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Abstract 

To ensure a healthy state, the human body relies on a tight control of its blood glucose 

levels ensured by pancreatic islets. Depletion and dysfunction of pancreatic β-cells are key 

elements of the pathogenesis of Diabetes Mellitus (DM). The life expectancy of DM patients 

has been considerably expanded by insulin injections; a life-long treatment approach that 

comes with significant risks and strongly affects patient’s daily routine. Envisioned as a 

promising alternative, the transplantation of islets has largely failed to sustain long-term 

normoglycemia. Hence, the development of bioengineered solutions to support islet 

function and survival has been a growing focus of research in the last decades. A majority 

of studies, however, are entirely based on animal models, hampering clinical translation 

due to various species-specific differences. Current in vitro alternatives lack physiological 

relevance and have failed to predict clinical responses. Therefore, there is an urgent need 

to develop in vitro models with a human genetic origin and high physiological relevance for 

the DM field.  

In this thesis, in vitro models were developed using aggregates of pancreatic β-cells, so-

called pseudo-islets, which responded to glucose stimuli by secreting insulin. A post-

transplantation model was established where hypoxia-induced damage could be identified 

in a time-dependent manner. Using a pancreas-on-a-chip microfluidic device, vasculature-

like flow was provided to the pseudo-islets. We explored the use of Raman 

microspectroscopy and fluorescence lifetime imaging microscopy (FLIM) to monitor 

pseudo-islet function. Specific Raman spectra and FLIM metabolic profiles were identified 

for glucose-stimulation in a non-invasive label-free manner. In addition, FLIM could 

determine metabolic shifts in hypoxic pseudo-islets at an early on-set while traditional 

methods could not. The in vitro models developed in this thesis were used to evaluate the 

impact of extracellular matrix (ECM) proteins collagen type 1 (COL1) and nidogen-1 (NID1), 

as well as endothelial cells (ECs) in an in vitro post-transplantation model. We showed the 

beneficial effect of COL1, NID1 and ECs on insulin secretion, ECM expression and survival 

of β-cells. Importantly, for the first time, the therapeutic potential of NID1 as support for β-

cells was demonstrated. The integrin αvβ3 was identified as primary NID1 binding partner 

which activated the MAPK pathway. Altogether, this work demonstrated the great potential 

of physiologically relevant in vitro models for DM research.



 

 

 

 



 

VII 

Zusammenfassung 

Für einen allgemein guten Gesundheitszustand ist der menschliche Körper auf eine 

zuverlässige Blutzuckerkontrolle durch die Langerhans’schen Inselzellen im Pankreas 

angewiesen. Erschöpfung und Dysfunktion von β-Zellen der Bauchspeicheldrüse sind 

Kernelemente der Pathogenese des Diabetes Mellitus (DM). Die Lebenserwartung und -

qualität von DM-Patienten wurde durch subkutane Insulininjektionen deutlich verbessert. 

Dieser lebenslange Therapieansatz ist allerdings mit erheblichen Risiken und 

Einschränkungen im Tagesablauf der Patienten verbunden. Die Transplantation von 

Inselzellen zur Stabilisierung des Blutzuckerspiegels, als Alternative zu subkutanen 

Insulininjektionen, hat sich bisher nicht durchsetzen können. 

Daher lag der Fokus der DM-Forschung in den letzten Jahrzehnten auf der Entwicklung 

von biotechnologischen Lösungen, die das Überleben sowie die Funktion von β-Zellen 

unterstützen sollen. Ein Großteil aktueller Studien basiert jedoch ausschließlich auf 

Tiermodellen, was die klinische Umsetzbarkeit der Ergebnisse aufgrund verschiedener 

artspezifischer Unterschiede erschwert. Den derzeitigen in vitro Modellen mangelt es 

sowohl an physiologischer Relevanz als auch an der Zuverlässigkeit, das Verhalten im 

klinischen Setup vorherzusagen. Aufgrund dessen besteht für den Bereich der DM-

Forschung ein dringender Bedarf an der Entwicklung von in vitro Modellen 

humangenetischen Ursprungs mit hoher physiologischer Relevanz. 

In dieser Arbeit wurden in vitro Modelle auf der Basis von β-Zell-Aggregaten, 

sogenannten Pseudo-Inseln, entwickelt, mit deren Hilfe man die Glukose-stimulierte 

Insulinsekretion der β-Zellen untersuchen kann. Es wurde ein Post-Transplantationsmodell 

etabliert, mit welchem zeitabhängig Hypoxie-induzierte Schäden identifiziert werden 

konnten. Mittels einem auf Mikrofluidik basierendem Pankreas-on-a-Chip-System wurde 

die Pseudo-Inseln mit Zellkulturmedium umspült, welches die Durchblutung im 

Pankreasgewebe simuliert. Weiterhin untersuchten wir die Einsatzmöglichkeit von Raman-

Mikrospektroskopie sowie Fluoreszenzlebensdauer-Mikroskopie (FLIM) zur Analyse von 

Pseudo-Insel-Funktionen. Spezifische Raman-Spektren und FLIM-Stoffwechselprofile von 

β-Zellen unter Glukosestimulation wurde nicht-invasiv und ohne Zuhilfenahme von Markern 

identifiziert. Darüber hinaus konnten metabolische Veränderungen in hypoxischen Pseudo-

Inseln mittels FLIM früher identifiziert werden, als es mit herkömmlichen, Marker-basierten 
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Methoden möglich war. Die in vitro Modelle, die in dieser Arbeit entwickelt wurden, wurden 

außerdem verwendet, um den Einfluss der beiden extrazellulären Matrix- (EZM) Proteine 

Kollagen Typ 1 (COL1) und Nidogen-1 (NID1) sowie die Ko-Kultur von Pseudo-Inseln mit 

Endothelzellen (EZs) in einem in vitro Post-Transplantationsmodell zu untersuchen. In 

diesem Modell demonstrierten wir die positive Wirkung von COL1, NID1 und den EZs auf 

die Insulinsekretion, EZM-Expression und das Überleben der β-Zellen. Es ist 

hervorzuheben, dass im Rahmen dieser Arbeit zum ersten Mal das therapeutische Potential 

von NID1 als β-Zell-unterstützendes Protein gezeigt wurde. Wir identifizierten das Integrin 

αvβ3 in der β-Zellmembran als Bindungspartner für NID1, welches nach Bindung mit NID1 

den MAPK-Signalweg aktiviert. Insgesamt demonstriert diese Arbeit das große Potential 

physiologisch relevanter in vitro Modelle für die DM-Forschung. 
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1. Introduction 

1.1. Human pancreas 

The pancreas plays an essential role in the control of energy consumption and 

metabolism1. It is composed of two unique parts, the exocrine and endocrine pancreas, 

which are morphologically different and exert distinct functions in the human body (Figure 
1). The exocrine pancreas is composed of acini. They produce digestive enzymes, such as 

lipases, proteinase and amylases that travel via the pancreatic ducts and are responsible 

for breakdown fats, proteins, and carbohydrates in the small intestine2.  

Figure 1: Human pancreas. The pancreas is highly vascularized. The endocrine pancreas is 
composed of the Langerhans islets, which regulate blood glucose level. The exocrine pancreas is 
made primarily of acini, which secrete a variety of digestive enzymes. Illustration adapted from Efrat 
et al.3 

The Langerhans islets are highly vascularized endocrine clusters, which quickly respond 

to blood glucose level variations by secreting regulating endocrine hormones, such as 

insulin by β-cells and glucagon by α-cells4. In the human pancreas, the total number of islets 

is estimated between 3.6 and 14.8 million5,6. In humans, the different cell types are 

randomly distributed throughout the islets, while in rodents, β-cells are always located in 

the islet’s center7. The islets are surrounded by two distinct basement membranes (BM): 

the peri-islet BM, which delimits the endocrine-exocrine interface, and the vascular BM 

bridging mostly α- and β-cells with intra-islet capillaries8. In humans, the vascular BM is a 

double BM, while in rodent islets, a single BM delimits endocrine cells and vasculature. The 
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main components of the pancreatic BM are collagen type 4 (COL4), laminin (LAM), nidogen-

1 (NID1), nidogen-2 (NID2), and heparan sulfates proteoglycans such as perlecan9,10. Other 

extracellular matrix (ECM) components such as collagen type 1 (COL1) or fibronectin (FN) 

are present in the pancreatic interstitial ECM11. ECM proteins can stimulate the activation 

of different pathways, such as MAPK, Rho/ROCK and Akt/PKB pathways in vitro, indicating 

that ECM proteins can support β-cell function, survival and proliferation12–14. These 

interactions are mediated via the ligation of the ECM proteins to different cellular receptors, 

such as integrins15. For instance, the RGD sequence is present on a large variety of ECM 

proteins such as the nidogens, FN or LAM, which can binds to certain integrins, including 

the integrin αvβ316. 

In humans, β-cells represent ~ 60% and α-cells ~ 30% of the islet population17. Insulin 

is secreted proportionally to the glucose concentration present in the blood, mediating the 

uptake of glucose, fatty acids, and amino acids in insulin-sensitive tissues, such as skeletal 

muscles or liver. In contrast, glucagon release is activated by low blood glucose 

concentration, and induces the breakdown of glycogen into glucose in insulin-sensitive 

tissues18. Other cell types, including δ-cells, pancreatic polypeptide (PP)-cells and ε-cells 

secrete somatostatin, PP, and ghrelin, respectively5,19–22. δ-cells represent ~ 5% of the 

pancreatic islet cells. Somatostatin secretion acts as a local paracrine inhibitor of both 

insulin and glucagon secretion23. PP-cells make up 1-2% of the islet population and their 

PP secretion has been shown to inhibit glucagon at low glucose concentration24. The main 

role of PP-cells appears to be related to satiety, reducing appetite and food intake in 

humans25. Ghrelin-positive cells account for 1-10% of the islet mass and their role is 

significantly different between animal models and humans26. In the developing mouse, 70-

95% of ghrelin-positive cells also co-express glucagon, while in humans, no co-expression 

of glucagon is observed at any stage of the development27,28. In humans, rats and mice, 

ghrelin is insulinostatic, mediating insulin, glucagon, PP, and somatostatin secretion29–32. 

The control of glucose homeostasis via the hormones secreted in the blood stream 

results in a tight glucose concentration ranging from 4 to 6 mM in humans (Figure 2)4. In 

brief, insulin secretion is stimulated by glucose levels higher than 3.3 mM. Insulin binds via 

its receptor to liver, muscle, and fat cells33. It promotes glucose uptake in muscle adipose 

tissue, reducing the blood glucose level. In addition, insulin induces glycogenesis, 

lipogenesis, and incorporation of amino acids into proteins34. Glucagon is secreted at low 
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glucose levels and has a catabolic activity, which is mostly on the liver cells18. It enhances 

the rate of gluconeogenesis in the liver from stored glycogen. In extreme cases, glucagon 

can promote the release of amino acids from skeletal muscles as a source for 

gluconeogenic precursors. Moreover, glucagon can promote hepatic fatty acid oxidation 

which produces the energy required to support gluconeogenesis. 

