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Figure 47: A similar reduction in ductal and progenitor markers are detected due to the spheroid formation. 

The RT-qPCR results validate strong and similar decreasing in the expression of Krt19, ductal marker, and 
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Abstract 

The incidence of diabetes type 1 (T1D) in children and young adults is increasing worldwide. 

T1D is well treated by insulin administration. However, there is currently no long-lasting cure 

for this ailment. The success rate of pancreatic islet transplantation to treat T1D is limited by 

the availability of patient-matched islets and the necessity of using life-long 

immunosuppressive medication. The difficulties caused by transplantation can be overcome 

by generating bio-engineered pancreatic islets from patient-derived progenitor cells. Aim of 

this thesis is to establish new strategies for the generation and analysis of pancreatic lineages 

derived from human progenitor cells. It reports on the optimization of a technique to form 

human pancreatic spheroids from hollow monolayered human pancreas organoids (hPOs) to 

investigate how cell-cell and cell-matrix interaction can be leveraged to induce endocrine 

differentiation of the pancreas progenitor cell organoids. We introduce cell aggregation 

protocols to generate endocrine pancreas cell lineages from ductal pancreatic cells. Next, we 

study the effect of  co-culture with stromal and endothelial cells to promote cell 

differentiation toward a pancreatic fate enhancing β cells productivity. 

This thesis has focused on identifying the differences in gene expression along with 

phenotypical transformation during differentiation of human pancreatic organoids (hPOs) 

towards human β cells to be used in the future of cellular therapeutics in treating T1D patients.  

Keywords: human pancreatic organoids (hPOs), differentiation, spheroid, diabetes type 1.
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1. Introduction 

1.1. Pancreas 

1.1.1. Pancreas anatomy 

Pancreas is an elongated exocrine and endocrine organ, placed in the left part of the body 

under the heart and close to the spleen (Figure 1).1,2 Nearly 95% of pancreatic mass belongs 

to exocrine compartment and is composed of two major cell types: acinar and ductal cells. 

Several acinar cells line with epithelial cells, which produce zymogen granules, and form acini 

structures within pancreas. The exocrine part consists of several lobules containing numerous 

acini. Acini is involved in the food digestion. The zymogen granules are secretory vesicles that 

release trypsinogen, procarboxypeptidase, amylase, and lipase that hydrolyze food.2 Ductal 

cells form approximately 10% of the pancreas mass and make networks called small pancreas 

ductule. Pancreas ductule is connected to the larger ducts which forms major pancreatic duct. 

Fat digestive enzymes are released through the pancreatic duct and merge with the common 

bile ducts into the first 10 cm of digestive system, called duodenum (Figure 1). 

Figure 1: Overview of adult pancreas. The pancreas is a sigmoid shape organ located right behind the stomach 

beside the liver and spleen. The pancreas is divided into an exocrine part (acinar and duct tissue) and an endocrine 

part (islets of Langerhans). (Modified from Shih HP et al., 2013) 
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To provide the optimal milieu for enzymatic activity and protect the pancreas ducts from 

acinar secreted enzymes, ductal cells secret bicarbonate which neutralizes stomach acidity 

respectively.3–6 In contrast, the endocrine part of pancreas releases its hormones directly in 

the blood. The endocrine cells form small and rounded cluster-like structures, so-called islets 

of Langerhans, which take around 1–2% of the entire pancreatic mass.7–9  Islets of Langerhans 

consist of compact cell aggregates comprising five different main cell types: α (alpha), β (beta), 

δ (delta), ε (epsilon), and γ (gamma) or PP (pancreatic polypeptide) cells that secrete glucagon, 

insulin, somatostatin, ghrelin and pancreatic polypeptide, respectively. 8,10,11 

Homeostasis is defined as a self-regulating process by which biological systems maintain to 

relatively stabilize internal state and used to describe organ’s activities. Highly sophisticated 

network of various hormones from different parts of the body such as brain, pancreas, liver, 

intestine as well as adipose and muscle tissue are involved in maintaining homeostasis. Within 

this network, the pancreas plays a significant key role by producing and secreting insulin and 

its opponent glucagon to control normal blood glucose levels. Pancreatic internal hormones, 

insulin and glucagon together, affect cell’s functionality directly. Insulin is released from the β 

cells and considered as the main internal pancreatic hormone. Insulin is the most important 

hormone since it facilitates each single cell within body to be nourished, similarly, it controls 

the function of cell gates on the surface of cell membranes and ensures entering glucose in 

the cells which leads to monitoring the glucose levels in the blood.7,12,13 

1.1.2. Islets of Langerhans 

The Islets of Langerhans were characterized for the first time by the pathologist Paul 

Langerhans in 1869.14 An adult human pancreas comprises between 3.2 and 14.8 million islets, 

with a total volume between 0.5 and 2.0 cm3. The proportion of cellular composition and 

architecture of pancreatic islets varies between and within species. 15 In general, each islet 

consists of a central core of β cells, surrounded by α, δ, ε, and γ or PP (pancreatic polypeptide) 

cells.7,15,16 β cells are the predominant cell types within islets by comprising up to 60% of the 

islets’ mass, followed by α cells with 30% of islets’ mass.17 The 10% remainder made up of δ, 

ε, γ or PP cells, that are randomly distributed throughout the islets (Figure 2).18 
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Islets of Langerhans are compact structures of different cells with different functions and 

hormones.8,15 Each cell type is stimulated by individualized signals and releases specific 

hormone, therefore islets are directly responsible for maintaining homeostasis.7,19  

The two most prominent cell types in islets, β and α cells, are essential for the maintenance 

of blood glucose homeostasis. α cells produce and release glucagon, a peptide hormone that 

increases the concentration of glucose and fatty acids in the blood and categorises as a 

catabolic hormone in the body. In contrast, β cells make and release an opposing hormone 

called insulin.7,20 The secretion of insulin by pancreatic β cells plays a critical role in the 

regulation of glucose. Insulin apposes glucagon and decreases glucose concentration in the 

blood by increasing glucose uptake by the liver, skeletal muscle, and adipose tissue via 

specialized receptors.7,19 δ cells release somatostatin the inhibitor for both insulin and 

glucagon. ε cells make ghrelin, which play different roles in triggering of appetite, increasing 

fat storage and stimulation of growth hormones release by the pituitary gland.21 γ or PP cells 

Figure 2: Schematic illustration of islets of Langerhans. The pancreas is a mixed (exocrine and endocrine) 

glandular organ. The exocrine part of the pancreas is involved in digestion, and these associated structures are 

known as the pancreatic acinus and duct. The endocrine cells form cluster like structures so-called islets of 

Langerhans and scattered through the pancreas. Islets of Langerhans release different hormones such as 

glucagon (α cell), insulin (β cell), somatostatin (δ cell), and pancreatic polypeptide (γ or PP cell) and play important 

role in homeostasis (Created with BioRender). 
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are responsible for producing pancreatic polypeptides, which are involved in the digestive 

system. Pancreatic polypeptides decrease gastric acid secretion, gastric emptying, and upper 

intestinal motility.17,20,22 The islet cell’s communication through extracellular spaces and gap 

junctions are required for normal homeostasis. Besides the endocrine cells, the islets contain 

numerous other cell types such as: vascular cells, other stromal cells, immune cells, and neural 

elements (Table 1).23,24 

Table 1: Table of different cell types in islets. 

Different Cell Types in Islets 

Endocrine 
cells 

Stromal  
cells 

Vascular  
cells 

Immune  
cells 

Neural  
cells 

α cells 
β cells 
δ cells 
ɛ cells 
γ or PP cells 
 

Fibroblasts 
Myofibroblasts 
Stellate cells 
Kajal cells 
Occasional duct cells 

Endothelial cells 
Vascular smooth muscle 
cells 
Pericytes 
Adventitial stromal cells 

Granulocytes 
Lymphocytes 
Macrophages 
Dendritic cells 
Mast cells 

Neurons 
Schwann cells 

 

The islets of Langerhans consist of highly specialized networks of arterioles, capillaries, and 

venules forming the microvasculature system.23 The localization and proportion of islets 

within lobules play a significant role in the architecture of the pancreatic microvasculature.25 

Pancreatic islets are extensively vascularized and contain fenestrated capillaries that form a 

glomerular-like network within islets.26 Due to the high local production of vascular 

endothelial growth factor-A (VEGF-A) by the β cells, endocrine capillaries are approximately 

10 times more abundant than exocrine pancreatic capillaries and receive up to 20% of the 

pancreatic blood flow.9,26,27 The neurovascular system, secretion of insulin from β cells, 

endothelium-derived mediators, and other hormones regulate islet blood flow respectively. 

The islet blood flow is usually disturbed in glucose metabolism disorders.7,21 Most β cells face 

at least parts of their cytoplasm towards fenestrated islet capillaries.23 The close and compact 

capillaries network in the islets facilitates monitoring glucose levels and the release of the 

necessary amount of insulin in the bloodstream. It is worth noting that this glomerulus-like 

structure ensures that insulin is efficiently delivered into bloodstream and in general to 

insulin-sensitive organs, such as liver, adipose, muscle and hypothalamus , which plays an 

important role in the stabilization of homeostasis within the body.23,27  
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The islet microvascular system are quite variable in size but architecturally are like the other 

veins in the body and contributes to the blood perfusion of pancreatic islets respectively.26,28,29 

An extended neurovascular system, which consists of several neurons and vascular cells, 

penetrates through the central core of the islet participating in hormone production and 

homeostasis.21,30 

1.1.3. Pancreas development and differentiation 

In the past two decades, knowledge of how does the pancreas develop during embryogenesis 

has considerably advanced.31,32 Particularly, the molecular basis of pancreatic development 

and cell differentiation has been intensively studied.  

Both exocrine and endocrine parts of pancreas develop from the dorsal and ventral bud during 

embryogenesis and arises from the foregut endodermal lining of the duodenum in the first 

month of human embryonic life.32 Single immature epithelial duct cells from endocrine cells 

develop in the first ten weeks of gestation, followed by vascularization of islets in week 16 of 

gestation.11 The process is proceeded by encapsulation with connective tissues at the same 

time.32 Final development takes place by differentiation of pre-islet cells into specific islet cell 

types during the second half of gestation.33 Neogenesis or the formation of new islet cells from 

pancreatic progenitor/stem cells is widely accepted as being responsible for the initial 

embryonic formation of the endocrine pancreas.34 

Pancreas organogenesis comprises of coordinated and highly complex interaction of signaling 

and expression of different transcriptional networks that has a stepwise process. A critical step 

in this process is the decision made by pancreatic progenitor cells for adopting an endocrine 

fate. Transcription factors play critical roles in gene expression, through binding to specific 

enhancer sequences which leads to differentiation.11,20 Pancreas/duodenum homeobox 

protein 1 (PDX1), forkhead box A2 (FOXA2), and sex determining region Y-box 17 (SOX17) are 

involved in early pancreatic progenitor formation.35,36 Several other transcription factors such 

as Neurogenin 3 (Ngn3, also known as Neurog3) and neurogenic differentiation 1 (NEUROD1) 

are cooperating during endocrine lineage specification and differentiation.36 Late maturation 

of beta cells is tightly regulated by transcription factors including V-maf musculoaponeurotic 

fibrosarcoma oncogene homolog A (MaFA), V-maf musculoaponeurotic fibrosarcoma 

oncogene homolog B (MaFB), paired box gene 6 (PAX6), and estrogen related receptor gamma 

respectively.8,31,37–39 
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Among all transcription factors, PDX1, NEUROG3, and MaFA are the most important ones 

during islet development.37 The Ngn3 controls the endocrine fate decision. Its expression in 

scattered cells within the cords of pancreatic progenitor cells that form the fetal pancreatic 

ducts and is necessary for differentiation towards endocrine cells.37 

Pdx1 is expressed broadly in the pancreas cells during the first several days of pancreas 

development. Studies show that progenitor form all the mature pancreatic cell types 

expressing Pdx1 respectively. Pre-islet cells are histologically recognized in day 9 (E9.0-E9.5) 

of development by expressing Pdx1. Both Pdx1 and Ptf1a, pancreas transcription factor 1 

subunit alpha, are transcription factors being expressed in the early stage of pancreas 

development, therefore used as a marker for.35 

MafA, also known as RIPE3b1, binds to the promoter region of the insulin gene and leads to 

insulin expression in response to glucose. MafA is detected in week 21 and its expression 

gradually increases after birth. It is also repeatedly reported that MafA is important in 

regenerating functional and mature β cells from pluripotent stem cells.37,40 In addition to this, 

Regulated Hedgehog (Hh) signaling pathway is required for proper pancreas development and 

organogenesis. Activation of this pathway depends on the binding of a Hh ligand to its 

transmembrane receptor Patched (Ptch).41 

Several developmental disorders can also lead to anatomic abnormalities of the pancreas and 

its ducts or can be part of complex disorders that affect multiorgan systems. Other genetic 

mutations can lead to metabolic abnormalities that affect the pancreas exclusively or increase 

the lifetime risk for developing pancreatitis or pancreatic diabetes. 

