,
with both 1% natHA and 0.75% natHA showing undamaged PlIs, providing a
boundary viscosity within which testing could be performed. As it was desirable to
maximise the viscosity of the encapsulating emulgel to assist with islet suspension, a
viscosity that mimicked the 1% natHA hydrogel was preferable. GF7 (0.615%
natHA/28% PFD) showed comparable viscosity and was selected as the lead

emulgel for further evaluation.

The cells were encapsulated in the natHA based hydrogels, and the natHA based
hydrogels were then encapsulated in a pouch, to prevent the hydrogel from
dispersing completely. This pouch was acquired from DRIVE partners in NUIG, who
had designed an immunoisolating pouch (Figure 3.5) that facilitated the diffusion of
insulin through its semi-permeable membrane. From Figure 3.14 and Figure 3.15 we
saw that the presence of the PFD emulsion inthe natHA/PFD emulgel does not
show to be beneficial in hypoxia, showing no glucose responsiveness at any time-

point. NatHA/PFD emulgel also appears to negatively affect INS-1E cell function in
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normoxia, with the encapsulated cells showing no significant glucose

responsiveness at any time-point, in contrast to INS-1E cells inthe natHA hydrogels.

There are a number of reasons that this may be the case. A clear consideration is
that the inclusion of the PFD emulsion is cytotoxic to the encapsulated cells,
however this is not supported by the literature, as the PFD and emulsifier were
selected for their history of use as biocompatible components, and biocompatibility
testing will be performed in Chapter 4 to investigate this further. Alternatively, itis
possible that the PFD emulsion retarded the diffusion of secreted insulin. The
presence of the PFD emulsion increases the viscosity of the natHA/PFD emulgel,
and as discussed previously, according to Fick’s First Law, increased viscosity leads
to decreased diffusion. Alternatively insulin may be binding to the PFD emulsion
droplets by some interaction. Insulin has been shown to be strongly attracted to
negatively charged lipid interfaces (301), and other groups have investigated lecithin
emulsifiers as a component of oral insulin formulations (305, 306). Finally, the aim of
the natHA/PFD formulations is to provide oxygen to encapsulated cells immediately
after transplantation. As the devices cannot be vascularised in vitro the effect of
hypoxia on the cells encapsulated in both the natHA hydrogel and natHA/PFD

emulgel was the same after the loaded oxygen was depleted.

In conclusion, this Chapter allowed the exclusion of the HA-TA hydrogels from
further evaluation due to challenges with insulin diffusion. The natHA formulations
were therefore identified as the lead formulations. Pls were used to assess the effect
of the mixing protocol on islet structure and morphology, and it was identified that a
lower viscosity natHA formulation was favourable to maintaining islet morphology
after encapsulation. The in vitro testing of the natHA formulations showed
contradictory results, with the natHA/PFD emulgel showing to not be beneficial to
INS-1E cell function in hypoxia. The natHA/PFD emulgel also showed to be
detrimental to INS-1E cell function in normoxia, compared to the natHA hydrogel

alone.
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Chapter 4

Translational reality of the DRIVE technology
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4.1 Introduction

The aim of this project is to formulate and design a biomaterial suitable for use as a
component in a bio-artificial pancreas which has undergone pre-clinical evaluation

with a view to clinical translation.

This bio-artificial pancreas will encapsulate pancreatic islets in an immune-isolating
membrane enabling implantation. These islets after implantation will be able to
replace endogenous insulin production in T1D patients. In Chapter 2 we discussed
the formulation of the natHA/PFD emulgel; the biomaterial component made of
natHA to suspend the islets and the PFD emulsion to improve oxygen supply to
encapsulated islets. In Chapter 3 we evaluated the emulgel in vitro with an insulin
secreting glucose responsive cell line. In this Chapter we look at combining the
emulgel with an immunoisolating “B-shell’ to give the bio-artificial pancreas, and its
evaluation in vitro with human islets, in vivo in small animal studies and scale-up the

formulation for preliminary acute large animal in vivo studies.

These preliminary preclinical studies are an important stepping-stone in clinical
translation. In pharmaceutical manufacturing, process development is the complex
stage in the development of a pharmaceutical product that starts after the product
formulation has been determined and ends when the manufacturing process has
been optimised. Successful process development results inan established process
with a known endpoint, that successfully translates the results of research conducted
in a lab into an industrial product. Figure 4.1 below outlines the medicinal product
development pathway (307). The work outlined in this chapter represents the start of
the process development stage, and will focus on the steps required to enable
generation of the non-clinical and preclinical data required to translate the product

from the bench to the clinic.
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Figure 4.1 Outline of the medicinal product development pathway, from clinical trials to marketing authorisation (307).



4.1.1 Regulatory Framework

A bio-artificial pancreas as a single implantation device, with multiple components,
offers a complex product from a regulatory standpoint. In 2007 the European
Commission (EC) amended the Directive 2001/83/EC (308) on the “Community code
relating to medicinal products for human use” with Regulation (EC) No 1394/2007
“on advanced therapy medicinal products (ATMP)” (309). This regulation laid down
the specific rules regarding the classifications, authorisation, supervision, and
pharmacovigilance of ATMPs and established the Committee for Advanced
Therapies (CAT) (310) to draft an opinion on ATMP applications and to provide
recommendations and guidance regarding prospective ATMPs. The CAT is a
committee of the European Medicines Agency (EMA). The EMA is a decentralised
agency in the EU responsible for the scientific evaluation, supervision and safety
monitoring of medicines in the EU. The EMA provide central authorisation for
ATMPs, meaning ATMPs benefit from a single evaluation and authorisation
procedure through the EMA.

The ATMP regulation came into being due to the development of increasingly
complex advanced therapies not covered by existing directives and regulations. The
ATMP regulation lists three types of medicinal products for human use as ATMPs:
gene therapy, somatic cell therapy, and tissue-engineered products. In addition to

the three primary types a definition is also given for a ‘Combined ATMP".

A gene therapy medicinal product (GTMP) is defined as containing/consisting of an
active substance of a recombinant nucleic acid for use in humans to regulate, repair,
replace, add or delete a genetic sequence. The therapeutic, prophylactic or
diagnostic effect must relate directly to the recombinant nucleic acid sequence or the
product of its expression. Both of these characteristics are needed for classification
as a GTMP, and vaccines as prophylaxis against infectious disease are specifically

excluded from this definition.

A somatic cell therapy medicinal product (SCTMP) is a biological product that
contains cells or tissue that have been subject to substantial manipulation so that the
biological characteristics, functions or structure have been altered for the intended
clinical use or that they will not be used for the same essential function as in the

donor. This allows the cells to be used in humans to treat, prevent or diagnose a
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disease through pharmacological, immunological or metabolic action. The list of
manipulations that are not considered substantial included in the ATMP regulation
include, but are not limited to: cutting, centrifugation, sterilization, separation,

concentration or purification, and filtering.

A tissue engineered (TE) product is a product that consists of engineered cells or
tissues that are administered to human beings to regenerate, replace or repair
human tissue. Engineered cells or tissues are cells that have undergone substantial
manipulation to change the biological functions or structure needed for the intended
purpose. Additionally, a TE product can have human or animal cell products that are
either viable or non-viable, with or without additional substances such as cellular
products, biomolecules, chemicals, biomaterials, scaffolds or matrices. The CAT has
provided a decision tree for determining if a product can be classified as a SCTMP or
TE product (Figure 4.2).

A combined ATMP is a product that that utilises both a medical device and a viable
cellular/tissue or non-viable cellular/tissue that act on the human body to give the
primary effect of the combined ATMP. The medical device or active implantable
medical device must be an integral part of the product for the product to be
considered a combined ATMP. The decision tree (Figure 4.2) also outlines if a

product can be considered a combined ATMP.
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Figure 4.2 Decision tree for sSCTMP and TE (311).
4.1.2 DRIVE technology as an ATMP?

In 2011 human islets were classified as non-ATMP (312). The steps taken to isolate
and purify human islets from the pancreatic tissue were not considered a substantial
manipulation and that the functional islet unit was unaltered following isolation.

Additionally, in 2018 an application of “allogeneic pancreatic islets encapsulated by
elastin-like recombinamers”was classified as non-ATMP for the same reason (313),
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the cells were not substantially manipulated and the cells are intended to be used for

the same essential function in the recipient as in the donor.

While these classifications may suggest that the DRIVE product would not be
classified as an ATMP, these applications do not include a medical device, alongside
the viable cellular component of the donor human islets. Additionally, the carrier
system/islet delivery system as a functionalised biomaterial aligns with the

descriptions defined in the TE classification.

From June 2009 - December 2018 the CAT has classified 316 applications (314). 8
of these applications were specifically related to the treatment of T1D, and 4 of these

aimed to utilise B-cell populations as a treatment modality (Table 4.1).

The first of these applications from 2010 referred to a “mixture of porcine B-cell and
accompanying endocrine cell populations in an alginate matrix” was classified as a
sCTMP (314). A similar application in 2013 referred to “alginate encapsulated
porcine pancreatic islets cells” and was classified as a SCTMP combined product
(315). From the 2013 application, the islet cells were harvested from neonatal piglets
and subsequent growth and differentiation during cell processing was deemed to be
substantial manipulation. The mechanism of action was claimed to be the metabolic
production of porcine insulin to replace endogenous insulin, which was sufficient to
be classified as a sSCTMP. Additionally, the alginate present as an alginate
microcapsule was integral to the product as a barrier between the human body and
the porcine islet cells while allowing free diffusion of nutrients, waste and products. In
a 2014 reflection paper (311), clarification was provided on why these treatments
were not classified as a TE product. The primary mechanism of action claimed was
the treatment of T1D by the metabolic production of porcine insulin, a replacement of
the function of the endogenous islets, as opposed to a TE product where the
mechanism must be to regenerate, repair, or replace the human tissue itself.
Although this sets a precedent regarding the classification of human islet therapies,
these classifications do not fully encompass the scope and complexity involved in a
bio-artificial pancreas product. By utilising a biomaterial ECM, pancreatic niche
proteins, human islets as a cell component, and a medical device (immunoisolating
shell), it is likely that the bio-artificial pancreas product would be classified as a

combined therapy.
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Table 4.1 CAT scientific recommendations on classification of ATMPs for the treatment of T1D. None of these products have

received approval as an ATMP.

Product Description Therapeutic area Classification Uses B-cell Date of adoption of

populations recommendation
for treatment
Endocrinology: intended for the SCTMP — not yes 02/07/2010

their accompanying endocrine cell | treatment of diabetes combined
populations in an alginate matrix

Mixture of porcine beta cell and

Human islets of Langerhans Intended for: Not an ATMP | yes 29/07/2011
Autologous: Post pancreatectomy
for benign pancreatic pathologies.
Allogenic: Treatment of severe
forms of T1D

Autologous CD4" T cells targeted Intended for autoimmune sCTMP no 23/11/2011
to cells presenting class |l diseases with MHC restricted
restricted epitopes specific immunity e.g. multiple

sclerosis, T1D or graft rejection
Alginate encapsulated porcine Intended for treatment of T1D sCTMP yes 28/02/2013
pancreatic islet cells
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Product Description

Bone marrow-derived autologous

non-hematopoietic stem cells

Therapeutic area

Intended for treatment of T1D

Classification

sCTMP

Uses B-cell
populations
for treatment

no

Date of adoption of

recommendation

21/12/2015

Autologous ex vivo expanded
polyclonal CD4*, CD25", CD127"°"",
FOXP3"'regulatory T-cells

Intended for treatment of T1D

sCTMP

no

04/04/2016

Autologous ex vivo expanded
regulatory T lymphocytes with the
cell marker profile of CD3+. CD4+,
CD25high, CD127-, FoxP3+

Intended for treatment of T1D

sCTMP

no

30/05/2016

Allogeneic pancreatic islets
encapsulated by elastin-like

recombinamers

Intended for the treatment of

severe forms of T1D

Not an ATMP

yes

28/03/2018




4.1.3 ICH guidelines

The International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH) missionis to bring together regulatory
authorities and pharmaceutical industry to discuss the scientific and technical
aspects of drug registration and authorisation. In doing so they aim to improve
harmonisation in the drug development process to ensure safe, effective, and high
quality medicines are developed and registered as efficiently as possible (316). This
is done through the development and publishing of the ICH Guidelines which are

divided into three main categories;

¢ Quality guidelines that cover areas such as product testing, and approaches
to quality by designthrough Good Manufacturing Practice and pharmaceutical
development;

e Safety guidelines that aim to uncover potential risks such as carcinogenicity

and other elements of the products toxicology profile; and

o Efficacy guidelines to guide on performing clinical trials.

One key quality guideline is the guideline for Pharmaceutical Development Q8 (R2)
which defines the aim of pharmaceutical development as ‘design of a quality product
and its manufacturing process to consistently deliver the intended performance of
the product’ (317). It provides guidance and raises considerations for the entire
pharmaceutical development process, from the components of the drug product
down to the container closure system. Many of these factors were relevant for the

process development of the natHA/PFD emulgel as part of the pre-clinical studies.
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4.1.4.1 Components of the Drug Product

The ICH guideline provides considerations for the effect of the physiochemical and
biological properties of the drug substance and excipients on manufacturability e.g.
solubility, water content, particle size. Table 4.2 below outlines the formulation of the
natHA/PFD emulgel, and the considerations in providing these components as a final

product.