 
Figure 2: Glucose homeostasis. Illustration representing the main interactions between pancreas 
and insulin/ glucagon-sensitive organs to maintain glucose homeostasis. Arrowheads upwards 
indicate an increase; arrowheads downwards  indicate a decrease. Illustration adapted from Rogal 
& Zbinden et al.35 

1.2.  Insulin secretion in β-cells 

Insulin secretion in β-cells is triggered by several nutrients, including glucose, some 

amino acids, as well as non-esterified fatty acids36. Glucose is the most potent 

secretagogue and induces the release of insulin within minutes by a biphasic response37. 

In humans, the first peak of insulin occurs within 5 minutes after the glucose stimulation, 

where the majority of the insulin is secreted. The second phase occurs at a lower rate, 

where the remaining insulin is released while new insulin is produced. Glucose is 

transported via the transporters of the GLUT family (GLUT1 in humans, GLUT2 in rodents) 

by facilitated diffusion, which is not rate limiting38. The primary glucose sensor in 

mammalians is the glucokinase (GCK) that controls the rate of entry of glucose into 

glycolysis via glucose phosphorylation39. Only phosphorylated glucose can enter the 
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glycolysis process and downstream metabolic pathways. Therefore, the GCK and GLU1/2 

pair is often considered as the glucose-sensor controlling the blood glucose level. Pyruvate, 

the glycolysis end-product, is transported into the mitochondria via the pyruvate transporter 

and is decarboxylated to acetyl-CoA, which can enter the Krebs cyle40. Nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are produced by the 

Krebs cycle and subsequently oxidized in the respiratory chain, producing ATP. The rise in 

ATP level leads to the inactivation of the K+ATP channels in the plasma membrane, resulting 

in the membrane depolarization. This results in the opening of voltage-dependent Na+ and 

Ca2+ channels in the plasma membrane41. Ca2+ entry in the cytoplasm triggers insulin 

granules to fuse with the plasma membrane, resulting in insulin secretion. A simplified 

graphic describing the mechanisms of insulin secretion is illustrated in Figure 3. 

The increase in Ca2+ is rapidly reversed by Na+/Ca2+ exchangers and Ca2+ATPases 

activity in the plasma membrane42,43. Endoplasmic reticulum (ER) Ca2+ pumps also play a 

critical role in Ca2+ homeostasis44. At high glucose concentration, oscillatory behaviors in 

cytosolic Ca2+ concentration can be observed in β-cells and in islets45,46. As β-cells are 

electrically coupled, changes in cytosolic Ca2+ concentration spread from one cell to 

another. Subsequently, oscillations can be observed in membrane potential, ATP/ADP 

ratio, K+ATP channel conductance, glucose level, oxygen, and insulin secretion. Insulin 

secretion also involves a complex transcriptional regulation to ensure proper trafficking of 

intracellular storage insulin granules to the plasma membrane. It requires the remodeling 

of filamentous actin and the cytoskeletal network at the cell surface and cell-cell junctions 

via focal adhesion complexes47. The formation of focal adhesions recruits and stimulates a 

number of intracellular signaling proteins, including effectors of the MAPK pathway such as 

ERK1/2 and MEK1/248. Importantly, a large variety of external stimuli can activate the MAPK 

pathways, such as integrin stimulation or growth factors49. 
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Figure 3: Simplified description of insulin secretion. Glucose enters in the β-cell via the GLUT 
transporter family and is processed by the glycolysis producing pyruvate and NADH. Pyruvate 
enters the mitochondria and is processed by the Krebs cycle producing ATP. In this process, bound-
NADH is converted into NAD. The increase in ATP leads to the blocking of the of K+ATP channels, 
influx of Ca2+ and exocytosis of insulin granules. NAD: nicotinamide adenine dinucleotide, NAD+: 
oxidized form, NADH: reduced form; FAD: flavin adenine dinucleotide (oxidized form), FADH2: 
reduced form. Illustration adapted from Fu et al.36 

1.3.  Diabetes Mellitus 

Diabetes Mellitus (DM) is classified as a group of metabolic diseases characterized by 

chronic hyperglycemia50. In 2019, the International Diabetes Federation registered more 

than 463 million people with DM. The number of DM patients is predicted to rise to 700 

million people worldwide by 2045, making DM one of the most important public health 

challenge of this century51. DM disorders are characterized by a chronic disruption of the 

glucose homeostatic state52. In type 1 DM (T1DM), the progressive autoimmune destruction 

of pancreatic β-cells reduces the insulin secretory capacity to respond to glucose uptake53. 

Type 2 DM (T2DM), which represents the majority of DM patients (~90%), is led by a 

progressive β-cell dysfunction combined with insulin resistance in glucose sensitive-

tissues54. Although, dysregulated glucose metabolism leads to hyperglycemic events and 

in severe cases to death in both DM types, the etiology of T1DM and T2DM is different55.     
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In T1DM, there is an important genetic contribution to the development of the 

pathology56. Although the genetic basis of T1DM is not yet fully understood, over 40 

locations in the human genome have been identified as risk factors57. For instance, alleles 

of the major histocompatibility locus (HLA) at specific locus account for 40-50% of the 

familial clustering in T1DM58,59. The low incidence suggests that other non-identified genetic 

and environmental factors contribute to the development of autoimmunity towards β-cells60. 

The scientific community agrees that T1DM is triggered by a set of environmental factors in 

genetically pre-disposed individuals. The autoimmune attack is initiated by auto-reactive 

immune cells, such as thymic lymphocytes (T-cells) that have failed the process of negative 

selection in the thymus61.  

T2DM is a multifactorial disease, with key characteristics such as progressive insulin 

resistance, β-cell dysfunction, and a chronic state of inflammation62. Obesity is considered 

as the main factor behind insulin resistance63. Insulin resistance increases the demand for 

insulin secretion, which can progressively exhaust β-cells and induce apoptosis. Besides 

lifestyle and nutrition risk factors, genetic pre-disposition is considered an important factor 

contributing to the development of the pathology64. However, for most of the genes 

identified as risk factors for T2DM, there is little understanding on how they pre-dispose to 

T2DM. Researchers have hypothesized that these genes are related to β-cell function, β-

cell development or regulation of the β-cell mass64,65. The key attributes of T1DM and T2DM 

are illustrated in Figure 4.  

1.4. Therapies to treat Diabetes Mellitus 

1.4.1. Classical Therapies to Treat Diabetes Mellitus 

Banting and Best discovered insulin in 192366. Since then, different humanized insulin 

analogues have been commercialized, which remain the main treatment for T1DM 

patients67. The current regimen using insulin focuses on the combination of extensive diet 

and administration of exogenous insulin via manual injections or via insulin pumps68. In 

addition, insulin can be utilized in patients with T2DM when the regulation of blood glucose 

level is not sufficient with other oral pharmaceuticals69. Nonetheless, clinical insights 

gathered in the past decades have identified important limitations of such insulin 

replacement therapy. For instance, it was shown that exogenous insulin fails to fully 
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replicate the biological functions of endogenous insulin70,71. Therefore, T1DM patients 

following a conventional clinical management have nonetheless a high risk of developing a 

number of vascular complications due, in part, to chronic elevation of blood glucose level72.  

 
Figure 4: Diabetes mellitus type 1 (T1DM) and type 2 (T2DM). (A) T1DM: Predominantly genetic 
factors are leading to the autoimmune destruction of β-cells. The increasing workload forced on the 
remaining β-cells causes cellular stress and stress-induced apoptosis. (B) T2DM: The combination 
of lifestyle factors, obesity, and genetic predispositions are the main drivers behind the increase 
insulin resistance in insulin-sensitive tissues and the progressive exhaustion of β-cells. Illustration 
adapted from Rogal & Zbinden et al.35 

For T2DM, a number of studies have shown that lifestyle modifications can improve 

glycemic control73. However, changes in lifestyle alone are rarely sufficient to reach 

normoglycemia and should be combined with a variety of pharmaceutical agents74,75. For 

most T2DM patients, a combination of pharmaceutical agents is required, which is adapted 

over time to the progressive β-cell decline76. There are different classes of antidiabetic 

agents with defined mechanisms. For instance, the primary first-line drug metformin acts by 

decreasing insulin resistance77. Dipeptidyl peptidase-4 (DPP4) inhibitors, glucagon like 

peptide-1 (GLP-1) receptor agonists and amylin analogs are known to suppress glucagon 

secretion by a glucose-dependent mechanism78,79. Sulfonylureas and meglitinides increase 
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β-cell insulin secretion80,81. Despite the availability of such antidiabetic drugs, the majority 

of T2DM patients do not achieve the target goal regarding normoglycemia, blood pressure 

and lipid levels82,83. Similar to T1DM, T2DM patients suffer from diabetic complications 

arising from damaged blood vessels due to chronic hyperglycemia72. Altogether, this 

indicates that further research is required in the field of DM regarding the biological 

understanding of the pathology at a cellular, tissue and organ level. There is a need to find 

alternative strategies to insulin replacement therapy for T1DM patients, as well as to 

decipher the complex interactions and effects of current and novel antidiabetic drugs in 

T2DM patients. 

1.4.2. Langerhans Islets Transplantation 

Pancreatic islet transplantation emerged in the early 1970’s as a method to reestablish 

glucose homeostasis in DM patients84,85. In 2000, the Edmonton group reported the first 

consistent achievement of insulin independency in seven DM patients that were infused 

with isolated pancreatic islets via the portal vein (Figure 5)86,87. However, the insulin 

independent rate remained low. For instance in 2006, only 58% of patients were insulin 

independent one year after transplantation88. The five-year follow up showed that only up 

to 15% of patients were still insulin independent89. 

 
Figure 5: Islet transplantation procedure. The first step includes the enzymatic and mechanical 
digestion of donor pancreas using a Ricordi chamber. Isolated and purified islets are then infused 
in via hepatic portal vein into the liver of the recipient. Illustration adapted from Naftanel et al.90 

The isolation of islets from donor pancreas separates endocrine from exocrine tissue, 

disrupting the BM components and disconnecting blood vessels and oxygen supply91. The 

blend of collagenases injected into the donor pancreas digests the ECM of the interstitial 

matrix, releasing islets from the exocrine tissue. After a purification step that separates 
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acinar cells and fat tissue from islets, islet quality and functionality are assessed following 

specific guidelines provided by regulatory bodies, such as the Food and Drug 

Administration92. Regarding safety, islet batches must meet specific characteristics in terms 

of sterility, mycoplasma and endotoxin testing. In addition, regulatory bodies mandate the 

assessment of key batch properties including, islet count, purity, viability, and islet potency 

(i.e. via glucose stimulated insulin secretion (GSIS) assays).  
 