1.1.3.1 Function and development of β cells 

β cells are the most studied cells of the pancreas. In humans, β cells are located in the center 

of the islets of Langerhans.2 They make up to 60% of the cells in the islets.17 Total number of 

mature β cells varies significantly among individuals. It is noteworthy that small islets contain 

almost only β cells,  on the contrary other endocrine cell types are mainly presented in the 

larger islets.42  

β cells differentiate from non–β cell precursors through a process termed neogenesis.34 β cell 

replication continues and significant neogenesis occurs during the neonatal period within the 

human body.43 β cells are found in week 9 of gestation.44 They are capable of replicating from 

the beginning of week 9 d.p.c. (days post conception) respectively. β cells are mostly 

maintained by self-replication rather than differentiation. The high rate of β cell replication 
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during pancreas development is responsible of the high expression of β cell mass within 

islets.45 The first endocrine cells are closely associated with the ductal epithelium, which may 

be caused by the differentiation from precursor cells.46,47 The expression of insulin and 

glucagon has been reported from β cells during fetal period. β cells develop their insulin 

secretion ability and become more mature after birth.48 

1.1.3.2. Role of other cell types  on β cells functionality and development 

Cell crosstalk in tissues is complex and has a significant effect on cell function and cell fate.49 

β cells are highly interconnected via blood vessel network, which allows the β cells to sense 

glucose level in the blood and release a tightly regulated amount of insulin in the blood. In 

addition, blood vessels play a unique role during all stages of prenatal pancreas development, 

which demonstrated a close relationship between the development of endocrine islets and 

blood vessels.49 Furthermore, human microvascular endothelial cells (HDMECs) cooperate in 

the pancreatic niche and their absence can cause pancreatic agenesis.28 Efficient interaction 

between HDMECs and human pluripotent stem cells (hPSCs) leads to the generation of 

functional pancreatic β cells. 

1.1.4. Pancreatic disorders 

An increasing incidence of pancreatic disorders, either acute pancreatitis or chronic pancreatitis, has 

been recorded in patients, possibly due to higher awareness among physicians.7,50 Acute pancreatitis 

is common and is the leading cause of hospitalization among gastrointestinal disorders in the world 

since problems with the pancreas can interrupt both digestive part and glucose levels in blood and 

affect the whole body.1 There are some anatomic abnormalities in childhood, which would cause 

symptomatic pancreatic disease that are usually treated surgically.51 Biochemical abnormalities that 

are caused by enzyme deficiencies are mostly treated with medical therapies.52 Aside from different 

types of pancreatic cancers such as pancreatic adenocarcinoma and nonfunctional islet cell tumor, 

there are other disorders and diseases of pancreas, like cystic fibrosis, Jeune syndrome, Pearson 

Syndrome, Johanson Blizzard syndrome (JBS), Shwachman Diamond syndrome (SDS) and isolated 

pancreatic enzyme deficiencies (pancreatic lipase deficiency or PNLIP), that can have various degrees 

of seriousness and complications.50,53–56  

1.1.4.1. Diabetes mellitus 

Diabetes mellitus, commonly known as diabetes, is a chronic and metabolic disease that 

causes high concentration of sugar (glucose) in the bloodstream.57 Diabetes happens when 

the pancreas is no longer capable of synthetize insulin, or when the body cannot use the 
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insulin it produces.7 Diabetes mellitus is also a common disease among patients with 

pancreatic cancer, chronic pancreatitis, and disorders of the exocrine pancreas.50 Diabetes 

includes direct and indirect symptoms in the patient, which can affect their health and life for 

short or long time.58 In many cases patients die due to the side effects of diabetes such as, 

blindness and kidney dysfunctional diseases. The three main types of diabetes are: type 1 

diabetes (T1D), type 2 diabetes (T2D), and gestational diabetes mellitus (GDM).59 

Type 1 diabetes (T1D), also called as juvenile diabetes or insulin-dependent diabetes, is a 

chronic disease in which the pancreas produces little or no insulin.60,61 T1D is an organ-specific 

autoimmune disease, which means that the immune system mistakenly attacks the pancreas 

and destroys the β cells, therefore the body cannot produce insulin.34,62,63 The incidence of 

T1D is increasing significantly between children and teenagers.60,64 

Type 2 diabetes (T2D), formerly known as adult-onset diabetes or insulin resistance diabetes, 

is the most common form of diabetes.13,65,66 High calory intake and lack of exercise are the 

most contributing causes of T2D.66 In this type of diabetes, the body cannot effectively use the 

insulin, which leads the body to rely on alternative energy sources.67 Over the time most 

people with T2D would require oral drugs and/or insulin shots to control their blood glucose 

levels. 

Gestational diabetes mellitus (GDM) is a temporary type of diabetes consisting high blood 

sugar levels during pregnancy which usually disappears after giving birth.57,68 Like other types 

of diabetes, GDM extremely affects mother’s homeostasis. It can affect mother’s and the 

baby's health. These babies are at increased risk of developing type 2 diabetes later in life.69,70 

1.1.4.2. Treatment of diabetes mellitus type 1 and 2 

The main goal of diabetes treatment is to control blood sugar (glucose) levels in the 

bloodstream so as to prevent complications of the disease.7 Diabetes, particularly T1D, results 

from the lack of pancreatic β cells.34 For patients with T1D and T2D, the main treatment is 

based on the injection of exogenous insulin or insulin analogues, without this regular daily 

injection patients would develop life-threatening diabetic ketoacidosis (DKA)  .62,71 Currently, 

there is no cure for T1D, therefore patients with T1D require lifelong multiple insulin injections 

over the day to maintain normal glucose levels.45 Furthermore, dietary changes and 

individualized physical exercises play a critical role in managing T1D.67 T2D patients have a 

wider range of treatment options in comparison with T1D patients. Lifestyle modification 
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coupled with the application of oral antidiabetic drugs such as metformin are suggested for 

T2D treatment.66 Diet and exercise can help patients to control their blood pressure together 

with blood lipid and glucose levels.66,67 

1.1.5. Future therapeutic strategies for diabetes 

As noted above, a characteristic feature that is common in T1D is the progressive loss of 

functional β cells’ mass which leads to poor glucose levels control.57,72 Hopes for diabetes 

treatment are grouped in drug therapy, gene therapy and transplantation, while these 

strategies require significant improvements in wide scale clinical applications. 

1.1.5.1. Drug therapy 

Insulin therapy as daily regular injection (two to three times per day) is the basis in treatment 

of T1D, albeit, it does not solve all the problems in the T1D patients.61,73 Parallel to this 

treatment, researchers have been focusing on the production of different kinds of drugs, 

meaning to stimulate insulin secretion, increase insulin sensitivity, or inhibit the antagonists 

of this hormone as the potential treatment for T2D.72 Furthermore, Metformin is the first 

medication prescribed for T2D and everyone diagnosed with T2D needs to take it regularly.66,73 

Metformin is effective, safe, and inexpensive and it may reduce the risk of cardiovascular 

events.66 Diet and exercise can also help patients to manage T2D.66,74 The diabetic patients 

need to deal with the absent of insulin in their body, besides that in some cases, they suffer 

from pancreatic enzyme deficiency continuously, which is treated with pancreatic enzyme 

replacement therapy (PERT) coupled with vitamin supplementation.75 

1.1.5.2. Gene therapy 

Gene therapy by viral vector and non-viral transduction is highly promising for the treatment 

of  T1D.62 Researchers approach from many different angles to find a specific treatment for 

T1D such as prevention of β cell autoimmunity by the suppression of autoreactive T cells or 

the replacement of the insulin gene.76–78 Even though gene therapy is one of the basic 

treatments in autoimmune diabetes, this method requires more research to be considered as 

an efficient and safe treatment for T1D.62 

1.1.5.3. Transplantation 

Allogeneic islet transplantation serves as a source of insulin-secreting beta-cells for the 

maintenance of normal glucose levels and treatment of T1D. Transplantation has emerged as 
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a promising treatment, nonetheless, researchers are still facing two critical challenges: first, 

the protection of β-cells from autoimmunity, and second, the supply of reliably functional β-

cells.79–82  At the same token, insufficient donor resources, high rates of islet graft failure, and 

the necessity for lifelong immune suppression therapies are major obstacles to the 

widespread application of this therapeutic approach. To overcome these problems, 

transplanting pancreatic islet obtained by differentiating adult stem cells has recently 

emerged as a suitable treatment. Transplanting autologous differentiated cells can increase 

the chances of success by avoiding  the immune response of the patient following a 

xenotransplantation.. Furthermore, this way the scarcity of donated islets would be overcome 

and the patients would avoid the assumption of immune suppressor medication, which long-

term increases the probability of developing cancer and further autoimmune diseases.45,61,83  

1.1.6. Cell replacement therapy for diabetes 

One of the promising methods to overcome today’s treatments (daily injection or subcuticular 

pumps) for diabetic patients is the cellular therapy by which the lost β cells in disease 

processes could be restored/replaced by surrogate insulin-secreting cells including those 

derived from multipotent pancreas progenitors. This was demonstrated by Noor et al., 2017 

in an animal model in details. She has shown that rats rendered diabetic by the β cell toxin 

streptozotocin could be cured by implantation of isogeneic islets.85 however, clinical diabetes 

researchers are facing two critical challenges. First, protection of the new β cells from 

autoimmunity and immune rejection, and second, development of β cells that are readily 

available and reliably functional.34,86,87  

To increase the number of functional β cells in patients, insulin-producing cells can be 

generated from non-pancreatic somatic cells (hepatocytes or intestinal cells), pancreatic 

exocrine cells (acinar and ductal cells), or pancreatic islet cells (α cells) by inducing trans-

differentiation. Differentiated β cells can be expanded by reversible immortalization and the 

generation of insulin-producing cells from embryonic or adult stem cells. It is possible that 

new insights into endocrine pancreas development would ultimately lead to manipulation of 

progenitor-cell fate towards the beta-cell phenotype of insulin production, storage, and 

regulated secretion. Both allogeneic and autologous surrogate beta cells are likely to require 

protection from recurring autoimmunity 34,87–89. This protection might take the form of 

tolerization, cell encapsulation, or cell engineering with immune protective genes 62,92. If 
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successful, these approaches could lead to widespread cell replacement therapy for type 1 

diabetes (Table 2, Figure 3). 

 

 

 

 

Figure 3: Generating β-like cells from adult somatic cells by inducing trans-differentiation. In particular, β-like 

cells can be generated from different adult somatic cells such as hepatocytes, enterocytes, α cells, ductal cells, 

acinar cells, or by self-regeneration of pre-existing β cells. Up or down regulation of adult somatic cells causes 

trans-differentiation and leads to the formation of insulin positive cells with a β-like phenotype (Modified from G. 

Basile et al., 2019) (Created with BioRender). 
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Table 2: List of somatic cell types as candidates for regenerating new β cells within human 

and mouse. (Modified from G. Basile et al., 2019) 

Cell type Treatment/modification Species Reference 

Hepatocytes Overexpression of Pdx1, NeuroD1, Ngn3, 
MafA/B 

Mouse 90 

Adult and fetal 
hepatocytes 

Overexpression of Pdx-1 Human 91 

Enterocytes Overexpression of Pdx1, Ngn3, MafA - GLP1 
treatment  

Mouse 92 

Enteroendocrine 
progenitors 

Downregulation of FoxO1 Mouse 93 

Enterocytes Downregulation of FoxO1 - GLP1 treatment Human 94 
Acinar cells Overexpression of Pdx1, Ngn3, MafA - 

treatment with cytokines, EGF or CNTF 
Mouse 95 

Acinar cells Treatment with BMP-7 Human 96 
Ductal cells Transduction of Pdx1 Rat 97 
Ductal cells Treatment with cytokines Mouse/human 98,99 

α cells Overexpression of Pax4 - downregulation of 
Arx and Dnmt1 - treatment with alloxan, 
PDL, or acinar damage 

Mouse 100,101 

α cells Treatment with GABA, artemisinin Mouse/human 102,103 
α cells Overexpression of Pdx-1 and MafA Human 104–106 

 

The pancreas in T1D usually has very few surviving β cells, so just enhancing sufficient 

replication of these remaining β-cells to reach a critical mass is a difficult and perhaps 

unreachable goal, even if the autoimmune destruction could be controlled.  