Table 4.2 Formulation and considerations for components of the natHA/PFD

emulgel.

Active Component Excipients Considerations

PBS — hydrating the What form to provide
natHA natHA in? — powder or

hydrated viscous liquid

What storage conditions
for the provided natHA?

An expiry date?

PFD emulsion Lipoid E80 - emulsifier What storage conditions
for the supplied PFD

emulsion?

PBS — continuous phase An expiry date?

of emulsion

4.1.4.2 Drug Product

This section of the guideline looks at the formulation of the final drug product as a
whole, and focuses on highlighting the entire formulation process from initial concept
to final formulation, for inclusion inthe CTD. This includes the choice of drug
products, the manufacturing process and knowledge gained from the development of
similar products. If excipient ranges are listed they must be justified. In addition to

this, a summary of the different formulations used in clinical safety and efficacy
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studies or relevant bioavailability or bioequivalence studies should be noted, and

deviations from the proposed commercial formulation should be noted.

Therefore in developing a protocol for multiple pre-clinical studies in small and large
animals, a system to efficiently track the formulations used for the different pre-

clinical studies is important for eventually developing a final CTD.

Overages are discussed in this section as something that should be discouraged if
used to compensate for degradation during manufacture or shelf-life. If overages do
need to exist in the manufacturing process they should be fully accounted for and

justified.
4.1.4.3 Manufacturing process development

The guidelines for the manufacturing process development focus on developing and
choosing the manufacturing processes while considering the critical formulation
attributes, appropriateness of components, and appropriateness of equipment used.
It outlines that during the process development stage a basis for improvement,
validation, continuous verification, and process control requirements should be
included and accounted. In addition, studies to investigate and address the
microbial, physical, and chemical attributes of the product should be identified and
designed into the process. This stage should also identify critical process parameters

that need to be monitored or controlled.

4.1.3.4 Container closure system

The container closure system of the product should be given consideration in relation
to the intended use of the product and suitability of the container for storage and
shipping. The container closure system should also be compatible with the
components, provide sufficient protection from environmental factors such as

moisture and light,

4.1.3.5 Sterilization

The EMA has published guidelines on sterilisation including detailing methods of
sterilisation and required outcomes for methods to ensure product sterility. Terminal

sterilisation methods are preferred over filtration or aseptic processing as sterility
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assurance levels can be calculated and tightly controlled. This is not possible in
aseptic processing where accidental contamination due to poor technique cannot be
reliably controlled. The guidelines account for sensitive products, detailing that
aseptic processing under controlled conditions can provide satisfactory quality for the
end product (318). A summary of the sterilisation methods detailed in the guidelines
and further specifications as outlined in the European Pharmacopeia is shown in
Table 4.3.

The EMA has also provided guidelines on the selection of an appropriate sterilisation
method and has included two decision trees for sterilisation of agueous (Figure 4.3)

and non-aqueous products.

The selection of appropriate sterilisation methods for the components of the
natHA/PFD emulgel is necessary to ensure pre-clinical studies are not affected by

microbial contamination or infection in animal models.

Can the product be sterilised by
Moist heat at 121°C for 15 minutes s

Mo Vs
Can the product be sterilized by moist heat with Llsar anntonc Lvwing at
F, & B minutes achieving SAL of £107%¢ 121°C for 15 minutes
Mo Yes ) 1!
Lise moist heat
Can the formulation be filtered with F, 2 8 minutes
through a microbial retentive filter #
Mo Yeu

Can a reduced terminal heat treatment be applied

Can a reduced terminal heat treatment be applied F-..p-,nl...p; a termibnal reducthon of a F""“"l'!" hioburden?

providing a terminal reduction of a possible bioburden

Yies
No Yes No
U pre-sterilised Use pre-sterilised individual Use sterile filtration, Use sterile filtration, pre
indinvidual components COMpOnEnts , aseplic pre-sterilised sterilised containers and aseplic
and aseptic compoundimg compounding and filling containers and aseptic processing. Consider a terminal
and filling Consider a terminal microbial processng microbial reduction process

riducion prodess

Figure 4.3 Decision tree for sterilisation of aqueous products (318).
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Table 4.3 Summary of sterilization methods outlined by the European Pharmacopeia.

Method

Steam Sterilisation

Details of method

Sterilisation of products in an autoclave or similar piece of equipment,
using hot saturated steam under pressure. Preferred method of

sterilisation for aqueous preparations.

Reference condition

2121 °C for 215 min

Dry Heat sterilisation

Sterilisation of products in an oven or similar piece of equipment, using

dry heat.

2160 °C for 2120 min

lonization radiation

sterilisation

Use of a source of ionising radiation e.g. gamma irradiation from

radioisotope cobalt 60.

225 kGy absorbed dose

Gas sterilisation

Use of a chemical capable of forming a gas to sterilise surfaces e.g.
ethylene oxide. Provides surface sterilisation of the product only so not

suitable for many medicinal products e.g. liquids or powders.

No specified reference

condition

Sterile filtration

Sterile filtration using a microbial retentive filter of a bulk solution. Sterile
filtration should be performed immediately prior to filling into final product

containers.

Filter pore sizes less than
0.22um

Aseptic processing

Not considered a sterilisation process but concerns techniques to

maintain sterility e.g. aseptic processing units.

No specified reference

condition




4.1.4 Preclinical studies

Preclinical studies are performed after the drug discovery stage and before the drug
enters clinical studies in humans. The aim of preclinical studies is to provide
information about the safety of the drug or treatment, and also provide evidence of
treatment efficacy, utilising both in vitro and in vivo studies (319). Preclinical
research is invaluable in gathering the pharmacodynamics, pharmacokinetic and
toxicology data required for a CTD or investigational new drug (IND) application,

required to move a new treatment forward to clinical trials.

To obtain relevant and usable results, an appropriate preclinical model that can be
compared with the target patient population must be selected. While in vitro studies
are typically considered a fast and efficient method of testing the efficacy and
toxicology of a treatment a significant limitation is the fact that cells are cultured “on
plastic” and so are unlikely to behave as they do in vivo, with no visibility of off-site

effects.

Therefore reliable animal models for in vivo preclinical studies are of great
importance. A reliable animal model is one which has a strong predictive potential for
therapy success when translated from animal model to the human patient (320).
There are a significant number of animal models of DM available, and can be
classified based on the types of DM they mimic and the onset of the DM. The two
categories of induction of DM in animal models are spontaneous onset diabetes

models and induced onset DM.

Spontaneous onset diabetic models are models of diabetes whereby T1D develops
spontaneously, typically via an autoimmune process. This type of induction is very
useful for research into and treatment of the autoimmune processes involved in the
development of T1D, and can also be used for research into anti-diabetic agents and
glucose management through insulin delivery (321). Some of the most commonly
used spontaneous onset DM models include Biobreeding (BB) rats, the non-obese
diabetic (NOD) mouse, Akita mice, and the LEW 1AR1/iddm rats (322).

However induced diabetic models are the most frequently used type of diabetic
model as they are easier to generate than spontaneous models. They are commonly

used where research is less focused on the autoimmune processes and more on the
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treatment of the hyperglycaemia itself (321). Two methods to induce onset of T1D
are through surgical induction, either by total or partial pancreatectomy, or chemical
induction of diabetes, most commonly using streptozotocin (STZ) (322). STZ induced
diabetes models are one of the most commonly used models for islet transplantation
research, as the mechanism of action, uptake by the B-cells by glucose transporter
GLUT2 and subsequent toxicity, leads to reliable diabetes induction across a number

of animal models (323).

The NHP model has been identified as the ideal candidate for performing pre-clinical
trials for islet transplantation. This is due primarily to their evolutionary similarities to
humans, longer lifespan than other animal models allowing for longitudinal studies
and multiple procedures over longer periods and clinically present with similar
features of diabetes as in humans (324, 325). However, the use of NHP for
preclinical research is limited greatly by ethics considerations, and according to the

3Rs should only be used where there are no viable alternatives available (326).

Rodent models are useful for transplantation research in T1D due to the availability
of different rat and murine models and the high availability, relatively low cost, and
relevant acceptability of rats and mice for research. As the primary outcome in
transplantation research is the reversion of T1D, the importance of differences in the
pathology of T1D between rodent models and humans is lessened, allowing greater

focus on the efficacy of the treatment (327).

Pigs do not spontaneously develop diabetes; however protocols for induction of
diabetes using STZ or pancreatectomy have been developed. The primary
advantage of using pig models for islet transplantation research is that they are
relatively anatomically and physiologically similar to humans (328). In additionto this,
pigs have a moderately low cost for a large animal model, and are more ethically

acceptable than nonhuman primates.

Finally, the bio-artificial pancreas is an extra-vascular device, meaning a suitable
implantation site must be investigated. There are a number of considerations when
selecting an implantation site ranging from: surgical considerations e.g. access to the
site, or if the device needs to be fixed in place; physical and physiological
considerations e.g. access to a blood supply for blood glucose control,

vascularisation potential of the site, and maximum available volume; and finally
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issues which could affect acceptance of the treatment by a patient cohort e.g.
palpability. Two potential sites identified for the DRIVE project are the anterior
abdominal wall (AAW) and the omentum. The AAW is a space with a potentially
large volume and has access to vascularisation and systemic blood supply via
abdominal blood supply. Alternatively, the omentum is a highly vascularised tissue
attached to the stomach that extends down to cover the intestines. Although it exists
as a continuous sheet of tissue, it could be folded into a pouch into which a device

could be fixed, giving extensive access to the systemic blood supply (329).

167



415 Aims

The overall aim of this Chapter is to develop a process to facilitate the successful
combination of the individual elements of the bio-artificial pancreas enabling transfer
of the process to different collaborators to allow for in vivo pre-clinical studies in both
small and large animal models.

The specific aims of this Chapter are:

e To develop a defined process and supporting protocol for preparing the natHA

formulations for use in pre-clinical studies.

e To assess the biocompatibility of the natHA/PFD emulgel formulation in vitro
and in vivo.

e To formulate a natHA based radiopaque gel for use in acute large animal

model studies to enable imaging of delivery of the natHA formulations.
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4.2 Material and Methods
4.2.1 Materials

VEGF microspheres were obtained from DRIVE partner Innocore (Netherlands).
Visipaque® 320mg iodine/mL was purchased from Synapse Medical (Dublin,
Ireland). Sterile natHA hydrogel (~1.2-1.3M Da chains), was obtained from Contipro
a.s. (Czech Republic). The B-shells tested in this Chapter were provided by UCD
(Ireland).
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4.2.2 Protocol development for the preparation of the natHA/PFD emulgel

A protocol was developed to ensure the natHA/PFD emulgel formulation could be

reproducibly and repeatedly prepared at multiple partner sites for:

e biocompatibility studies,
e invivo rat and pig studies, and

e invitro human islet studies.

There were a number of factors to consider inthe preparation of this protocol

including:

e The supply and preparation of the components of the emulgel
e Development of a robust process for oxygenation and transfer of the
oxygenation protocol to partners

e Specific alterations to the protocol needed for the different studies

4.2.2.1 NatHA preparation

natHA was supplied as a non-sterile powder. As outlined in Chapter 2, Section
2.2.5.2, rehydrating natHA to achieve a homogeneous gel takes over 48 h. Following
rehydration, the high viscosity of natHA gel does not facilitate sterilisation by filtration
through a 0.2um filter.

Following discussion with the project partner and supplier of the natHA, Contipro,

two methods to sterilise HA were identified:

e The natHA could be provided as a sterile lyophilised wafer to be hydrated at
the correct concentration with PBS on site in sterile conditions in a laminar
flow hood. Using a non-ISO method the natHA was filter sterilised at a low
concentration and freeze dried into the lyophilised material. This material
would then be hydrated, transferred to a syringe and filled to the correct level
and either capped for future use or used immediately. This is not a validated
method for pre-filled syringes and each batch was tested for sterility.

e Contipro could also provide pre-filled syringes of natHA gel at the correct

concentration and volume that had been sterilised in compliance with EN ISO
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17665-1 and 2, Sterilisation of health care products by moist heat. Each batch

was tested for sterility.

4.2.2.2 PFD emulsion supply

As detailed in Chapter 2, Section 2.2.3, the PFD emulsion is made up of three main
components, PFD (Sigma), Lipoid E80 (Lipoid Gmbh), and PBS (Sigma).

The PFD emulsion was prepared as described in Section 2.2.3 with sterile

components and under aseptic conditions.

e Lipoid E80 was supplied as a sterile component by the manufacturer.

e PBSwas supplied as a sterile component by the manufacturer.

e The PFD was filter sterilised under a laminar flow hood using a 0.2um filter.
e The sonic probe tip was sterilised by steam sterilisation in an autoclave.

e The emulsion was manufactured under laminar airflow in a cell culture hood.

e The 4mL emulsion batches were pooled, mixed and aliquoted in sterile

containers to an appropriate volume for each study.

Aliquots of PFD emulsion were provided to partners in sealed sterile containers and

were re-suspended by vortexing prior to use.

4.2.2.3 Preparation of the natHA/PFD emulgel

As detailed in Chapter 2, Section 2.2.5.2, a method to mix the high viscosity natHA
with the PFD emulsion by passing over and back between two connected syringes
was identified as an easy and consistent method to mix the components. In addition
to ease of use, by using sterile consumables, syringes and female-female luer
connectors, the process can also be performed aseptically with the sterile

consumables, minimising contamination risk.

