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Abstract

The success of implantable medical devices is hindered by an inevitable in
am-

matory response called the Foreign Body Response. The human body recognises

any implanted biomaterial as a foreign object, and isolates it from the rest of

the body by producing a thick, hypopermeable �brous capsule around it. Fibrous

encapsulation can eventually lead to device failure and require its replacement.

Diabetes Mellitus is a group of metabolic diseases that a�ect approximately 9%

of the population worldwide. The technologies used to infuse insulin or to protect

transplanted pancreatic islets to restore normoglycaemia are hampered by the

Foreign Body Response. This thesis presents research on strategies improving the

function and longevity of implantable drug and cell delivery devices by leveraging

soft robotic technology.

Insulin is often delivered to insulin-dependent patients via continuous subcu-

taneous insulin infusion, in which a cannula sits under the skin for multiple days.

Due to the �brous encapsulation of the cannula as a result of the Foreign Body

Response, infusion sets fail to live up to their expected performance. A soft robotic

apparatus was developed to infuse insulin via convective 
ow rather than di�u-

sion. The "active cannula", through actuation-augmented insulin delivery, has the

potential to increase the longevity and functionality of infusion sets.

Implantable drug delivery devices often fail due to the Foreign Body Response

as therapeutic dosing cannot be maintained because of the di�usion barrier caused

by their �brous encapsulation. An implantable soft robotic drug delivery device

capable of monitoring �brosis in real-time was developed. By probing the peri-

implant environment via electrochemical impedance spectroscopy, and by self-

adapting its pneumatic actuations, the device has the potential to maintain ther-

apeutic dosing despite a loss in di�usion.

Overall, the technologies presented in this thesis have the potential to improve

the quality of life of people with Diabetes Mellitus by increasing the longevity and
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performance of various treatment strategies.

In addition, recombinant fusion proteins were produced inEscherichia coli

as part of an industrial training in synthetic biology. Lethal factor, a toxin which

can facilitate the delivery of therapeutic cargos into cells, and vascular endothelial

growth factor, a protein with potential to improve the success of islet transplan-

tation strategies, were produced recombinantly. The production of those proteins

is discussed in the Appendix of this thesis.
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1.1 Diabetes Mellitus

1.1.1 Glucose homeostasis

Diabetes Mellitus is a group of diseases characterised by the inability of the body

to regulate glucose metabolism. Glucose is the most important source of energy

for the human body. Through a complex relationship between the pancreas, liver,

adipose tissue, muscles and brain, the body regulates glucose levels to ensure

constant energy [1]. Glucose is a fuel required by all components of the body to

function, and blood glucose levels (BGL) must be maintained within a narrow

range for homeostasis [2{5]. High glucose levels, or hyperglycaemia (BGL> 200

mg/dL), can cause damage to peripheral nerves, disrupt protein structure and

function, and negatively a�ect all organs in the body [1, 6, 7]. Long-term hyper-

glycaemia can lead to micro- and macrovascular complications such as neuropathy,

nephropathy, retinopathy and mortality [7]. Low glucose levels or hypoglycaemia

(BGL < 70 mg/dL), in contrast, result in a lack of glucose in the brain and can

alter consciousness and lead to death [1, 8]. Hypoglycaemia can be characterised

by fatigue, anxiety, hunger and seizures [7, 9, 10].

Following a meal containing carbohydrates, BGL rise and glucose-consuming

tissues are fueled. Glucose levels subsequently return to baseline levels via two

main mechanisms. The body can sequester glucose in the form of glycogen, through

a process termed glycogenesis, or in the form of triglycerides (fat) in adipose tis-

sue via lipogenesis [10]. Glycogen serves as short-term storage, while triglycerides

provide long-term reserves; adipose tissue represents the largest storage site for

glucose in the body [1, 7, 10].

In times of fasting and as free glucose is used by the body to sustain the brain

and other organs, BGL go down. The body is forced to generate or release glucose

from its reserves to maintain normoglycaemia. This can be achieved by breaking

down glycogen (glycogenolysis) or fats (lipolysis) and by producing glucose from

non-carbohydrate molecules (gluconeogenesis) [1, 7, 11].

Glucose regulation is highly sensitive to two hormones produced by the pan-

creas: insulin and glucagon (Figure 1.1). Glucose must enter cells via glucose
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transporters on the cell membrane, which are regulated by insulin, in order to

be converted to energy [1]. Insulin can be seen as the key to open cells to glu-

cose. It also facilitates glycogenesis and lipogenesis and decreases gluconeogenesis,

lipolysis and glycogenolysis [11]. Glucagon, on the other hand, stimulates lipolysis

and glycogenolysis and can increase BGL within minutes [1, 10]. Glugacon also

inhibits the synthesis of glycogen in the liver and reduces the conversion of glucose

into energy to limit the rate at which BGL decline [12].

Figure 1.1: Illustration of the pancreas, displaying its structure and the primary

functions of the two main hormones it produces: insulin and glucagon.This illus-

tration was created with BioRender.com

1.1.2 The pancreas

The pancreas is a key organ in digestion and glucose metabolism, serving both en-

docrine and exocrine functions [13]. The pancreas is located behind the stomach:

its head is connected to the small intestine (duodenum) while its tail approaches

the spleen (Figure 1.1) [14]. The exocrine function of the pancreas primarily con-
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sists in releasing a pancreatic juice and digestive enzymes into the duodenum via

ducts, while its endocrine function is to deliver hormones to the blood stream for

glucose regulation [13].

The endocrine cells of the pancreas form clusters called the islets of Langer-

hans [15, 16]. Those islands of cells are scattered in the parenchyma of the pan-

creas and are composed of �ve cell types: glucagon-producing� cells, insulin- and

amylin-producing � cells, somatostatin-producing� cells, polypeptide-producing


 cells and ghrelin-producing� cells (Figure 1.1) [16{20]. As mentioned previously,

glucagon is typically released during fasting or hypoglycaemia as it counteracts

insulin and induces the release of stored glucose. Insulin, on the other hand, is

secreted when BGL are high. In the presence of glucose, the glucoreceptors on

the membrane of� cells are stimulated and induce the release of insulin in the

form of granules [21]. The other endocrine hormones are also important in glucose

homeostasis. For example, ghrelin induces hunger and, along with somatostatin,

inhibits the secretion of insulin, while pancreatic polypeptide regulates both en-

docrine and exocrine activities [13, 18].

Both the endocrine and exocrine roles of the pancreas are key players in glu-

cose metabolism and maintaining homeostasis. The pancreas is part of a complex

network of organs and tissues where intricate interactions are necessary. Any im-

pairment in the secretion or sensitivity of the produced hormones can result in

metabolic diseases, such as Diabetes Mellitus.

1.1.3 Diabetes Mellitus

Diabetes Mellitus (DM) refers to a group of metabolic disorders characterised by

high BGL. Approximately 9% of the population worldwide is impacted by DM.

Indeed, according to the International Diabetes Federation, 537 million people are

currently living with DM, and this �gure is expected to rise to 783 million by 2045

[22]. DM represents a huge burden to patients, as it requires constant surveillance

and commitment, as well as a substantial global health cost [23{27].

Diabetes can take multiple forms and vary in progression, and is therefore

classi�ed into di�erent types (Figure 1.2). Type 1 Diabetes Mellitus (T1DM)

results from the destruction of insulin-producing� cells by a chronic autoimmune
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reaction mediated by T cells. The presence of autoantibodies against pancreatic

islets, in the blood or pancreatic tissue, is a hallmark of this disease [28]. T1DM

accounts for around 10% of DM cases and develops principally in children or

young adults [29, 30]. Over 1.2 million individuals worldwide, aged< 20 years,

are currently living with T1DM [22]. Both genetic predisposition (HLA alleles)

and environmental factors (lack of diversity in gut microbiome, pediatric diet,

vitamin D exposure and viral infections) can result in a loss of� cells over time

and lead to chronic hyperglycaemia [30, 31]. Recently, the incidence of T1DM has

increased as a result of the SARS-CoV-2 pandemic [32{35].