Nevertheless, enhancing differentiation or regeneration of other cell within pancreas may 

have more potential to provide an increase in new β cells that could then replicate further to 

provide enough insulin to reverse diabetes. The cell types that can be used as a source for 

generating new β cells, including the mechanisms are presented in Figure 4. 



Introduction 

13 
 

1.2. 3D cell culture 

Three-dimensional (3D) cell culture is a method that allows cells to grow and interact with 

surrounding extracellular network and other cells in three dimensions.107–109 3D cell culture 

provides an effective platform for further identification of the biological characteristics of cells 

(especially tumor cells), particularly in the drug discovery area.108,110 At the same time, 3D cell 

culture improves our knowledge about cell dynamics in in vivo-mimicking conditions and plays 

an important role in understanding cell biology, organ function, neuroscience, regenerative 

medicine, and disease model.109,111,112 3D cell culture leads to the creation of more predictive 

biomimetic tissue models, which are physiologically more relevant and predictive than 2D 

cultures, in which cells are grown in a flat monolayer on a plate.113 In traditional 2D cell culture, 

cells are cultivated on the hard plastic or glass dishes or flasks for growing.114 In contrast, cells 

have constant interactions with extracellular matrix proteins (ECM) and naturally grow and 

differentiate in 3D environments inside the body.115 In fact, most of these interactions are lost, 

or significantly reduced, in 2D cell culture.116 In the last two decades, due to the realization of 

the limitations of 2D cell culture, the use of different 3D cell cultures such as spheroids, 

organoids, and tissue engineering via 3D bioprinting have been implemented.112 Advanced 3D 

cell culture allows researchers to bridge the gap between classical 2D cell culture and in vivo 

animal models.109  

Figure 4: Drawing of cell replacement in human islets. Several mechanisms could be applied on different cell 

types within human body in order to increase the amount of β cells in T1D patients. (created with BioRender). 

(Modified form Dr. Cord Dohrmann) 
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Improving 3D cell culture to accurately replicate the physiological environment, plays a 

significant role in providing more meaningful scientific conclusions.117,118 3D cell culture is a 

suitable method to study cell biology, since 3D environment allows cells to interact with 

surrounding matrix at all three dimensions, which provides more contact space and 

stimulation input.119 This feature plays a fundamental role in achieving an in vivo-like cellular 

function.120 In this method, cells are capable of closely resemble in vivo cellular 

communication. As a result, cell behaviors are totally different from those cultured in 2D cell 

culture environment.108,121,122 Moreover, it has been revealed that, in contrast to monolayer 

culture, the lifespan of cells is substantially extended in 3D compare to 2D cell culture, 

suggesting the potential for conducting long-term investigation of cell growth and effects of 

drugs.123 Significantly modification of signaling transduction and gene expression apart from 

morphological changes have reported in cells cultured in 3D.119,124 Currently, a variety of 3D 

cell culture methods have created excellent experimental tool for researchers and are counted 

as a perfect alternative to the animal models.116 3D cell culture can significantly reduce or 

replace the use of laboratory animals.109 

However, cells in 3D culture, especially spheroids, also experience a limited diffusion of 

nutrients, oxygen, hormones, effector proteins such as growth factor and enzymes, as well as 

removal of cellular wastes and carbon dioxide (CO2) into the culture medium, which is critical 

for the establishment of tissue scale.112,120,125–127 As a result, large spheroids (>500 μm in 

diameter) are characterized by an external proliferating zone, an internal quiescent zone and 

central necrotic zone, caused by physiochemical gradients, which resembles the cellular 

heterogeneity of in vivo solid tumors.112,128 To comparison more efficiently, differences 

between 2D and 3D cell culture are listed in Table 3. 
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Table 3: Primary differences between 2D and 3D cell culture: 

2D cell culture 3D cell culture Reference 

Supraphysiological mechanical signals 

caused by high stiff surfaces / stiffness 

of surfaces 

Tunable, relatively low stiffness of 

environment closer to that of 

tissues 

109,111,112 

Continuous, flat surface available for 

unencumbered adhesion, spreading, 

and migration 

Nano- and micro-scale 3D surfaces 

provided by ECM fibers and guided 

and hindered cell motility by matrix 

porosity 

107,115 

delivering the same amount of 

nutrients and growth factors to all cells 

Unequal share of nutrients and 

growth factors amongst cells 

107,114,119 

Less resistance to drug treatments by 

cells 

More resistance to drug treatments 

by cells 

115 

Soluble gradients absent without 

microfluidics 

Gradients of soluble factors, 

nutrients, and oxygen based on 

diffusion through gel or cell 

aggregations 

112,128 

morphogenesis constraints and 

dominated cell-substrate interactions 

by 2D geometry 

Free self-organization and 

dominated cell-cell interactions in 

multicellular 3D structures 

129 

Poor cell differentiation  Well differentiated cells 130,131 

Highly replicable and easily 

interpretable 

Possible difficulty in replication and 

data interpretation  

107,108,132 

Automatic apical-basal Polarization Self-generated apical-basal 

polarization by embedded cells 

133 
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1.2.1. Techniques for generating 3D cell culture 

Even with all these advances, 3D cell culture still is unable to fully recapitulate the natural 

environment of cells, because the cells are in close contact with ECM in the body.120 On 

account of this, researchers have begun to investigate how embedding cells within 3D 

hydrogels impacted cell behavior and phenotype and have been improving 3D cell culture 

generation.86 

In general, 3D cell culture can be broadly divided into two main categories: scaffold-based or 

scaffold-free methods.117,118,134 

• Scaffold-based methods use animal derived or synthetic materials like hydrogels or 

structural 3D scaffolds as a support for seeding cells to aggregate, proliferate, and 

migrate, for generating a 3D structure.129 

• Scaffold-free methods rely on encouraging the self-aggregation of cells via specialized 

culture plates or physical parameters to prevent cell attachment.120 

Two of the most prominent 3D cellular structures used are organoids (most frequently grown 

in scaffold-based systems), and spheroids (grown in scaffold-free systems).107,121 

Understanding the key differences between the two methods allows to select the most 

suitable method. Scaffold-free methods are often preferred, since they contain no exogenous 

components, which could interfere with the experiment by blocking drug or growth factor 

delivery.118 On the other hand, inconsistency in size of the samples has frequently reported in 

scaffold-free methods, and some cell types do not aggregate at all without a scaffold 

present.135,136 Scaffold-based methods offer greater control over design and architecture of 

the forming microstructure.133 It’s important to note that, the scaffold itself can absorb the 

test compound, which needs to be taken into account in pharmacology studies.137 

The most common hydrogels used in scaffold-based methods that have reported to be 

compatible with human cells are alginate, matrigel and CultrexTM basement membrane extract 

(BME2). Alginate has been well studied for encapsulation of various cell types such as neural 

stem cells andis one of the best candidates for 3D cell culture.136 Matrigel is a basement 

membrane protein solution, obtained from mouse sarcoma cells. It contains approximately 

1,000 different proteins, but is mainly composed of laminin, collagen IV, and entactin.138 

Matrigel forms a viscous liquid at cold temperatures (<8 °C), solidifies rapidly after a short 
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incubation at room temperature (RT) and forms a hydrogel.115 Matrigel is suitable for the 

culture of embryonic stem cells (ESCs).139 The cultrex® basement membrane extract-2 (BME-

2) is a soluble form of basement membrane purified from Engelbreth-Holm-Swarm (EHS) 

tumor.140 BME-2 undergoes gelation at 37 °C and forms a reconstituted basement 

membrane.108 The major components of BME-2 include laminin, collagen IV, entactin, and 

heparan sulfate proteoglycan.141 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic illustration of 2D and 3D cell culture. A: Traditional 2D monolayer cell culture and 

3D cell culture systems; B: The structure of 3D spheroid with different zones of cells with the models of 

oxygenation, nutrition, and CO2 removal. 3D spheroid from inside to outside. The regions are necrotic 

zone (innermost), quiescent viable cell zone (middle), and proliferating zone (outermost). (according to 

Nipha Chaicharoenaudomrung et al., 2019) (created with BioRender). 
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Difficulties in development of new anticancer drugs and in vitro tissue modeling have raised a 

necessity to generate a new cell culture method.108,142 High-throughput systems based on 

monolayer cell cultures are widely used to test new anticancer drugs, however the similarity 

to in vivo model and the prediction value of the monolayer are limited significantly and 

negatively affects the efficacy of drugs and development of tumor resistance 

mechanisms.108,115 Tumor spheroids can recapitulate most of the properties of solid tumors 

like the establishment of penetration barriers, the accumulation of non-proliferating or 

necrotic cell populations in center.143 Therefore, tumor spheroids are the best choice for the 

development of drug resistance and to improve the in vivo predictability of new cancer 

drugs.125 

Various culture techniques are used to generate spheroid.130 One of the most common 

methods is called liquid-overlay technique (LOT).144 In this technique, trypsinized cells are 

placed on dishes covered with a thin layer of agarose. The coating prevents cell attachment 

to the dish, therefore cells could aggregate, grow in a 3D structure and form spheroid.112,117,145 

Cultivation in spinner and gyratory bioreactors are used frequently to produce high-

throughput samples. Trypsinized cells are placed in a culture vessel with a magnetic stirrer 

inhibiting cell attachment to the substrate and improve cell-cell adhesion.141,146 Alternatively, 

spheroids are grown in a hanging drop deposited on a microplate lid. The cells start to 

aggregate due to the gravity.110,142 Despite all these advantages, these techniques are limited 

by long-time cultivation, formation of unequal-size spheroids, or difficult mechanical 

accessibility.147,148 However, the standardization of a protocol working for large variety of 

tumor cell lines to rapidly generate high-throughput spheroid with homogenous size in a plate 

format accessible to subsequent analysis is still a challenge.86,149  

Several further tools are needed to achieve drug screening in 3D cell culture, including 

advanced light microscopes for measurement of drugs or antibody permeation into spheroids 

and to monitor respiratory activity, cell viability and further  physiological alterations of 

spheroid detected with suitable biosensors.108,150,151 

1.2.2. Applications of 3D cell culture 

Beyond fundamental cell biology, 3D cell cultures represent effective platforms for 

accomplishing wide range of applications in the field of biomedical engineering, tissue 

engineering and drug discovery.122,152 Drug discovery and tissue engineering benefit from the 
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capacity of 3D cell culture in providing more physiological relevant information and more 

predictive data for in vivo tests.108 Additionally, 3D cell culture contains biological ECM. ECM 

is strongly contributive to the cell dynamics, because of this, it provides reliable results of cell 

metabolism, which would be advantageous for various applications such as investigation of 

tumor models.117,120 

1.2.2.1. Construction for tissue model system 

3D hydrogel matrix gives cells the opportunity to grow into clusters then forming spheroids, 

which are self-assemblying cell colonies.116 Spheroids resemble in vivo tissue since they 

effectively realize cellular communication and develop their own ECM . Moreover, they enable 

cell migration, differentiation, survival, growth,  as well as cell polarization.119 Tissue-like 

gradients of oxygen, carbon dioxide, nutrients, and waste make spheroid an excellent model 

for mimicking solid tissues, not vascularized tumors, and early embryos which are applicable 

to tumor therapy and stem cell research.110,153 

It should be noted that, the possibility of co-culturing multi-type of cells in a spheroid form, 

has made it popular for investigation of tissue function, formation, cell-cell communication, 

and tumor growth.123,154,155 

1.2.2.2. Construction for drug testing 

3D cell culture has presented researchers a tool to culture cells in in vitro environments much 

similar to their natural cellular environments, making it so attractive for drug testing and 

screening.110,115,116 3D cell culture plays a critical role in investigation of cell-drug interaction 

and screening potential drug candidates, which implies significant challenges for 

pharmacological applications.156 

1.2.3. Current challenges in 3D cell culture 

As discussed in the previous section, despite developments and improvements in 3D cell 

culture, several critical issues remains challenging.157 Among the different cues experienced 

by cells moving from 2D to 3D cultures, the mechanical environment is surely one of the 

factors with the largest influence on the cell’s phenotype.123,158 One challenge of 3D cell 

cultures is to find the most appropriate hydrogel system compatible for the desired cell model 

and application.159 The hydrogels influence cell differentiation, cell-matrix interaction, and 

promotion of cell spreading and migration.136,160. However, most of the 3D matrix 
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compositions do not fully satisfy the in vivo structural or functional requirements. Blood 

vessel-like vascular system formation in 3D biological matrix for nutrient delivery which is 

critically important for 3D cell culture and tissue engineering represents another challenge in 

3D cell culture.161–163 The formation of hierarchical microvascular networks similar to capillary 

density and connection of microvascular networks with other vessels has not yet been 

achieved.107,164,165 Beside this, other challenges such as cultivation of multiple cell types 

mimicking the tissue-specific architecture of cell-cell interaction, inducing stem cell 

differentiation into different cell types, and in vivo like cell arrangement within spheroids are 

poorly solved.112,113,132,166 Solving these key challenges is fundamental to fully understand cell 

dynamics, tissue modeling, and drug screening as well as stepping toward recapitulating 3D 

cell culture instead of laboratory animals and construction of artificial transplantable organs. 
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1.2.4. Common forms of 3D cell culture 

Organoids and spheroids are the most widespread three-dimensional cultures.108,130. 