4.2.2.4 Oxygenation protocol

The oxygenation protocol and setup from Chapter 2, Section 2.2.7.2, was used to
oxygenate the emulgel due to the high viscosity of the emulgel. This protocol was
included as an Appendix to the final protocols sent to partners and was developed to
ensure ease of implementation and consistency between the different sites. To

facilitate this, critical process parameters (CPP’s)were strictly controlled: the infusion
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rate of the gel was set at 50uL/min to allow sufficient time for the gel to oxygenate;
and the oxygen flow rate was controlled between partners by providing and using an

inline oxygen flow meter (Oxy-view™, Qosina).

4.2.2.5 Considerations for incorporating islets and VEGF microspheres

As outlined in Chapter 3, the high viscosity of the emulgel makes it difficult to mix

cells into the emulgel by pipetting or syringing up and down.

To address this issue in the protocols the islets were mixed into the emulgel using
the same method used for the cells and Pls. The islets were first re-suspended in a
volume of PBS or media which was then mixed into the oxygenated emulgel by

mixing between syringes.

VEGF was included in the final emulgel of the in vivo small animal studies, to help
promote vascularisation of the implanted devices. The VEGF was available in a
sustained release formulation of VEGF microspheres, provided by DRIVE partner

Innocore.

The VEGF microspheres were incorporated into the emulgel at the same step as the
islets. This was based on concerns from Innocore that inclusion at an earlier step
would result in excess mixing that could damage the spheres leading to large bolus
releases of encapsulated VEGF. To minimise the mixing and ensure a homogenous
distribution of the microspheres in the final emulgel, a suspension of VEGF
microspheres was prepared. This VEGF microsphere suspension could then be
used in place of PBS or media to resuspend collected islets and then mixed into the

oxygenated emulgel.
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4.2.2.6 Kit preparation for natHA/PFD emulgel studies

To minimise variability between consumables, sites, and human input in preparing
for the studies, kits containing the materials i.e. natHA, PFD emulsion, B-shells, and
consumables e.g. syringes, needles, female-female luers, were assembled by a
single operator from RCSI and sent for each study in addition to the protocol (Figure
4.4).

"

p-Gel Preparation Kit

v -

assembled: 05/12/2017

Figure 4.4 Example of a natHA/PFD emulgel preparation kit prepared for use in in

vivo biocompatibility studies.

4.2.2.7 Protocols developed

Throughout this project a number of different protocols were developed for different
gel formulations, in vitro and in vivo studies, and different shells. The list of protocols

developed is shown in Table 4.4.
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Table 4.4 Sample list of protocols developed as part of the project and the purpose of the protocol.

Emulgel protocol for biocompatibility

testing

NatHA/PFD (GF6)

Sent to Fraunhofer-Institute IGB for

biocompatibility testing (Section 4.2.3)

B-gel preparation procedure for rat studies
— UCD shell

NatHA/PFD (GF7)

Sent to Abiel Srl for in vivo rat efficacy studies
with the lead UCD designed B-shell (Section
4.2.6)

B-gel preparation procedure for human
islet studies — UCD shell

NatHA/PFD (GF7)

Sent to Oxford for in vitro biocompatibility

studies with human islets (Section 4.2.4)

Protocol for acute Pig study — UCD shell

Radiopaque gel (RGF1)
(July 2018)

Radiopaque gel mimicking GF6 viscosity sent
to EXPLORA for filling study (Section 4.2.5.2).

Protocol for acute Pig study — UCD shell

Radiopaque gel (RGF2)
(December 2018)

Radiopaque gel mimicking GF7 viscosity sent
to EXPLORA for filling study (Section 4.2.5.3).

B-gel preparation procedure for chronic
pig study

NatHA/PFD (GF7)

Sent to EXPLORA for in vivo chronic
biocompatibility study

B-Gel preparation procedure for Human
Islet study — UCD Shell

NatHA/PFD (GF 7)

Sent to Oxford for in vitro GSIS studies.




4.2.3 In vitro biocompatibility testing of natHA/PFD emulgel

A kit and protocol to prepare GF6, without islets and without VEGF microspheres
was sent for biocompatibility testing to the Fraunhofer-Institute for interfacial

Engineering and Biotechnology IGB (Stuttgart, Germany).

The emulgel was tested for cytotoxicity on a sub-confluent monolayer culture of the
HACaT cell line, a keratinocyte cell line from adult human skin commonly used for
ISO biocompatibility and cytotoxicity evaluations (330). The emulgel was prepared
on-site at the Fraunhofer Institute by following the provided protocol and materials for
testing.

An extraction method in accordance with the DIN EN ISO 10993-12: 2012 procedure
(331) was performed on the final B-gel formulation. The extract was applied to the
HACaT cells and cytotoxicity testing was performed according to DIN EN ISO 10993-

5: 2009 procedure (332). Cell proliferation was measured against controls that were
negative (DMEM with 10% FCS) and positive (DMEM with 10% FCS and 1% SDS)

for cytotoxicity.

A control sample of cells treated using an extract from an extraction vessel with no -

gel formulation was also performed.

4.2.4 In vitro human islet studies

All human islet studies were carried out by DRIVE partners in University of Oxford,
Nuffield Dept. of Surgical Sciences, England. Due to a scarcity of islets usable for
research, only a pilot study of experiments (n=2) was completed. The aim of this

study was to evaluate the biocompatibility of the emulgel and also the optimal islet

density of human islets in the B-shell.

Two formulations of natHA/PFD emulgel (HA-gel low and HA-gel high) were tested,
the difference being the density of human islets in the emulgel. The final formulations
of the two gels were based on GF7 and the final formulations can be found in Table
4.5.
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Table 4.5 Formulations of the HA-gel low and HA-gel high used for the in vitro

human islet studies.

Component Concentration

HA-gel low HA-gel high
NatHA 0.615% wiv 0.615% wiv

PFD (as emulsion) 28% wiv 28% wiv

Islets (Wistar rats) 1,500 IEQ/mL 3,000 IEQ/mL

Oxygenation yes yes

There were a number of encapsulation conditions;

¢ No encapsulation of FFlin CMRL-1066 media (FF low and FF high) as a
control,

e Islets suspended in CMRL-1066 encapsulated in a UCD small animal study -
shell (CMRL Low and CMRL High),

e Islets suspended in natHA/PFD emulgel (HA-gel low and HA-gel high)
encapsulated in a UCD small animal study B-shell, attwo different islet
densities; 1,500 IEQ/mL (low) and 3,000 IEQ/mL (high).

Islets were kept in culture for 5 days and islet yield, ROS production, fragmentation
index, and viability were measured, and islet morphology was examined by light

microscope.

4.2.5 In vivo large animal studies (pig model)

Large animal studies with female Landrace pigs, 25-30kg body weight, were carried
out by DRIVE partner EXPLORA in Rome, ltaly. These studies consisted of two

acute animal studies performed in July 2018 and December 2018.

A key aim for these studies in relation to the natHA/PFD emulgel component was to
evaluate filling of the shell devices. To enable this, a gel that could be imaged but

retained similar material characteristics to the emulgel formulation was required.
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4.2.5.1 Formulation and characterisation of radiopaque HA gels

A radiopaque gel enabled visualisation of gel under x-ray/CT imaging. Visipague®, a
commercially available imaging agent which contains an iodinated contrast agent at
a concentration of 320mg lodine/mL, has been previously used for the purposes of
creating a radiopaque hydrogel. A concentration of ~20% w/w Visipaque® was

sufficient to produce a radiopaque gel for invivo use (333, 334).

Similar rheological behaviour to the natHA/PFD emulgels was required to ensure
that the gel was representative of the filling process. Table 4.6 below details the
radiopaque gel formulations assessed.

RGF 1 and 2 were assessed using the rheological techniques described in Chapter
2, Section 2.2.6, Table 2.4.

Table 4.6 Formulation composition for the radiopaque gels.
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4.2.5.2 Acute in vivo pig studies —filling studies (July 2018)

A protocol for the preparation of RGF1 for filling into 20ml devices (Figure 4.5A) was
developed. In brief

e 18mL of 2.43% w/v natHA was filled into a 20mL syringe;

e Visipaque® 320mg lodine/mL was provided in its original packaging;

e 4AmL of Visipaque® was filled into another syringe

e The Visipaque and natHA were mixed until homogeneous by passing the
contents of the syringes over and back

e [3-shells were implanted by laparoscopic procedure to the anterior abdominal
wall

e Once in position RGF1 was filled into the shell manually at a slow rate via a

filling port from the top of the shell

e Visualisation of the filing was performed via 2D x-ray images using a C-arm

Figure 4.5 (A) The 20mL UCD B-shell. (B) Size comparison of the 20mL UCD (-shell
(top) and the 10mL UCD B-shell (bottom). (C) The 10mL UCD B-shell with the filling

catheter extended through the shell.
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4.2.5.3 Acute in vivo pig studies —filling studies (December 2018)

Following the results of the July 2018 acute study, the B-shell was redesigned to a
10mL volume (Figure 4.5C).
e The protocol was modified accordingly for the new volume and RGF2 gel
formulation.
e The mixing protocol remained unchanged
e The shell was implanted laparoscopically to the anterior abdominal wall and
filled using a new technique; a filling catheter extending through the length of
the shell (Figure 4.5 C) fills the shell from the bottom to the top sequentially in
5x2mL infusions.

e Visualisation of the filing was also via 2D x-ray images using a C-arm.

4.2.6 In vivo small animal (rat) studies

Rat studies were carried out using wistar rats by the DRIVE partner Abiel in Sicily,

ltaly. The aim of these studies was to:

a) evaluate biocompatibility, of the natHA/PFD emulgel and

b) determine viability and efficacy of transplanted islets.

The protocol and formulation outlined and developed in Section 4.2.2, and detailed in
the results in Section 4.3.1, was modified for this study. The final natHA/PFD
emulgel (rat-Bgel) formulation used for this study was based on GF7 and the final

formulation is detailed in Table 4.7.

Table 4.7 Formulation of the rat-B8 gel used for the small animal in vivo studies.

Component Concentration

NatHA 0.615% wiv
PFD (as emulsion) 28% wiv

Islets (Wistar rats) 12,500 IEQ/mL
VEGF microspheres 6.25mg/mL
Oxygenation yes
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This study was performed using a miniaturized (3-shell developed by DRIVE partner
UCD (Figure 4.6A). Each shell was filled with 160uL of the rat-Bgel formulation from
Table 4.7. Shells were implanted to the omentum, fixed against the ventral wall with
sutures, in 12 STZ-induced diabetic wistar rats. Controls consisted of 3 healthy rats
(no STZ induced diabetes) and 4 STZ induced diabetic rats, without any shell/islet

implantations. The glycaemic response of the control healthy and STZ induced rats

was tested for 4 weeks after implantation.

The glycaemic response of the implanted rats was tested for 4 weeks after
implantation. Following this 4 non-responder rats were euthanized and their implants
were removed. The remaining 6 responder and 2 non-responder rats were
maintained for a further 4 weeks. 2 non-responder and 2 of the responder rats were
euthanized at this point and had their implants removed. The remaining 4 responder

rats then had their implants removed and were maintained for a final 4 weeks.

According to the IPGTT protocol, rats were fasted for 8 h and baseline blood glucose
was measured, before administering 2g/kg glucose. Blood glucose was then tested
at 30/60/120/180 min following administration.

Before terminating the experiment, a CT scan of the shell was taken (Figure 4.6B).

Figure 4.6 The UCD B-shell designed for small animal studies. (A) A sample 3-shell
filled with natHA/PFD emulgel. The rounded plastic top is used to seal the shell with
a small plug and can be snapped off, leaving the plug intact. (B) CT scanner images

showing the implanted B-shells in vivo in the rats used in this study.
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The VEGF microspheres used as part of this study were manufactured and provided
by DRIVE partner Innocore as aliquots that could be suspended to facilitate their
inclusion into the final emulgel. The VEGF microspheres release up to 50% of
loaded VEGF for up to 21 days in a sustained manner of 150ng/day (Figure 4.7).
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Figure 4.7 The cumulative release profile of the VEGF from the VEGF
microspheres. The VEGF microspheres used in the small animal in vivo studies
show a sustained release of up to 50% of loaded VEGF for up to 21 days at a rate of
150ng/day. The release profile is stable after freezer storage for up to 9 months, with

a decrease in released VEGF at 12 months. Figure provided by Innocore.
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4.3 Results
4.3.1 Protocol development for the preparation of the natHA/PFD emulgel

One of the primary outputs from this project was the development of the kit and
protocol to facilitate the transfer of the B-gel formulation to the different partners.
Following the development of the base protocol it was modified and transferred on
seven occasions to 4 different partners and collaborators to facilitate the

biocompatibility and in vitro and in vivo work as part of the DRIVE project.