Several factors have been identified as contributors to the poor long-term clinical 

efficacy of islet transplantation (Figure 6). For instance, the isolation process is known to 

significantly damage islets, increasing their susceptibility to posttransplant stresses. 

Precisely, the enzymatic and mechanical digestions of the exocrine tissue can release 

proteolytic enzymes which further damage the isolated endocrine cells93. After isolation, 

islet quality is assessed and islet batches containing hypoxia or apoptotic islets may be 

identified and discarded prior to transplantation. However, quality assessments are 

performed on a small islet population, which do not reflect the heterogeneity of large islet 

batches. Consequently, batches approved for transplantation may still contain damaged, 

hypoxic, or apoptotic islets, ultimately contributing to the poor engraftment and functionality 

of the transplant. 

The hepatic portal vasculature is a hostile environment which limits the capacity of islets 

to engraft and function properly post-transplantation. The initial loss of islets has been 

estimated to be between 50-70%94,95. It is caused by the pre-transplant factors mentioned, 

and by post-transplant key events within the liver microenvironment, such as the instant 

blood-mediates inflammatory reaction (IBMIR), hypoxia and immune cell activation96. The 

IBMIR is triggered by the negatively charged surface of the infused islets and is initiated by 

a strong activation of the coagulation cascade. The consequence is a non-specific immune 

reaction of the innate immune system aggravating islet damage. Cytotoxic immune cells 

secrete cytokines and infiltrate islets, inducing their death97,98. Moreover, the IBMIR has an 

amplifying effect on the adaptive immune responses, negatively impacting transplant 

outcome99,100. 
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Figure 6: Factors contributing to poor clinical outcome in islet transplantation. (a) Islet 
isolation disrupts the exocrine tissue, liberating islets. (b) Immune responses after the islet 
transplantation. IBMIR indues the infiltration of various type of leukocytes. Macrophages 
/neutrophiles are activated by cell debris antigens released by the islets, leading to the release of 
inflammatory cytokines, ROS and infiltration of additional immune cells into the graft. This cascade 
activates APCs, which then interact with CD4+ and CD8+ T-cells, destroying the islet via the release 
of perforin and granzyme. CD4+ T-cell releases inflammatory cytokines activating plasma cells 
which release antibodies. Treg cells maintain CD4+ T-cell and APCs in an inactive state, which can 
prevent the islet destruction. IBMIR: instant blood-mediates inflammatory reaction; APC: antigen 
presenting cell; Treg: regulatory T-cells. ROS: reactive oxygen species. Illustration adapted from 
Rogal & Zbinden et al.35   

1.5.  Strategies to Improve Islet Function 

1.5.1. Procedural Alternatives 

Since the first islet transplantation, research has focused on improving the poor clinical 

outcome101. Refinement of the islet isolation process centers on issues related to islet 

damage caused by enzymatic digestion, increasing the islet yield, and optimizing the pre-

transplant culture conditions, storage and shipping of islets102,103. Studies have compared 

enzyme blends for tissue digestion, aiming to find the composition of collagenases and 

proteases that digest exocrine tissue minimizing peri-islet BM and endocrine cell 
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damage104–107. Others have attempted to refine the sorting of isolated islets based on 

viability and functionality108,109.  

A number of breakthroughs to combat inflammatory responses after islet infusion led to 

significant advances in the field. For instance, heparin is now widely used to reduce the 

blood clotting process110. The functionalization of islet surface with heparin mimics the 

protective features of endothelial cell (EC) lining on the native vascular wall and therefore 

reduced the coagulation and complement activation in an adult porcine model. Similarly, 

the use of low molecular weight dextran sulfate and activated protein C have shown to 

respectively inhibit coagulation and complement cascade, therefore reducing IBIMR in 

vivo111,112. Further investigation and evaluation are required to translate these techniques 

into a routine clinical setting.  

Autoimmune and alloimmune responses are major contributors to the loss of islet mass 

and function of the transplant. Correlation between the presence of autoantibodies and 

early graft loss was demonstrated in the late 90’ by the Bretzel group113. The autoreactive 

T-cells from T1DM patients are re-activated by the islet transplant and their immune 

memory triggers an attack on transplanted β-cells114. In addition, T-cell mediated immune 

reactions constitute the major component in islet allotransplantation, which is initiated in 

part by the genetic differences between donors and recipients115. To date, the most wildly 

used strategy to combat T-cell reactivity is a global immunosuppressive therapy, targeting 

the production of autoantibodies and the proliferation of memory B-cells116. The 

maintenance of immunosuppression is essential for long-term survival of the transplant; 

however, most of the immunosuppressive therapies induce liver and kidney toxicity, as well 

as β-cell toxicity117–119. Efforts have been made to find alternative blockades inducing 

immune tolerance with lower toxicity on other organs, by bocking specific receptors on 

antigen presenting cells and regulatory T-cells in animal models120,121. The liver’s hostile 

microenvironment and IBMIR have pushed researchers to evaluate alternative transplant 

sites, such as the bone marrow122,123, subcutaneous sites124,125 or the omentum126,127. 

Nevertheless, collective efforts are required to validate those strategies in human-based in 

vitro models and into a clinical setting.  
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1.5.2. Biomaterials & Biofunctionalization 

Encapsulation and biofunctionalization of cell-based therapeutics are a promising 

strategy not only alleviating the immune response, but also providing a microenvironment 

supporting cell survival and function128. Research groups have focus on the development 

of devices that prevent the entry of immune cells, complements and antibodies while 

allowing diffusion of oxygen, nutriments, metabolites, hormones and waste products129. For 

instance, the device Cell PouchTM developed by Sernova corporation was developed to be 

transplanted subcutaneously and allow pre-vascularization for 4-5 weeks before human 

islets are infused by a port into the device. The first clinical trial demonstrated safety of the 

device130. The PEC-directTM device from ViaCyte, Inc. has a different approach to reduce 

hypoxia-induce injury subcutaneously by allowing direct contact of the pre-vascularization 

with the encapsulated β-cells. However, this strategy requires an immunosuppressive 

therapy as the membrane allows the entry of host cells. This device is currently the only 

one in trials that uses stem cell-derived β-cells, addressing the issue of islet shortage131. 

The Company Beta-O2 Technologies Ltd. developed the β-Air device, which is 

subcutaneous and provides a replenishable gas chamber to oxygenate the implant until 

vascularization is completed. A preliminary study in 2012 reported a successful 

transplantation into a 63-year old patient without requiring immunosuppression132. 

Although encapsulation strategies for cell-based therapy have shown great clinical 

potential, islet function and survival decrease over time. Importantly, the loss of function 

observed in vitro and in vivo hampers both the development of cell-based therapy and the 

development of in vitro models to study DM. Therefore, researchers are focusing on 

strategies to support β-cell survival and function in vitro and in vivo. Pancreatic ECM and 

BM have been shown to be essential for tissue and organ development and homeostasis133. 

β-cell survival and function depend on their microenvironment, which provides mechanical 

and biological cues which can influence cell fate8. Natural polymers are physiological 

components derived from the native ECM, which contain specific adhesive sequences and 

binding sites have shown to support islet function and survival134. Different strategies have 

been explored during the last few years to modulate β-cell function using ECM135. Strategies 

from the tissue engineering field have explored the supplementation of ECM proteins as 

soluble forms and as supporting scaffolds or coatings136–138. For instance, ECM from 

decellularized organs have been of interests, as it resembles the native structure139. Several 
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studies showed the beneficial effect of decellularized ECM to maintain β-cell function and 

survival140–144. Donor shortage and chemical alterations of ECM present in decellularized 

materials are two factors that limit the application of decellularized scaffolds in a clinical 

setting. Therefore, researchers have investigated the effect of single ECM protein or as 

combinations134,145. To re-create the native pancreatic niche, different research groups 

have incorporated various ECM components into 3D constructs. For instance, collagen-

based hydrogels (COL1, COL4), LAM and FN have been extensively used in this context146–

150, as well as microenvironments combing different ECM proteins, such as COL1, COL4 

and FN151. Stepwise approaches demonstrated that not all ECM proteins are beneficial for 

islet function, and that different ECM protein concentrations may have opposite 

effects152,153. For example, high concentrations of COL4 decreased islet survival152. 

Similarly, only specific LAM sequences had a beneficial effect on β-cells, while others were 

ineffective153. Additionally, biofunctionalization of hydrogels can be performed using 

bioactive molecules such as the vascular endothelial growth factor (VEGF) or the glucagon 

like peptide-1 (GLP-1) to enhance neovascularization or protect β-cells from 

apoptosis154,155. Another interesting research area is the combination of other cell types to 

pancreatic β-cells or islets. Incorporation of fibroblasts with islets increased islet survival 

and preserved ECM expression156. Similarly, the secretion of FN and LAM from 

mesenchymal stromal cells (MSCs) had a beneficial effect on islets157,158.  Although a large 

number of studies have shown the potential of biological cues to support β-cell and islet 

function, further research is required for the understanding of the exact underlying 

mechanisms.   

1.6.  In vitro Models for Diabetes Mellitus Research 

1.6.1. Species-Specific Mechanisms in β-Cells 

Significant advances have been made in the past decades in the field of DM research 

that have relied on human cohort studies and animal models. For instance, cohort studies 

have contributed to decipher the genetic component linking certain genotypes to a DM-

phenotypes, or to correlate distinct lifestyles to different manifestations of DM55,159. DM 

animal models ranging from fruit flies to non-human primates have been developed to study 

DM in great mechanistic details from a cellular to an organ level160. However, the translation 
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from animals to humans, as in many other research areas, is challenging and often 

difficult161,162. Animal models are mostly developed to study only few aspects of the 

pathogenesis and do not represent the complexity and multifactorial characteristics of 

DM160. Moreover, identification and prediction of human pathogenic pathways based on 

animal studies are hampered by species-specific mechanisms at the gene, protein, cellular, 

organ, and organism level. For instance, glucose regulation varies between humans and 

rodents. Humans have a single copy of the glucose-regulated insulin gene, while rodents 

express two functional forms of insulin163–165. The regulation and expression of pancreatic 

duodenal homeobox 1 (Pdx-1), v-maf musculoaponeurotic fibrosarcoma oncogene 

homologue (MAF) protein A and MAF protein B, which are central transcription factors, are 

differentially stimulated by glucose based the species specificity of the islets166. Species-

specific differences have been reported regarding GLUT4 trafficking pathways, insulin 

secretion profile and responsiveness, Krebs cycle and other critical glucose metabolic 

pathways167. Similarly, the immune responses, which are key players in the development 

of the autoimmunity toward pancreatic β-cells and in graft immune tolerance, exhibit 

important species-specific mechanisms168. This highlights the need to develop novel in vitro 

DM models with a human genetic background that recapitulate the complex physiology of 

the human body to bridge pre-clinical and clinical studies. 