Spheroids are mostly generated from cancer cell lines or tumor biopsies through scaffold-free 

methods (liquid over-lay or hanging drop) based on cell aggregation in ultra-low attachment 

plates.107,167,168 On the other hand, organoids are derived from stem cells embedded in animal-

derived or synthetic hydrogels such as matrigel or BME-2.86,169 

1.2.4.1. Organoids 

Organoids consist of organ-specific cells, such as pancreas, stomach, brain, lungs, prostate, 

liver, bladder.170,171 Organoids are composed by primary or progenitor cells, embryonic stem 

cells (ESCs), and induced pluripotent stem cells (iPSCs) that mimic the behavior of human 

tissue.172,173 They often rely on artificial ECM, like Matrigel or BME-2, to promote their self-

organization.139,141 Organoids have the capacity to grow under an in vivo condition owning to 

their self-renewal/self-assemble capacity. When given a scaffolding extracellular 

Figure 6: Human pancreatic organoids (hPOs) in expansion medium. hPOs are 3D cell structures consist of 

progenitor cells that form bubble-like structures in different sizes within the BME2.  The bright field images were 

processed using Zeiss SteREO Discovery.V8 with 2x and 8x magnification; scale bar: 500 µm. 
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environment, they form a 3D structure that presents a similar organization and functionality 

as an organ.6 Organoids are a long-term culture system, which means both normal and 

diseased cells need a long culture time to develop in 3D conditions (in the range of 10 days). 

Not only do organoids maintain cell population but also cell type composition and tissue 

structure are preserved.174 Additionally, organoids can be generated from diseased tissues 

other than cancer cells including cystic fibrosis and liver disorders such as α1-antitrypsin 

deficiency and Alagille syndrome.175–177 Moreover, deriving organoids from a variety of stem 

cell types which provide a heterogenous culture of stem cells and differentiated progeny, 

turns them into living biobanks of tissues.178 Organoids are widely used to mimic disease 

pathology and eventually effective identification for personalized treatments.128,158,179 

Moreover, organoids are useful for studying signal pathways, cancer drugs responses, and 

tissue functions.180,181 It is noteworthy to mention, organoids present physiologically relevant 

original organ, therefore they are applied in development, disease modellingregenerative 

medicine, and drug discovery (Figure 6).170,182 

1.2.4.2. Cellular spheroids 

Spheroids are 3D cell structures generated by the self-aggregation of single cell type or 

multicellular co-culture of the cells under low-adhesion culture conditions such as agarose 

substrates.107,128,143 Immortalized tumor cell lines as well as primary cells, embryonic stem 

cells, hepatocytes, nervous cells, or mammary epithelial cells can form spheroids.117 Cell 

crosstalk in tissues is complex and have significant effect on cells’ fate.49 Spheroids mimic 

several physiological characteristics such as morphological features, cell growth and allows us 

to investigate the effect of cell-cell as well as cell-matrix interactions.136,144,183 Gene expression 

is significantly altered in cells grown as spheroids compared to monolayer cultures. One 

reason for this is that in 2D cell culture cells are uniformly exposed to equal medium 

concentrations, in contrast, this phenomenon is not presented in spheroid due to the 

multicellular structure and strong penetration gradient.88,184 

Multicellular tumor spheroids (MCTS) are powerful biological in vitro model that can mimic 

the microenvironment of tissues as a result are considered better models than 2D cell culture 

and used frequently for investigating tumor cell physiology and responding to therapeutic 

agents.145,150,167,185  
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Multicellular tumor spheroids (MCTS) are routinely employed as 3D cell culture models since 

they capture some aspects of the 3D structure of primary not vascularized solid tumors. Large 

MCTS (>500 μm in diameter) contain multicellular layers in which the gradient of nutrients, 

oxygen and metabolic waste mimic important features of real tumors.128,150 (Figure 7). 

Additionally, MCTS can be generated in double or triple co-culture that presents tumor 

complexity respectively.168 

Spheroids have emerged as a powerful tool to narrow down the gap between the in vitro and 

in vivo model.109 Even so, the widespread use of spheroids in research is limited by technical 

hurdles for their generation and handling.187 

Figure 7: A presentation of 3D spheroid microregions and nutrient and waste gradients. The spherical geometry 

of the cells within the MCTS are characterized by an external proliferating region and an internal quiescent zone 

(caused by the gradient of nutrient and oxygen diffusion), which surrounds a necrotic core, mimicking the cellular 

heterogeneity observed in solid tumors (created with BioRender). 
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1.2.4.3. What are the differences between organoids and spheroids? 

3D cell culture has advanced in several directions and overcome many limitations of 2D cell 

culture, therefore have gained an increasing interest in recent decades.160 Spheroids and 

organoids are both most frequently used in 3D cell cultures. Despite some remarkable 

similarities, there are fundamental differences between spheroids and organoids.188 Unlike 

spheroids formed out of  cancer cell lines or tumor biopsies, organoids contain tissue-specific 

stem cells, or progenitor cells from various organs.156 In general, organoids have a remarkable 

proliferation and differentiation potential and can be expanded long-term in vitro. In contrast, 

long-term cultivation of spheroids is challenging, possibly due to the gradient of nutrients and 

metabolic waste and development of central necrotic core within spheroid through time.178 

Spheroids and organoids both contain multiple cell types, however their research fields are 

relatively different. Organoids have wide utility in organ development studies, personalized 

cell therapy,  and disease modeling.131 Cellular spheroids are widely used in the cancer biology 

research, drug discovery research and toxicity testing. A clear recent trend is organoids 

replacing cellular spheroids also in the latter research fields178,189 

1.3. Microscopy 

1.3.1. The importance of microscopy in biology 

Many of the most important discoveries in modern biology would be impossible without the 

recent developments in microscopy.190 

Widefield microscopy: It is one of the most basic microscopy techniques and it refers to a 

basic illumination of the whole sample with intense light sources such as halogen, metal halide 

lamps or LED.193Confocal laser scanning microscopy (CLSM): During imaging, light is focused 

on a defined spot at a specific depth within the sample. The out-of-focus light is excluded by 

inserting a pinhole aperture. Confocal microscopy offers several advantages such as improving 

the resolution and elimination or reduction of background information by removing 194–

196.Light sheet fluorescence microscopy (LSFM): It is an intermediate-to-high optical 

resolution microscope that uses a laser light sheet to optically section the sample. In this type 

of microscope, the illumination and detection are placed separately and orthogonally with 

each other, meaning that the detection objective lens is set up perpendicularly to the optical 

path of the laser light sheet .197 This microscope provides high-speed imaging and it is 
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optimally suited for the time-lapse imaging with minimized bleaching and phototoxicity within 

samples.198–200 

1.3.2. 3D cell cultures require specific microscopes for imaging 

3D cell cultures are relatively opaque, thick and strongly scatter light.For these reasons, 3D 

cell cultures are challenging specimens for light microscopy. In many cases, detailed 

information about the inner region of the samples would be missed.208 Neverthelss, modern 

confocal laser scanning microscopes and light sheet fluorescence microscopes allows to 

deeper penetrate in large samples and provide a detailed visualization of the morphology and 

spatial distribution of cellular structures within 3D specimens.197 Applying new microscopes 

answer the needs to study the complexities of cell–matrix interactions within 3D cell culture 

systems. They have improved the illumination to increase resolution,  capture in-depth and 

high quality images, reveal new information about cell behavior and function in advanced 

biomaterials that previously has been difficult or impossible to measure.209–212 

1.3.3. Advantages and disadvantages of imaging 3D specimens 

Reconstruction of in vivo environment and determining the cross-effect between the cell 

organization and cell function are the fundamental goals of the researchers. To achieve these 

goals, a better understanding of organelle composition is needed. 3D cell culture represents 

a dramatic step forward as their innate ability is to replicate in vivo environment of a cell in in 

vitro. Therefore, researchers have been trying hard to apply the most optimized imaging 

methods to assess physiological and phenotypical details. 

Imaging 3D specimens can be interactive, allowing the viewer to gather information from 

cellular interactions within the 3D microenvironment and the large-scale manufacture of cells. 

3D imaging is highly effective at revealing internal and external cellular structures in organisms 

representing the known phylogenetic diversity. Although it has taken quite a long time to gain 

representable 3D imaging and several professional image processing are needed, it is an 

accepted and trustworthy approach for cellular visualization. As mentioned previously, one of 

the well-known limitations of 3D cell culture remains with the challenges in image processing. 

3D image processing is time-consuming and requires powerful processing units and software. 

In addition, 3D cell culture is commonly very thick and opaque, at least a few hundred 

micrometers, therefore, extra preprocessing techniques such as tissue optical clearing (TOC) 

are required. 
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1.3.3.1. Tissue optical clearing (TOC) 

The 3D cell culture (organoids and spheroids) has been receiving great attention from the 

researchers in recent decades since they are capable of resembling human tissues in in vivo 

and minimizing the utilization of laboratory animals. Despite all these privileges new 

challenges in 3D imaging has appeared. Because of the opaqueness of 3D cell cultures, it is 

harder to obtain sharp images with high clarity by standard imaging reagents and techniques. 

To overcome this challenge, tissue optical clearing (TOC) is required. TOC vary greatly in 

complexity in terms of applicability, duration, and cost, but all target the same. A fluorescently 

labeled thick specimen must be “cleared/become transparent” to increase light depth 

penetration, reduce light scattering and facilitate 3D imaging. Light scattering is caused by the 

various refractive indices (RIs) between surrounding medium and specimen layers. The 

refractive indices within specimen changes according to the biomolecular composition of each 

layer. The simplest way to obtain equivalent transparency is to compensate the refractive 

index of the surrounding medium to the highest refractive index (i.e., lipids). This is obtained 

by replacing extracellular water with solutions of high refractive indices (RIs). Either water-

based agents such as denaturants and detergents or organic solvents are used to perform 

TOC. What is notable here is, some TOC carry out hazardous chemicals that can harm the 

morphology of specimen due to the dehydration and affect the propagation of light during 

imaging, therefore makes them less attractive.  

TOC is very proficient, since it gives the researchers the possibility to study objects in very 

large and complicated samples such as thick slabs of tissue or 3D cell cultures (organoids or 

spheroids). Performing very large samples are not the only benefits of TOC. There are many 

interesting biological problems that can be modeled in samples with sizes in order of a few 

hundred microns. Incorporating TOC with standard immunostaining protocols would open the 

door to observation of the cellular structures of transparent and light‐permitting specimens. 

This could have a dramatic and immediate impact on many fields and does not require any 

specialized equipment. 
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1.4. Aim of this thesis 

The goal of this thesis is investigating the influence of cell aggregation, cell compaction and 

spheroid formation on the endocrine differentiation of human pancreas progenitor cells. To 

this aim, first a technique to generate spheroids from human pancreatic progenitor cells 

organoids (hPO) using liquid overlay technique (LOT) was established. Next, co-cultures of 

hPOs cells with hMSC and HDMEC has been performed to determine the effect of 

mesenchymal and endothelial cells on the differentiation of the progenitor cells to functional 

insulin-releasing cells in vitro.The phenotypical changes of the pancreas progenitor spheroids 

at multiple size scales were investigated by immunofluorescence microscopy. To quantify 

phenotypical changes, nuclei segmentation and volume measurement were performed  

Cultivation in both proliferation and differentiation media of the hPO spheroids was 

performed can inhibit and stimulate different signaling pathways and co-culture application 

in spheroid increase cell-cell interaction and develop diffusion barriers, which is leading to 

impact proliferation and cell survival. Furthermore, one of the concerns of this study was to 

investigate the changes in expression of pancreatic differentiation related genes, along with 

cell polarization in hPO-derived spheroids. 