In this results section we have broken down and explained the different components
of one of the final protocols provided as part of the DRIVE project for future in vitro
human islet work. The full protocol as provided to the DRIVE partner is also provided
as Appendix 2 for readability.
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4.3.1.1 Kit contents and preparative actions

For the purpose of record keeping, the first page of the protocol detailed the name of
the study, and included a section to fill in the operator and date. The first page also

detailed the materials, the form they were provided in, and the partners that provided

them. (Figure 4.8)

p-Gel preparation procedure for Human Islet study —

UCD Shell

To be completed by operator;

Operator & date. Initials:

L ol /i

Paraph:

p (dd/mm/yy)

Kit contents

Materials

Material

Supplied by :

Delivery date (ddfmm/yy)

description
Component A
* 1x1.2mlL Mative-HA (1.845% w/v) solution in
CMRL-1066 in capped 3mL syringe (Syringe
A)
Lot No:

RCS5I

Component B
¢« 1x 2mL PFD emulsion (66.78% w/v) in 15mL
Falcon tube (Component B)
Lot No:

RCS5I

8x UCD B-shells + 8x Shell caps
« Lot no: Jan2019

CD

Figure 4.8 Page 1: Allowing the recording of operator details and details the

materials included in the kit.
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The second page of the protocol details the consumables provided as part of the kit
(Figure 4.9), including the brand, expiry date and QC status of the consumables
provided. The QC status refers to whether or not they have undergone sufficient QC
for use as a medicinal product. In these preliminary studies the consumables

obtained from manufacturers e.g. BD needles and syringes, conform to the QC and

sterilisation standards detailed in EMA guidelines.

Consumables
Product/ lot .
referenca Expiry date (dd/mm/yy)

| Conform []
:); EE;rSL Syringe Luer-lok 140553 CAVO4 30/04/23 Not conform []
R&D use only []

| Conform []
4x Combifix Adapter 1810248151 01/10/23 Not conform []

(female-female luer)
RE&D use only []

Conform []
1807 05 01/01/23 Not conform []
R&D use only []

2% 186G 1.2%40mm
needles BD Microlance

conform []
32362354 01/08/19 Mot conform []
R&D use only []

3x% Luer lock cap LHS
(RED)

Figure 4.9 Page 2: Detailing the plastic consumables included in the kit for

traceability and to minimise variability.
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Preparative actions are also detailed on the second page (Figure 4.10). These
actions include ensuring that the correct facilities are available e.g. laminar flow
hood, oxygen is available, and materials or components that cannot be included in

the kit are available e.g. media, islets.

Preparative actions

& Laminar Air Flow is available yes /[ no
CMRL 1066 complete medium available (40% serum) yes /[ no
8400 IEQ available _IEQ used
Syringe pump available yes [ no
Oxygenation syringe available yes [ no
Qosina Oxyview oxygen flow meter yes [ no
BSL Y-mixer available yes /[ no
LICD bracket available yes [ no
All materials stored at 4°C before use yes [ no
VEGF microspheres available (stored at -20°C) yes [ no

Figure 4.10 Page 2: Detailing preparative actions for equipmentor components not

included in the kit
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4.3.1.2 Preparing the oxygenated natHA/PFD emulgel

The first part of the gel preparation protocol details mixing the materials provided in
the kiti.e. the natHA and the PFD emulsion, to give the emulgel that will be further
diluted to the final concentration (Figure 4.11). These steps detail the initial mixing
method to mix the materials and refer to the oxygenation protocol, detailed
separately in an Appendix to the protocol. A larger volume than needed is prepared,
to give sufficient overage when accounting for loss of volume during the mixing
process. Critical process parameters include final volumes used, vortexing time and
emulgel mixing time. The base formulation of the natHA/PFD emulgel is detailed in
Appendix 3.1, and overages are detailed in Appendix 3.2.

Gel Preparation

To prepare B-gel for 4 UCD shells

1. Vortex Component B, the PFD emulsion, for 30 seconds

yes [ no
Confirm Component B selected [] Time vortexed : _
2. Draw 1.5mL PFD emulsion into a 3mL syringe using an 18G yes [ no
needle= Syringe B PFD emulsion volume : mlL
3. Remove the red cap from Syringe A and connect it to the
female-female luer connector. Fill the air volume of the
connector with Native-HA from Syringe A. yes / no
Confirm Syringe A selected[]
4. Connect Syringe B to the other end of the female-female luer es / no
connector. Y
5. Vigorously mix the contents of Syringe A into Syringe B and yes [ no

then transfer the contents back to Syringe A. Repeat this 20-

Times mixed :
30 times until the mixture appears homogenous and milky.

Volume Syringe A :

(=]

Remove Syringe B and the female-female luer connector from

Syringe A. yes /no
7. Oxygenate the emulgel by the oxygenation protocol /

(Appendix A) yes/no
8. Transfer 0.6mL to two fresh syringes: Syringe C1 and yes [ no

Syringe C2 Volume Syringe C1:

Volume Syringe C2 :

Figure 4.11 Page 3: Part 1 of the protocol, detailing the first mixing steps and

referencing the oxygenation protocol included as an appendix.
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4.3.1.3 Incorporating islets/VEGF microspheres into the natHA/PFD

emulgel

This stage of the protocol (Figure 4.12) includes steps to prepare the final emulgel
with and without VEGF microspheres as this particular protocol was intended for use
in a comparative study with and without VEGF. The oxygenated natHA/PFD emulgel
intermediate is mixed with the islets with or without VEGF to give the final emulgel,
using the same mixing technique as has been used previously. Critical process
parameters include final volumes, and emulgel mixing times. The overages and
calculations for the IEQ, VEGF, and final emulgel volumes are detailed in Appendix
3.3.

To prepare B-Gel WITH VEGF

15. Prepare a suspension of 25mg/mL VEGF microspheres in the

eppendorf using complete media. yes /no
16. Resuspend 2400 IEQ in 0.2mL of the VEGF microsphere yes / no
suspension and transfer to a 3mL syringe — Syringe D2
IEQ used

Volume of islet suspension :

17. Connect Syringe C2 to a female-female luer connector and fill

the air volume with oxygenated emulgel. yes / no

18. Connect Syringe D2 to the female-female luer connector with

Syringe C2. yes / no

19. First mix the contents of Syringe C2 into Syringe D2 and
then transfer the contents back to Syringe C2. Repeat this 15- yes / no

20 times, until homogenous +5 additional mixes. Times mixed

20. Disconnect the empty Syringe D2 from the female-female yes / no

luer. .
Volume Syringe C1:

21. Syringe C2 can now be used to fill 2 UCD shells {Appendix
B).

yes [ no

Figure 4.12 Page 3-4: Part 2 of protocol, after oxygenation. The oxygenated emulgel
is mixed and diluted with the human islet/VEGF microsphere suspension to the final

emulgel that can be used to fill the shells.
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4.3.1.4 The oxygenation method protocol

This protocol is provided as a separate Appendix A to the full protocol (Figure 4.13)
for ease of presentation and as the method employed is separate to the rest of the
protocol. The protocol is not intended for a specific syringe pump but is intended for
the specific consumables provided for the kiti.e. the BD 3mL luer-lok syringe
diameter is 8.66mm. An image of the setup is provided and the protocol refers to the
image for guidance when setting up the protocol to ensure it is easily translated. The
oxygen flow rate was standardised at 1.5L/min using a flow rate meter, to ensure
consistency between operators, and the pump rate was set at a sufficiently low rate
to ensure oxygenation. These parameters were selected based on the parameters

used for oxygenation data from Chapter 2.
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Appendix A:

e
\t

=72 W ng

2 )

= HA/PFD emulgel

Collection of
oxygenated emulgel

|

1. Syringe A is connected to the BSL Y-mixer. yes / no

2. The oxygen supply is connected to the other input of the Y-

mixer using a 3mL syringe and tubing yes / no

3. Remove the plunger from a 3mL syringe (Syringe C). Connect
a female-female luer to Syringe C and connect it to the static yes / no
mixer opposite the oxygen supply and Syringe A.

4. Setup in the syringe pump as shown in the image above.

Syringe C should be angled upwards to prevent the gel from yes / no
flowing out.
5. Set the syringe diameter to 8.66mm on the syringe pump. yes / no
6. Set the oxygen flow to 1.5L/min yes / no

7. Start the syringe pump at a rate of SOuL/minute until the
content of the syringe is depleted or you have collected yes / no
~1.5mL of oxygenated gel (minimum).

®

Replace plunger in Syringe C and remove remaining air gaps.

Return to Step 8 of Gel Preparation protocol. L

Figure 4.13 Appendix A: Oxygenation protocol for the natHA/PFD emulgel detailed

clearly and with an image to aid in setup.
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4.3.1.5 Additional protocols and appendices

Finally, additional protocols were amended to the final protocol, based on the study
they were being provided for. The additional protocols were specific for the study
being performed, and may or may not be included depending on the study e.g.
testing new protocols to fill the large shells for large animal studies. In this protocol
the methods to fill the small animal UCD shells was provided as Appendix B (Figure

4.14) as the operators of this protocol were not familiar with their configuration.

Appendix B:

Filling the UCD Shell

1. Set the syringe diameter to 8.66mm on the syringe pump. yes / no
2. Set the volume to be dispensed to 0.2mL yes / no
3. Attach a UCD shell to Syringe C. yes / no

4. Attach the UCD bracket to the green luer lock and close. The

bracket should grip the green luer as indicated by the arrow in yes / no
Figure A
5. Start the syringe pump at a rate of 100uL/minute yes / no

6. When the 0.2mL of gel has been dispensed ensure the syringe

pump has stopped. yesino

7. Detach the shell from the Syringe C, and remove the filling
tip. Seal the inlet port with the UCD Shell cap. Once sealed the yes / no
tab can be snapped off (Figure C).

8. Place in a 6 well plate with enough media to cover the body of

the shell (6mL). yes / no

9. Mix the gel in Syringe C 5-10 times before filling another shell. yes / no

10. Repeat Steps 2 — 9 for each shell.

Figure 4.14 Appendix B: An example additional appendix that was provided; this

protocol details the filling protocol used for the UCD immunoisolating shell.
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4.3.2 In vitro biocompatibility

Biocompatibility of the natHA/PFD emulgel was confirmed according to the ISO
standards, DIN EN ISO 10993-5: 2009, using MTS to measure proliferation. Figure
4.15 shows the results as a % of proliferation of the HACaT cell line vs the control

that was negative for cytotoxicity.
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Figure 4.15 The cytotoxic potential of the natHA/PFD emulgel and a blind control.
Proliferation of 81-100% relative to the control is non-cytotoxic. Blind control refers to

cellstreated by an extract from an extraction vessel with no material.
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4.3.3 Pilot in vitro human islet biocompatibility studies

90-100% of islet yield was retained in the free floating (FF) Low/High control islets.
However islets encapsulated in CMRL Low/High saw a 50-60% drop in islet yield. In
contrast, islets encapsulated in HA gel Low/High showed similar islet yield to the FFI
control. Reactive oxygen species (ROS) production (Figure 4.16B) by islets
encapsulated in the HA gel Low/High was similar or lower than ROS production in
FFI. ROS production in CMRL Low/High was increased. Islet fragmentation was
highest in the CMRL Low/High with islet viability similar across all groups, and islets

encapsulated in HA gel Low/High having the highest viability.
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Figure 4.16 Effect of differences in media (CMRL) against the natHA/PFD emulgel
(HA-gel) as a vehicle/ECM for islets encapsulated in an immunoisolating shell and
islet density (low and high) on (A) yield (%), (B) intra-islet ROS production (FI/IEQ),
(C) fragmentation index (IN/IEQ), and (D) viability (%) of isolated human islets
cultured for 4 — 5 days inside the devices. FF islets at a low and high density were

used as a control.
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Islet morphology of the FF and encapsulated islets showed that islets encapsulated
in the CMRL-1066 Low/High were highly fragmented and re-aggregated (Figure
4.17C and 4.17D). In contrast the islets encapsulated in HA-gel Low/High (Figure
4.17E and 4.17F) maintained the characteristic round morphology seen pre-culture

and in the free-floating islets (Figure 4.17A and 4.17B).

CMRL High HA-Gel High

Free-Floating

Figure 4.17 Islets after 5 day culture in different encapsulation conditions. (A) Free-
floating pre-culture, (B) Free-floating after culture, (C, D) encapsulation in 3-shells
filled with CMRL-1066 media, (E, F) encapsulation in B-shells filled with pre-
oxygenated natHA/PFD emulgel (HA-gel).
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4.3.4 Acute in vivo filling study-July 2018
4.3.4.1 Radiopaque gel for July 2018 acute pig study

The rheogram of the steady state flow sweep of RGF1 and GF6 (Figure 4.18)
showed that comparable resting viscosities were achieved; RGF1 shows resting
viscosity of ~50 Pa.s, similar to the resting viscosity of GF6 of ~42 Pa.s. However

RGF1 did not show the same degree of shear thinning as the GF6.
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Figure 4.18 Rheogram of steady state flow from 1-50 Pa of GF6 and RGF1, showing

the resting viscosity of the RGF1lisin an acceptable range comparedto GF6. Data

shown representative of the norm. (n=3)

Figure 4.19 shows a microCT image from the preliminary RGF1 filling study. RGF1
was filled into the shell into Shell A and was clearly radiopaque through the B-shell
material using microCT. Shell B was used as a control shell and an empty shell

appears differently than a shell filled with the radiopaque gel.
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Figure 4.19 MicroCT scans of (A) RGF1 filled into a 160uL B-shell and (B) an empty
160uL B-shell.

4.3.4.2 Filling study — July 2018

2D x-ray was used to visualise the filling of the 20mL B-shells in situ in order to
identify any issues with the filling protocol. Figure 4.20 below shows the filling of the
first Shell, Shell A, with RGF1. It shows that as the shell was filling it was not
spreading throughout the shell, and as the gel continued to be delivered to the shell

it eventually burst just below the filing port, outlined in red.