Type 2 Diabetes Mellitus (T2DM) accounts for approximately 90% of DM

cases and is often described as a resistance or insensitivity to insulin. T2DM man-

ifests primarily in older adults and can emanate from high-calorie diets, physical

inactivity and obesity [22, 24, 29, 36]. Due to an ine�ective use of insulin, glucose

uptake is impaired and BGL remain high. As a result of the prolonged hypergly-

caemia and insulin resistance, the pancreas cannot keep up with the demand in

insulin and � cells progressively die due to chronic stress.

Gestational Diabetes Mellitus describes hyperglycaemia during pregnancy, which

typically arises after 24 weeks [22, 28]. Hormones produced by the placenta can

cause insulin resistance and lead to sustained hyperglycaemia. Gestational Dia-

betes principally a�ects women of older age, those who are overweight, smokers

and/or those with family history of DM. Early diagnosis and intervention can re-

duce the risk of high blood pressure, macrosomia and birthing di�culties. Despite

an increased risk of subsequently developing T2DM for both the mother and the

baby, Gestational Diabetes generally resolves once pregnancy ends [22].

Screening for DM is recommended to everyone, as the disease can a�ect the

population at all ages, even without symptoms [29]. Symptoms of DM include

polydipsia, weight loss, blurred vision, fatigue and polyuria - in ancient times, DM

was referred to asmadhumeha, or "honey urine", because of the sweetness of the

urine [28, 37]. DM can be diagnosed by measuring random plasma glucose levels

(> 200 mg/dL), fasting plasma glucose levels (> 126 mg/dL) or glucose tolerance

following oral administration. Glycated haemoglobin (HbA1c) can also give a sense

of glycaemic levels over 4-5 months and indicate DM (> 48 mmol/mol) [22, 29].
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Nonetheless, despite e�ective diagnostic methods, DM is a complex disease and

can be di�cult to identify or classify. T2DM often remains undetected for long

periods of time, which can lead to the patients becoming insulin-dependent [38,

39]. Once DM is detected, DM patients can start changing their behaviours or

begin therapy.

Figure 1.2: Pathophysiology of Diabetes Mellitus and the e�ect of each metabolic

disease on glucose homeostasis.This �gure was published in Advanced Drug De-

livery Reviews and is used here with permissions [40].

1.1.4 Current treatments

Insulin-independent patients with T2DM or Gestational Diabetes Mellitus can

generally reverse their condition through changes in behaviour and lifestyle [24].

A healthier diet, frequent exercising and weight loss are commonly prescribed to

improve glycaemic control [24, 29, 41]. Dietary modi�cations will vary from per-

son to person and should be discussed with clinicians, but a high-�ber, low-fat

diet is usually recommended [41]. In some cases, clinicians might also prescribe

antihyperglycaemic agents. Metformin is the most widely used drug in T2DM

management. It enhances glycaemic control by inhibiting gluconegenesis and in-
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creasing the sensitivity of the liver to insulin [42].

Due to a loss in� cells, people with T1DM do not secrete enough insulin to

bring their BGL down and are therefore in need of lifelong insulin therapy. One

hundred years since its discovery, insulin still remains the standard therapy [23,

29, 42]. Insulin can be administered via multiple daily injections, using syringes

or pens, or via continuous subcutaneous infusion using pumps [43]. DM patients

also make use of a wide range of technologies to help manage their condition, such

as glucose monitors and personal Diabetes managers, including applications and

handheld devices. Figure 1.3 presents the main devices used in the management

of insulin-dependent DM.

Figure 1.3: Devices used in DM treatment can be classi�ed into three categories:

glucose monitoring, insulin therapy and treatment controls or algorithms.The

devices were drawn by Robert Wylie.
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1.1.4.1 Glucose sensors

People with T1DM need to consistently check their BGL throughout the day,

especially after meals and physical activities. Two types of glucose sensors are

currently available on the market: blood glucose meters (BGM) and continuous

glucose monitors (CGM). BGM, also known as �ngerstick devices, measure the

glucose concentration of fresh capillary blood samples whereas CGM compute the

glucose concentration of interstitial 
uid in subcutaneous tissues [44]. Both devices

make use of the principles of amperometry, colorimetry or 
uorescence to estimate

BGL [45, 46]. Amperometry-based sensors use reagents that electrochemically

react with glucose and measure the change in current, as the latter is proportional

to the glucose concentration [44]. Optical sensors emit light and measure a change

in colour and absorbance of the sample. Finally, 
uorescence-based sensors emit

light to excite a 
uorescent coated material onto which glucose can reversibly

bind. The change in 
uorescence is proportional to the glucose concentration [47].

As a CGM continuously monitors BGL, it allows DM patients to be aware

of hypo- and hyperglycaemic events, as well as understanding the e�ect of sleep,

exercise and diet on their glycaemia [48{52]. The longest-lasting CGM currently

available (Senseonics XL, Eversense) remains implanted in the upper arm for 180

days [53{55]. The sensor wirelessly transmits BGL to a mobile app via Bluetooth

and provides on-body vibration alerts in the case of hypo- or hyperglycaemic

episodes. The CGM requires at least two daily calibrations via classic �ngerstick

devices; as glucose di�uses from the blood into the tissues, CGM readings lag

behind BGM measurements and multiple calibrations are required to compensate

for this time lag. The use of such a sensor considerably minimises the number of

times patients measure their glucose levels using BGM and can drastically improve

glycaemic outcomes [48].

While glucose monitoring is not common in T2DM management, it can help

patients understand the impact of diet, physical activity and medication on their

glucose levels [56]. The use of CGM is not widespread among people with T2DM

mainly due to its costs, despite improvements in glycaemic levels reported with

their use in clinical trials [57{60]
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1.1.4.2 Multiple daily injections

Currently, the most common way to administer insulin is via multiple daily in-

jections. By regularly injecting themselves with long-lasting insulin doses, DM

patients can maintain normoglycaemia throughout the day [29]. While syringes

have been used for several decades, pens have recently enhanced insulin delivery.

Insulin pens consist of a cartridge to store insulin and a mechanical system to

deliver it through a needle. Pens are easier to use compared to syringes, minimise

discomfort and consequently improve patients' adherence to treatment [61{64].

Insulin pens have recently introduced new "smart" features to improve therapy

management and enable wireless communication with smartphones and personal

Diabetes managers [65{67]. Smart pens can, for example, record the amount of

insulin delivered, measure the amount of insulin remaining in the cartridge, com-

municate with a glucose sensor and even suggest how much insulin should be

delivered to remain in normoglycaemic range [67, 68].

1.1.4.3 Continuous subcutaneous insulin infusion

In the late 1970s, new technologies emerged to enhance insulin delivery [42, 69, 70].

Instead of multiple daily injections, continuous pumps providing di�erent insulin

delivery rates were explored [69]. As opposed to insulin syringes and pens which

must be handled by the patient, such systems are �xed into place and insulin

delivery is regulated by an algorithm within the system.

An infusion pump consists of a subcutaneous needle or cannula that remains

in the tissue for multiple days. This part is called the infusion set and is �xed to

the skin using adhesive; it usually lasts 2-3 days [71]. The pumping system can be

attached directly to the skin (insulin patches) or be kept in a pocket or under a belt

and connected to the infusion set using tubings [56, 72]. An advantage of insulin

pumps over multiple daily injections is that insulin delivery can be automated and

varied, with basal insulin delivery throughout the day and additional bolus doses

after meals [43, 56, 73, 74]. Nowadays, insulin pumps work together with CGM

to automatically adjust their infusion rate based on glucose levels.
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Insulin patches are considered wearable devices as they are much smaller than

traditional pumps [75]. Patches improve comfort in many situations compared to

pumps with tubings, as they are less prone to kinking or disconnecting when show-

ering, practicing sports, or even changing clothes [69, 76{78]. Patch pumps can

be disposable or partly reusable, bringing down costs and making this technology

available to more DM patients [60].