Understanding the effect of 3D structures will improve our knowledge about hPOs cell-cell 

interaction and suggest strategies to induce differentiation in pancreas progenitor cells 

leading to the generation of β cells. Our results could be evaluated as cellular therapeutics for 

T1D.  
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2. Materials and Methods 

2.1. Materials  

2.1.1. Chemicals 

Table 4: List of chemicals used in this study, including supplier 

Chemicals Supplier Article no. 

2,2‘,2‘’-nitrilotriethanol 
(Triethanolamine) 

Sigma-Aldrich, Steinheim, Germany 90279-500ml 

A83-01 Tocris Bioscience, Minneapolis, Minnesota, 
United States 

2939 

Accutase™  
Cell Dissociation Reagent 

Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

A1110501 

Agarose, low melt  VWR, Radnor, PA, United States 35-1020 

Albumin Fraction V (BSA) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

8076.4 

B-27 minus vitamin A Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

12587-010 

cDNA synthesis kit ThermoFisher Scientific, Waltham, MA, 
United States 

K1671 

Cell Recovery Solution Corning®, Corning, New York, United States 734-0107P 

CellTracker Green CMFDA Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

C2925 

CellTracker™ Orange 
CMTMR 

Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

C2927 

Chloroform, ACS MP Biomedicals, Santa Ana, CA, United 
States 

193814 

Click-iT™ EdU Cell 
Proliferation Kit, Alexa 
Fluor™ 488 dye 

ThermoFisher Scientific, Waltham, MA, 
United States 

C10337 

Cultrex RGF BME, type 2 R&D systems, Rocky Hill, New Jersey, United  
States 

3533-005-02 

DAPT Tocris Bioscience, Minneapolis, Minnesota, 
United States 

2634-10mg 

Dimethyl sulfoxide (DMSO)  Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

A994.1 

DMEM (1x) Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

31053-028 

Donkey serum (normal) Millipore Sigma, St. Louis, MO, United States S30-100m 
Endothelial Cell Growth 
Medium 2 

Promocell, Heidelberg, Germany C-22020 

Endothelial Cell Growth 
Supplement 

Promocell, Heidelberg, Germany C-39225 
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Ethanol Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

P075.2 

Ethanol, for molecular  
biology 

Fisher Bioreagents, Pittsburgh, PA, United 
States 

BP2818-500 

Ethylenediaminetetraacetic  
acid (EDTA) 

Carl Roth GmbH & Co. KG, Karlsruhe,  
Germany 

8043.1 

Fibroblast growth factor  
10 (FGF-10) 

PeproTech, Rocky Hill, New Jersey, United 
States 

100-26-
500ug 

Forskolin Tocris Bioscience, Minneapolis, Minnesota, 
United States 

1099 

GlutaMax Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

35050038 

Goat serum Life Technologies, Darmstadt, Germany G9023 
Hellmanex® III Hellma, Nürnberg, Germany 9-307-011-4-

507 
HEPES Gibco™, ThermoFisher Scientific,  

Waltham, MA, United States 
1 5630-056 

Human [Leu15]-Gastrin I Millipore Sigma, St. Louis, MO, United States G9145 
Mesenchymal Stem Cell 
Growth Medium 2 

Promocell, Heidelberg, Germany C-28009 

Mesenchymal Stem Cell 
Growth Supplement 

Promocell, Heidelberg, Germany C-39809 

Milk powder Carl Roth GmbH & Co. KG, Karlsruhe,  
Germany 

T145 

Milli Q H2O - - 
MitoTracker® Deep Red FM Gibco™, ThermoFisher Scientific,  

Waltham, MA, United States 
M22426 

N-2 Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

17502-048 

N-acetylcysteine Millipore Sigma, St. Louis, MO, United States A9165-5g 
Paraformaldehyde (PFA) Millipore Sigma, St. Louis, MO, United States P6148 
Penicillin/ 
Streptomycin (P/S) 

Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

15140-122 

PGE-2 Tocris Bioscience, Minneapolis, Minnesota, 
United States 

2296 

Phosphate buffered saline  
(PBS), pH 7.4 

Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

10010-015 

Propan-2-ol Honeywell, Muskegon, MI, United States 33539-1L 
qPCR MasterMix ThermoFisher Scientific, Waltham, MA, 

United States 
A46109 

Recombinant human  
epithelial growth factor 
(hEGF) 

PeproTech, Rocky Hill, New Jersey, United 
States 

AF-100-15-
1mg 

Recombinant human 
Noggin 

PeproTech, Rocky Hill, New Jersey, United 
States 

120-10C-
20ug 

Recombinant human R- 
spondin (rhR-spondin) 

PeproTech, Rocky Hill, New Jersey,United 
States 

120-38-
500ug 
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Recovery™ - Cell culture 
freezing medium 

Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

12648-010 

Sucrose Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

4621 

Triton-X 100 Millipore Sigma, St. Louis, MO, United States T8787 
TripLE ThermoFisher Scientific, Waltham, MA, 

United States 
12605010 

TRIzol ThermoFisher Scientific, Waltham, MA, 
United States 

15596026 

Trypan blue  Sigma-Aldrich, Steinheim, Germany T8154-20ML 
Tween-20 Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
9127.1 

Ultrapure™ Distilled  
DNase/RNase Water 

Gibco™, ThermoFisher Scientific, Waltham, 
MA, United States 

10977-035 
 

Urea Sigma-Aldrich, Steinheim, Germany U1250 
Y-27632 R&D systems, Rocky Hill, New Jersey, United  

States 
1254.1 

 

Furthermore, aliquot components, which are not listed above, were prepared by the members 

of Stelzer lab, Buchmann Institute For Molecular Life Sciences (BMLS), Goethe University 

Frankfurt, DE. 

 

2.1.2. Buffers and Solutions 

Table 5: The composition of buffers and solutions used in this study 

Types Composition 

Blocking solution 0.1 % BSA, 0.3 % triton X-100, 10 % fresh goat/donkey serum in 
PBS 

Coating solution 1 % BSA in PBS 

Fixative solution 4 % [w/v] Paraformaldehyde 

PBS + P/S 2 % Pen-Strep in PBS 

Permeabilization 
solution 

0.3 % triton X-100 in PBS 

CUBIC2 50 wt % Sucrose, 25 wt % Urea, 10 wt % 2,2‘,2‘’-
nitrilotriethanol (Triethanolamine) in H2O 
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2.1.3 Cell line 

Table 6: Information about cell lines used in this study 

 

 

2.1.4 Culture Medium 

Table 7: The composition of medium for 2D and 3D cultivation used in this study 

Name Cell type Organism Tissue Lot number Age Gender 

Human 
Pancreatic 
Organoid 
(hPO) 

 
Organoid 

Homo 
sapiens, 
human 

 
Pancreas 

duct 

 
1805 

 
63 

 
Female 

primary 
Human Dermal 
Microvascular 
Endothelial 
Cells (HDMEC) 

 
Endothelial 

cells 

Homo 
sapiens, 
human 

 
Dermis of 
juvenile 
foreskin 

 
C-12260 

 
2 

 
Male 

Human 
Mesenchymal 
Stem Cells 
(hMSC) 

 
Stem cells 

Homo 
sapiens, 
human 

 
Bone 

marrow 

 
438Z012.1 

 
61 

 
Male 

Materials Concentration Final concentration 

Basal medium 485 ml advanced DMEM/F12  
5 ml 1 M HEPES  
5 ml PenStrep  
5 ml 100x GlutaMax 

 
10 mM  
1 %  
1x 

Human stock medium (2x) 9.4 ml basal medium  
400 µl 50x B27  
200 µl 100x N-2  
50 µl N-acetylcystein 

 
2x  
2x  
2.5 mM 

Human expansion medium 
with recombinant R-
spondin (EM) 

5 ml basal medium  
5 ml human stock medium  
10 µl recombinant R-spondin   
100 µl nicotinamide  
10 µl hEGF  
10 µl FGF-10  
10 µl Noggin  
10 µl Gastrin  
10 µl A83-01  
10 µl Forskolin  
3 µl PGE-2 

 
1x  
1 µg/ml  
10 mM  
50 ng/ml  
100 ng/ml  
25 ng/ml  
10 nM  
5 μM  
10 μM  
3 μM 
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2.1.5 List of primers for RT-qPCR used in this study 

Table 8: List of primers for RT-qPCR 

Human expansion medium 
2 (EM2) 

5 ml basal medium  
5 ml human stock medium  
10 µl recombinant R-spondin   
10 µl hEGF  
10 µl A83-01  
3 µl PGE-2 

 
1x  
1 µg/ml  
50 ng/ml  
100 ng/ml  
25 ng/ml  
10 nM  
5 µM  
3 μM 

Human differentiation  
medium (DM) 

5 ml basal medium  
5 ml human stock medium  
2 µl DAPT 

 
1x  
2 µM 

Human endothelial cells 
growth medium 

472.8 ml Endothelial Cell Growth 
Medium   
27.2 ml Endothelial Cell Growth 
Supplement 

 
 
5x 

Human mesenchymal stem 
cells  

450 ml Mesenchymal Stem Cell 
Growth Medium 2 
50 ml Mesenchymal Stem Cell 
Growth Supplement 

 
 
10x 

   
   

Primer Sequence Derived from Supplier 

hRPL13_FW AAGATCCGCAGACGTAAGGC NCBI biomers.net GmbH, 
Ulm, Germany 

hRPL13_RV GGACTCCGTGGACTTGTTCC NCBI biomers.net GmbH, 
Ulm, Germany 

hTBP_FW TAAGAGAGCCACGAACCACG NCBI biomers.net GmbH, 
Ulm, Germany 

hTBP_RV TTGTTGGTGGGTGAGCACAA NCBI biomers.net GmbH, 
Ulm, Germany 

hINS_FW AAGAGGCCATCAAGCAGATCA Georgakopou- 
los et al., 2020 

biomers.net GmbH, 
Ulm, Germany 

hINS_RW CAGGAGGCGCATCCACA Georgakopou- 
los et al., 2020 

biomers.net GmbH, 
Ulm, Germany 

hKRT19_FW CGCGGCGTATCCGTGTCCTC Georgakopou- 
los et al., 2020 

biomers.net GmbH, 
Ulm, Germany 

hKRT19_RV AGCCTGTTCCGTCTCAAACTTGGT Georgakopou- 
los et al., 2020 

biomers.net GmbH, 
Ulm, Germany 

hLGR5_FW ACCAGACTATGCCTTTGGAAAC 8810200832- 
000150 

MilliporeSigma, St. 
Louis, MO, United 
States 
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hLGR5_RV TTCCCAGGGAGTGGATTCTAT 8810200832- 
000160 

MilliporeSigma, St. 
Louis, MO, United 
States 

hNGN3_FW CCGGTAGAAAGGATGACGCC NCBI biomers.net GmbH, 
Ulm, Germany 

hNGN3_RW GGTCACTTCGTCTTCCGAGG NCBI biomers.net GmbH, 
Ulm, Germany 

hNKX6-_FW CTCGTTTGGCCTATTCGTTG 8810200832- 
000190 

MilliporeSigma,  
St. Louis, MO, nited 
States 

hNKX6-_RW TCTGTCTCCGAGTCCTGCTT 8810200832- 
000200 

MilliporeSigma, St. 
Louis, MO, United 
States 

hPDX1_FW AGCTGCCTTTCCCATGGAT 8810200832- 
000170 

MilliporeSigma, St. 
Louis, MO, United 
States 

hPDX1_RW GTTCAACATGACAGCCAGCT 8810200832- 
000180 

MilliporeSigma, St. 
Louis, MO, United 
States 

hSOX9_FW TACCCGCACTTGCACAAC 8810200832- 
000110 

MilliporeSigma, St. 
Louis, MO, United 
States 

hSOX9_RW TCTCGCTCTCGTTCAGAAGTC 8810200832- 
000120 

MilliporeSigma, St. 
Louis, MO, United 
States 

hCHGA_FW ACACACTTTCCAAGCCCAGC NCBI biomers.net GmbH, 
Ulm, Germany 

hCHGA_RW GCCTCCTTGGAATCCTCTCTT NCBI biomers.net GmbH, 
Ulm, Germany 

hCHGB_FW CTCCGACAGCCAAGTCTCTG NCBI biomers.net GmbH, 
Ulm, Germany 

hCHGB_RW GCATGTGTTTCCGATCTGGC NCBI biomers.net GmbH, 
Ulm, Germany 

hVIM_FW AAATGGCTCGTCACCTTCGT NCBI biomers.net GmbH, 
Ulm, Germany 

hVIM_RW TTGCGCTCCTGAAAAACTGC NCBI biomers.net GmbH, 
Ulm, Germany 

hCDH2_FW GATGAAAGACCCATCCACGC NCBI biomers.net GmbH, 
Ulm, Germany 

hCDH2_RW TGCTCACCACCACTACTTGAG NCBI biomers.net GmbH, 
Ulm, Germany 

hEPCAM_FW GCTGGCCGTAAACTGCTTTG Dossena et  
al., 2020 

biomers.net GmbH, 
Ulm, Germany 

hEPCAM_RW ATCATTGTTCTGGAGGGCCC Dossena et  
al., 2020 

biomers.net GmbH, 
Ulm, Germany 
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2.1.6 Antibodies 