Figure 4.20 CT scan images of Shell A taken while fillingwith RGF1, where Al was

taken before A2. (A1) — Shows the filling port outlined in green, with minimal spread
of gel through the shell; the darker area below the filling port indicates the gel is
accumulating. (A2) — Shows the gel spreading minimally through the shell and the

black spot outlined in red shows where the shell has burst.
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Figure 4.21 below shows the filling of the second Shell, Shell B, with RGF1 showing
the gel spreading through the shell. A number of small air bubbles can be seen
clearly throughout the shell in addition to larger air bubbles and darker areas where

the gel has accumulated.

Figure 4.21 CT scan images of Shell B taken while fillingwith RGF1, where Al was
taken before A2. (B1) — Shows the filling port outlined in green, and a section of the
shell that has not filled outlined in yellow. (B2) — Shows the gel spreading throughout

the shell, with multiple air bubbles and the largest air bubbles outlined in yellow.
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4.3.5 Acute in vivo filling study - December 2018
4.3.5.1 Radiopaque gel for December 2018 acute pig study

The rheogram of the steady state flow sweep of RGF2 and GF7 (Figure 4.22)
showed comparable resting viscosities; RGF2 and GF7 both show a resting viscosity
of ~4 Pa.s. RGF2 does not show the same degree of shear thinning under relatively

low shear stress as GF7.
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Figure 4.22 Rheogram of steady state flow from 1-35 Pa of GF7 and 1-50 Ps of
RGF2 showing the resting viscosity of RGF2 matches the resting viscosity of GF7.

Data shown representative of the norm. (n=3)
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4.3.5.2 Filling study — December 2018

The 2D x-rays in Figure 4.23 below shows the filling of the first shell of the December
acute pig study with RGF2. The new protocol combined with the reduced viscosity of
RGF2 allowed for successful filling with minimal accumulation or bubbles. Figure
4.24 shows a second shell successfully filled with RGF2 using the new filling

protocol.

>

Figure 4.23 2D x-ray images of Shell A taken while fillingwith RGF2, with A1, A2

and A3 images taken sequentially. (A1) — Shows the filling port outlined in green,
and the dark line is a filling catheter extending through the length of the shell.
Radiopaque suture rings are outlined in blue. (A2) — Shows the gel filling into the
base of the shell and withdrawal of the catheter to facilitate filling. (A3) — Shows the

shell filling completely and withdrawal of the filling catheter from the shell.
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PIG24 DRV T0,EXPLORA,

ID: 108

Figure 4.24 2D x-ray image of a filled 10mL -shell. RGF2 can be seen as the

darker areas throughout the lighter shell structure.
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4.3.6 Small animal in vivo efficacy of the rat-Bgel and B-shell
4.3.6.1 Small animal in vivo controls

Two control groups of animals were run alongside the experimental group for the first
4 weeks to show blood glucose response of healthy animals and to ensure that the
STZ induction of diabetes was successful (Figure 4.25).
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Figure 4.25 Blood glucose levels of the control rats (healthy and STZ induced
diabetes) for up to 4 weeks. At 0 minthe healthy rats shows normoglycaemic blood
glucose levels just before the administrations of the glucose challenge. Blood
glucose levelsrise for up to 30 min and show a drop in blood glucose by 60 min at
both time-points (n=3). At 0 minthe STZ induced diabetic rats show hyper glycaemia
before the administration of the blood glucose challenge and at all time-points after
(n=4)

4.3.6.2 Small animal in vivo efficacy

Of 12 STZ induced diabetic wistar rats implanted with Bgel, 6 (50%) showed a
therapeutic response to a glucose challenge (Figure 4.26). The responder rats show
a resting blood glucose below 125mg/dL, with an increase in blood glucose for up to
120 min after glucose administration to an average peak of ~350mg/dL, and a
subsequent decrease in blood glucose by 180 min to ~270mg/dL, indicating insulin
production in response to the increase in blood glucose concentration. The non-
responders show a higher fasting blood glucose of >250mg/dL at all time-points and

hyperglycemia for up to 3 h after administering glucose at all time-points.
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Figure 4.26 Blood glucose levels of the responder and non-responder rats for up to

8 weeks. A fasting blood glucose <135mg/dL was used to indicate a response to the

treatment. At 0 minthe responder rats show normoglycaemic blood glucose levels

just before the administrations of the glucose challenge. Blood glucose levelsrise for

up to 120 min and show a drop in blood glucose by 180 min (n=6) at all time-points.

The non-responder rats show higher blood glucose at 0 min and hyperglycaemia for

up to 180 min after glucose administration, n=6 Week 1-4 and n=2 Week 6+8.
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4.3.6.3 Small animal in vivo follow-up after Week 8

Following completion of the 8 week in vivo efficacy study, the implants were removed
from four animals and these animals were maintained for a further 4 weeks to test
their glycemic response. Three of the animals showed a worsened diabetic state with
blood glucose levels remaining higher at 180 min following removal of the implant
(Figure 4.27).
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Figure 4.27 Blood glucose levels of four of the responder rats 4 weeks following
removal of the implanted devices. A blood glucose response similar to the response
seen prior to the removal of the devices was used to indicate if there was a
worsened diabetic state. At 0 min three rats show normoglycaemic blood levels
(<135mg/dL) buttwo of these show higher blood glucose levels over the 180 min

following blood glucose administration following the removal of the implant.
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The non-responders were euthanized at Week 4 and implants were removed for
histological examination. Implants were removed from the responders at Week 8 for
histological analysis. Figure 4.28 shows a gross examination of some of the

implanted devices in situ before removal.

Figure 4.28 An example of the gross examination of four of the implanted devices.
The implanted devices show some tissue integration by growth of tissue on the
devices, but both the non-responders (A+B) and the responders (C+D) are poorly

vascularized, showing a small number of blood vessels on the surface of the shell.
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4.4 Discussion

The primary aim of this Chapter was to commence the process development and
pre-clinical testing of the DRIVE technology required for clinical translation. A key
challenge to overcome was the complexity of combining the multiple components of
the DRIVE product: the natHA/PFD emulgel, the B-shell medical device, viable
pancreatic islets, and the VEGF eluting microspheres. This required the integration
of activities across multiple partners, and was achieved through the central co-
ordination and development of processes and protocols at RCSI, which were then
transferred to the pre-clinical testing sites. This chapter outlines these activities, as
well as the results of preliminary pre-clinical in vitro and in vivo studies on the

natHA/PFD emulgel system.

Protocols were designed to be an all-in-one traceable document, providing clear
instructions for the reconstitution of the final product. In accordance with the
requirements of ICH Q8 [Guidelines for preparing a Common Technical Document
(CTD)] protocols were titled according to a standardised template to document the
study they were intended for with traceability of all relevant factors such as

operators, materials, processes included.

Under GMP guidelines, a reconstitution activity is only included if it can be justified
that these steps cannot be performed as part of the manufacturing process.
Reconstitution steps in our protocols can all be justified at this early stage of process
development. Resuspension of the PFD emulsion and mixing into the natHA gel can
be justified as the PFD emulsion is stable for up to 2 months but must be vortexed
before use. Oxygenation must be performed on the day of the protocol to maximise
oxygen levels in the emulgel. The incorporation of pancreatic islets and/or VEGF
eluting microspheres must also be performed on site. The VEGF eluting
microspheres must be kept dry until use to ensure a prolonged release of VEGF in
the device. However it is important to acknowledge that further along the process
pathway it is likely that further development of this system would be undertaken to

reduce the current complexity of reconstitution.

In parallel to preparing protocols, a materials kit was also provided. The natHA was
provided as a pre-filled syringe. In the early stages of testing, using the sterile

lyophilised natHA gel was advantageous, as it facilitated flexibility in changing the
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formulation of the final emulgel i.e. the different HA concentrations in GF6 and GF7.
After the formulation was ‘locked’ it was decided for Contipro to almost exclusively
supply moist heat sterilised, pre-filled syringes of natHA which ensured that
manipulations were performed almost exclusively by a single operator. Reducing the
number of manipulations reduces the risk of contamination. In addition, based on
guidance from Contipro, pre-filled syringes are stable for at least one year under
appropriate storage conditions. The one exception to this decision was the gel
provided for human islet studies, where it was specifically requested that natHA be
hydrated in CMRL-1066 media to minimise risks associated with losing human islets
to poor nutrient diffusion. This procedure was performed using sterile components

under aseptic conditions by a single operator, to minimise contamination risk.

For pre-clinical studies, PFD emulsion was provided as an aseptically compounded
product in a sterile container. Using the EMA decision tree for agueous products, it
was clear that terminal sterilisation methods were not suitable for the PFD emulsion,
as emulsion instability at high temperatures is well established in the literature (335-
337). Filtration through a microbial retentive filter was also not feasible as the droplet
size of the emulsion ranges above the 0.2um pore size of the filters. Therefore for
pre-clinical studies aseptic processing was deemed the most appropriate approach.
In addition to aseptic preparation, the sonication step in the emulsion preparation
may also actto lower the bioburden of the emulsion. The effect of sonication as a
means of sterilisation in the food industry (338) and for hip implants (339) has been
studied previously. Although itis not sufficient to use sonication alone, in
combination with aseptic processing with sterile components it is likely to act to

further reduce the bioburden of the PFD emulsion.

Protocol and kits were prepared and sent to a combination of six different
collaborators and contractors for eleven different studies. Prior to commencing each
study, the protocol was sent to confirm understanding. In addition, two training
videos, one of the gel reconstitution and one of the oxygenation process, were
prepared and two staff exchanges took place to facilitate protocol transfer. Out of the
eleven studies to date, there has been one problem requiring intervention during
processing. This related to the protocol not specifying whether the PBS to be used
should be with or without Ca?* and Mg?*. This highlighted an oversight in not

including PBS in kits where PBS was used to prepare the VEGF eluting microsphere
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suspension, as it was assumed PBS would be available at all sites. There have been
no infections caused by the natHA/PFD emulgel components in any of these studies.
Successful transfer of protocols has enabled important preliminary pre-clinical data
being obtained. Taking into consideration the complexity of the formulation and the
protocol, the limited validation of the process, and the variety of successful
applications of the protocol, the process development and transfer of the protocol

has been successful.

To date there have been two studies to evaluate the biocompatibility of the
natHA/PFD emulgel formulation. In vitro biocompatibility testing was performed at
the Fraunhofer Institute IgB using GF6, in accordance with DIN EN ISO 10993-5:
2009, which contained the highest concentration of natHA in the emulgels studied.
This formulation when compared to a negative for cytotoxicity control shows
proliferation above 100% indicating that the extract is non-cytotoxic. Testing with
human islets further confirmed biocompatibility of the natHA/PFD emulgel with
indications that inclusion of the emulgel actually improves islet viability, compared to
islets encapsulated without emulgel. Islet morphology was seen to be unchanged
after being encapsulated in the (3-shell with the emulgel. These preliminary results
are positive, and future studies aim to investigate the function of encapsulated

human islets by GSIS compared to free-floating counterparts.

The components and excipients of this formulation, namely the natHA, PFD and
lipoid emulsifier, were selected because of their biocompatibility. NatHA is a naturally
occurring polymer in the body and has been used as a cosmetic, as an active
component, and as a biomaterial for many years (230-232, 340, 341), PFDis an
FDA approved PFC which has previously seen use as a blood substitute (190, 217,
218), and phospholipid emulsifiers such as Lipoid E80 are well established for
having excellent biocompatibility (342). While there has been research investigating
the use of hydrogels supplemented with PFD emulsions for islet encapsulation (291,
343), and research investigating the use of HA as either a crosslinked hydrogel
supplemented with collagen (113) or in combination as an alginate-HA hydrogel
(110) we are not aware of any work to date that has investigated the use of a non-
crosslinked HA hydrogel with or without an oxygen carrier (PFD) emulsion for islet

encapsulation. Validation of the formulation biocompatibility in vitro justified this
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formulation as the lead formulation for the project, and allowed us to move forward

with in vivo studies.

The purpose of the two acute pig studies in July 2018 and December 2018 was to
investigate filling of the B-shell with natHA/PFD emulgel, prior to chronic
biocompatibility and efficacy studies. In order to visualise the filling process in vivo a
radiopaque gel was formulated, which would enable monitoring of the filling process

and any leakage of the gel.

For the July 2018 study, a radiopaque gel consisting of natHA and Visipaque® was
developed (RGF1). The resting viscosity of GF6 was targeted, as this was the lead

emulgel at this time. A minimum concentration of 21% w/w Visipaque was aimed for
based on work done previously in the Duffy-Kelly group (333). Pilot work to validate
visualisation of RGF1 filling a miniature 160uL via CR microCT was successful.

Subsequently the process was scaled up for a 20mL 3-shell.

In the first large animal study RGF1 was shown to be radiopaque and filling of the
shell was readily visualised, however filling was not successful. In the first shell, the
gel accumulated just below the filling port and did not spread adequately through the
shell. As aresult, the shell burst under the pressure of the accumulated gel. While
filling was more successful with the second shell with the gel able to spread through
the majority of the shells volume, a number of large air bubbles were visible through
the shells structure, and accumulations of the gel were seen near the top and bottom
of the shell.