In recent years, research on novel implantable insulin delivery devices has also

been carried out [79{83]. As opposed to insulin pumps and patches which infuse

insulin transcutaneously and are frequently replaced, implantable insulin delivery

devices remain implanted for long periods of time (usually> 6 years) [84]. Fully

implantable devices for insulin delivery are commonly implanted intraperitoneally,

as this implant site can facilitate the absorption of insulin through the capillaries

of the visceral peritoneum [82]. Such systems can help improve glyceamic control

when subcutaneous insulin infusion fails to control BGL or leads to complications,

as well as increase the patient's quality of life by providing a more automated treat-

ment [84]. However, the translation of such devices is challenged by the Foreign

Body Response, the di�culty to re�ll the insulin reservoir and insulin aggregation

within the system [83, 85, 86].

1.1.4.4 Closed-loop systems

The self-monitoring of BGL, along with multiple daily injections, is considered an

"open-loop system", as the patient must make decisions and manually actuate a

device to inject insulin throughout the day. A closed-loop system, on the other

hand, interconnects a CGM, an infusion pump and an algorithm to automate

insulin delivery, reducing the patient commitment (Figure 1.4) [87].

Closed-loop systems, also called arti�cial pancreases, can be hybrid or fully-

closed [87, 88]. Hybrid closed-loop systems require meal announcements, while

fully closed-loop systems are entirely automated [89]. Such systems are however

not yet available to patients. Closed-loop systems are managed by control algo-

rithms which coordinate and optimise the function of hardware and reduce the

number of decisions people with DM must make regarding their treatment. Algo-

rithms can make use of a wide range of variables and o�er personalised treatment.
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Variables such as food consumption, stress level, insulin/carbohydrate ratio and

body weight vary from person to person and can a�ect glycaemic control [90{92].

The more variables an algorithm considers, the more precise its treatment can be.

BGL remain the most important variable to consider in a control algorithm. A

CGM usually measures BGL every 5 min and transmits the data to the controller

to adjust insulin delivery. While algorithms can make use of various reasoning

processes, several automated functions are commonly o�ered by pump systems. If

hypoglycaemia is measured or predicted, a low glucose suspension feature inter-

rupts insulin delivery [49, 50, 89]. As single-hormonal systems can only bring BGL

down by releasing insulin, it is critically important that they do not induce hypo-

glycaemia. More recently, on-demand "ease-o�" features have been integrated to

reduce insulin delivery rates during exercising, as daytime physical activity can

induce nocturnal hypoglycaemia [89, 93{96]. Automated bolus delivery features

are also leading the way towards closing the loop: if BGL are predicted to reach

hyperglycaemia, a bolus is automatically delivered. Such a feature can minimise

the risks if a meal announcement was forgotten [89, 97{99]. Automated bolus

delivery is not reliable enough to be the norm yet, but fully closed-loop systems

are expected to reach the market in the coming years. The development of pow-

erful algorithms could also unlock to the translation of fully implantable insulin

delivery devices [79{81].

Dual-hormonal systems, which can release both insulin and glucagon, are also

being developed. As glucagon counteracts insulin, it can avoid therapy-induced

hypoglycaemic episodes [10, 12, 100, 101]. Bi-hormonal systems have shown signif-

icant improvements in glycaemic control in humans compared to single-hormonal

systems, especially after physical activity [102{105]. However, a challenge of dual-

hormonal systems and fully implantable systems is the instability of insulin and

glucagon, and research currently focuses on more stable formulations [83, 85, 106{

108].
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Figure 1.4: Open and closed-loop systems in the treatment of DM.This �gure

was published in Advanced Drug Delivery Reviews and modi�ed here with permis-

sions [40].

1.1.4.5 Islet transplantation

Islet transplantation is another potential treatment for T1DM and insulin-dependent

T2DM as it can restore endogenous insulin and glucagon production [109]. As op-

posed to delivering insulin via subcutaneous devices, living cells are implanted

into the body. Transplanted islets are capable of sensing and responding to their

environment, such as glucose levels, to maintain normoglycaemia [110]. An im-

plantation method for pancreatic islets, called the Edmonton protocol, was devel-

oped in 2000 and is still used today [111{113]. While islet transplantation showed

promising results in glycaemic control, its use is not yet widespread due to limited

islet sources (human cadavers) and the need for lifelong immunosuppression and

its associated risks [110]. New encapsulation strategies that can protect islets from

the recipients' immune response may overcome the current challenges [114, 115].

Two main types of encapsulation devices are currently being developed: macro-

and microencapsulation devices (Figure 1.5). Encapsulation strategies aim to pro-

tect the transplanted islets from an attack by the host immune system while still

allowing nutrients, oxygen, hormones and waste metabolites to 
ow in and out

of the device. Macroencaspulation devices are porous, immunoisolating devices
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that contain groups of cells or islets, whereas microencapsulation strategies aim

to deliver individual cells within a semi-permeable material [110, 116]. Nanoen-

capsulation technologies can also be used to coat islets in a protective hydrogel

capsule; as much smaller scales are used, islet hypoxia and delays between glucose

in�ltration and insulin secretion are reduced [110, 117]. Maintaining viability of

the transplanted cells can be di�cult if oxygen and nutrient exchange is blocked

by di�usion barriers. Islet transplantation is not considered a gold standard treat-

ment in T1DM due to those limitations, as well as mixed clinical successes, di�-

culties in sourcing or di�erentiating cells into islets, and its high costs compared

to standard insulin therapy [118, 119].

Figure 1.5: Encapsulation strategies to deliver pancreatic islets can be classi�ed

into macro- or microencapsulation devices depending on their scale. In nano- (<

50 nm) and microencapsulation (500-1500µm) strategies, islets are encapsulated

in conformal coatings that aim to protect them from an immune rejection. In

macroencapsulation strategies, porous devices of several cm in diameter are used

to protect islets, prevent cell clustering and allow for cells to be retrieved in the

case of complications [40, 120, 121].This �gure was published in Advanced Drug

Delivery Reviews and used here with permissions [40].
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1.1.4.6 Finding the right treatment

Despite the large number of devices available on the market, not one device �ts

all and DM patients should carefully evaluate what treatment suits them best

[20, 122, 123]. Glucose regulation is incredibly challenging as a variety of personal

factors will a�ect BGL and insulin sensitivity. Treatment selection should be based

on the patient's age, lifestyle, dexterity issues and even preferences and access to

technology [124]. Insulin therapy should always be accompanied with education

and frequent visits to clinicians to discuss BGL and glycaemic goals [24, 125, 126].

Finally, costs are also important and DM remains one of the largest socioeconomic

challenges in healthcare [20, 127]. Many of the therapies currently available on the

market are expensive, and health plans for reimbursement are disparate across the

world [24, 88, 128{130].
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1.2 The Foreign Body Response

The human body has the capacity to distinguish between self and foreign materi-

als. The implantation of any material into the body triggers a cascade of biological

events which eventually lead to the encapsulation of the device in a thick �brous

capsule [131]. This reaction, called the Foreign Body Response (FBR), is highly

detrimental as the �brous capsule becomes impermeable and hinders any inter-

action between the implant and the host tissue. The FBR is responsible for the

failure of one in ten implantable medical devices and remains a huge burden on

patients, clinicians and the healthcare system [132].

1.2.1 Stages of the FBR

The surgical implantation of any biomaterial in the body damages the local envi-

ronment and disrupts homeostasis, eliciting a local and systemic response similar

to wound healing [133, 134]. However, due to the prolonged presence of the bio-

material, tissue repair is altered and �brous capsule development takes over. The

di�erent stages of the FBR include injury, protein adsorption, acute in
ammation,

chronic in
ammation, macrophage adhesion, foreign body giant cell formation and

�brous capsule development (Figure 1.6).

The introduction of any material into the body disrupts the local tissue and

activates an acute in
ammatory response [135]. Injury to the local vasculature

leads to the leakage of blood, 
uid and proteins [131]. Blood plasma proteins, such

as �brinogen, adsorb onto the surface of the biomaterial and form a provisional

matrix around it - a process known as biofouling [132, 133, 135, 136]. Chemokines,

cytokines, growth factors and other chemicals are released by the injured tissue

and recruit in
ammatory cells such as neutrophils [137]. Neutrophils can damage

the implant by secreting proteolytic enzymes, and can promote biofouling and

�brous encapsulation by releasing extracellular traps [136, 138{140].