1.6.2. Cell Source and Model Architecture  

In contrast to animal models, in vitro models allow a considerable control over 

environmental conditions, enabling the study of specific cellular in molecular pathways 

under defined conditions169. The low costs of in vitro models facilitate the implementation 

of high throughput studies, which are of interest in the drug discovery setting170. The 

development of relevant in vitro models relies, in part, on a source of cells with a human 

genetic origin. Primary human tissues, islets and cells obtained from cadaveric donors have 

already provided considerable knowledge of islet function and mechanistic pathways, 

interplay between the different islet cell types or effect of various drugs and 

compounds171,172. However, it is important to consider that the rare accessibility of human 

primary material hinders the possibility to perform high-throughput and large in vitro 

studies173. Long-term culture of primary isolated islets is also limited by the loss of function 

rapidly occurring within two weeks of continuous culture174. In addition, it was reported that 
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human islet preparations are highly heterogenous and exhibit patient-specific 

variations175,176. Although intrinsic variability between islet preparations is scientifically 

interesting and worth exploring, the establishment of an in vitro system relies on reliable 

source of cells exhibiting enough human physiological characteristics with reduced 

variability and high reproducibility. 

As an alternative, collective efforts were made to derive immortalized cell lines from 

primary cells by introducing specific genetic modifications. Until recently, only glucose-

responsive β-cell lines from animal origin were available, such as the rodent-derived 

insulinoma cell lines INS-1E and MIN-6177. In 2011, Ravassard et al. were the first group to 

overcome the replicative senescence of human β-cells while preserving glucose-stimulated 

insulin secretory capacity178. Human fetal pancreases were transduced with a lentiviral 

vector expressing SV40 large T antigen (SV40LT) and human telomerase reverse 

transcriptase (hTERT). Then, insulinomas were grafted onto SCID mice to further amplify 

the proliferation of β-cells. The resulting cell lines, endoC-βH1 expressed specific β-cell 

markers and was glucose-responsive. In 2014 and 2015, the Ravassard group presented 

two additional cell lines: endoC-βH2179 and endoC-βH3180, which were both conditionally 

immortalized β-cell lines based on the endoC-βH1 cell line. The endoC-βH3 cell lines used 

a drug-activated excision strategy based on tamoxifen coupled with antibiotic selection to 

allow the removal of the proliferative transgenes. The resulting excised β-cells are non-

proliferative and glucose-responsive, and are a promising alternative to human primary 

islets180–185. 

Since their commercialization, the endoC-βH cell lines have been used as 2-dimentional 

(2D) in vitro models in a number of studies, which have revealed a number of β-cell specific 

mechanistic pathways181–185. For instance, in the study from Akerman et al., they 

investigated the regulation of β-cell function by long non-coding RNAs using the endoC-

βH1 cell line181. They identified PLUTO as a regulator of chromatin structure affecting the 

expression of Pdx-1. Interestingly, PLUTO was downregulated in isolated islets from T2DM 

patients and patients with impaired glucose tolerance.  

The main criticism over such in vitro models is the poor physiological complexity186. 

Consequently, researchers have aggregated β-cells in so-called pseudo-islets and showed 

that they had a superior secretory capacity compared to 2D monolayer cultures of these 

same cell types187. This indicates that providing cell-cell contact in a 3-dimentional (3D) 
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manner increases β-cell response to physiological signals188,189. As a further step to 

increase physiological relevance, ECM proteins can be used as soluble factors or scaffolds 

to support β-cell function in a similar manner than as done for tissue engineering 

approaches134. To gain control of the microenvironment, 3D culture systems can be 

integrated into microfluidic devices, a novel field known as organ-on-a-chip (OoC)190. Using 

a similar approach than the computer microchip fabrication, OoC enables the in vitro 

reconstruction of tissue-level and organ-level structures that resemble tissues and organs 

in vivo. In addition, their microfluidic integrated platforms are low-shear and can mimic the 

vasculature perfusion, allowing the analysis of in vitro biochemical, genetic, and metabolic 

activities in a time-dependent manner. Such read-outs require the implementation of non-

invasive label-free techniques to monitor in situ their functions191.    

1.7.  Non-Invasive Imaging Tools for in Vitro Models 

1.7.1. Mechanisms of Light Scattering 

An incoming photon from a light source can interact with a molecule, resulting in elastic 

and inelastic scattering (Figure 7)192. The total kinetic energy of the system is conserved in 

elastic scattering (also called Rayleigh). In contrast, in inelastic scattering, the momentum 

is conserved but not the kinetic energy of the system. Raman microspectroscopy and 

fluorescence lifetime imaging microscopy (FLIM), both rely on inelastic scattering 

processes. Raman scattering involves virtual states, where the interactions of the incoming 

photon and its re-emission occur almost simultaneously (picosecond range)193. When the 

energy of the scattered photon is lower than the incoming photon, the process is referred 

as Stokes Raman scattering, while the opposite is termed anti-Stokes Raman scattering. In 

addition, both processes leave the molecule in a rotation-vibrational modified state. The 

result is a measurable frequency shift, which is specific to molecular bonds. In contrast, 

when the incoming photon has enough energy to allow the transition to a higher excited 

electronic state, the molecule absorbs it. During the relaxation from the higher excited state 

to the ground electronic state, (auto-) fluorescence is generated194. FLIM measures the 

lifetime of the (auto-) fluorescence process, which is in the nanosecond range and specific 

to the molecular structure of the excited compound.  
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Figure 7: Mechanisms of light scattering processes. Incoming photon excites molecules at 
different energy levels. Raman microspectroscopy can rely on Stokes and anti-Stokes scattering, 
while FLIM relies on the lifetime of the fluorescence process. Illustration adapted from Mitsutake et 
al192.  

1.7.2. Raman Microspectroscopy & Fluorescence Lifetime Imaging Microscopy for 

Biomedical Research 

Raman techniques are well-established and routinely used in the pharmaceutical and 

material fields195. Early studies used Raman microspectroscopy to characterize molecular 

orientations in polymers and proteins196. More recently, a number of research groups have 

reported the use of Raman microspectroscopy of biological tissues197. Raman 

microspectroscopy has the ability to determine the underlying chemical structures that 

compose tissues and cells, such as proteins, lipids, and DNA198. In addition, a large number 

of studies used Raman microspectroscopy to identify diseased tissues and cancer cells199–

205. Raman microspectroscopy was also employed to assess the different stages in stem 

cell differentiation, including chondrocytes206, neurons207, cardiomyocytes208,209, 

osteoblasts210 and polyhormonal pancreatic progenitors211.   

FLIM is a well-established tool to assess the metabolic state in live cells and tissues in 

situ194. The process relies on probing the autofluorescence lifetime of two coenzymes, 

NADH and FAD, that are involved in different metabolic pathways that generate energy for 

the cells212. The fluorescence lifetimes of NADH and FAD are depending on their 

configuration, protein-bound NADH has a longer lifetime (τ2: 1000-6500 ps) than its free 

form (τ1: 300-800 ps). Conversely, protein-bound FAD has a shorter lifetime (τ1: 300- 455 
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ps) compared to its free form (τ2 :2300- 2900 ps). Free form NADH is mostly found in the 

cytoplasm and produced by glycolysis, while protein-bound NADH is present in the 

mitochondria in the oxidative phosphorylation chain213. Free form FAD and protein-bound 

FAD are both mainly in the mitochondria, where it can form complexes with lipoamide 

dehydrogenases or the electron transfer flavoproteins214. Therefore, the metabolic 

equilibrium between glycolysis and oxidative phosphorylation can be evaluated based on 

the respective contribution of τ1 (α1) and the optical oxidative ratio, defined as FAD/(FAD 

+ NADH). Moreover, lifetimes are highly sensitive to microenvironmental changes such as 

pH or temperature215,216.  

Raman measurements can give insights into the molecular compositions and structures 

of cells, while FLIM can assesses the metabolic state of cells. Such methods have the 

potential the monitor in a non-destructive manner the function of in vitro models over a long 

period of time.   
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2. Objective of the Thesis 

This thesis aims to develop advanced in vitro models to assess pancreatic β-cell function 

for the field of diabetes mellitus research. The first step was to mimic the insulin secretory 

capacity and glucose responsiveness of primary β-cells in vitro. Conventional in vitro assays 

using Langerhans islets isolated from cadaveric pancreases are limited by their low 

accessibility and rapid loss of function. Thus, we explored the use of the rat INS1-E 

insulinoma cell line and human conditionally immortalized endoC-βH3 cell line as 

alternatives. To increase the physiological relevance of the in vitro models, aggregates of 

β-cells, so-called pseudo-islets, were produced in a controlled and reproducible manner.  

Sever hypoxia post-transplantation contributes to islet loss and clinical failure of islet 

transplant. Therefore, we develop a post-transplantation in vitro model to evaluate the 

damage caused by sever hypoxia on pseudo-islets. Cellular and extracellular hypoxia-

induced events were evaluated over time. We used the post-transplantation in vitro model 

to investigate whether extracellular matrix (ECM) protein collagen type 1 and endothelial 

cells could mitigate the hypoxia-induce damage on pseudo-islets in vitro.           

Native islets are highly vascularized in vivo. Therefore, we further improved the in vitro 

models by providing a vasculature-like flow based on the organ-on-a-chip technology. 

Insulin secretory capacity from pseudo-islets was assessed via multisampling. To facilitate 

the non-invasive label-free read-outs in situ, we explored the use of Raman 

microspectroscopy and Fluorescence Lifetime Imaging (FLIM) microscopy as tool to 

monitor pseudo-islet function. The goal was to identify Raman fingerprints and FLIM 

metabolic profiles of pseudo-islets during glucose stimulation. Moreover, the potential of 

FLIM to discriminate between hypoxic and normoxic pseudo-islets was evaluated. 

Finally, the in vitro models developed in this thesis were used to investigate the role of 

the basement membrane protein nidogen-1 in β-cells. Precisely, the stimulatory and 

protective effect of nidogen-1 on pseudo-islets, as well as the mechanistic pathways were 

evaluated in vitro.  
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3. Results & Discussion 

3.1.  Pancreatic β-Cell Containing Pseudo-Islets as an in Vitro Model to Assess 
Insulin Secretion 

The establishment of in vitro models for DM research that are representative of human 

physiology requires the use of an adequate source of cells and model architectures. 2D 

cultures have provided considerable information over decades of research, however, they 

often fail to predict behaviors and responses in vivo217. The underlaying reason is that cells 

in 2D culture have been isolated from their native environment, therefore lacking ECM 

interactions, native 3D architecture and blood perfusion218. 