While the July 2018 study demonstrated that a radiopaque gel had been successfully
formulated the problems with filling also prompted a redesign of the 3-shell, and a
reformulation of the natHA/PFD emulgel. The accumulation that led to the shell
bursting was a result of two factors; the high viscosity of the RGF1 and the design of
the shell. The high viscosity of the RGF1 limited the spread of the gel through the -
shell structure. In addition, the design of the initial B-shell left the reservoir area just
below the filling port weaker than the rest of the shell. Without internal structure to
hold the shell to a specific thickness the gel could not enter and spread effectively
from that part of the shell. These factors combined led to gel accumulation and
eventual bursting of the shell at its weakest point and pointed to an important failure

mode that required a re-design.
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The aim of the December 2018 study was to investigate the filling of the reformulated
hydrogel. For this study there were two important changes: the reformulation of the
gel to RGF2 and the redesign of a stronger more structurally sound shell. Alongside
the July 2018 filling study, the experiment looking at Pl morphology after mixing
experiment, from Chapter 3, Section 3.2.6.3 was performed. From this, we identified
that to ensure islet morphology was retained after mixing we needed to reformulate
the natHA/PFD emulgel to have lower viscosity. For this purpose we formulated
GF7, and RGF2 was formulated to be a radiopaque gel that mimicked its resting
viscosity. The UCD f-shell was scaled down to a 10mL volume design, and a filling
catheter was introduced to facilitate the new filling protocol. Additionally, suture rings
were integrated into the UCD B-shell design to facilitate suturing the -shell in place

to prevent it moving during and after the filling procedure.

Figure 4.23 and Figure 4.24 both show successful filling of the of the 10mL UCD -
shells. The combination of a new, improved filling protocol, a smaller more
structurally robust shell design, and the reformulated lower viscosity gel facilitated a

successful outcome

Small animal in vivo efficacy studies showed only a 50% response rate over 8
weeks. Four non-responders were euthanized and implants removed for histological
examination after 4 weeks. Initial indications from these four non-responders were
that there was only partial integration of the 3-shell in to the tissue and there
appeared to be poor vascularisation of implants. Based on this observation we
hypothesised that a primary cause for non-response was the partial integration and
poor vascularisation of the device. This was shown not to be the case however as
the responder rats’ implants showed a similarly poor vascularisation after 8 weeks,
indicating that poor vascularisation over the first 4 weeks was not the cause of non-
response. The control STZ induced diabetic rats (Figure 4.25) indicated that the STZ
induction was successful. To further rule out the possibility that the responder rats
were not diabetic, we saw that three of the four responder rats blood glucose levels
at 180 min were higher following the removal of the implant, suggesting that the
implant was improving the STZ induced diabetic state. Future histology work aims to
investigate the contents of the retrieved B-shells to try to identify and explain the

differences seen between the responder and non-responder groups.
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For all 12 experimental rats, diabetes was induced by STZ before implantation of the
device. For responder rats the mean fasting blood glucose (FBG) of the 6 responder
rats was <135mg/dL at all the reported time-points, and individually one rat showed
FBG levels >135mg/dL at week 3 (144mg/dL) and week 4 (149mg/dL).The mean
PPBG after 120 min of the responder rats was >300mg/dL at all time-points. In the
majority of the rats at all time-points blood glucose levels increased for up to 120 min
and only started to decrease at 180 min, but remained >250mg/dL glucose (Figure
4.25). This indicates that the encapsulated islets are alive and functionally

responding to increased blood glucose.

A 2010 paper by Wang et al (344) on the estimation of normal range of blood
glucose in rats estimates that the criteria for normal or diabetic blood glucose levels
in rats is similar to that seen in humans, with the upper limits for FBG in non-diabetic
rats being ~135mg/dL and PPBG after 120 min being 180-190mg/dL. We confirmed
these results with the healthy animal control group, showing <135mg/dL FBG and
<180mg/dL PPBG. The FBG of the responder rats is in line with these results
showing an improvement to the rats’ diabetes, however the PPBG levels are above
the non-diabetic levels within the reported times. The low FBG levels but high PPBG
levels may indicate that there is a is a lag time to the response greater than is seen
in endogenous insulin production or that there is not enough insulin produced to

lower PPBG to normal levels in the measured timeframe.

Previous studies have shown cases of PPBG lowering to <180mg/dL within the 120
min limits in both a TheraCyte® device in STZ induced rats for up to 6 months (135)
and in alginate macroencapsulated islets in STZ induced primates (112). This may
suggest that glucose diffusion to the islets, increasing the time to GSIS, and insulin
diffusion out of the shell, reducing systemic blood glucose response, is impeded by
the therapy; the natHA/PFD emulgel and the shell. In Chapter 3 we discussed the
potential issues with diffusion and the natHA/PFD emulgel which may be contributing
to the lag seen in the therapy. The UCD B-shell may also be contributing to this by
providing a further barrier to diffusion. The immunoisolating barrier is a 50-60um
thickness semi-permeable barrier and the shell is then further modified with a “rope-
coiled” macroporous layer on the outside. This layer improves the shell structure and
vascularisation of the device, but also covers the diffusion surface, limiting the

surface area of diffusion and acting as an additional barrier to diffusion. It is also
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possible that islet density is affecting the viability and function of encapsulated islets.
Future histological analysis of the implanted B-shells and encapsulated islets will
provide additional insight. However overall, this data is very positive, with results

indicating that the natHA/PFD emulgel is biocompatible with the encapsulated islets.

Successful development and transfer of the protocols facilitated all in vitro and in
vivo work in this Chapter. The in vitro studies showed biocompatibility of the
natHA/PFD emulgel using both an ISO validated method with a cell line and with
primary human islets. The successful scale-up of the natHA/PFD emulgel
formulation, and formulation of appropriate radiopaque gel analogues enabled
successful in vivo filling tests in a large animal model. These in vivo filling tests
informed the reformulation of natHA/PFD emulgel to a lower viscosity, to improve
filling and improve islet morphology as outlined in Chapter 3. The filling tests also
identified problems in the design of the B-shell macroencapsulation device and
informed a redesign to a more durable and structurally stable device. The preliminary
in vivo rat results showed the potential efficacy of the rat-Bgel and B-shell system in
reversing diabetes in a small animal model. These results will form the basis for the
future pre-clinical studies needed to translate the project to the clinic and first-in-man

trials.
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Chapter 5

Thesis Discussion
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5.1 Overview

DM is a global disease, with a high prevalence and incidence worldwide. T1D is
characterised by B-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. One area of interest in the treatment of TLD has been the development of a
system known as the bio-artificial pancreas. This three part system would consist of
donor human islets, 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 an oxygen carrier functionalised hydrogel, the
natHA/PFD emulgel, has been formulated to act as a biomaterial ECM. In addition,
processes and protocols were developed to support to transfer of materials and
formulation to multiple sites to begin pre-clinical in vitro and in vivo testing. To date
these studies have shown that the emulgel is biocompatible, both to ISO validated
standards and with primary human islets, and the efficacy of the biomaterial has
been shown in an in vivo small animal model. A means of assessing the filling of the
hydrogel into shells in situ in a large animal model was also developed using a
radiopaque hydrogel. These experiments mark the beginning of 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

natHA/PFD emulgel as part of the DRIVE bio-artificial pancreas.

5.2 Thesis results discussion
5.2.1 Selection and formulation of the PFD emulsion

It has been well established that ensuring sufficient oxygen supply to the cells and
tissues of the body is required for their function and survival. When formulating the
functionalised biomaterial for this thesis we aimed to improve the oxygen supply to
encapsulated cells, primarily aiming to supply cells in the time after encapsulation, to

support their viability in the stressful period immediately following transplantation.
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For this purpose we investigated PFCs, focusing on PFD and F6H8 based on their
history of use in the preservation of donor pancreata, indicating biocompatibility. As
the lead biomaterial, hyaluronic acid, was a hydrophilic material it was necessary to
prepare the hydrophobic PFCs as an emulsion, to ensure they were homogenously
incorporated into the material. Initially based on a paper by Sanchez et al (246), the
PFC emulsions were prepared by homogenisation. These emulsions showed
relatively large, micro-sized droplets and were unstable, making them unsuitable for
use. Sonicated emulsions were prepared using the same formulation but this method
achieved smaller droplets sizes, and stability that extended for 3 weeks for the F6H8

emulsion and up to 2 months for the PFD emulsion.

Oxygen release profiles of the PFC emulsions were subsequently assessed, with
pure PFCs and PBS used as a control. In theory PFCs have a higher solubility for
oxygen than PBS, and therefore determining the time it took for oxygen to
sustainably release to atmospheric levels after loading with oxygen would assistin
identifying a lead PFC. It was observed that PFCs alone actually show a rapid
release of loaded oxygen within a few hours, less than the PBS control, indicating
that the oxygen diffusion coefficient of the PFCs was also higher. In contrast, when
prepared as emulsions both PFCs gave a sustained and prolonged release of
oxygen for up to 70-80 h. From these oxygen release profiles it was evident that the
inclusion of the PFCs into the emulsion greatly improved the overall oxygen that
could be loaded into a liquid volume. This was a positive result; however the data
obtained from the oxygen release profiles has a number of limitations. Primarily, the
oxygen release profiles alone did not identify a lead PFC, as both appeared equal
when comparing the profiles of pure PFCsand PFC emulsions. Ultimately the PFD
emulsion was selected based on its longer history of use with pancreatic tissue and
its inclusion in a previously FDA approved product (199) increasing the ease of
translation. Secondly, the oxygen release profiles gave us an indication of the
increased oxygen capacity of the emulsions, but did not give us any indication of
what would happen when pancreatic islets, cells with a high oxygen demand, were
actively consuming the loaded oxygen. Finally, these oxygen release profiles did not
show us properties that were seen only when the emulsions were incorporated into
the gels; the effect on viscosity and the rheological properties of the functionalised

hydrogels, and the effect on improved oxygen loading seen with natHA based gels.

213



5.2.2 HA-TA/PFD hydrogel

Having selected the PFD emulsion, the first hydrogels investigated were the HA-TA
based hydrogels. Existing in a liquid state before crosslinking, HA-TA represented a
promising option as it could be easily combined with the PFD emulsion, delivered to
an immunoisolating shell via a catheter and crosslinked in situ. It was also shown
that the HA-TA/PFD solution could be easily loaded with oxygen by bubbling 99.5%
purity oxygen through the liquid. However numerous challenges soon became

apparent with this approach.

The first challenge of the HA-TA formulation was the inclusion of H,O; as a
crosslinking agent. As outlined in Chapter 3 the cytotoxicity of H,O, to the MING cell
line is established in the literature, however the degree of sensitivity observed was
higher than anticipated resulting in a need to identify an alternative in vitro model. A
primary rat pancreatic islet model was selected, which was felt to be more
representative of the in vivo scenario. This model indicated there was a substantial
decrease in the amount of insulin being released by the encapsulated islets when
compared with a FFI control which led to an investigation of insulin diffusion through
the gel. By investigating the insulin diffusion it was identified that the HA-TA based
hydrogels were retarding the diffusion of insulin substantially and ultimately were not

suitable for use as the functionalised biomaterial for this thesis.

5.2.3 natHA/PFD emulgel

The natHA/PFD emulgel was one of the two functionalised biomaterials that were
investigated following the diffusion results obtained from the HA-TA based
hydrogels. NatHA was selected as its biocompatibility is well established, and as a
highly viscous liquid without a chemically crosslinked hydrogel matrix the same

diffusion issues as the HA-TA hydrogels should not occur.

Due to time constraints associated with the work outlined in Chapter 4, the
natHA/PFD emulgel was formulated and assessed on an iterative basis. GF6 was
the first natHA/PFD emulgel formulated and tested, and the material and oxygen
storage properties were very promising. It was sent to Fraunhofer IGB and shown to
be biocompatible in vitro according to DIN EN ISO 10993-5: 2009 standards.

Following this positive result, the first large animal model filling study was performed
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in July 2018 with the RGF1 radiopaque hydrogel, at the same time that the INS-1E

cell line was being established for in vitro testing.

The poor filling results and bursting of the shells from the July 2018 filling study
indicated a need to reformulate the natHA/PFD emulgel. In addition we also wanted
to investigate the effect of the mixing protocol on the morphology of encapsulated
islets. It was shown that Pls encapsulated in 1.5% w/v natHA caused the breakdown
of encapsulated PIs. This informed the reformulation of the natHA/PFD emulgel, as it
was possible to determine a viscosity limit of ~2-6 Pa.s that the formulation should
meet; a tighter range than the <40 Pa.s of the GF6 emulgel. GF7 was formulation of
choice, with a lower resting viscosity than the 1.5% w/v natHA. The December 2018
filling study was performed with the RGF2 radiopaque hydrogel, which exhibited

comparable viscosity to GF7and was successful.

This confirmed GF7 as the lead formulation, and in vitro human islet work followed
this. Preliminary human islet experiments indicated that the emulgel was
biocompatible with the human islets. Subsequent to this INS-1E in vitro experiments
(Chapter 3) and small animal in vivo work (Chapter 4) were performed
simultaneously and interestingly provided conflicting results. Results from in INS-1E
experiments indicated that the natHA/PFD emulgel was not beneficial to
encapsulated INS-1E cells in hypoxia, and also had a negative effect on cells in
normoxia. In contrast, of the 12 rats implanted with the treatment of natHA/PFD
emulgel encapsulated islets in a B-shell, 6 responded to the treatment, showing
improved FBG and PPBG.