As the implant cannot be removed from the body, the acute in
ammatory

response fades o� in the �rst day or two and is followed by chronic in
amma-

tion, characterised by the presence of monocytes and lymphocytes at the implant

site [133, 135]. As monocytes migrate to the injured tissue, they di�erentiate
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into macrophages and adhere to the proteins of the provisional matrix [133]. The

activated macrophages try to degrade the biomaterial via phagocytosis and by

releasing enzymes and acids [131]. However, as the implant is too large to be di-

gested, the macrophages experience a "frustrated phagocytosis" and fuse together

to form multinucleated foreign body giant cells [131, 141].

Two macrophage phenotypes are seen at the injury site: M1 and M2. M1

macrophages appear in the early stages of the FBR and are replaced by M2

macrophages as acute in
ammation subsides. The percentage of each phenotype

varies depending on the type of biomaterial [133]. M1 macrophages are often re-

ferred to as pro-in
ammatory cells. They release cytokines, clear debris from the

damaged tissue and promote neo-angionegesis [133, 139]. M2 macrophages, on

the other hand, are pro-healing. They promote blood vessel stabilisation, collagen

production and tissue remodelling by releasing anti-in
ammatory mediators and

growth factors [139]. M2 macrophages are also responsible for recruiting �brob-

lasts.

Once at the implant site, quiescent �broblasts transform into myo�broblasts,

proliferate and synthesize procollagen [132, 134]. The procollagen crosslinks and

matures to form a dense, avascular �brous capsule around the implant and isolate

it from the rest of the body [131, 132]. This process is called �brosis. Over time, the

collagen matrix sti�ens the tissue around the device and makes it hypopermeable

[137]. Capsular development eventually stabilises after a few weeks, once the device

is completely walled-o� from the rest of the body.

1.2.2 A challenge for implantable devices

As an implant becomes enveloped by a thick �brous capsule as a result of the

FBR, its structure, function, longevity and integration with the host tissue can

be compromised. Fibrous encapsulation can eventually lead to implant or treat-

ment failure, and require the need to remove the device from the body [142].

Implantable devices such as orthopedic implants (bone replacers, arti�cial hips),

cardiovascular implants (stents, pacemakers), drug and cell delivery platforms

(pumps, drug-eluding sca�olds) and biosensors (glucose monitors) are all a�ected

by the FBR [131, 132, 142{144]. The hypopermeable �brous capsule can impair
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mass transport, drug release, integration and communication with the host tissue

[131, 145]. Reductions in mass transport are especially detrimental to biosen-

sors and cell-based therapies [146{149]. Decreases in permeability and di�usion

caused by the �brous capsule hinder drug delivery devices as therapeutic regimens

cannot be sustained [86, 132, 150]. Additionally, �brous capsule contracture can

impair the structure of the tissue around the implanted device, causing unwanted

position changes of the implant and in
icting pain to the patient [145]. In some

applications, the e�ect of �brosis is dramatic. For example, 30-50% of implantable

pacemakers and 30% of mammoplasty prosthetics fail due to �brous encapsula-

tion [151, 152]. In the treatment of DM, the FBR remains a di�cult challenge to

overcome.

The FBR impedes the function and longevity of CGM, which can fail to live

up to their expected performance [153]. CGM measure glucose levels in interstitial


uids because sensors cannot remain in the blood for prolonged periods of time

due to biofouling and coagulation - another example of unwanted host interaction

[45, 131, 143]. CGM measurements can drift over time and show erratic responses

as the �brous capsule interferes with the local pH, electrical signals and the move-

ment of glucose and oxygen to the sensor [138, 154]. Despite multiple calibrations

per day, CGM still fail after a few months [155].

The �brous encapsulation of insulin infusion sets requires their frequent re-

placement. As a �brous capsule thickens around the cannula, insulin di�usion

becomes impeded. Infusion sets are recommended to be replaced every 2-3 days

to avoid occlusions and impaired insulin absorption [49, 125, 156{159]. Those fre-

quent interventions a�ect the patients' quality of life, increase costs and plastic

and insulin waste. The FBR remains the most important challenge that infusion

sets must overcome.

In the context of islet transplantation, the FBR is highly detrimental to en-

capsulation devices and limits their clinical translation. Su�cient vascularisation

and oxygenation of the islets is critical for their survival; however, �brosis impairs

the transport of glucose, oxygen and insulin to and from the device [117, 118, 148,

160]. New technologies that can overcome the FBR and maintain functional e�ect

over longer periods of time represent an unmet clinical need.
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Figure 1.6: Illustration of the Foreign Body Response to a porous device.This

illustration was created with BioRender.com
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1.2.3 Anti-FBR strategies

An important consideration when designing biomaterials is "biocompatibility"

[131, 161]. Biocompatibility refers to the ability of a material to perform its desired

function without eliciting any undesirable local or systemic e�ects [162]. In other

words, a device will be termed biocompatible if it can maintain functionality

without harming the host tissue; however, biocompatibility does not imply that

the implant will avoid the FBR. Mitigating the FBR is a di�cult challenge that

all implantable medical devices must face. While �brous encapsulation cannot be

avoided, it can be minimised via various approaches.

The magnitude of the FBR depends on the implant material and the host into

which it is implanted, and a wide range of implant properties can be tuned to

elicit an acceptable FBR [135, 138, 145, 163, 164]. It is well known that synthetic

materials elicit a stronger FBR compared to natural materials. However, synthetic

materials can still modulate �brosis and o�er many advantages, such as versatility,

resistance to degradation and corrosion, and ease of manufacturing [135, 136, 165].

An important consideration when choosing materials is sti�ness, as soft materials

(with a typical Young's modulus between 1 MPa and 5 GPa) can attenuate the

in
ammatory response and reduce �brous encapsulation [153, 166]. For example,

thermoplastic polyurethane (TPU) is a soft biocompatible material commonly

exploited in vivo [86, 132, 167{169]. Capillary Biomedical presents an example of

a soft cannula to minimise the FBR in continuous insulin infusion therapy [170].

Implant designs can be modi�ed to reduce protein adsorption in the early

stages of in
ammation, with the goal to reduce cell attraction, adherence and

attachment to the implant (Figure 1.6) [135]. This can be achieved by tuning

the surface of the implant, such as its topography, roughness and porosity [171].

Smooth implants elicit a stronger FBR compared to devices with rough surfaces

[133, 145]. Changes in topography have been shown to modulate the FBR and

improve soft tissue prosthetic and drug delivery devices [171]. Indeed, the addition

of micro- and macrotextures can improve tissue integration and angiogenesis while

reducing �brous capsule formation [171].

The modi�cation of surface chemistry and the presence of coatings are another

approach to modulate the FBR [133, 136, 161, 172]. For example, the longest-
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lasting CGM (Eversense XL) uses a sacri�cial boronic acid coating that impedes

biofouling, the �rst step of the FBR process [131]. The shape and size of the

implant also in
uence the magnitude of the FBR. For instance, in the context of

islet macropencapsulation, McDermottet al. suggested that it can be bene�cial

to design patient-speci�c devices, as it can increase the amount of cells delivered

while maintaining viability [146, 148].

The delivery of nonsteroidal anti-in
ammatory drugs to the implant site can

also be used to modulate the FBR [136]. Angiogenic molecules, such as vascular

endothelial growth factor (VEGF), can increase vascularisation around the im-

plant and limit the negative e�ects of the FBR [131, 161, 173, 174]. The delivery

of VEGF is a promising strategy to improve macroencapsulation technologies. By

prevascularising the implant site, optimal blood supply to the transplanted islets

can be ensured [175{177].

More recently, mechanical stress and strain at the implant site have also been

shown to modulate the FBR [86, 132, 178]. Fluid agitation and shear stress on

the peri-implant tissue can limit cell adhesion and proliferation, and eventually

reduce �brous capsule formation [86, 132, 178, 179]. Such an approach, called

mechanotherapy, di�ers from the previous ones as it is dynamic. For example,

Dolan et al. and Whyte et al. used pneumatic actuations to periodically in
ate

and de
ate the surface of their soft implants to reduce �brous capsule formation

[86, 132]. Mechanotherapy has the potential to revolutionise implant design and

increase device function and longevity.