Table 9: Primary antibodies used in this study 

Primary antibody Lot number Host  Dilution Supplier 

𝜶-CD31 ab24590 Mouse 1:100 Abcam, Cambridge, United 
Kingdom 

𝜶-E-cadherin 3195 Rabbit 1:100 Cell Signaling Technologies,  
Danvers, MA, United States 

𝜶-Insulin I2018 Mouse 1:100 MilliporeSigma, St. Louis, 
MO,  
United States 

𝜶-Krt19 STJ24355 Rabbit 1:100 St John’s Laboratory Ltd,  
London, United Kingdom 

𝜶-N-cadherin 13116 Rabbit 1:100 Cell Signaling Technologies,  
Danvers, MA, United States 

𝜶-Ngn3 ab38548 Rabbit 1:50 Abcam, Cambridge, United 
Kingdom 

𝜶-Pdx1 ab47383 Goat 1:50 Abcam, Cambridge, United 
Kingdom 

𝜶-Sox9 AB5535 Rabbit 1:50 MilliporeSigma, St. Louis, 
MO,  
United States 

𝜶-Vimentin 5741 Rabbit 1:100 Cell Signaling Technologies,  
Danvers, MA, United States 

     

Table 10: Secondary antibodies used in this study 

Secondary antibody Species Lot number Dilution  Supplier 

𝜶-goat-AF488™ Donkey A11055 1:400 Molecular Probes,  
ThermoFisher Scientific, 
Waltham, MA, United States 

𝜶-mouse-AF488™ Goat A21131 1: 250 Molecular Probes,  
ThermoFisher Scientific, 
Waltham, MA, United States 

𝜶-mouse-AF568™ Donkey A10037 1:400 Molecular Probes,  
ThermoFisher Scientific, 
Waltham, MA, United States 

𝜶-rabbit-AF488™ Goat A11008 1:400 Molecular Probes,  
ThermoFisher Scientific, 
Waltham, MA, United States 

𝜶-rabbit-AF568™ Goat A11011 1:400 Molecular Probes,  
ThermoFisher Scientific, 
Waltham, MA, United States 
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Table 11: Fluorescent dyes used in this study 

Name Article no. Dilution Supplier 

DAPI (5 mg ml-1) D1306 1: 200 Invitrogen™, ThermoFisher 
Scientific, Waltham, MA, 
United States 

Fluorescein Diacetate (FDA) F7378 1: 200 Millipore Sigma, St. Louis, 
MO, United States 

Phalloidin-AF488™ A12379 1: 200 Molecular Probes, 
ThermoFisher Scientific, 
Waltham, MA, United States 

Phalloidin-AF568™ A22283 1: 200 Molecular Probes, 
ThermoFisher Scientific, 
Waltham, MA, United States 

Phalloidin-AF647™ A22287 1: 200 Molecular Probes, 
ThermoFisher Scientific, 
Waltham, MA, United States 

Propidium iodide (PI) P4170 1: 100 Millipore Sigma, St. Louis, 
MO, United States 

Hoechst 33342 H1399 1: 500 Molecular Probes, 
ThermoFisher Scientific, 
Waltham, MA, United States 

    

2.1.7 Microscopes 

Table 12: Microscopes and corresponding objectives used in this study 

Name Types Objectives Camera 

Zeiss SteREO Discovery.V8 Plan Apo S, 0.63x  
FWD 81 mm 

AxioCam ICc1 S/N  
285872441 

Zeiss CellObserver Cell Observer Plan-Apochromat  
5x/0.16 

AxioCam MR R3 

Zeiss AxioObserver LSM780 Plan-Apochromat  
20x/0.8 M27 

n/a 

Zeiss AxioObserver Z1 Detection:  
W Plan-Apochromat 
20x/1.0 UV-VIS  
Illumination:   
Zeiss LSFM 10x/0.2 

Zeiss 9713   
400100-9010 
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Table 13: Fluorescent filters used in this study 

Fluorescent filters set microscopes Excitation Detection 

PI Cell Observer 538 – 562 nm 570 – 640 nm 

AlexaFluor™ 488 Cell Observer 450 – 490 nm 500 – 550 nm 

AlexaFluor™ 647 LSM780 633 nm 638 – 755 nm 

AlexaFluor™ 568 LSM780 561 nm 568 – 644 nm 

AlexaFluor™ 488 LSM780 488 nm 490 – 562 nm 

Hoechst 33342 LSM780 405 nm 410 – 502 nm 

DAPI LSM780 405 nm 410 – 502 nm 

AlexaFluor™ 568 Zeiss AxioObserver Z1 561 nm 571 nm 

AlexaFluor™ 488 Zeiss AxioObserver Z1 488 nm 498 nm 

 

2.1.8 Equipment  

Table 14: Equipment for spheroid formation and cell cultivation used in this study 

Equipment Article no. Supplier 

20 µl glass capillary BR708718 BRAND GmbH & Co. KG, Wertheim am  
Main, Germany 

200 µl glass capillary BR708757 BRAND GmbH & Co. KG, Wertheim am  
Main, Germany 

24 well plate 662 102 Greiner AG, Kremsmünster, Austria 
48 well plate 677 102 Greiner AG, Kremsmünster, Austria 
96 well plate 655 185 Greiner AG, Kremsmünster, Austria 
96 well imaging plate S1605-0000-C Sarstedt, Nümbrecht, Germany 
96 well qPCR plate MLL9061 BioRad, Hercules, CA, United States 
96 well qPCR plate AB-0700 ThermoFisher Scientific, Waltham, MA, 

United States 
96CFX thermo cycler C1000 Touch BioRad, Hercules, CA, United States 
Adhesive film MSB1001 BioRad, Hercules, CA, United States 
Cell culture flask (25 cm2) 690160 BD Bioscience 
Cell culture flask (75 cm2) 658170 BD Bioscience 
Cell Strainer 352235 Corning®, Corning, New York, United 

States 
Centrifuge 5810R n/a Eppendorf AG, Hamburg, Germany 
Cryo vials 377267 ThermoFisher Scientific, Waltham, MA, 

United States 
Eppendorf tubes (0.5 ml) S1605-0000-C StarLab International GmbH, Hamburg,  

Germany 
Eppendorf tubes (1.5 ml) S1615-5510-C StarLab International GmbH, Hamburg,  

Germany 
Eppendorf tubes (1.5 ml) 0030 108.051 Eppendorf AG, Hamburg, Germany 
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Falcon tubes (15 ml) 188 271 Greiner AG, Kremsmünster, Austria 
Falcon tubes (50 ml) 227 261 Greiner AG, Kremsmünster, Austria 
FEP foil FEP200A DuPont de Nemours International SA,  

Geneva, Switzerland 
Glass capillary 1201502 Hilgenberg GmbH, Malsfeld, Germany 
hemocytometer (Neubauer) 40441001 Hecht-Assistant, Sondheim vor der Rhön, 

Germany 
heracell™ 150i CO2-
Incubator 

n/a ThermoFisher Scientific, Waltham, MA, 
United States 

laminar flow hood Clean Air n/a PMV 
Infinite® F200 n/a TECAN Trading AG, Männedorf 

Switzerland 
laminar flow hood Clean Air n/a PMV 
laminar flow hood maxisafe 
2020 cabinet 

n/a Thermo Scientific  

multipette X stream 11510205 Eppendorf AG, Hamburg, Germany 
parafilm P7793 MilliporeSigma, St. Louis, MO, United  

States 
Pasteur pipettes M4230NO250

SP4 
Kimble, VWR, Radnor, PA, United States 

PCR strips A1402-3700 StarLab International GmbH, Hamburg,  
Germany 

Pipette tips (1000 µl) S1111-6001 StarLab International GmbH, Hamburg, 
Germany 

Pipette tips (200 µl) S1113-1000 StarLab International GmbH, Hamburg,  
Germany 

Pipette tips (20 µl) S1110-3000 StarLab International GmbH, Hamburg,  
Germany 

Pipette tips with filter (1000 
µl) 

0030 078.578 Eppendorf AG, Hamburg, Germany 

Pipette tips with filter  
(100 µl) 

0030 078.543 Eppendorf AG, Hamburg, Germany 

Pipette tips with filter  
(20 µl) 

0030 078.500 Eppendorf AG, Hamburg, Germany 

qPCR bench  Peqlab, VWR, Radnor, PA, United States 
Shrinking tube E255532 G-APEX, Yuanlin City, Taiwan 
Vortex Vortex Genie 

2 
Scientific Industries, Bohemia, NY, United 
States 
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2.2 Methods 

I. Cell culture 
 

2.2.1 Cell line and cell culture 

In this work, human pancreatic organoid (hPO) as 3D cell culture and primary Human Dermal 

Microvascular Endothelial Cells (HDMEC) and human mesenchymal stem cells (hMSC) as 2D 

cell culture have been expanded. 

The hPOs isolated by Lorenza Lazzari's group (Policlinico di Milano, Milan, Italy) were cultured 

by using two different protocols of expansion and differentiation. The expansion and 

differentiation media were originally developed by Meritxell Huch's group (MPI-CBG, Dresden, 

Germany) in the framework of the LSFM4LIFE project. Both media were tested on the novel 

hPO spheroids developed in this work. The hMSC and HDMEC were purchased from PromoCell 

(PromoCell, Heidelberg, Germany) and cultured according to manufacturer’s protocol. 

Based on the original expansion protocol, the human pancreas organoids organoids and hPO 

spheroids were cultured for 7 days in expansion medium (EM) (Table7). The medium was 

exchanged in day 2 and 4. Samples were ready to be collected on day 7. However, 

differentiation protocol consists of 3 different mediums (Table 7). Samples were cultured in 

expansion medium (EM) (Table 7) for two days, then the medium was removed completely 

and replaced by expansion medium 2 (EM2) (Table 7). On day 4, the medium was changed to 

human differentiation medium (DM) (Table 7).  After 3 days, the samples were ready to be 

harvested for further experiments (Figure 8). 
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Figure 8: Schematic illustration of expansion and differentiation protocol. Based on Meritxell Huch's protocols 

samples need to be cultured 7 days in expansion and differentiation mediums. Expansion protocol has several 

signaling pathway’s inhibitors, and differentiation protocol contains 3 types of mediums (EM, EM2, and DM), 

which decrease in inhibitors’ concentration stepwise. In both protocols mediums are replaced on the 2nd and 4th 

day. Samples are ready to be collected on day 7 (created with BioRender). 
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2.2.1.1 Human pancreatic organoids (hPOs) 

The hPOs were generated from healthy subjects and has been cultured in 25 µl BME-2 droplets 

covered with 250 µl expansion medium (Table 7) under standard cell culture conditions (5% 

CO2, 21% O2, 95% humidity incubated in 37 °C). hPOs should be passaged every 10 to 14 days 

based on the growth rate and the organoid size. 

For hPO expansion, BME2 drops containing fully formed hPOs were dissolved in 5 ml of cold 

basal medium (Table 7). After centrifuging at 250 rpm for 5 min at +8 °C and discarding the 

supernatant carefully, 5 ml basal medium were added then hPOs were pipetted up and down 

with a pre-coated Pasteur pipette an additional ~20 times. Pipetting up and down disrupted 

the spherical organoids into small cell fragments that after centrifuging once more under the 

same conditions were then embedded in fresh BME2. The fresh BME2 drops containing hPOs 

were formed in each well and have been incubated at 37 °C for 10-15 min to solidify. 

Additionally, expansion medium was added to each well.213 The small cell fragments 

developed into new spherical organoids within 3-4 days. Medium was replaced every 2 days 

respectively. Medium contained 10 μM Y-27632 (Table 4) for the first 2 days. 