In an attempt to re-create the 3D configuration of native islets, we used the rat INS1E 

cell line to form aggregates of pancreatic β-cells, so called pseudo-islets, of different sizes 

in vitro (Zbinden & Urbanczyk et al., Appendix I, Figure 1). Pseudo-islet size had a direct 

impact on viability and functionality, which was monitored over a period of 8 days in culture. 

Small size pseudo-islets (500 cells/pseudo-islets, average diameter of 206 µm) had the 

highest GSIS index (~2) and viability after 8 days in culture. This is in agreement with other 

studies showing that pseudo-islets seeded with less than 1000 cells/pseudo-islets are the 

most performant219,220. The superiority of pseudo-islets over standard 2D culture has been 

demonstrated in several studies. For instance, primary human pseudo-islets showed an 

increased GSIS response compared to native isolated islets221–223. Pseudo-islets could also 

be maintained in culture for a longer period of time, while retaining their function222. 

Transplanted in mice, human primary pseudo-islets reversed DM223.  

There are important differences that are species-specific between rodent and human 

cells167. Therefore, in this thesis, we adapted our pseudo-islet protocol using INS1E cells to 

the human endoC-βH3 cell line as shown in Figure 8 (Zbinden et al., Appendix II, Zbinden 

& Carvajal Berrio et al., Appendix III, Zbinden & Layland et al., Appendix IV). The success 

of the excision process was monitored over time to ensure the removal of the proliferative 

transgenes and subsequent stop in proliferation (Zbinden & Layland et al., Appendix IV, 

Figure S6A-C). Pseudo-islets of different sizes were tested for insulin secretion, indicating 

that 1000 cells/pseudo-islets led to the highest insulin secretion per cell (Zbinden & Layland 

et al., Appendix IV, Figure S6D). The resulting optimized human pseudo-islets were viable 
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and expressed insulin homogeneously throughout the pseudo-islets (Zbinden et al., 

Appendix II, Figure 1). The endoC-βH3 pseudo-islets responded to glucose stimulation 

with a GSIS index of ~2.5 after 5 days in culture (Zbinden et al., Appendix II, Figure 2G).  

 
Figure 8: INS1E and endoC-βH3 cell lines. INS1E cells are proliferative and can be seeded in low 
adherent wells forming pseudo-islets in 3 days. The endoC-βH3 are conditionally immortalized and 
proliferate in absence of 4-hydroxytamoxifen (4-OHT) treatment. In presence of 4-OHT for 21 days, 
the proliferative genes are excised. The endoC-βH3 cells form pseudo-islets within 5 days. 
Illustration adapted from Zbinden et al.224 

We showed that both, the INS1E and the endoC-βH3 cell lines are glucose-responsive 

by secreting differential amounts of insulin based on the glucose concentration. In addition, 

the GSIS indexes of both cell lines are of the same order of magnitude. However, the 

endoC-βH3 pseudo-islet secretion is in the picogram range (10-12 g/mL insulin), while the 

INS1E pseudo-islet secretion is in the nanogram range (10-9 g/mL insulin). In addition, 

native β-cells ex-vivo can secrete insulin with a GSIS index up to 13222. This suggests that 

the endoC-βH3 pseudo-islets have partially conserved a “fetal phenotype”, although having 

matured in vivo. However, the endoC-βH3 pseudo-islets have the significant advantage of 

being from human origin and non-proliferative. EndoC-βH3 pseudo-islets can maintain size 

and function over 14 days, while INS1E pseudo-islets proliferate, which lead to the 

formation of large apoptotic cores within pseudo-islets, starting after 8 days in culture. 

Finally, the methodology to form pseudo-islets generated pseudo-islets with a reproducible 

size and function. The use of 96-well plates allows the manipulation of hundreds to 

thousands of pseudo-islets in one experiment.  
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3.2. Biofunctionalization with Collagen Type 1 and Endothelial Cells Improves 
Pseudo-Islet Function in a Hypoxia Model 

3.2.1. Modelling hypoxia in vitro 

Modelling a hypoxic environment in vitro is highly interesting, as it is prevalent in many 

human physiological processes and diseases225. For instance, during the process of 

transplantation, hypoxic conditions and ischemic injuries are present during the organ 

procurement, processing, preservation, and subsequent transplantation226. In regard to islet 

transplantation, their oxygen supply is drastically reduced when the islets are separated 

from their vasculature network, leading to hypoxia227. Exposure to sever hypoxia (≤ 1% 

oxygen) leads to β-cell dysfunction, which compromises their GSIS228. Prolongated hypoxia 

induces non-reversible cellular changes that result in ER stress and ultimately leads to 

programmed cell death229. Transplanted islets are relying on diffusion of oxygen until 

revascularization is completed, which can last for 10-24 days post-transplantation230. In this 

thesis, we generated a post-transplantation in vitro model using 1% oxygen (Zbinden & 

Urbanczyk et al., Appendix I,  Zbinden & Carvajal Berrio et al., Appendix III, Zbinden & 

Layland et al., Appendix IV). The overall impact of sever hypoxia was assessed in vitro for 

72 hours on the INS1E pseudo-islets and showed an increase in apoptotic markers and a 

decrease in proliferation, cell-cell contact marker, insulin content and loss of GSIS response 

(Zbinden & Urbanczyk et al., Appendix I, Figure 2A-F). Using the human endoC-βH3 

pseudo-islets, time-depended expressions of hypoxic and apoptotic markers were 

assessed (Zbinden & Carvajal Berrio et al., Appendix III, Figure 2A-D). The hypoxia-

induced factor 1α (HIF-1α) major expression peak was observed after 6 hours under sever 

hypoxia, while caspase-3 expression significantly increased after 12 hours (Figure 9). 

Depending on the severity of hypoxia, HIF-1α can act as a pro- or anti-apoptotic 

transcription factor231. Here, the hypoxic conditions were stringent enough to lead to the 

downstream activation from HIF-1α to caspase-3, leading to a non-reversible pro-apoptotic 

cascade in both INS1E and endoC-βH3 pseudo-islets232. Combined, these two studies give 

a global insight on the timeline of hypoxia-induced cellular events in vitro. A post-

transplantation in vitro model is highly relevant when it comes to bioengineer solutions that 

aim to counter the damaging effects of a hypoxic microenvironment in vitro and in vivo.   
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Figure 9: Timeline of hypoxia-induced cellular events in endoC-βH3 pseudo-islets. 
Expression of VEGF increases after 1 hour under hypoxia. Between 3 and 6 hours under hypoxia, 
HIF-1α expression significantly increases and is followed by an increase in caspase-3 after 12 hours 
under hypoxia. The completion of the apoptotic pathways leads to the formation of an apoptotic core 
that can be detected using multiphoton (MP) imaging. Illustration adapted from Zbinden & Carvajal 
Berrio et al.233 

3.2.2. Biofunctionalization using collagen type 1 and endothelial cells 

Hypoxia significantly reduced ECM expression of INS1E pseudo-islets, as shown by 

Raman microspectroscopy (Zbinden & Urbanczyk et al., Appendix I, Figure 2G-K). The 

expression of BM proteins, such as LAM, COL4 and NID1 were significantly altered under 

hypoxia for 48 hours (Zbinden & Urbanczyk et al., Appendix I, Figure 3). It is well 

established that interstitial ECM and BM are essential for tissue and organ development 

and homeostasis133. Islet survival and function depend on the surrounding 

microenvironment, which provides mechanical and biological cues that can influence cell 

fate234. To re-create the native pancreatic niche, we used COL1, which is natural polymer 

derived from the native ECM to encapsulate INS1E pseudo-islets (Zbinden & Urbanczyk et 

al., Appendix I, Figure 4). COL1 contains specific adhesive sequences and binding sites 

that can initiate signaling cascades, therefore influencing the encapsulated cells235. ECM, 

such as collagens (COL1 and COL4), have been widely used as scaffolds or supplements 

to promote cell survival and improve insulin secretion in pancreatic islets236,237. The 

combination of LAM and COL4 in an alginate hydrogel reduced cytokine-mediated cell 

death in human pancreatic islets153. Weber et al. biofunctionalized polyethylene glycol with 
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ECM such as COL1, COL4, LAM, fibrinogen, FN and vitronectin and assed their effects on 

pancreatic mouse β-cells and mouse islets145,235. Interestingly, by blocking specific integrin 

receptors, the effects could be reversed, highlighting the importance of cell-matrix 

inteactions145. In our study, we showed similar beneficial effects on cell survival and 

functionality of INS1E pseudo-islets encapsulated in COL1 gel under sever hypoxic 

conditions for 48 hours (Zbinden & Urbanczyk et al., Appendix I, Figure 5). More 

importantly, we showed that COL1 encapsulation could rescue the expression of the 

glycoproteins NID1 and DCN in hypoxic INS1E pseudo-islets. However, the expression of 

BM protein LAM and COL4 remained altered.  

Incorporation of pancreatic microvasculature cells, such as pancreatic ECs, with β-cells 

have been of interest as there is a crosstalk between ECs and β-cells in term of glucose-

sensing and regulation238. In addition, ECs are the main producers of ECM in the 

pancreas239. Therefore, we asked whether INS1E pseudo-islets could be stimulated by a 

co-culture with ECs (Zbinden & Urbanczyk et al., Appendix I, Figure 6). Co-cultures 

encapsulated in COL1 had improved functionality, which correlate to several studies where 

the natural crosstalk between ECs and β-cells has been exploited240–242. The beneficial 

crosstalk between ECs and β-cells was demonstrated in a study from the Schenke-Layland 

laboratory, where Urbanczyk et al. incorporated human umbilical vein endothelial cells 

(HUVECs) and endoC-βH3 cells into pseudo-islets using magnetic levitation241. The spatial 

distribution of the two cell types could be controlled and showed that β-cell pseudo-islets 

surrounded by layers of HUVECs had the highest increase in GSIS and e-cadherin 

expression, while apoptosis was significantly reduced in vitro. Here, we also showed that 

the incorporation of ECs significantly increased the expression of the BM proteins LAM, 

COL4 and NID1 in vitro.  

A summary of the main results and proposed mechanisms of action are provided in 

Figure 10. We hypothesized that (1) COL1 interacts with receptors present on the cell 

surface, which lead to signal transduction. In addition, it is possible that the ECM produced 

by the pseudo-islets positively feedbacks and/or interacts as well with the COL1 gel. (2) 

The crosstalk between ECs and β-cells occurs by cell-cell contact and by paracrine 

secretion. It is known that ECs produces TGF-β1, which may positively impact the β-

cells238,243. Similarly, β-cells secrete VEGF when responding to hypoxia, which may 

positively impact ECs8. Our work highlights the beneficial effect of stimulating β-cells via 
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cell-ECM and cell-cell interactions, which in turn, improves functionality, viability, and ECM 

expression of encapsulated cells under sever hypoxia. 