36



1.3 Soft robotic strategies

1.3.1 Soft actuators

Robots have been used in biomedical applications for several decades, but research

on soft material has recently created new design opportunities [180, 181]. Soft

robotic implants represent a relatively unexplored strategy to restore and enhance

the biological functions of the human body [180, 182]. A material is generally called

"soft" if its elasticity is adapted to its surrounding environment: an implant is

considered soft if its deformation is compliant with the deformation of its host

tissue and does not lead to signi�cant damage [183{185]. Hydrogels, for example,

are considered soft biomaterials as they can match the mechanical properties of

many tissues [186{188].

Implanted soft robots perform mechanical tasks and aspire to mimic the elas-

ticity of the tissue in which they are implanted [183, 189{192]. Soft actuations

can be used for motion, deformation and stimulation and include chemical, pneu-

matic, electrical, electrostatic, electrothermal, optical and acoustic mechanisms

[189, 193, 194]. The actuation mechanism determines its actuation intensity, and

the application should dictate which mechanism is best suited for the robot. Flu-

idic actuation is the most commonly used actuation technology in systems at the

macroscopic scale; pneumatic actuations are especially interesting due to their

large forces and fast response times [86, 132, 180, 189, 193]. Soft robotic tech-

nologies can be applied in a wide range of medical applications, such as surgery,

prosthetic, body-part stimulation, biosensing and drug delivery [195{197]. By their

ability to apply and distribute forces over large areas of contact, soft robots can

interact with the human body in novel ways [198]. For example, soft actuators can

serve as arti�cial muscles, provide ventricular assistance or control the delivery of

therapies [86, 199, 200].

Controlled drug delivery via implanted soft devices holds great promise in

the medical �eld [86, 132, 201, 202]. Soft robots can act as compliant and pro-

grammable drug delivery platforms, which can be transient or �xed in the body

for long periods of time [86, 132, 193, 203]. In the treatment of T1DM, extensive
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research has recently been carried out on stimuli-responsive hydrogels for the re-

lease of insulin [204{210]. Such "smart" hydrogels can be considered soft robots

as physiological changes, as well as many of the actuation mechanisms listed pre-

viously, can drive a change in their volume and shape (swelling or shrinking) and

induce drug release [209{212]. However, while hydrogels can serve as transient and

biocompatible soft robotic drug delivery strategies, they are often limited due to

their low durability, low stability and high degradability [203, 211, 213, 214]. In

addition, hydrogels lack control and can be limited in their ability to dynamically

and rapidly respond to external changes. f Other soft robotic approaches, such as

implantable soft devices, also o�er promising opportunities in targeted drug deliv-

ery as they can overcome some of the challenges faced by hydrogels and generate

more durable systems [86]. For example, soft reservoirs can be implanted in the

body and act as long-term drug or cell delivery platforms [86, 132, 149, 215]. The

functionality and longevity of such devices can be enhanced via soft robotic actu-

ations [86, 132]. First, as mentioned previously, dynamic oscillations of the surface

of the device can mitigate the FBR and reduce �brous encapsulation, ultimately

improving the device lifespan and e�cacy [86, 132]. Second, pneumatic actuations

can allow for the rapid and controlled release of therapies [86]. Such an approach

holds great promise in the treatment of T1DM. For instance, Whyteet al. demon-

strated that actuation-augmented insulin delivery could reduce BGL more rapidly

than passive di�usion in rodent models [86]. The synergistic use of soft robotic

actuations to both temper the FBR and control the delivery of therapies has the

potential to revolutionise current implantable drug delivery technologies.

1.3.2 Soft sensors

Biosensors are devices used for the real-time detection of physiological changes,

and provide useful insights into the health of individuals [216]. A biosensor typ-

ically consists of a receptor, responsible for the selective targeting of an analyte,

and a transducer, which converts the detection of the analyte into a readable signal

[217]. For example, glucose monitors often rely on glucose oxidase or dehydroge-

nase to electrochemically react with glucose [45]. The electrical current produced

as a result of the reaction is sensed by electrodes and its magnitude is propor-
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tional to the glucose concentration of the sample, allowing BGL to be monitored

continuously and in real-time [45]. Electrochemical reactions can also be used to

investigate biological tissuesin vivo via electrochemical impedance spectroscopy

(EIS) [218]. EIS consists in applying an alternating electrical signal to a subject

and recording the resulting signal [219]. This approach holds great promise in

assessing bio
uids and biological tissue in real-time, including �brous tissue as a

result of the FBR [218, 220{224]. Other sensing mechanisms can also be used to

monitor physiological parameters in real-time,in vivo [225{227]. Recently, wound

healing in pigs was wirelessly monitored using functionalised conductive sutures

and back-scattering spectroscopy [227]. Similarly to EIS, this technique measures

the di�erence between applied and resulting signal, but uses radiofrequency waves

rather than periodic electric waves [227].

In recent years, wearable and soft biosensors have been revolutionising biosens-

ing and body monitoring [216, 227, 228]. Wearable and implantable soft sensors

o�er many advantages as they can monitor body functions in real-time, be placed

on unusual parts of the body, and be used in an ambulatory environment [216,

229]. Soft sensors can also be coupled with a soft actuator to drive the actuation

regimen based on sensor signal [183, 230]. Indeed, by probing the external environ-

ment, a sensor can assist the control algorithm in �nding a suitable response; such

systems act as a closed-loop as the system self-regulates itself and does not require

any external input. Stimuli-response hydrogels in the treatment T1DM provide an

example of closed-loop release mechanisms, where the soft gel changes its struc-

ture and shape to release insulin based on glucose presence [231{235]. Larger soft

robotic implants, such as soft reservoirs and wearable devices, can also make use

of sensors and control algorithms to drive and enhance their function [197, 236].

Finally, coupling robotic technologies with machine learning can be used to train

and optimise the function of the implant [237]

In this thesis, it is proposed that novel soft robots could sense and react to their

surrounding environment, o�ering innovative solutions to overcome �brosis and

maintain functionality and e�cacy [180]. Soft robotic implants have the potential

to act as both sensor and actuator, thereby enabling their control in an automated

closed-loop [238]. The synergistic use of a sensor and actuator could allow to moni-
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tor the external environment and respond to its changes. It has already been shown

that pneumatic actuations can induce deformation in soft tissue and consequently

reduce �brous encapsulation [86, 132]. The ability to monitor the FBR and, in

response to the measured signal, actuate to temper �brous encapsulation presents

an innovative way through which implantable devices could improve their perfor-

mance and longevity. The miniaturisation of sensors and actuators, along with the

development of wireless power transfer and wireless communication systems, may

eventually lead to the clinical translation of such soft robotic implants, providing

novel solutions in many clinical applications [182, 195, 239{241].
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1.4 The DELIVER project

The Delivery of Advanced Therapies for Diabetes Training Network (DELIVER)

is a multi-disciplinary project which aims to improve pancreatic islet transplant

therapy for DM [242]. The project is led by Professor Garry Du�y and enrolls 6

early-stage researchers: Giulia Lattanzi (Galway), Daniel Domingo Lopez (Gal-

way), Eimear Wallace (Galway), Chuan-En Lu (Tuebingen), Abiramy Jeyagarn

(Tuebingen) and myself (Galway).

The DELIVER project focuses on new medical devices for pancreatic islet

transplantation. Cell therapy is poised to become more widespread for the treat-

ment of insulin-dependent DM, but is still limited due to the FBR. Most pancreatic

islets are lost during and after transplantation due to a lack of suitable support

matrix, a lack of an early oxygen supply and unfavourable in
ammatory condi-

tions. Furthermore, the patient must take lifelong immunosuppressive medications

to prevent rejection, which can have signi�cant negative side e�ects.

The technologies developed by the DELIVER group aim to overcome the re-

jection of transplanted pancreatic islets and provide islets with the required nutri-

tional supply. Eimear Wallace, Giulia Lattanzi and myself focused on immunopro-

tective actuatable devices, which were based on the design presented by Dolanet

al. (Figure 1.7) [132]. The changes made to this device will be discussed in this the-

sis. To provide an overview of the DELIVER project, the main tasks undertaken

by each ESR student are listed below:

ˆ Chuan-En Lu investigated the components of the �brous capsule to better

understand the FBR process.