 

Figure 9: Schematic drawing of hPO cultivation process. For cultivation, hPOs are fragmented with vigorous 

pipetting up and down in cold basal medium which dissociates hPOs into small homogeneous aggregates, that 

are then embedded in fresh BME2.The mixture of BME2 and hPOs is placed on the bottom of each well 

respectively. After polymerization of BME2 drops in the incubator, medium is added to each well and plate is 

cultured in standard incubator conditions. The aggregates later develop into new circular organoids (adopted 

from Hiroyuki Miyoshi et al., 2013) (created with BioRender). 
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2.2.1.2 Primary Human Dermal Microvascular Endothelial Cells (HDMEC) and Human 

Mesenchymal Stem Cells (hMSC) 

HDMEC and hMSC cells have been grown as a monolayer in cell culture flasks (25 cm2) (Table 

14) in the 5 ml appropriated culture medium (Table 7). Both cell lines were incubated at 37°C 

in an atmosphere of 5 % CO2, 21 % O2, and 95 % humidity. Cells were propagated as soon as 

they reached 80 – 90 % confluence. 

Both cell lines have been subcultured by removing the old medium and washing the cells once 

with 2 ml pre-warmed PBS (Table 4). Then, cells were detached from the surface by adding 3 

ml TripLE (Table 4) and incubated for 5 min at 37°C. After incubation, 3 ml fresh culture 

medium were added to inactivate the enzymatic reaction. Subsequently, the cell suspensions 

was centrifuged at 300 rpm for 5 min at room temperature (RT) and the supernatant 

discarded. Pellets were re-suspended in 5 ml fresh pre-warmed medium. Ultimately, cells 

were plated at a density of approximately 5,000 - 6,000 single cells per cm2 into the 

appropriate flasks. Media were regularly replaced every 2 days. 

 

2.2.2 Thawing and cryopreservation 

2.2.2.1 Thawing and cryopreservation of hPOs 

Cryovials containing hPOs were thawed rapidly by submerging the lower half of the cryovials 

into a 37°C water bath. After melting approximately 95% of the cell suspension within the 

cryovial, the cell suspension was transferred to 5 ml pre-warmed basal medium (Table 7) that 

immediately centrifuged at 8 °C and 250 rpm. The supernatant was carefully removed, and 

the pellet has been gently mixed with BME2 and cultured according to the previous chapter 

(2.2.1.1 Human pancreatic organoids (hPOs)). 

To maximize early growth of thawed organoids from small crypts or fragments, the expansion 

medium (Table 7) was supplemented with Y27632 (Table 4), an inhibitor of Rho-associated 

protein kinase (ROCK). After this initial treatment, this inhibitor was no longer required for 

subsequent culture. 

After dissociating BME2 containing hPOs, in 5 ml basal medium (Table 7) and centrifuging once 

at 8 °C and 250 rpm, supernatant was discarded and 2 ml basal medium (Table 7) was added 

to the samples. hPOs were diced into small fragments by pipetting up and down several times. 

The cell suspension was centrifuged again at the same condition followed by discarding the 
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supernatant respectively. The pellet was resuspended in 500 µl freezing medium (Table 4) per 

cryovial and aliquoted. To reach to optimal growth rate after thawing hPOs of 3 to 4 wells 

cultured in 24 well plate was placed in one cryovial. After aliquoting, cryovials were placed in 

freezing containers, Mr. Frosty freezing devices (Table 14) and cooled at a rate of −1°C/min to 

reach −80°C, then after at least 24 h, transferred in liquid nitrogen (LN2) tank for long-term 

vapor phase storage. 

2.2.2.2 Thawing and cryopreservation of hMSC and HDMEC 

Recommended protocols for thawing and cryopreservation 2D cells were utilized for hMSC 

and HDMEC.  

The cryovials were removed from liquid nitrogen (LN2) tank and placed into a 37°C water bath, 

ensuring the whole cell suspension was not melted completely. The entire cell suspension was 

then transferred from the cryovial to the 25T flask (Table 14) and 5 ml appropriated medium 

was added respectively. The flask was incubated, allowing cells to settle and adhere for at 

least 24 h. On the following day, the old medium has removed gently and was replaced with 

5 ml of fresh medium. 

After trypsinizing the cells and determining cell number, the required cells, 1 million per 

cryovial, have been centrifuged at 300 rpm for 5 min at room temperature (RT) and the 

supernatant was discarded gently. The cell pellet was resuspended in freezing medium (Table 

7) and aliquoted among cryovials. Followed by keeping the cryovials for at least 24h in freezing 

containers, “Mr. Frosty” freezing device (Table 14) at a rate of 1°C per minute at -80°C. Once 

the cooling process was completed all cryovials were transferred directly to liquid nitrogen 

(LN2) tank until required for further experimentations. 

 

2.2.3 Formation of monotypic spheroids from human pancreatic progenitor 

cells 

Liquid-overlay technique (LOT) during spheroid formation, has been performed.143 For this 

procedure 96-well plates were used.  

A low-melting agarose (Table 4) stock solution (1%) was prepared in PBS (Table 4). Prior to 

seeding cells, the agarose was melted in a microwave oven and the bottoms of 96-well plates 

with flat bottoms were coated with 50 μl liquid agarose, respectively. Plates were gently 

tapped at each side to form concave agarose wells. After cooling for at least 1.5 h at 4 °C, the 
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plates were ready to use. The agarose is necessary to prevent the cells from attaching to the 

ground and improve the spheroid formation. 

All steps have been performed on ice to promote depolymerization of the BME-2 and to slow 

down the metabolism of the hPOs in nutrient-reduced conditions. After reaching 70 % 

confluence (every 10 – 14 days), BME-2 drops, containing hPOs, were dissolved in 1 ml cold 

basal medium and transferred to a 15 ml falcon tube with 2 ml ice-cold basal medium per well 

(max. 8 wells per tube). The cell suspension has been centrifuged at 250 rpm for 5 min at 8 °C 

followed by removing the supernatant carefully. Pellet was trypsinized by adding 3 ml TripLE 

(Table 4) and placing in 37°C. After incubation for 15 min, 3 ml fresh basal medium were added 

to inactivate the enzymatic reaction. The cell suspension was passed through the cell strainer 

(Table 14), to remove all cell fragments and make a constant single cell suspension. 

Subsequently, cell suspension was mixed with trypan blue (Table 4) (ratio 1:4) to determine 

the number of cells. In contrast to dead cells, trypan blue does not penetrate the membrane 

of intact cells and therefore living cells can be discriminated against dead cells. Having mixed 

the cell suspension and trypan blue properly, 10 μl was pipetted in the hemocytometer (Table 

14). By using a wide field microscope, cells of all four squares were counted. Once the total 

cell number was determined, the cell concentration was calculated with following equation:  
 

Equation 1: 

𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 ×  
𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

# 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
×  10,000 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 

# of squares = 4 Dilution factor = 5 

For spheroid formation, 100 µl of a cell suspension, containing 3,000 single cells have been 

pipetted per well.  

To concentrate cells at the center of the well, plates have been centrifuged for 15 min at RT 

at 270 rpm. Afterwards plates have been incubated for 7 days based on 2 different protocols 

(expansion and differentiation) under standard cell culture conditions, to allow them to 

aggregate and form circular spheroids. 

2.2.4 Triple co-culture spheroid formation 

The spheroid formation based on liquid overlay technique was performed as described in 

previous part (2.2.3 Formation) up to the counting single cells step. When counting each cell 

type (hPOs, HDMEC, hMSC) is finished, 100 µl of a cell suspension, containing 3,000 single cells 
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with the ratio of 1:1:1 was pipetted per well. Having cells incubated for 7 days based on their 

differentiation protocol, under standard cell culture conditions, the successful formation of 

spheroids was checked by optical microscopy. 

The general workflow adopted from the recent publications is shown in Figure 10 117,143. 

 II. Microscopy  

2.2.5 Wide-field fluorescence microscopy 

The transmission images of hPO organoids, which represent their growth pattern, were 

obtained by the Zeiss SteREO Discovery.V8 with the 2x magnification and the image sets were 

processed using ZEN imaging software. 

Time-lapse images have been recorded with the Axio Observer.Z1 (Carl Zeiss) with a  Fluar 

10x/0.50 M27 objective lens for a duration of 7 days with 30 minutes intervals. Incubation 

conditions of 37°C and 5% CO2 were maintained during the whole acquisition period and the 

air was being humidified using humidified CO2 coupled with a VE water filled beaker. The time-

Figure 10: General workflow of proposed method. In mono-culture, after trypsinizing hPOs, 3,000 cells are 

seeded in agarose-coated 96-well plates and hPOs are cultured based on 2 different protocols. For making triple 

co-culture samples, at first all three cell types are trypsinized to single cells, followed by determining the number 

of cells in each group. Afterwards, the mixture of cell suspension in the ratio of 1:1:1 is performed. Triple spheroids 

with 3000 cells are formed in each well and cultured under 2 different protocols respectively (created with 

BioRender). 
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lapse was ended with LDA (2.2.6.1 LDA in organoids). The LDA results were acquired with 488 

nm and 568 nm laser.  

2.2.6 Confocal laser scanning microscopy 

Confocal laser scanning microscopy was performed with a Zeiss LSM780 (Carl Zeiss) 

microscope. After IF staining, the hPO organoids were placed in a Lumox® 96-well plate 

(Sarstedt) filled with PBS with a flat, foil bottom prior to imaging. The plate was then placed 

into the microscope. ZEN imaging software (Carl Zeiss) has been used for image processing. 

To frame hPO spheroids, the procedure was the same, albeit the samples needed to be 

optically cleared with CUBIC2 for 5 min before imaging (2.2.12.3 Optical clearing technique in 

spheroid vs. organoid). Secondary antibody controls are shown in supplementary figures. 

2.2.7 Light sheet-based fluorescence microscopy 

In order to record the aggregation process and frame (live image) the hPOs with more details, 

at first the cells were Fluorescently stained with CellTracker (2.2.7 Short-term cell tracking 

with CellTracker dyes in spheroids) then imaged with the Zeiss Light-Sheet Microscope Z1. 

Before imaging, ultra-thin fluoroethylene propylene (FEP) foil cuvettes were formed. The basic 

mould was first designed by Sven Plath with Inventor® CAD software and was later printed 

with resin by the LCD-based SLA 3D printer Photon S (Anycubic) (Figure 13). The thin glass 

capillaries were cut in 7mm and curved (round) at its edges by keeping for some seconds in 

front of the fire to avoid ripping the FEP foil during formation. The pre-rounded capillaries 

were placed inside the resin mould.  

The pre-cut square piece of FEP foil was placed into the frame of the vacuum-forming machine 

(JT-18, Jin Tai Machining Company) and was secured by closing the latch. The machine was 

pre-warmed, and the temperature was being checked frequently till it was reached 480°C to 

500°C. Next, the FEP foil has brought up directly close to the heater and was heated for 1 

minute. In the meantime, the mould was placed on the middle of the metal grid and under 

the FEP foil respectively. Improving by an industrial dryer, heating has been proceeded until 

the FEP foil became flexible and started to stretch towards mould. This part could have taken 

ca. 30 sec (Figure 11). The heating process was ended almost simultaneously, applying the 

machine vacuum by pressing MODEL and lowering the platform towards mould by raising the 

lever manually which ensue the FEP foil to fall onto the mould at high speed. To avoid further 
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heating and to cool down the FEP cuvettes at RT the machine was turned off. Then, the mould 

was carefully extracted, and cuvettes were attached to the glass capillaries. To attach the 

cuvettes to a longer capillary and assemble it inside the Z1 holder for imaging, a short shrinking 

tube (around 3 cm) was required. Parafilm was used to wrap around the connection point. 

While the shrinking tube was placed between the cuvette and longer capillary, the shrinking 

tube has been heated by an industrial dryer for ca. 30 sec until the tube shrank and the 

connection was sealed completely. Before staring the heating, a pipette tip was placed on top 

of the cuvette to protect it from the heat and deformation. When the process was finished, 

the longer capillary was discarded gently followed by incubating the cuvette overnight at RT 

for sterling in 2% Hellmanex® III (Table 4). On the next day, the cuvettes were placed in PBS 

and stored in PBS at 4°C for imaging (Figure 12).  

The cell suspension for mono-culture and triple-culture was prepared as described previously 

(Formation and Triple co-culture spheroid formation). 10 µl of the cell suspension was added 

to the FEP foil cuvette. The process was performed by applying 10 µl tips to avoid air bubbles. 