While in vitro results seen with the INS-1E cells would indicate that the natHA/PFD
emulgel is not beneficial for encapsulated cells, human islet in vitro data and rat in
vivo data contradicts this. The biocompatibility and efficacy data indicate that this

treatment is potentially clinically relevant as a therapy for the treatment of T1D.

5.2.4 MCC/PFD hydrogel

In addition to the natHA/PFD emulgels, the thermoresponsive MCC/PFD hydrogel

was also investigated as another potential alternative hydrogel for this project.

Initial oxygen release profile experiments were promising, the MCC/PFD hydrogel

showing the most prolonged oxygen release of all the tested hydrogels and
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emulgels. However when the rheological properties of the hydrogel were tested they
were found to be too unstable to be viable for delivery via a catheter; the sol-gel
transition temperature was too close to 37°C, risking a clog during catheter delivery,

and its overall stability at 37°C was questionable.

Although the MCC/PFD hydrogel showed some promise as a biomaterial for this
project, the success of the natHA/PFD emulgel overshadowed it. Future work could
focus on optimising the hydrogel to have a higher and more stable sol-gel

temperature.

5.2.5 Translation and protocol development

A key challenge working with the natHA based hydrogels was their high viscosity.

Simple processes such as incorporating the PFD emulsion into the natHA hydrogel
were complicated as the emulsion could not be stirred into the hydrogel. Initially, the
emulsion was incorporated through a combination of mixing, vortexing, and rolling on
aroller. This was a time-consuming and inefficient process that was not translatable
or transferable, and also could not be used to mix cells into the emulgel. The
development of a method to mix the components through a luer-lok between two
syringes, while very simple in principle, changed the process to being an accurate,
consistent, and user friendly method of preparing the materials.

The high viscosity of the emulgel also affected oxygenation properties of the
material. Low viscosity liquids i.e. PFD emulsion and HA-TA based hydrogels, could
be oxygenated by a simple bubbling process. However for natHA, a specific
oxygenation protocol had to be developed to ensure the natHA/PFD emulgels were
oxygenated sufficiently. This process was more challenging to transfer to partner
sites, as it required additional equipment, custom 3D printed consumables, and set-

up time.

All of these considerations contributed to the development and transfer of the
protocols. The development of these protocols was a deceptively large and integral
piece of work, as these protocols formed the basis for a large body of work
performed by the DRIVE consortium. This project was primarily responsible for the
process development relating to the preparation of the natHA/PFD emulgels. This

included collating the input from other partners and calculating the densities and
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overages required for different parts of the emulgel e.g. incorporating the VEGF
microspheres at the correct concentration, encapsulating islets at the agreed density,
and ensuring the protocols outlined the excess that would be required for each
experiment. The body of work that went into the process development and protocol
development as part of this PhD was substantial, and yet it only represents the very
beginnings of the pre-clinical required to translate the natHA/PFD emulgel and the

DRIVE project to the clinic.

5.3 Clinical relevance

5.3.1 The challenges with cell models for T1D

While the MING cell line is a well-established cell line for T1D research, it proved to
be a very sensitive cell line requiring specific conditions such as low passage
numbers and specific confluence ranges to remain glucose responsive. For our
purposes, their high sensitivity to low concentrations of H,O, meant they were not
suitable for use with HA-TA hydrogels (300), and by the time we were investigating
the other hydrogels their passage was too high meaning their glucose response was

lost and we were unable to source lower passage numbers.

The INS-1E cell line, however, has been shown to work over a wide range of high
passage numbers (277), in contrast to the MING cell line. These cells had their own
specific challenges, preferring a specific type of cell culture plastic to ensure optimal
growth and function. The INS-1E cells appeared to be useful; having shown good
glucose responsiveness following encapsulation in a control natHA hydrogel in
normoxia. However looking atthe INS-1E results alone indicated that encapsulation
in the natHA/PFD emulgel was not beneficial and had a negative effect on their
function. This conflicts with other in vitro and in vivo data obtained, with the
natHA/PFD emulgel shown to be biocompatible with another cell line by an ISO
validated method, and also biocompatible with primary human islets. We additionally
saw in an in vivo rat model that it was successful at supporting encapsulated rat
islets and improving the FBG and PPBG in 6 of 12 rats. These conflicting results
show the importance of not relying on a single in vitro cell model and also highlight

the challenges of mimicking complex 3D microenvironments in 2D settings.
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A primary rat islet model was also established as part of this project. The primary
challenge with this model was the limited supply of islets for the considerable time
investment required. The density of 5,000 IEQ/mL identified as our translatable
volume was difficult to achieve, requiring 6 rats per week to get enough islets to
make 1-2 hydrogels. Between harvesting the rat pancreas and isolating
encapsulated islets the entire protocol took up to 4-5 h minimum, repeated for 3 days
in arow. In retrospect, there were a number of improvements that could have been
made to the HA-TA protocol that may have improved the number of hydrogels from a
single week of isolations but even then this practice is not cost or time efficient, and

is not practical in the long-term.

The issue of scarcity is not limited only to the number of islets that can be isolated.
Theoretically, the number of rats available to harvest islets from is unlimited, with
cost and ethical concerns being the main limits on using the islets. In contrast, the
number of human pancreases available for research is very limited. The supply of
human is limited by the number of donor pancreases, and is further limited again by
a % of donor pancreases not being suitable for whole pancreas or islet
transplantation. It was fortunate therefore that a human pancreas became available
at Oxford shortly after GF7 had been finalised as the lead formulation. Further
human islet experiments were planned, but this work was unable to come to fruition

as human islets were not available.

Developing a translatable cell-model is a challenge that has confronted almost every
field of biomedical research. Although the primary islet model is a very useful and
translatable model it is limited predominantly by the scarcity of islets. There are a
number of groups working on developing unlimited iPSC lines for the treatment of
T1D in a bio-artificial pancreas (85, 86), and these lines if achieved would eliminate
the problems with scarcity of cells for research while also being the ideal model as

they would also be the cells used for treatment.

5.3.2 DRIVE technology as a treatment for T1D

The primary objective of this thesis was to formulate a functionalised biomaterial to
support cell viability for clinical applications, with a primary focus on islet
encapsulation for diabetes. Ultimately, the primary objective of the DRIVE project

was to develop an extravascular macroencapsulation device to act as a bio-artificial
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pancreas. In the field of extravascular macroencapsulation, there are currently 3
main leaders in the field: Encaptra®, Bair, and the Sernova Cell Pouch System™. All
three companies have been in development longer, and all three have already

started first-in-man trials.

This raises an important question: is there room inthe market for another
extravascular macroencapsulation bio-artificial pancreas? The preliminary in vivo
results from the DRIVE project are promising, but can the technology compete with

the existing technologies?

The Encaptra® Drug Delivery system, or the VC-01 product, utilises a proprietary
and unlimited insulin producing cell line, overcoming the islet scarcity issue that
presented significant challenges to DRIVE (141, 142). However the DRIVE product
is flexible, and in the future when iPSC derived B-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 VC-
02 product which aims to improve vascularisation of the encapsulated cells at the
cost of the immunoisolation, requiring immunosuppression to prevent graft rejection.
If the DRIVE product can maintain its immunoisolating shell, 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™,

The Bair device is a novel device which utilises a replenishable O, reservoir to
oxygenate encapsulated islets, and this is not a claim that the DRIVE product can
compete with. However, if the DRIVE product can achieve the same results as the
Bair device, its main advantage is that it returns insulin production to the patient

autonomously, without the need for daily refills of the O, reservoir (145).

However, while the bio-artificial pancreas represents an exciting frontier in diabetes
treatment, inreality the next step in medical devices for the treatment of diabetes
may not require endogenous insulin production at all. 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. Artificial pancreas
products are in early stages, but show greatly improved blood glucose control (49).

As CGM devices are improved over time, and the algorithms controlling insulin
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dosing advance to become more patient specific or controlled by artificial
intelligence, the need for patient input into monitoring blood glucose and
administering insulin may be removed entirely. 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 level of

glucose control.

5.4 Future work

The preliminary data obtained throughout the course of this PhD have shown the
natHA/PFD emulgel to show significant potential as a component of the
macrovascular encapsulation system developed for DRIVE. A number of
experiments are needed to complete the data set on the natHA/PFD emulgel and the
DRIVE project, and future steps to turn this into a clinical reality would be
predominantly focused on completing the pre-clinical work required to assemble a

CTD or IND to start moving towards clinical trials.

Based on the work performed in this thesis, a summary of future steps to translate

the product to the clinic are:

1. Developing validated sterilisation methods for all intermediates inthe DRIVE
product: As previously discussed, although efforts had been taken to sterilise
components and ensure sterility for invitro and in vivo work, validated
methods would be required to translate to human trials.

2. Complete in vitro human islet testing: An experimental plan to compare
human islets with and without VEGF was designed and approved before the
end of the DRIVE project and this should be completed.

3. Repeat of rat in vivo study: 50% of the treated rats did not respond to
treatment. When the samples from the first study have been analysed and the
cause of the non-response has been elucidated the study should be repeated.
Additionally, a control group of rats treated with rat islets encapsulated in a
natHA hydrogel should be added as a suitable control; this will ensure the
natHA/PFD emulgel encapsulation is more beneficial than a natHA hydrogel,
as was seen in the INS-1E cells.

4. Biocompatibility and efficacy studies in a large animal model: This was

planned by the DRIVE consortium, to first perform a biocompatibility study of
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the natHA/PFD emulgel in the B-shell and to follow this with a chronic efficacy
study.

5. Scale-up manufacture of the natHA/PFD emulgel: During the DRIVE project
the protocol to prepare natHA/PFD emulgel was scaled up to a 12mL volume.
Further scale-up to a final human sized volume, with a translatable
preparation protocol, would be required.

6. Scalable oxygenation method for the natHA/PFD emulgel: The emulgel
oxygenation protocol developed as part of this PhD project was designed for
small volumes (1-3mL) of the emulgel and is not scalable to the final large

volumes (>35mL) needed for a human sized volume of emulgel.

In addition to this, an important step to take is that the technology should apply for
classification by the CAT. Classification is a free of charge service provided by the
CAT, and it is a first step towards targeting a marketing authorisation (MA). As with
all medicinal products, the requirements for a MA application are extensive, with the
complexity of the technology increasing the complexity of requirements to attain an
MA.

As the DRIVE product is a complex product, containing multiple factors that would
need to be individually assessed in line with the Directives and Regulations laid out
in the ATMP regulations it would take significant additional funding to achieve the
requirements for a MA. The difficulty in applying for an MA can be exemplified by the
fact that by October of 2017 the EMA had received eighteen MA applications, with
nine applications being approved (345). In contrast, by this date 276 products had
received a classification from CAT as an ATMP or non-ATMP (314).

EU regulations are evolving alongside the continuing development and clinical use of
ATMPs and a number of accelerated pathways can be utilised by ATMPs, outlined in

Figure 5.1.
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Figure 5.1 Outline of expedited schemes available in the EU (346). 'Refers to
amount of therapeutic data available at time of submission, decreasing from left to
right. °PRIME designated products are subject to accelerated assessment; of 41
PRIME medicines approved through PRIME, 14 of these have been ATMPs (347).

The Hospital Exemption route was detailed in the ATMP regulation when it was first
published. It details that ATMPs which are “prepared on a non-routine basis
according to specific quality standards, and used within the same Member State
(MS) in a hospital under the exclusive professional responsibility of a medical
practitioner, in order to comply with an individual medical prescription for a custom-
made product for an individual patient” (309). Under the regulation, the
manufacturing of the product must first be authorised by the MS, and it is the
responsibility of the MS to ensure traceability and pharmacovigilance requirements
are met. The hospital exemption route is not intended as a means to bypass
requirements needed for an MA, as use is limited to non-routine use in a single MS
under direction supervision of a clinician. It is primarily intended for use of promising
treatments in orphan or lifesaving indications, which also facilitates a faster route to
first in man preliminary data, to support CTD and IND documents, helping

applications for larger scale clinical trials.

The promise of the DRIVE project to return endogenous insulin production to the
patient means it could utilise the Hospital Exemption route in the treatment of
hypoglycaemia unawareness or ‘brittle’ diabetes. As outlined in the ATMP regulation,

a product being used under Hospital Exemption must be custom prepared and used
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within the same MS. The future work outlined in this Chapter and further process
development will be necessary to ensure successful technology transfer to the
hospital that would deliver the DRIVE device. This will be necessary to fulfil the
requirements of the Hospital Exemption legislation and successfully translate the

DRIVE project to the clinic.