ˆ Abiramy Jeyagarn focused on the di�erentiation of human induced pluripoent

stem cells into� cells.

ˆ Daniel Domingo Lopez developed new biomaterials to support and oxy-

genate� cells.

ˆ Eimear Wallace worked on the release of VEGF from soft robotic devices

for the prevascularisation of the implant site, in rodent models.
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ˆ I produced the VEGF Eimear used via recombinant protein synthesis, helped

developing a real-time sensing mechanism for the FBR and worked on the

actuation mechanism of the device in the context of drug delivery.

ˆ Giulia Lattanzi focused on the miniaturisation of the actuation and sensing

components of the device.

Figure 1.7: Schematic of the immunoprotective actuatable device used by Dolan

et al. [132].

DELIVER is a collaborative project across di�erent institutions in Europe: the

University of Galway (Ireland), the University of Tuebingen (Germany), Explora

Biotech (Italy) and Boston Scienti�c (Ireland). The DELIVER project aims to

enhance the career perspectives and employability of its researchers. Each early

stage researcher received both an industrial and academic research experience. I

spent 18 months in the research and development facility of Explora Biotech in

Venice, Italy, and received training in synthetic biology, DNA assembly and re-

combinant protein production. I then moved to the University of Galway, Ireland,

and focused on implantable immunomodulatory devices for the treatment of DM.
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1.5 Thesis objectives

Despite the existing technologies to modulate the FBR, implants for the treat-

ment of DM still su�er from �brous encapsulation and have not yet reached their

full potential [138]. Restoring normoglycaemia via subcutaneous insulin infusion

or pancreatic islet transplantation has the potential to improve the treatment of

T1DM, but is challenged by this inevitable in
ammatory response. New strate-

gies that can mitigate �brosis are needed to augment implantable devices in DM

treatment. The main objective of the research presented in this thesis is to im-

prove the function and longevity of implantable drug and cell delivery devices by

modulating the FBR. The following objectives were pursued:

ˆ Develop a soft robotic cannula to overcome the FBR and improve the func-

tion and longevity of existing insulin infusion sets (Chapter 2).

ˆ Develop a sensor to monitor the FBR and �brous encapsulation in real-time

(Chapter 3).

ˆ Use soft robotics to enhance drug delivery and overcome �brous encapsula-

tion based on sensor signal (Chapter 4).

In addition, the Appendix of this thesis includes two supplementary chapters

reporting on my training in synthetic biology, DNA assembly and recombinant

protein production in Explora Biotech, Venice. The objectives of those Chapters

were to:

ˆ Produce proteins via synthetic biology to learn and practice DNA assem-

bly methods and recombinant protein production and puri�cation processes

(Appendix Chapter A).

ˆ Produce vascular endothelial growth factor (VEGF) via recombinant protein

expression to assess its angiogenic and device prevascularisation potential

(Appendix Chapter B).
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Chapter 2

Overcoming the Foreign Body

Response to Insulin Infusion Sets

via Actuation-Augmented

Di�usion
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2.1 Introduction

Since its discovery one hundred years ago, insulin remains the standard therapy

for T1DM [23]. Insulin is often administered via continuous subcutaneous infusion,

whereby a pump and an infusion set are used to deliver insulin through a cannula

placed in the subcutaneous tissue [243]. Currently, infusion sets must be changed

every 2-3 days due to their �brous encapsulation as a result of the FBR [49,

125, 156{159]. If the cannula is left inserted for longer periods of time, it can

lead to unexpected hyperglycaemia, due to insulin 
ow interruption, and present

signi�cant risks to people with DM [125]. The failure of infusion sets due to the

FBR represents a huge burden to patients and the healthcare system.

Infusion systems deliver insulin by continuously pushing an insulin solution

into the subcutaneous tissue at ultra-low 
ow rates (0.05 - 1 unit/hr; 1 unit is

usually 10µL) [244{246]. However, at such 
ow rates, insulin is delivered primarily

due to di�usion, and infusion systems are not able to overcome the hypo-permeable

�brous capsule that forms around the cannula. Currently, infusion set manufac-

turers can only guarantee their therapeutic performance for 3 days [125]. There

is a need for a disruptive technology that can mitigate the FBR and increase the

longevity of current insulin infusion sets.

The local delivery of therapies is also limited by di�usion barriers in other

medical applications, such as in the treatment of glioblastoma multiforme [247{

250]. Recently, convection-enhanced delivery (CED) was proven to be a promising

technique to overcome these limitations in the delivery of therapies to the brain.

CED consists in generating a pressure gradient at the tip of the infusion set, so

that therapeutic delivery is governed principally by bulk 
ow rather than di�usion

[247]. Di�usion is usually described by Fick's law:

j = � D
@C
@x

(2.1)

where the di�usion 
ux ( j ) depends on the di�usion coe�cient (D) of the infused

tissue, and the drug concentration gradient (@C
@x). CED, on the other hand, can

be described by Darcy's law:

Q = K 00A
@p
@x

(2.2)
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where drug 
ow (Q) depends on the hydraulic conductance (K 00) of the tissue,

the cross-sectional area of the tissue (A) and the pressure gradient (@p
@x) it is

subjected to [247, 251]. As a result, therapeutic delivery no longer depends on a

large concentration of drug at the tip of the catheter, but rather on the generation

of a pressure gradient.

In light of the research on CED in other medical �elds, and the knowledge

acquired on soft robotics by our research group [86, 132], this Chapter focuses

on the development of a longer-lasting cannula that can overcome the FBR via

soft robotic actuations. The technology presented in this Chapter, referred to as

the "active cannula", aims to increase the longevity and functionality of current

insulin infusion sets by creating transient pressure gradients at the tip of the

cannula via pneumatic actuations. By applying cyclic pneumatic actuations, the

active cannula aims to enhance drug delivery and overcome the �brous shield

resulting from the FBR. Figure 2.1 illustrates the active cannula and its release

mechanism: the de
ection of the soft membrane at the proximal end of the cannula

creates a pressure gradient and enhances insulin delivery.

The aim of this Chapter was to investigate the superiority of actuation-augmented

insulin delivery over standard infusion therapy. The speci�c objectives of this

Chapter were to:

ˆ Establish an in vitro bench test to measure the release of a drug analogue

from the cannula.

ˆ Investigate the superiority of an actuated cannula over a non-actuated can-

nula in vitro .

ˆ Test the function and e�cacy of the active cannula in delivering insulin in

a diabetic rodent model.
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Figure 2.1: Illustration of the active cannula. The cannula is made of a soft

material (TPU) to minimise the FBR, and includes multiple pores along its length

to maximise therapeutic delivery.The schematic was drawn by Robert Wylie.
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2.2 Materials and Methods

2.2.1 Manufacturing

The active cannula includes a soft robotic apparatus at its proximal end, which

consists of a therapy and actuation reservoir, separated by a soft membrane (Fig-

ure 2.2). The therapy reservoir is in series with the lumen of the cannula. By

increasing the pressure in the actuation reservoir, the membrane de
ects and

pushes on the 
uid underneath, driving it forward and out of the device through

the side and distal pores. While insulin is infused through the therapy line at a

constant 
ow rate, similarly to traditional pump systems, its release is enhanced

via pneumatic actuations. As the infusion system (such as a syringe pump) pushes

the 
uid forward and out of the device through its pores, pneumatic actuations

increases the speed and force at which the drug exits the cannula to overcome the

di�usion-limiting e�ects of �brous encapsulation.

Figure 2.2: Schematic and main dimensions of the active cannula.

The device was 40 mm in length (Figure 2.2) with a cannula at its distal end

kept to a length of around 5-8 mm, as the length of infusion sets for continuous

subcutaneous insulin infusion is commonly found within this range [40, 56, 172,

252]. The soft robotic apparatus was designed to be as small as possible but still

allow for a catheter tubing to be inserted into it (for pneumatic actuations) and

for manufacturing via thermoforming and thermomoulding. The device was made

of thermoplastic polyurethane (TPU) as it is a soft material which has been shown
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to be biocompatible and suitable for implantation [86, 132, 149, 215].