 
Figure 10: Schematic summarizing the main outcome of the biofunctionalization with COL1 
and endothelial cells. INS1E pseudo-islets under hypoxic conditions lose function, become 
apoptotic and lose ECM expression. COL1 biofunctionalization and endothelial cells promote 
survival and function of β-cells under hypoxia. 

The findings and knowledge generated from our post-transplantation models are 

valuable and can contribute to the design encapsulation strategies of cell-based 

therapeutics to treat DM128. The goal is to physically separate transplanted islets from the 

host immune system by a permselective membrane, while providing a microenvironment 

supporting cell survival and function. Physiochemical and surface properties of the 

materials are determinant factors to prevent the entry of immune cells, complements and 

antibodies while allowing diffusion of oxygen, nutriments, metabolites, hormones and waste 

products129. Studies have demonstrated that encapsulation strategies can successfully 

protect islets from the host immune system244. In addition, encapsulation showed promising 
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results using xenogeneic islets as a safe alternative to cadaveric islets without inducing 

adverse immune rejection245. 

3.3. Non-Invasive Monitoring of β-Cell Function in a Pancreas-on-a-Chip 

3.3.1. Pancreas-on-a-chip to model the pancreatic endocrine function 

One important factor that has been overlooked in the presented in vitro models is the 

lack of vasculature-like perfusion. Our systems are relying on traditional static culture 

conditions with passive diffusion of compounds, such as oxygen, nutrients or hormones217. 

The organ-on-a-chip (OoC) technology has the potential to overcome some of the 

limitations of 2D and 3D cultures by combining microphysiological tissue environment 

together with vasculature-like perfusion246. The OoC technology combines the advantages 

of cell culture (human genetic) with the advantage of animal models (physiological 

complexity)35. The laminar flow of the perfusion allows the spatiotemporal delivery of 

nutrients, oxygen or other supplements to the microphysiological tissue chamber, while the 

waste products or released metabolites are transported away either to be discarded or to 

be sampled for further analysis. In this thesis, we developed a pancreas-on-a-chip system 

that entraps single human endoC-βH3 pseudo-islets, while providing a continuous 

vasculature-like low-shear perfusion (Zbinden et al., Appendix II, Figure 2A,B). EndoC-

βH3 pseudo-islets in the pancreas-on-a-chip maintained viability, insulin expression and 

GSIS (Zbinden et al., Appendix II, Figure 2D-G). Real-time monitoring and assessment of 

organ-on-a-chips are essential for evaluating the dynamics of various cellular processes. 

Here, multisampling of the pancreas-on-a-chip efflux was employed in a real-time manner 

during the glucose stimulation (Zbinden et al., Appendix II, Figure 5A). The pancreas-on-

a-chip insulin secretion patterns closely mimicked the first and second phase of insulin 

secretion from human islets247. The main characteristics of the pancreas-on-a-chip are 

illustrated in Figure 11.  

In the past decade, promising proof-of-principle studies have shown the benefit of OoC 

technology in mimicking in vivo-like functional responses. For instance, Nguyen et al. used 

the INS-1 pseudo-islets into a perfused endocrine platform and compared the insulin 

secretory capacity between INS-1 2D culture, perfused culture, and co-cultures with the 

intestinal L-cell lines248. The Rocheleau group used a similar perfused chamber to assess 
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the effect of different flow rates on ECs present on isolated mouse islets, which are known 

to lose density and morphology in culture249. More complex platforms were designed by Jun 

et al. and Lee et al. allowing on-chip aggregation of isolated mouse islet cells and mouse 

β-cell line into pseudo-islets respectively250,251. As a proof-of-concept study for in vitro drug-

testing, Jun et al. used two know antidiabetic drugs GLP-1 and tolbutamide to stimulate 

islets on-chip251. In 2020, Walker et al. used primary isolated human islet cells to formed 

human pseudo-islets in vitro. In addition, the cells were transduced with a biosensor, 

allowing to visualized changes in calcium concentration on-chip252. However, so far, most 

of the OoC platforms developed used cells from animal origin or primary islets. With the 

development and recent commercialization of human β-cell lines, the OoC field is expecting 

to gain momentum, generating physiologically relevant platforms with human genetic 

background.  

 
Figure 11: Schematic illustrating the main characteristics of the pancreas-on-a-chip system. 
The pancreas-on-a-chip can be perfused by different media solutions (i.e., 0 mM glucose or 20 mM 
glucose) creating a gradient. The supernatant can be collected over time and processed to measure 
insulin. The pancreas-on-a-chip is bound to thin glass which allow to perform in situ imaging, for 
instance with Raman microspectroscopy or FLIM. 

3.3.2. Non-invasive tools to assess β-cells function 

Traditional laboratory techniques that evaluate pancreatic islet viability and function, 

such as histological sectioning and live/dead staining, are destructive and require the 
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addition of exogenous dyes253. In addition, the use of fluorescence dyes in live staining and 

imaging is currently debatable, as they may influence the overall cell metabolism. 

Therefore, the development of novel physiologically relevant in vitro systems requires the 

integration of non-invasive, marker-free imaging tools to monitor the in vitro systems in real-

time. We introduced two studies exploring the use of Raman microspectroscopy and FLIM 

as promising tools for assessing β-cell function as illustrated in Figure 12 (Zbinden et al., 
Appendix II, Zbinden & Carvajal Berrio et al., Appendix III).  

 
Figure 12: Schematic illustrating the different non-invasive methods used to characterize the 
pancreas-on-a-chip in situ. The pancreas-on-a-chip is sealed on a thin glass, allowing imaging  
by confocal microscopy of 3D immunofluorescence staining, Raman microspectroscopy and FLIM. 
PCA: principal component analysis; TCA: true component analysis. Illustration adapted from 
Zbinden & Carvajal Berrio et al. and Zbinden et al.224,233 

Raman microspectroscopy combined with True Component Analysis (TCA) enabled the 

identification of 3 major structures in human endoC-βH3 pseudo-islets within the pancreas-

on-a-chip: lipids, mitochondrial and nuclei (Zbinden et al., Appendix II, Figure 3). We 

showed that the distribution of the TCA mitochondrial component increased from pseudo-

islets under Krebs buffer (0 mM glucose) to 20 mM glucose. In addition, using Principal 

Component Analysis (PCA), in-depth spectral analysis of the TCA lipid component revealed 

changes in lipid composition during glucose stimulation based on the increase in 

phosphatidylinositol (Zbinden et al., Appendix II, Figure 4). These changes correlate with 
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the β-cell machinery employed during glucose stimulation to release insulin, where the 

overall metabolism is increased to process glucose through glycolysis and oxidative 

phosphorylation254. Then, insulin is produced and packed into secreting vesicles, whose 

lipid compositions were reported to change upon glucose stimulation255. By reducing the 

pixel resolution, real-time monitoring could be achieved by Raman microspectroscopy. 

These data demonstrate that Raman fingerprints can be used as biomarkers for glucose-

induced cellular changes in a pancreas-on-a-chip in vitro model.  

Although we showed that pancreatic β-cell response to glucose leads to an overall 

increase in metabolism, the glucose response in pancreatic β-cells is a highly dynamic 

process that oscillates in a time-dependent manner46. The glucose enters β-cells by passive 

diffusion through transporters of the GLUT family and is processed in the cytoplasm during 

glycolysis, which generates, for instance, the coenzyme NADH. The metabolic machinery 

proceeds within the mitochondria by oxidative phosphorylation, generating NADH and 

FAD256. The ATP concentration increases and leads to the closing of K+ channels and influx 

of Ca2+, ultimately resulting in the exocytosis of insulin granules257. 

 The metabolism machinery is not only involved in insulin secretion of  β-cells, but also 

in other important cellular processes, such as proliferation, differentiation, metabolic 

switching in tumor cells, apoptosis, and necrosis 258–260. Deciphering the dynamism of the 

metabolic processes such as the time-dependent switch between glycolysis and oxidative 

phosphorylation would be highly beneficial to evaluate the metabolic state of cells. 

Importantly, due to the dynamic process, such characterizations should be performed in a 

non-invasive manner and in real-time. In this thesis, we hypothesized that FLIM could 

provide valuable insights into the metabolic state of pseudo-islets in a spatial and time-

dependent manner. Here, we demonstrated the FLIM can detect metabolic changes due to 

hypoxic conditions at an early on-set, before the activation of caspase-3 or formation of an 

apoptotic core (Zbinden & Carvajal Berrio et al., Appendix III, Figure 2). In addition, we 

showed that there is a metabolic spatial distribution within a pseudo-islet characterized by 

a highly metabolic active outer cell layer (Zbinden & Carvajal Berrio et al., Appendix III, 
Figure 3). 

Similar to Raman microspectroscopy, we showed that FLIM can monitor the glucose-

response in pseudo-islets (Zbinden & Carvajal Berrio et al., Appendix III, Figure 4). FLIM 

provided complementary information to Raman microspectroscopy on the metabolic state 
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during glucose stimulation. For instance, glucose stimulation instantaneously altered the 

lifetimes of cytosolic and mitochondrial NADH, indicating cellular microenvironmental 

changes, such as pH. In addition, glucose stimulation induced oscillations in NADH α1 over 

time and a drop in optical oxidative ratio. These findings indicate an abrupt increase in 

glycolytic flux, generated by the breaking down of the newly transported glucose in the 

cytoplasm. The oscillatory behavior of NADH α1 correlates with the dynamic process of the 

metabolic machinery during insulin secretion261. Importantly, we assessed the metabolic 

state during glucose stimulation on pseudo-islets subjected to hypoxia for 6 hours and 

compared their FLIM response to normoxic pseudo-islets (Zbinden & Carvajal Berrio et al., 

Appendix III, Figure 5). Our data indicated that hypoxic pseudo-islets still respond to 

glucose based on the optical oxidative ratio which decreased during glucose stimulation. 

However, other parameters such as NADH α1 did not show any oscillatory behavior. The 

metabolism machinery in hypoxic β-cells is focused on combatting reactive oxygen species 

and other hypoxia-induced damage and therefore, it is overloaded when β-cells have to 

response to glucose. Importantly, FLIM could detect alteration in the metabolic response of 

hypoxic pseudo-islets which were subjected to hypoxia for 6 hours, while traditional 

methods such as enzyme-linked immunosorbent assay (ELISA) could not (Zbinden & 

Carvajal Berrio et al., Appendix III, Figure S3).  

These two studies (Zbinden et al., Appendix II & Zbinden & Carvajal Berrio et al., 

Appendix III) showed how Raman microspectroscopy and FLIM can be used to track 

pseudo-islet function and survival under different culture conditions in a non-invasive 

marker-free manner. Combined with the pancreas-on-a-chip system, dynamic cellular 

processes, such as insulin secretion, can be measured. Although both methods are based 

on inelastic scattering, their outputs provide distinct information that are complementary. 