5.5 Final Conclusion

Over the course of this project a lead functionalised biomaterial, the natHA/PFD
emulgel was formulated, process development commenced and the material
evaluated in vitro and in vivo with promising results. However 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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Appendices

Appendix 1

Appendix 1.1 KRB for rat islet GSIS

Chemical MW Final Concentration g/L diH,O
NaCl 58.44 137 8.0
KCI 74.55 4.7 0.44
KH2P04 136.1 1.2 0.16
MgSO,-7H,O 246.48 1.2 0.3
CaCl,-2H,0 147 2.5 0.37
NaHCO, 84.01 25 2.1
BSA - 0.5mg/mL 0.5
Appendix 1.2 KRB for INS-1E GSIS
Chemical MW Final Concentration g/L diH20
NaCl 58.44 115mM 6.72
KCL 74.55 SmM 0.37
NaHCO3 84.01 24mM 2
CaCl, CaCl,.2H,0O | 110.98 147 2.2mM 0.24 0.32
MgCL, | MgCL,.6H,O | 95.211 | 203.31 1mM 0.1 0.21
HEPES 238.3 20mM 4.766
BSA - 2mg/mL 2
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Appendix 2

B-Gel preparation procedure for Human Islet study —

UCD Shell

To be completed by operator;

Operator & date. Initials: || | Paraph:

Lt /1 /i1y (dd/mm/yy)

Kit contents

Materials
Material . Delivery date
Supplied by :
description L S (dd/mm/yy)
Component A
e 1x 1.2mL Native-HA (1.845% w/v) solution L/ /i
in CMRL-1066 in capped 3mL syringe
(Syringe A)
RCSI
Lot No:
Component B
e 1x2mlL PFD emulsion (66.78% w/v) in Lo/ 0l
15mL Falcon tube (Component B) RCSI
Lot No:
8x UCD B-shells + 8x Shell caps Lo/ /e
ucb

Lot no: Jan2019
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Consumables

Consumable Product/ lot .
iry date (dd/mm status
description reference Bxpiry (dd/mm/yy) Qc
. Conform [
i)xkii”;"BsDy”"ge Luer- | 8140553 CAV04 30/04/23 Not conform []
R&D use only []
Conform []
4x Combifix Adapter
18L02A8151 01/10/23 Not conform []
(female-female luer)
R&D use only []
Conform []
5x 18G 1.2x40mm
eedles BD Microlance | 1897 05 01/01/23 Not conform []
R&D use only []
Conform []
?QELD”)” lock cap UHS | 3567354 01/08/19 Not conform [
R&D use only []
Preparative actions
A Laminar Air Flow is available yes / no
CMRL 1066 complete medium available (40% serum) yes / no
8400 IEQ available IEQ used
Syringe pump available yes / no
Oxygenation syringe available yes / no
Qosina Oxyview oxygen flow meter yes / no
BSL Y-mixer available yes / no
UCD bracket available yes / no
All materials stored at 4°C before use yes / no
VEGF microspheres available (stored at -20°C) yes / no
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Gel Preparation

To prepare B-gel for 4 UCD shells

1. Vortex Component B, the PFD emulsion, for 30 seconds

yes / no
Confirm Component B selected [] Time vortexed : __
2. Draw 1.5mL PFD emulsion into a 3mL syringe using an 18G yes / no
needle— Syringe B PFD emulsion volume : mL
3. Remove the red cap from Syringe A and connect it to the
female-female luer connector. Fill the air volume of the
connector with Native-HA from Syringe A. yes / no
Confirm Syringe A selected []
4. Connect Syringe B to the other end of the female-female luer es / o
connector. 4
5. Vigorously mix the contents of Syringe A into Syringe B and yes / no
then transfer the contents back to Syringe A. Repeat this 20- . . .
Times mixed :

30 times until the mixture appears homogenous and milky.
Volume Syringe A :

6. Remove Syringe B and the female-female luer connector from

es / no
Syringe A. ves /
7. Oxygenate the emulgel by the oxygenation protocol
. yes / no
(Appendix A)
8. Transfer 0.6mL to two fresh syringes: Syringe C1 and yes / no
Syringe C2

Volume Syringe C1 :
Volume Syringe C2 :

To prepare B-Gel WITHOUT VEGF

9. Resuspend 2400 IEQ in 0.2mL of complete medium and yes / no
transfer to a 3mL syringe — Syringe D1
IEQ used

Volume of islet suspension :

10. Connect Syringe C1 to a female-female luer connector and fill

es / no
the air volume with oxygenated emulgel. ves /

11. Connect Syringe D1 to the female-female luer connector with

es / no
Syringe C1 ves /
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12. First mix the contents of Syringe C1 into Syringe D1 and

then transfer the contents back to Syringe C1. Repeat this 15- yes / no
20 times, until homogenous +5 additional mixes. Times mixed :
13. Disconnect the empty Syringe D1 from the female-female yes / no

luer. ]
Volume Syringe C1 : _

14. Syringe C1 can now be used to fill 2 UCD shells (Appendix
B).

To prepare B-Gel WITH VEGF

15. Prepare a suspension of 25mg/mL VEGF microspheres in the

yes / no

eppendorf using complete media. ves / no
16. Resuspend 2400 IEQ in 0.2mL of the VEGF microsphere yes / no
suspension and transfer to a 3mL syringe — Syringe D2
IEQ used

Volume of islet suspension :

17. Connect Syringe C2 to a female-female luer connector and fill

the air volume with oxygenated emulgel. ves / no
18. Connect Syringe D2 to the female-female luer connector with yes / no
Syringe C2.
19. First mix the contents of Syringe C2 into Syringe D2 and
then transfer the contents back to Syringe C2. Repeat this 15- yes / no
20 times, until homogenous +5 additional mixes. Times mixed :
20. Disconnect the empty Syringe D2 from the female-female yes / no

luer. .
Volume Syringe C1 :

21. Syringe C2 can now be used to fill 2 UCD shells (Appendix
B).

yes / no
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Comments

The final concentrations forthese protocols are:

Emulgel
Nat-HA 0.615% w/v
PFD 27.8% w/v
Lipoid 3.33.% w/v
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Appendix A:

\e

)

vvvvv HA/PFD emulgel

Collection of
oxygenated emulgel

Oxygenation Method

1. Syringe A is connected to the BSL Y-mixer. yes / no

N

The oxygen supply is connected to the other input of the Y-

mixer using a 3mL syringe and tubing yes / no

3. Remove the plunger from a 3mL syringe (Syringe C). Connect
a female-female luer to Syringe C and connect it to the static yes / no
mixer opposite the oxygen supply and Syringe A.

4, Setup in the syringe pump as shown in the image above.
Syringe C should be angled upwards to prevent the gel from yes / no
flowing out.
5. Set the syringe diameter to 8.66mm on the syringe pump. yes / no
6. Setthe oxygen flow to 1.5L/min yes / no

7. Start the syringe pump at a rate of 50uL/minute until the
content of the syringe is depleted or you have collected yes / no
~1.5mL of oxygenated gel (minimum).

®

Replace plunger in Syringe C and remove remaining air gaps.

. es / n
Return to Step 8 of Gel Preparation protocol. ves /no

248



Appendix B:

i

Alling the UCD Shell

9. Set the syringe diameter to 8.66mm on the syringe pump. yes / no
10. Set the volume to be dispensed to 0.2mL yes / no
11. Attach a UCD shell to Syringe C. yes / no

12. Attach the UCD bracket to the green luer lock and close. The

bracket should grip the green luer as indicated by the arrow in yes / no
Figure A
13. Start the syringe pump at a rate of 100uL/minute yes / no

14. When the 0.2mL of gel has been dispensed ensure the syringe

pump has stopped. yes / no

15. Detach the shell from the Syringe C, and remove the filling
tip. Seal the inlet port with the UCD Shell cap. Once sealed the yes / no
tab can be snapped off (Figure C).

16. Place in a 6 well plate with enough media to cover the body of

the shell (6mL). yes / no

17. Mix the gel in Syringe C 5-10 times before filling another shell. yes / no

18. Repeat Steps 2 — 9 for each shell.
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Appendix C:

Emptying the UCD Shell

19. Cut off the perimeter of the shell to open the shell yes / no
20. Wash the insides of the shell using media and collect into a
yes / no
Falcon Tube.
21. The islets can now be centrifuged and collected for analysis. yes / no
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Appendix 3
Appendix 3.1

The base formulation used for the protocols was originally calculated for preliminary
in vitro and in vivo studies. These experiments required gel to fill n=3 shells,

0.16mLfill volume and ~0.09-0.1mL dead space.
(0.1 mL+0.0 ;ML) x3 =07 mL

Early shell designs could not be filled as reliably as newer designs, and lack of a
standardised filling protocol meant shells were prone to bursting. An overage of an
additional shell fill was account for in the protocol to overcome this. An additional
overage of 0.2mL was included to account for gel loss in female-female luers used of

mixing and needle dead spaces, giving a final formulation volume of 1.2mL.
The final gel mixing protocol occurred in two steps:

e Step 1 mixes the natHA and PFD emulsion together to give an intermediate
natHA/PFD emulgel

e Step 2 incorporates additional components of the gel such as the cell component
or VEGF, diluting the intermediate to the final concentration

e It was decided that ¥ of the final volume (0.3mL) would be made up of the
cellVEGF suspension to give sufficient volume to manipulate the component

e The PFD emulsion starting concentration was set at 66.78% wi/v

e The target PFD concentration was 30% w/v PFD

e The target HA concentration was 0.615% w/v natHA

The calculation to determine starting volumes of PFD emulsion and natHA volume

and concentration are detailed below.
DiluéeguaatCioonmc entI>xVtadloutmeC oncentz>xVtadloune

C1V1 =C2V2
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For PFED emulsion volume:

(Fi nVad | W@lar v gPeFtll o n(¢é nt e r mewdil a)fhen t e r meP & illaotnec

1.2mL X 30 %/v = 09mL X A
_ 1.2 X3 0
09
A=40 %/v

(StaRFPREDo!l Webe aBPRD on(E nt er mawdil alffhan t e r meP &Fillaotnec

B x 668%W/v = 09mL x 40 %/v
09 x40
T 668
B=05 4L

The equipment used for mixing and measuring inthese experiments was 3mL
syringes, which limited the volumes that could be used to 0.1mL graduations.

Rounding down the starting PFD volume to 0.5mL gives a final concentration:

(StaRFPREDol Wha aBFtDC o n(E nt er meadil althan t e r meP &Fillaotnec

0.5mL X 6& 8W/v = 0.9mL X C
05 x6& 8
- 0.9
C=37 %w/v

(Fi ntadima)(Fi nbatAB o n( nt er mewdil a)fhen t e r meP d illaotnec
1.2mL X D = 09mL X 37 Y%v/v

09 x37
B 1.2
D=2 B %w/v
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Knowing the target natHA concentration at 0.615%, and the available volume

remaining in the

intermediate step (0.4mL) the starting concentration of HA can be

calculated as below:

For natHA starting concentration:

(Fi nfad | wiler r gNeatt £AH D& nt edimat el Yeher t e r meNdrit dftden c

(St aNat W

12mL x 06 15wy = 09mL X A
12 x0615
B 0.9
A=082 W/v

Al WeEae aNat KL NE nt er madil a)thant e r mdNdiit dltben
04mL X B = 09mL x 082 %/v

09 x08 2
B 0.4

B=18 4 5Wyv
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Appendix 3.2

The overages provided for this protocol allow for the preparation of three times the
amount of natHA/PFD emulgel intermediate to be prepared for the oxygenation step.
This is done to ensure that there is enough intermediate available after oxygenation
step.

This protocol requires a total of 1.2mL of oxygenated intermediate (0.6mL of
oxygenated emulgel transferred to two fresh syringes), and so the base formulation
is not suitable as only 0.9mL of intermediate is prepared, before accounting for any
loss. Double of the base formulation gives 1.8mL before any loss. This volume could
be sufficient for the protocol before loss; however there are a number of dead

volumes associated with the protocol up to this point in the protocol. These are:

e 0.05mL loss per female-female luer used: 1. Mixing the intermediate
natHA/PFD emulgel, 2. During the oxygenation protocol, 3. Transfer to the
fresh syringes.

e The y-mixer used in the oxygenation protocol has a 0.25-0.3mL dead space.

(0.6mL x2)+ (0.0 3nL x3)+ 03mL= 1.6 L

It is possible that this protocol could have been completed using double the volume
of the base formulation, however as this protocol was using scarcely available
human islets, and the cost of the natHA/PFD emulgel components are moderately

low, providing sufficient excess to account for any loss was deemed acceptable.
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Appendix 3.3

To minimise waste of human islets, the overages were minimised as much as
possible.

The shells used for this study, in combination with a defined filling protocol need
0.2mL per fill, accounting for 0.16mL fill volume and 0.04mL dead space, and two
shells were needed per experimental group. To prepare enough of the final
natHA/PFD emulgel to fill the n=2 shells, plus one extra fill for potential burst shells,

plus excess, the protocol makes up 0.8mL of final natHA/PFD emulgel.

The final natHA/PFD emulgels for this study needed 480 IEQ/shell and 1mg VEGF

microspheres/shell

For IEQ density:

The final fill volume of the shells is 0.16mL:

48DE/M1 el
2,4 0D E/Q.8mL

The protocol details that 2,400 IEQ should be suspended in 0.2mL and transferred to
the syringe, and this will then be mixed with the 0.6mL intermediate and diluted to
the final concentration of 2,400 IEQ/0.8mL. Although this leaves no overages,
discussion with the DRIVE partners in Oxford were confident this could be done in
order to minimise waste of human islets. The protocol also includes a section to

record deviations if they were deemed necessary on the day of the experiment.

For VEGF concentration:

1mg/0.1 nL
5mg/0.8mL
S5mg /02mL=2 mmg/mL
By preparing a 25mg/mL VEGF microsphere suspension, 0.2mL of this can be used
to resuspend the islets to give the final concentration when mixed with the 0.6mL
intermediate. At this density and islet count the size of the islet pellet should not
affect the final concentrations; however this will need to be considered when entering

studies using larger volumes with higher islet counts.
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