Three moulds were drawn in a 3D computer-aided design software (Fusion

360) and 3D printed (Form 3L, Formlabs) using a heat-resistant resin. The moulds

included a device positive mould, a device negative mould and a soft membrane

positive mould (Figure 2.3A). The moulds allowed to manufacture up to 25 devices

at the same time.

The soft robotic apparatus consisted of three TPU layers: a bottom layer, the

soft membrane and a top layer. The three layers were thermoformed against their

respective moulds using a vacuum former (Figure 2.3B), The bottom and the top

layers of the device were made out of 0.30 mm TPU, whereas the soft membrane

was made out of 0.15 mm TPU. Following thermomoulding, excess material was

removed from each layer using scissors.

To assemble the therapy and actuation reservoirs, with the soft membrane in

between them, the three layers were placed on top of each other inside of the device

negative mould (Figure 2.3C). The layers were �xed into place using tape on the

edges. A 2 mm wide, 120 mm long strip of Te
on was placed along each column of

devices to separate the soft membrane from the top of the device (Figure 2.3D).

The construct was heat pressed for 5 s at 330°F (165°C). Each device was cut

from the mould and inspected, as described in the next section.

Mandrels 0.5 mm and 0.25 mm in diameter were inserted into the actuation

and therapy lines of the device body, respectively. TPU catheter tubing (1 mm

internal diameter; Nordson Medical) was advanced over each mandrel to form the

actuation and therapy tubings. Heat shrink tubing was placed over each catheter

to ensure a tight �t between all components (Figure 2.3E). All heat shrink tubings

were heated to 330°F for 2 min, using a custom steel mould, and subsequently

removed from each device using a pair of micro-scissors to leave a clean, fully

sealed catheter connection.

The cannula consisted of TPU tubing (Nordson Medical) with an internal

diameter of 0.3 mm. Pores (80µm in diameter) were cut along the length of

the tubing using a laser cutter (Trotec, Speedy 400). The tubing was secured into

place by taping each end to the bottom of the laser machine. A guidewire was used

to manually rotate the cannula in between each cut to create pores at di�erent
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locations along the circumference of the cannula.

A 0.25 mm mandrel was pushed through therapy line until it reached the distal

side of the device body. The porous cannula was advanced over the mandrel until

it reached the edge of the therapy reservoir. Heat shrink tubing was used again

to ensure a tight seal between the soft robotic apparatus and the porous cannula.

Once all devices were manufactured (Figure 2.3F), a �nal set of quality tests was

carried out.

2.2.2 Quality control

All quality control checks were performed by Robert Wylie.

Before being used inin vitro and in vivo studies, each device passed a strict

series of quality control tests. A �rst observational test was carried out during

manufacturing. The main causes of failure at that stage included the material not

bonding, the reservoirs not being fully formed or 
attened, the reservoirs not be-

ing centered, and the cannula or catheters inserted too far or crooked against the

reservoir. A second quality check was carried out post manufacturing. First, the

device was placed in water and a syringe was used to push air through the actua-

tion line; if bubbles escaped from the device, it was deemed to be leaking. Second,

the device was placed in water and actuated periodically (ElveFlow, OB1 MK3+)

at 5, 7.5 and 10 psi (34.5, 51.7 and 68.9 kPA) to ensure no leak occurred at high

pressures. Finally, the integrity of the therapy line was assessed by pushing methy-

lene blue through the device at 30µL/min using a syringe driver. If methylene

blue was seen to leak out from the device, the device would be dismissed.
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Figure 2.3: Active cannula manufacturing. (A) Moulds used during thermo-

forming. (B) Photograph of the thermoforming process, used to create the three

layers forming the soft robotic apparatus. Schematic(C) and photograph(D) of

the assembly of the soft robotic apparatus through heat pressing.(E) Photograph

of a heat shrink tubing used to seal the catheters to the soft robotic apparatus.

(F) All manufactured devices must undergo a set of quality tests before being

usedin vitro or in vivo.
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2.2.3 In vitro studies

2.2.3.1 Gel manufacturing

The detrimental e�ects of �brous encapsulation on drug release from the cannula

were mimickedin vitro using agarose gels at 0.15 and 0.30% w/v. By changing

the form and concentration of the gels, two di�erent hydraulic permeabilities were

obtained. The gels represented di�erent �brous capsules and/or di�erent stages

of the FBR.

Agarose powder (Fischer, 9012-36-6) was dissolved in DI water, heated to

100°C and cooled for at least 3-4 hours, usually overnight. The gels were always

subsequently broken down using a spatula. This allowed the gels to be poured on

top of the devices and created paths of least resistance for methylene blue to 
ow

through.

By breaking down the 0.30% w/v agarose gel, the gel became a heterogeneous

mix of agarose chunks. By mechanically disrupting the gel, the space between be-

tween neighbouring gel chunks was increased, increasing the permeability to 
uid


ow of the medium, in accordance with the Kozeny-Carman equation [253{255].

As a result, the 0.30% w/v agarose gel served as a "high permeability gel", mim-

icking the early days following device implantation or permeable �brous capsules,

where drug release has not yet been impacted [86]. The 0.15% w/v agarose gel,

on the other hand, was relatively liquid and surrounded the device well. In the

0.15% w/v agarose gel, each agarose chain was assumed to sit quite closely to each

other and to block 
uid 
ow. This gel was therefore termed "low permeability gel"

as it blocked drug release from the cannula and serves as an analogue for later

stages of the FBR, where the �brous capsule impedes drug di�usion. A visual

representation of the gels is shown in Figure 2.4.
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Figure 2.4: Visual representation of high and low permeability gels used to mimic

�brous encapsulation around a drug delivery device and the negative e�ects of the

FBR on drug release.

2.2.3.2 Drug release experiment

To investigate the superiority of actuation-augmented di�usionin vitro , a bench-

top release test was set up. The cannula was �xed horizontally by a 3D printed

holder in a transparent container �lled with agarose gel. The therapy line was

connected to a syringe pump set to deliver a blue dye (methylene blue) at a �xed


ow rate of 30 µL/min. For the actuated cannula, the actuation line was connected

to a pump (ElveFlow, OB1 MK3+) and square pressure pro�les were applied to

actuate the device. Photographs were automatically captured every minute by a

camera (DinoLite Premier Camera 20-250X, DinoCapture 2.0 version 1.5.42) and

saved to Dropbox. Image acquisition was automated by a Python script, which en-

sured image adjustment parameters (contrast, light intensity) and saving settings

(size, DPI) were the same within and across experiments. The Python script also

ensured the images were saved using a consistent naming system, so that images

could be retrieved later. Methylene blue di�usion was assessed over 20 min.

To quantify the release of methylene blue, the pictures were automatically

cropped, converted to grayscale and subsequently to black and white images (�xed

ratio of 0.45) using Python (version 3.9.7). The number of black pixels was counted

to estimate the area covered by the dye. The number of black pixels measured

at 0 min served as a \blank" and was subtracted from the subsequent images.

Using R (version 4.1.0), the release area was converted to mm2, using a �xed

conversion ratio as the camera was kept �xed. Data visualisation and analysis

was also performed in R. Figure 2.5 displays a schematic of the experimental
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setup, and Figure 2.6 gives an overview of the work
ow.

Figure 2.5: Schematic of the drug releasein vitro experimental setup. A 3D

mould ensured that the transparent container was always at the same distance

from the Dinolite camera.
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Figure 2.6: Work
ow of an in vitro drug release experiment, including snapshots

of the Python script.
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2.2.4 In vivo studies

All procedures described below were carried out in Explora Biotech. I carried out

the data analysis.

The main goal of the acutein vivo study was to test the ability of actuation-

augmented di�usion to deliver insulin in diabetic mice. The study was composed

of 3 groups, which were all induced to Diabetes via streptozotocin (STZ) injection

(150 mg/kg) prior to the start of the study. The �rst group served as a control and

did not receive insulin. The second and third group had a cannula implanted at

the start of the study and were administered insulin via constant infusion, which

was assisted by soft robotic actuations in the third group. The ethical protocol

was approved by the Italian Research Services board.