Raman microspectroscopy revealed detailed structural information of the pseudo-islet 

composition, including proteins, lipids, and nucleic acids. The unique insight into the 

structure and compositions of tissues by Raman microscopy have been shown by a number 

of studies, where a high degree of biomolecular specificity and intensities correlated with 

molecular content262,263. In the field of DM, Raman microspectroscopy was used to 

discriminate between insulin and glucagon within pancreatic islets264. In a study from the 

Liu group, Raman microspectroscopy was used to  discriminate between living pancreatic 

α, β, δ and PP cells265. Similarly, Raman microspectroscopy was used to discriminate 
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between native pancreatic rat islets and the rat INS1 cell line266. A clear separation was 

made based on a higher DNA content and lower protein amount in the cell line. In addition, 

secretion from human pancreatic islets under different glucose concentrations could be 

detected in the surrounding medium by surface-enhanced Raman microspectroscopy267. 
Although these studies using Raman microspectroscopy in the DM field have allowed to 

discriminate between hormones or pancreatic cell type, only few have assessed β-cell 

function or dysfunction. 

While Raman microspectroscopy can detect a large spectrum of molecules and 

molecular structures, FLIM relies on the autofluorescence lifetimes of two district 

coenzymes: NADH and FAD, which are involved in different metabolic pathways that 

generate energy for the cells212. FLIM has been used to characterized metabolic processes, 

such as apoptosis and necrosis, various differentiation of stem cells or metabolic switching 

in tumors268–272. In the DM field, to date, one interesting study from Gregg and associates 

investigated mouse pancreatic islets using FLIM, where a metabolic decline was observed 

in an age-dependent manner correlating with a loss of insulin secretion273. However, studies 

utilizing FLIM as a tool to probe β-cell function or dysfunction, so far, remains infrequent.  

3.4. The Basement Membrane Protein Nidogen-1 Supports β-Cell Function and 
Survival in a Hypoxia In Vitro Model 

ECM proteins offer important biochemical and mechanical cues influencing cell 

homeostasis and differentiation274. The pancreatic BM is a marker for islet integrity: its 

disruption contributes to reduced islet yield, viability, and functionality post-isolation275. In 

this thesis, we demonstrated that sever hypoxia not only impaired insulin secretion, but also 

ECM expression of BM proteins in a post-transplantation in vitro model (Zbinden & 

Urbanczyk et al., Appendix I). 
The most predominant component of the BM proteins are collagens, LAM, FN and the 

nidogens (NID1 and NID2)9. LAM have been associated to islet survival and β-cell 

proliferation in vitro153. COL1 and COL4 are essential for a proper BM morphology9. In this 

thesis, we showed the beneficial effect of COL1 gel in a post-transplantation in vitro model 

(Zbinden & Urbanczyk et al., Appendix I). LAM and COL4 are copolymerized into a dense 

network that are connected by NID1, also known as entactin-1276–278.  
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 NID1 was identified as a candidate for cardiovascular regenerative approaches by 

colleagues at the Schenke-Layland laboratory (Zbinden & Layland et al., Appendix IV, 

Figure 1). Briefly, in a myocardial infraction and reperfusion (MI/R) mouse model, injections 

of the infract border zone with human recombinant NID1 in a hyaluronic acid (HA) carrier 

improved heart function compared to injection with only the HA carrier (Zbinden & Layland 

et al., Appendix IV, Figure 2). Investigation of the scar tissue quality of the infarct zone 

indicated a protective effect from NID1 of the cardiovascular cells subjected to an ischemic 

environment. The protective effect of NID1 was demonstrated in vitro under sever hypoxia 

on human induced pluripotent stem cells (hiPSC)-cardiomyocytes, where expressions of 

caspase-3 and TUNEL+ cells were significantly reduced using NID1 as supplement in the 

media (Zbinden & Layland et al., Appendix IV, Figure 3). In addition, NID1 mitigated the 

hypoxia-induced effects on fibroblasts, reducing the expression of α-smooth muscle actin 

(αSMA). We also demonstrated that NID1 is pro-angiogenic by increasing tube formation 

of endothelial cells in vitro. Moreover, NID1 induced the migration of blood monocytes and 

influenced its polarization towards a phenotype with characteristics of both the M0 and the 

M2 regenerative subtypes. Importantly, NID1 did not induced a pro-inflammatory phenotype 

(Zbinden & Layland et al., Appendix IV, Figure 5). Altogether, these findings indicate a 

protective effect of NID1 under hypoxia which is not restricted to a single cell type (Figure 
13).  

Therefore, we asked whether the protective and antifibrotic effects of NID1 under sever 

hypoxia would benefit in noncardiac therapeutic areas, where ischemia is also present, for 

instance for islet transplantation. Investigation of the spatial distribution of NID1 in human 

fetal and adult pancreas showed that NID1 is co-localized with insulin at higher degree 

compared to COL4, LAM and NID2 (Zbinden & Layland et al., Appendix IV, Figure 4A-C). 

These results suggest that NID1 may have a specific function in β-cells. We showed that 

insulin secretion could be increased using NID1 at 30 µg/mL for 72 hours as supplement 

using the human endoC-βH3 pseudo-islets in vitro model (Zbinden & Layland et al., 

Appendix IV, Figure 4D-F). In addition, expression of e-cadherin significantly increased 

using NID1, indicating that NID1 enhanced cell-cell contact. To model the ischemic 

conditions present post-transplantation, we subjected the pseudo-islets to sever hypoxia 

for 72 hours (Zbinden & Layland et al., Appendix IV, Figure 4G-I). Under these conditions, 

NID1 increased the insulin secretion, e-cadherin expression and reduced the expression of 
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caspase-3 and TUNEL+ cells. Using the pancreas-on-a-chip, the impact on NID1 on hypoxia 

pseudo-islets was evaluated by Raman microspectroscopy (Zbinden & Layland et al., 

Appendix IV, Figure S6J-O). TCA analysis could identify four major structures: nucleic 

acids, vesicular lipids, mitochondria and cellular lipids and proteins. Quantifications 

revealed an increase in TCA vesicular lipid and TCA mitochondria components in pseudo-

islets with NID1.  

 
Figure 13: Illustration of the effects of NID1 on cardiovascular cells in vivo and in vitro. (a) In 
a MI/R mouse model NID1 improved heart function. Histological analysis of heart tissue showed 
reduced scarring (in pink, picrosirius) in hearts treated with NID1 in the HA carrier compared to the 
HA carrier only condition. (b) In vitro studies showed a pro-angiogenic effect of NID1 on endothelial 
cells, a protective effect on cardiomyocytes, an anti-fibrotic effect on fibroblasts and a pro-
regenerative effect on immune cells. Illustration adapted from Zbinden & Layland et al.279 

 Translation into clinical trials of therapeutic candidates, such as NID1, requires the 

understanding of the mechanistic pathways involved. Here, we showed how NID1 binds to 

the integrin αvβ3 in vitro (Zbinden & Layland et al., Appendix IV, Figure 6A). Blocking this 

integrin on β-cells could reverse the beneficial effect of NID1 on insulin secretion, indicating 

that the integrin αvβ3 mediated the action of NID1 on β-cells in vitro (Zbinden & Layland et 

al., Appendix IV, Figure 6B). Moreover, specific biological pathways that are activated by 

NID1 could be identified using a high-throughput digital western blot platform (DigiWest) 
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(Zbinden & Layland et al., Appendix IV, Figure 6E-F)280. NID1 binds the integrin αvβ3 and 

activates the downstream signaling via the MAPK pathway. Downstream effectors such as 

ERK1/2 are known to be expressed following oxidative stress and can lead to the 

transcription of anti-apoptotic genes281,282. The MAPK pathways is also involved in the GSIS 

response of β-cells47. Here, we also showed an increase of p21, Wnt3 and EpCAM in 

pseudo-islets treated with NID1. Interestingly, the cell-cycle regulator p21 is among the 

effectors of the MAPK pathway and can protect different cell types against apoptosis, 

including myoblasts, hematopoietic stem cells and macrophages283–287. Wnt3 increase may 

arise through a crosstalk with αvβ3 downstream signaling288–290. Wnt signaling is involved 

in β-cell insulin secretion mechanisms on the nuclear transcription level, as well as cell 

survival291,292. The upregulation of Wnt3 is coherent with increased survival and increased 

insulin secretion of β-cells. Summary of the mechanistic pathways of NID1 is illustrated in 

Figure 14. 

 
Figure 14: Proposed mechanisms of action of NID1 in β-cells in vitro. NID1 ligation with the 
integrin αvβ3 upregulating Fyn/Src, which stimulates Wnt3 and the MAPK pathway. Fyn/Src 
activates the MAPK pathway, upregulating p21, which can be antiapoptotic. Fyn/Src can crosstalk 
with Wnt3 and EpCAM, enhancing insulin secretion. Illustration adapted from Zbinden & Layland et 
al.279 

DigiWest data showed a significant upregulation in EpCAM in NID1-treated β-cells. NID1 

and EpCAM have a high sequence homology293, suggesting that NID1 might bind to 
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EpCAM. This was confirmed here, for the first time to our knowledge, by a NID1-EpCAM 

binding assay (Figure 15A). We also performed an immunofluorescence staining of 

EpCAM expression in hypoxic pseudo-islets with NID1 (Figure 15B). Semi-quantification 

showed an increase in EpCAM expression, which corroborate the DigiWest data. Potential 

pathways and crosstalk between NID1 and EpCAM in illustrated in Figure 15C. Increase in 

EpCAM expression can lead to an increase in Wnt canonical signaling, as the extracellular 

domain of EpCAM has been shown to cooperate with Wnt signaling by sequestering 

Kremen1294,295. In addition, increase in Wnt might feedback on EpCAM itself, as EpCAM is 

a target gene of Wnt signaling296. This mechanism might contribute to the increase Wnt 

arising from αvβ3. In addition, the homotypic junction formed by EpCAM can stimulate its 

own expression293. Here, NID1 may have a similar stimulatory role. 

 
Figure 15: NID1 binds to EpCAM and may stimulate EpCAM expression. (a) Dose-dependent 
binding assay between immobilized EpCAM and NID1. Specific binding is shown in red. NID1 binds 
to EpCAM in a dose-depending manner and with a relatively low affinity (< 100 µg/ml). (b) 
Immunofluorescence staining of EpCAM (green) in hypoxic pseudo-islets with and without NID1. 
Corresponding quantification of the mean grey value intensity per pixel (GVI/pixel) is shown on the 
right. Unpaired t-test, **** p<0.0001, n=13-18. (c) Illustration shows the potential feedback look, 
where NID1 binds to EpCAM leading to the translation of the EpCAM gene in the nucleus. Scale 
bar equals 50 µm. 

So far NID1 was mostly recognized as a linker protein present in most BMs in the human 

body. NID1 and have been suggested to play a role in angiogenesis297, hepatic 

regeneration298 and regenerative axon growth and guidance299,300. Until now, it was 

unknown whether the nidogen family is involved in β-cell survival, proliferation, or function. 

Our results indicates that NID1 enhanced β-cell function in hypoxia by increasing the 

mitochondrial function, insulin, and insulin-transporting lipid vesicles. For the first time, we 

demonstrated the protective effect of NID1 on β-cells under normoxic and hypoxic 
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conditions. Moreover, we identified several mechanistic biological pathways induced by 

NID1 in vitro. These findings indicate that NID1 have multiple clinical applications not only 

in the cardiovascular field, but for islet transplantation as well. 
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4. Conclusion 

The establishment of in vitro models for DM is essential to bridge the gap between pre-

clinical studies and human clinical trials. Although animal models have provided 

considerable knowledge over the past decades, there are important species-specific 

mechanisms that hinder the clinical translation of target drugs or biological compounds. 

However, the available in vitro platforms using human biological materials lack  

physiological relevance and fail to mimic an in vivo-like human responses to drugs or 

biological compounds. Therefore, there is an urgent need to develop in vitro models that 

mimic some of the physiological complexity seen in vivo.  

In this thesis, we developed aggregates of pancreatic β-cells, so called pseudo-islets, 

that responded to glucose stimulation by secreting insulin. Pseudo-islets mimicked the 3D 

spherical structure of human pancreatic islets. The rat insulinoma INS1E cell line was used 

to optimize pseudo-islet size and culture conditions. The expertise developed was then 

transferred to form human pseudo-islets based on the conditionally immortalized endoC-

βH3 cell line, forming glucose-responsive human pseudo-islets. In addition, we created a 

post-transplantation in vitro model, where sever hypoxia was induced, mimicking the 

microenvironment present after islet transplantation. With this model, we evaluated the 

impact of sever hypoxia on INS1E pseudo-islets and showed how β-cell function, structure 

and ECM expression were significantly altered. Using biological cues such as COL1 gel 

and endothelial cells, hypoxia-induced damage could be diminished. COL1 binding to β-

cells, as well as cell-cell contact and paracrine signals from the endothelial cells, likely 

activated downstream protective signaling pathways.  

Native islets are highly vascularized, allowing the rapid exchange of nutrients, oxygen, 

and release of insulin. To mimic these physiological conditions, we developed a pancreas-

on-a-chip system which entrapped single endoC-βH3 pseudo-islets in a microfluidic device. 

The vasculature-like flow allowed for the dynamic glucose stimulation of pseudo-islets. 

Multisampling of the pancreas-on-a-chip efflux and analysis of the insulin secretion revealed 

a first and second phase of insulin secretion, an important characteristic of native pancreatic 

islets in vivo. To non-invasively monitor the function of the pancreas-on-a-chip, we 

integrated two non-invasive label-free microscopy techniques: Raman microspectroscopy 

and FLIM. The insulin secretion from pseudo-islets could be assessed in situ by Raman 
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microspectroscopy based on Raman spectra describing overall mitochondrial function and 

phospholipid compositions. Using FLIM, we could assess in more detail the metabolic 

dynamic switches between glycolysis and oxidative phosphorylation. In addition, we used 

FLIM to identify hypoxia-induced damage in pseudo-islets over time. FLIM could detect at 

an early onset the metabolic switches occurring in β-cells that activate an adaptive response 

to hypoxia. Importantly, the high sensitivity of FLIM could identify defects in glucose 

response, while traditional methods such as ELISA could not.  

Using the in vitro models developed in this thesis, we investigated the potential 

therapeutic effect NID1 on β-cells. NID1 co-localized with insulin in native pancreatic tissue, 

suggesting a specific role in β-cells. Using recombinant human NID1, we demonstrated the 

stimulatory effect of NID1 on insulin secretion, and its protective effect on β-cells under 

hypoxia. Raman microspectroscopy corroborated these findings by showing an increase in 

insulin-containing vesicular lipids and mitochondrial TCA components in pseudo-islets 

treated with NID1. Finally, we identified a mechanism of action of NID1 via the integrin αvβ3 

and MAPK pathway. We also showed that NID1 binds to EpCAM contributing to the overall 

beneficial downstream signaling pathways. These findings indicate NID1 as a potential 

therapeutic candidate to support β-cell function and survival post-transplantation. 
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5. Outlook 

The establishment of physiologically relevant in vitro models for DM remains 

challenging. With the significant recent technological advances in tissue engineering, 

microfabrication and cellular engineering, a number of tools are now accessible to 

researchers, facilitating the future development of in vitro models in the field of DM35. The 

main components to consider designing an in vitro system are illustrated in Figure 16. The 

first choice to make is a relevant source of cells with a human genetic background. This 

includes primary cells, such as isolated islets, pancreatic cell lines or human embryonic 

stem cells (hESCs) or iPSC-derived cells. Primary cells are currently the most widely used, 

however their rare availability and short-term culture limit their application in large screening 

studies173. Pancreatic cell lines, such as the endoC-βH cell lines, can be expanded in large 

quantity in vitro and provide valuable insights as we and others have shown178,301,302. 

However, their less mature phenotype can be debated. Therefore, the use of human hESCs 

or hiPSCs to derive the different pancreatic cell types have been of growing interests for in 

vitro models, disease modelling and cell-based therapy303,304. Substantial effort were made 

to push forwards the differentiation protocols to derived β-cell fully in vitro305–307. Recently, 

Nair et al., developed a protocol of the in vitro differentiation and maturation of hESCs-

derived β-cell in 3D which closely recapitulate organogenesis308. Immature β-like cells were 

sorted by FACS based on a GFP insulin reporter gene, and re-aggregated into spheroids. 

The hESCs-derived β-cell aggregates exhibited functional characteristics that were a step 

closer to human islets in vitro. 

Although pancreatic β-cells play a central role in DM research, collective efforts have 

been made to include other cell types to mimic the multifactorial characteristics of DM. For 

instance, primary islets were disaggregated and cell types such as α-cells, δ-cells (, PP-

cells and ECs were used in combination with β-cells222,309,310. Currently, there are only few 

alternatives to primary pancreatic isolated cells, including the use of a mouse α-cell line or 

hESC-derived α-cells, which was recently published by the Melton group311,312. Other cell 

types such as δ-cells, PP-cells or ε-cells, to date, can only be obtained by transplanting 

hESC- or hiPSC-derived pancreatic progenitor cells into animal models to spontaneously 

mature in vivo313. A number of groups have attempted to differentiate hESCs or hiPSCs into 

ECs with relevant functional properties in immune, transport, hematological and mechanical 



5. Outlook 
 
 

56 

response314. So far, there is no method available to differentiate hESCs or hiPSCs into 

organ- or tissue-specific EC subtypes. Although the differentiation towards hiPSCs-derived 

pancreatic cell types remains challenging, the use of pancreatic cells derived from hiPSCs 

will significantly impact the DM field. For instance, hiPSCs-derived pancreatic cell types 

have the potential to generate patient-specific in vitro models for personalized medicine 

applications.  

 
Figure 16: Main components to establish an in vitro system with a human genetic 
background. The first element to determined is the cell source that will be used in the in vitro 
systems: primary islets cells, pancreatic cell lines or stem-cell derived pancreatic cells. The second 
components that can be incorporated into in vitro systems are ECM or ECM-mimicking hydrogels, 
which will stimulate through integrin/receptor-binding the cells. The last component to determined 
is the model architecture of the in vitro systems: standard 2D culture, culturing cells as pseudo-
islets, incorporating cells into hydrogel and/or using a vasculature-like perfusion system.   

The second component relevant to build an in vitro system are pancreatic ECM proteins, 

which provide biological and mechanical cues to β-cells to promote function and survival134. 

Here, we showed the protective effect of two ECM proteins, COL1 and NID1, on β-cells. In 

future studies, one should consider the incorporation of other ECM proteins and 

biomolecules to further improve our system. The combination of different cell types, ECMs 

and biomolecules has the potential to further improve in vitro models for DM research.  
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The third component to consider when designing in vitro models, is the model 

architecture, including traditional 2D monolayer culture, pseudo-islets culture, 3D hydrogel-

based culture and perfused systems. Future in vitro models should incorporate the 

physiological complexity seen in vivo, including ECM-based hydrogels in a 3D manner with 

a vasculature-like perfusion provided by microfluidics. For instance, combining the COL1 

gel with NID1 into the pancreas-on-a-chip would significantly improve the physiological 

relevance of our model. Physiologically relevant in vitro models require the development of 

non-invasive label-free imaging tool to monitor and assess in real-time the functionality of 

the model. We showed the potential of Raman microspectroscopy and FLIM to assess 

pancreatic β-cell function. In future studies, one could combine these two technologies in a 

multimodal approach. Although it represents a technological challenge, such multimodal 

approach could allow the correlation between Raman fingerprint with the oxidative state of 

the model.  

The understanding and knowledge acquired through the development of vitro models 

are transferable to the design of implant for islet transplantation. Encapsulation and 

biofunctionalization of cell-based therapeutics are a promising strategy not only alleviating 

the immune response, but also providing a microenvironment supporting cell survival and 

function post-transplantation128. However, there are important limitations that further need 

to be explored before achieving long-term survival and functionality of islet transplant 

(Figure 17). These includes: (1) incorporation of biological and mechanical cues to support 

islets, (2) engineered solutions promoting enhanced vascularization or providing oxygen 

supply, and (3) biofunctionalization of the islet using other cell types. For instance, hydrogel 

biofunctionalized with IL-4 and dexamethasone induced the polarization of anti-

inflammatory M2 macrophage, thereby modulating the immune response315. Similarly, 

biofunctionalization with Fas ligands induced ligand-mediated apoptosis in T-cell 

effectors316. Xenotransplantation outcome from a rat-to-mice model were significantly 

improved by the co-transplantation of autologous regulatory IL-10 murine dendritic cells in 

absence of any additional immunosuppressive therapy317. In addition, several studies have 

reported the benefit of transplanting MSCs with islets in term of graft efficacy in animal 

models318–322. In the future, our work may contribute beneficially to the outcome of islet 

transplantation. Incorporation of NID1 and COL1 with encapsulated cells could increase the 
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survival rate and function of transplanted islets. Similarly, providing endothelial cells, which 

secrete VEGF, may improve the neovascularization of transplanted islets.     

 
Figure 17: Encapsulation and biofunctionalization for islet transplant. Encapsulation strategies 
of islets aim to physically separate host immune cells from the transplant, while allowing diffusion of 
small molecules, such as glucose, insulin or oxygen and blocking the entry of larger proteins such 
as IgM or IgG. Key research areas focus on:  biofunctionalization of the transplant material, using 
pancreatic ECM proteins such as COL4, FN, LAM and/or biomolecules such as VEGF to promote 
vascularization;  developing oxygen-releasing materials, alleviating the hypoxic conditions;  co-
transplantation of islet cells with other cell types. 
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