Devices were manufactured and sterilised in the University of Galway before

being shipped to Explora Biotech. Diabetes was induced by administering 150

mg/kg of STZ to 4-week old male C56BL/J mice. The mice were monitored for

2 weeks and Diabetes progression was inspected via blood glucose tests (Figure

2.7). By the end of this period, 66% of the mice were considered diabetic with

blood glucose levels (BGL)> 650 mg/dL. Ten mice were randomly enrolled into

each group, with n = 3 in control group (STZ induced), n = 3 in non-actuated

group and n = 4 in actuated group.

Devices were implanted 2 weeks after STZ induction, in the morning. Hair was

removed on the back of the mice before an anterior incision was made at the base

of the mice's neck. A second posterior incision was made 5 cm below the anterior

incision. A blunt dissection was then made and a pair of forceps was used to tunnel

a subcutaneous channel from the anterior to posterior incision. The cannula was

implanted and connected to a transcutaneous port located at the posterior incision

site. Each incision point was then sutured shut to the underlying fascia using an

uninterrupted suture (5-0 mono�liment).

The afternoon of the same day, mice in group 2 and 3 underwent anaesthesia

and a dose of 1 unit/kg of actarapid insulin was administered at a constant 
ow

rate (30 µL/min) via standard or actuation-augmented infusion. In the latter

group, a square actuation pro�le (1.2 s on, 2.4 s o�) at 5 psi (34.5 kPa) was

applied. The BGL of group 2 and 3 were monitored for 90 min with readings
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taken at 0, 30, 60 and 90 min using a hand-held glucometer (Accu-Check, Roche

Diabetes Care).

Figure 2.7: Overview of the acutein vivo study.

2.2.5 Statistical analyses

All in vivo data was analysed and plotted using R (version 4.1.0). Statistical

di�erences were assessed via one-sided Welch two samples t-tests. Animals which

were reported to have had their subcutaneous port and/or therapy and actuation

channels disconnected were removed from all analyses (one device in the active

group in vivo was removed). Statistical signi�cance was accepted when p< 0.05.
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2.3 Results

2.3.1 In vitro studies

2.3.1.1 Mimicking the FBR using agarose

Agarose gels at two di�erent concentrations (0.15 and 0.30% w/v) and forms

were used to mimic the e�ect of the FBR on drug di�usion from the cannula.

To con�rm the potential of the in vitro bench test to measure drug release from

the cannula, a drug analogue (methylene blue) was infused at a constant 
ow

rate, with no actuation, and its release was estimated via shadowgraphy (Figure

2.8). A Python script was written to automate image acquisition and processing.

The area covered by the dye, giving a sense of the amount of drug released, was

monitored over 20 min.

Figure 2.8: Example of photographs (top) and processed black and white images

(bottom) used to measure the release of methylene blue (drug analogue) in agarose

gels over 20 min. Drug release was estimated by counting the number of black

pixels in the black and white images and converting the spread area to mm2.

To con�rm that di�erent �brous capsules could be imitated using agarose,

methylene blue was released in both 0.15 and 0.30% agarose (Figure 2.9). The

broken 0.30% agarose gel was more permeable to the di�usion of methylene blue

compared the more liquid 0.15% agarose gel, as methylene blue was able to 
ow

further and occupy more space (Figure 2.9A). This con�rmed the utility of agarose

to mimic the detrimental e�ect of the FBR on drug di�usion. For simplicity,

the broken 0.30% agarose gel will be called \high permeability gel", whereas the
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more viscous 0.15% agarose gel will be named \low permeability gel". The high

permeability gel can mimic the early days following device implantation, while the

low permeability gel can model later days, where �brous encapsulation impedes

drug release. The gels can also model di�erent �brous capsules; as the FBR and

degree of �brosis will vary from patient to patient, no two �brous capsules would

have the same thickness and permeability at a given day [131, 136, 162]. The

high permeability gel could therefore model a more permeable and heterogeneous

capsule, while the low permeability gel could mirror a more compact and hypo-

permeable �brous shield.

Two criteria were used to systematically assess di�erences in drug release: the

area under the cumulative release curves (Figure 2.9B) and the area covered by

methylene blue at di�erent time points (Figure 2.9C). The area under the curve

(AuC) was signi�cantly higher for the high permeability gel compared to the low

permeability gel (p = 0.0017). In addition, the area covered by methylene blue

was signi�cantly higher at 5 (p = 0.00018), 10 (p = 0.0014), 15 (p = 0.011), and

20 min (p = 0.013) in the high permeability gel.

To conclude, the bench test was regarded as a suitable method to estimate

drug release from the cannula and agarose was deemed an acceptable analogue to

mimic the e�ect of the FBR on drug releasein vitro .
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Figure 2.9: Agarose can be used to mimic the e�ect of �brous encapsulation.

(A) Area covered by methylene blue in high and low permeability gels when

delivered at a constant 
ow rate, with no pneumatic actuation.(B) Area under

the curves.(C) Area covered by methylene blue at 5, 10, 15 and 20 min in each

group. Results are mean± standard error of the mean of 10 technical replicates;

signi�cance assessed by one-sided Welch two samples t-tests.
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2.3.1.2 Actuation-augmented infusion in low permeability gel

To overcome the FBR and its negative impact on drug release, the active cannula

makes use of periodic soft robotic actuations. The low permeability gel is an ana-

logue for the dense hypopermeable �brous capsule that forms around the cannula

as a result of the FBR. As seen before, drug release is signi�cantly impeded when

compared to the high permeability gel. Here, the e�ect of actuating the cannula

and its potential to overcome this loss in di�usion was investigated.

Figure 2.10 presents the release of methylene blue into a low permeability

gel. Three actuation regimens were tested: (i) an optimised regimen (1.2 s on

2.4 s o�, 5 psi), (ii) a regimen applied more frequently (0.6 s on 1.2 s o�, 5 psi)

and (iii) a regimen at twice the pressure (1.2 s on 2.4 s o�, 10 psi). The optimised

regimen took into account the time methylene blue should take to re�ll the therapy

reservoir, at a 
ow rate of 30µL/min, with the assumption that this volume is

completely emptied after each actuation.

It is clear that the optimised regimen (0.6 s on 1.2 s o�, 5 psi) signi�cantly

enhances drug release compared to standard di�usion (Figures 2.10 and 2.11).

This was con�rmed as signi�cant increases in both AuC (p = 0.015) and area

covered by the dye at 5 (p = 0.0082), 10 (p = 0.023), 15 (p = 0.034) and 20 min

(p = 0.040) were observed.

Figure 2.12 compares the optimised regimen to standard di�usion in low per-

meability gels; the release curves are distinct at every time point, they do not

overlap. In addition, Figure 2.12 also compares the release via standard di�usion

in a high permeability gel to the release via actuation-augmented di�usion in a

low permeability gel. The release curves suggest that pneumatic actuations can

overcome a loss in permeability and maintain a constant drug release.

The other two regimens were shown to also increase drug release. When actu-

ating the cannula twice as frequently, drug release does not seem to be enhanced

signi�cantly compared to passive di�usion (o�). However, when actuating the

device at twice the pressure (10 psi), drug release was increased; a statistically

signi�cant di�erence was observed at 10 min in terms of area covered by the dye

(p = 0.048). This is a promising result as it indicates the potential of this technol-

ogy to control drug release by tuning the actuation regimen, even at a constant
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infusion rate. The optimised regimen (0.6 s on 1.2 s o�, 5 psi) led to the highest

drug release, but is closely followed by the 10 psi regimen.

Figure 2.10: (A) Area covered by methylene blue in low permeability gel when

delivered via actuation-augmented or standard di�usion.(B) Area under the

curves. (C) Area at 5, 10 and 15 and 20 min in each group. Results are mean

± standard error of the mean of 10 technical repeats; signi�cance assessed by

one-sided Welch two samples t-tests; 5 psi = 34.5 kPa and 10 psi = 68.9 kPa.
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