Afterwards, FEP foil cuvettes were placed inside the 15 ml falcon and have been centrifuged 

for 15 min at RT at 270 rpm to increase the aggregation of the cells at the bottom of the 

cuvette. Next, the cuvette was filled with expansion medium (Table 7) and connected to the 

longer capillary, which had filled with expansion medium in advance. The connection and the 

tip of the micropipette had sealed with parafilm or silicon. The prepared cuvettes then could 

be placed in the cuvette holder of the Z1 microscope which then has immersed in the Z1 

chamber filled with PBS + 20% Pen/Strep (Table 4). Before the acquisition, the light sheets had 

calibrated manually to produce high quality images. The setting would be saved and reused. 

Acquisitions were taken with Zeiss LSFM 10x/0.2 as an illumination objective and W Plan-

Apochromat 20x/1.0 UV-VIS as a detection objective. The time-lapse has been performed over 

3 days with 30 min interval at 37°C and 5% CO2. Later, images were analyzed using Fiji software 

(Version. 1.49k). 
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Figure 11: The process of Z1 holder formation. After placing the pre-cut FEP foil into the vacuum-forming 

machine, the machine should be pre-heated to 480°C to 500°C. Next, the FEP foil is lifted and approached to the 

heater. The heating process is improved by keeping an industrial dryer close to it manually. The FEP foil is kept in 

this position to become flexible and start to stretch downwards. This part takes for ca. 30 sec. (the images are 

modified from Louise Breideband protocol). 
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A 

B 

Figure 12: Final steps in preparing Z1 holders. (A) By applying the vacuum with the machine and releasing the 

pre-warmed FEP foil simultaneously towards the mould, the FEP foil is stuck to the capillaries and forms the Z1 

holders based on the shape of mould. (B) The mould should be detached afterwards, and the shrinking tube is 

used to seal the connection points. After sterilization the holders are ready to use for acquisition. 
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A B 

Figure 13: CAD drawings of mould for Z1 holder. To improve the process of aggregation during spheroid 

formation, the holders tip is changed. The newly designed tips (A) are sharper and more elongated compared 

to the previous versions (B). The CAD drawings are done by Sven Plath and later the mould is printed with LCD-

based SLA 3D printer Photon S; scale bar (B): 200 µm. 



Materials and Methods 

50 
 

III: Molecular and cellular spheroid characterization 
 

2.2.6 Live-dead assay (LDA) 

The aim of the live-dead assay (LDA) is to distinguish between living and dead cells within the 

spheroids and organoids and determine the ability of hPOs to maintain or recover viability 

after trypsinization, aggregation and cultivation in both protocols. With this aim, FDA-PI 

double staining was performed. Fluorescein diacetate (FDA) (Table 4) which is an acetylated 

derivative of the green fluorescent dye fluorescein that stain live cells and is usually coupled 

with propidium iodide (PI) (Table 4), which stains DNA and RNA inside of dead cells.214 In FDA-

PI double staining, living cells appear bright green and dead cells red. Positive controls were 

conducted by incubating samples in 500 µl DMSO (Table 4) for 5 min (organoids) and 30 min 

(spheroids) respectively. Since FDA and PI are sensitive to light, all steps have been performed 

in the dark. Fluorescence images were obtained using Carl Zeiss Cell Observer Widefield 

microscope (organoids) and Zeiss Axiovert 40 CFL fluorescence microscope (spheroids), 

equipped with Objective Fluar 10x/0.50 M27 lens controlled by ZEN software. Further image 

processing has been done by ImageJ software (Version. 1.49k). 

2.2.6.1 LDA in organoids 

In day 7, medium was removed from each well and hPOs have been incubated with 5 µg/ml 

FDA and 5 µg/ml PI in basal medium (Table 7) for 15 min before being washed twice by PBS 

and imaged in PBS. 

2.2.6.1 LDA in spheroids 

After collecting the spheroids in 1.5 ml tube, the medium was discarded, and 1 ml fresh pre-

warmed basal medium (Table 7) was added to each tube. Each condition has been incubated 

with 5 µg/ml FDA (Table 4) and 5 µg/ml PI (Table 4) for 1.5 h. During incubation phase, samples 

were being rotated every 30 min for 1.5 h. Later on, the medium was discarded then the 

spheroids have been washed for 10 min with 1.5 ml PBS 5 times. Afterwards, spheroids were 

fixed with 1 ml of 4% PFA (Table 4) for 20 min, followed by washing up for 10 min with 1.5 ml 

PBS 5 times to be stored in 4°C for further experiments. 
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2.2.7 Short-term cell tracking with CellTracker dyes in spheroids 

Fluorescent cell tracker dyes  are powerful tools that facilitate imaging and tracking cells 

within live organisms. CellTracker dyes enable direct visualization of biological processes like 

cell proliferation, cell migration, and cell-cell interactions. 

Before starting the process of staining, propriated stock from each cell tracker was prepared. 

5 µM CellTracker™ Orange CMTMR (Table 4), 0.5 µM MitoTracker® Deep Red FM (Table 4), 

and 1 µM CellTracker Green CMFDA (Table 4) in DMSO were utilized based on manufacturer’s 

instructors. 

Having trypsinized the cells, described in previous chapter (2.2.2 Formation ), 1 µl from diluted 

stock was added to 999 µl DMEM (serum free medium) and cells have been incubated for 15 

min at 37 °C, followed by centrifuging and discarding the supernatant respectively. Afterwards 

samples were ready to be monitored during aggregation in Z1 microscope. 

2.2.8 EdU incorporation assay for organoids 

To confirm our observation that proliferation is affected during cultivation within both 

expansion and differentiation mediums, EdU staining has been performed using the Click-iT 

EdU Alexa Fluor 488 kit. The 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay has been 

used to detect DNA synthesis and has determined the cell proliferation. EdU is a synthetic 

nucleoside which is used as an analogue of thymidine during DNA replication. It is 

incorporated into new synthetized DNA, therefore new proliferated cells can be distinguished 

in living tissues. The EdU detection method described below is in accordance with the 

ThermoFisher factory manuscript. 

On day 7, after removing the old medium, hPOs have been incubated in 250 µL basal medium 

(Table 7) containing 10 µM EdU for 4 h under standard cell culture condition (37 °C, 5% CO2 

and 95% O2). The control group has been only treated with basal medium. Afterwards, hPOs 

have been fixed with 200 µL 4% PFA (Table 4) for 20 min on ice, followed by incubation in 500 

µL cell recovery solution (Table 4) for 2 h on ice and shaker (Table 14). Next, hPOs were 

collected in 1.5 ml tube (Table 14) and have been washed for 10 min with 1.5 ml PBS 3 times 

(Table 4). To allow the Alexa Fluor® 488 (1:200) and Hoechst 33342 (1:500) penetrate the 

hPOs, 300 µL permeabilization solution (Table 5) per well were added and samples were being 

shaken slowly on ice for 30 min. Another washing step with 300 µL cold PBS (Table 4) followed 
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by incubation in 400 µL reaction cocktail (Table 5) for 40 min at room temperature (RT) on the 

shaker has been applied. To improve the signal intensity of Hoechst 33342 (1:500), the probes 

have been re-stained for 30 min at 37 °C on the thermomixer afterwards (Table 14). Lastly, 

the samples were washed once with 300 µL cold PBS (Table 4) and stored in 4°C for further 

experimentations (Figure 14). Fluorescence images were obtained using Zeiss Cell Observer 

fluorescence microscope equipped with W Plan-Apochromat 20x/0.84 M27 objective lens and 

controlled by ZEN software. Further image processing has been done by ImageJ software 

(Version. 1.49k).  

 2.2.9 Total RNA isolation 

Total RNA extraction from both organoids and spheroids samples was performed using 

TRIzol™ Reagent (Total RNA Isolation Reagent) (Table 4). TRIzol is an acid-guanidinium-phenol 

based reagent ideally designed for the simultaneous isolation of DNA, RNA, and protein from 

cells. TRIzol based isolation is a single-step procedure and suitable for PCR analysis. After 

solubilization and addition of chloroform (Table 4), sequential precipitation of RNA, DNA, and 

protein is formed. The upper colorless aqueous phase contains RNA followed by white 

Figure 14: Experimental flow for EdU incorporation assay. hPOs are cultured based on expansion and 

differentiation protocols, afterwards on day 7 EdU labeling marker is added to the mediums (10 µM) and they are 

incubated for 4h. Next, organoids are collected and fixed on the same day, being stained with secondary antibody 

(Alexa Fluor® 488 (1:200)) and Hoechst 33342 (1:500) respectively. sec., secondary; AB, Antibody; EM, Expansion 

medium; EM2, Expansion medium 2; DM, Differentiation medium (created by BioRender). 



Materials and Methods 

53 
 

interphase that solves DNA and the protein is extracted in the red organic phase at the bottom 

of the tube. 

2.2.9.1 Total RNA isolation in organoids 

Having removed the old medium and each well washed once with 250 μl PBS, four 25 μl BME 

droplets have resuspended in 1.5 ml ice-cold TRIzol reagent per condition and transferred to 

2 min Eppendorf tube (Table 14). Each sample was homogenized respectively and after 5 min 

of incubation at RT, 300 μl chloroform was added to each tube. To mix each sample properly, 

tubes were shaken vigorously for 15 sec. The Homogenate was separated into three phases 

by incubation for 2-3 min at RT and the phases were parted additionally by centrifugation at 

15,000 x g for 15 min at 4 °C. Subsequently, the upper colorless aqueous phase was transferred 

into a fresh RNase/DNase free 1.5 ml Eppendorf tube (Table 14). Later, RNA was precipitated 

from the aqueous layer by adding 750 μl reaction-grade isopropanol. The tubes were inverted 

four times and have been incubated for 10 min at RT followed by centrifugation at 15,000 x g 

for 10 min at 4 °C. As the supernatant had removed, the RNA pellet was washed by 750 μl 75% 

ethanol to remove impurities and collected through centrifugation at 7,500 x g for 5 min at 4 

°C. Most of the supernatant was discarded and the pellet was dried at RT. Subsequently, the 

pellet was solved in 10 μl RNase/DNase-free water (Table 4) and has been incubated for 15 

min at 55°C. The RNA concentration was determined by measuring 1 μl of the RNA solution in 

the NanoPhotometer® NP80 (Table 14) based on the manufacturer’s instructions. The 

synthetized RNA was stored at -80°C for long-term storage. 

2.2.9.2 Total RNA isolation in spheroids 

For RNA isolation in spheroids, after collecting the spheroids in 1.5 ml tube, the medium was 

removed, and samples was washed for 10 min with 1.5 ml PBS 5 times (Table 4). The RNA 

isolation was then performed as described in previous part (2.2.9.1 Total RNA isolation in 

organoids). 

2.2.10 cDNA synthesis in organoids and spheroids 

The cDNA was synthesized from total RNA using the Maxima First Strand cDNA synthesis kit 

(Table 4). Total RNA was reverse transcribed in a 20 µl reaction volume, as the manufacturer’s 

instructions. 1 μl dsDNase buffer and 1 μl DNase were mixed with 4 μg total RNA then 

RNase/DNase-free water (Table 4) were added to this mixture up to 10 μl followed by 

incubation for 2 min at 37 °C. Additionally, 4 μl cDNA synthesis buffer, 2 μl Maxima Enzyme 



Materials and Methods 

54 
 

Mix together with 4 μl RNase/DNase-free water was added to the tube then the reaction mix 

was vortexed and spun down respectively. Reverse transcription was being executed in a PCR 

cycler (Table 14) in three steps of incubation; starting with 10 minutes at 25°C, followed by 20 

minutes at 50°C, and finally 5 minutes at 85°C. Samples were stored at -20°C for subsequent 

analysis. 

2.2.11 Reverse Transcription-quantitative Polymerase Chain Reaction (RT-

qPCR) 

SYBR® Green qPCR MasterMix (Table 4) is designed for highly sensitive and accurate 

quantification of gene expression and is therefore suitable for RT-qPCR reactions. SYBR® 

Green is a dsDNA-binding dye which intercalates nonspecifically into dsDNA, allowing 

measurement of the amount of PCR product. 

For RT-qPCR, the primers (Table 8) were reconstituted to a final concentration of 100 μM with 

RNase/DNase-free water (Table 4) and the primer pairs were further diluted in RNase/DNase-

free water with a final concentration of 4 μM per primer. The primer pairs can be stored at -

20 °C for long-term storage. The cDNA was diluted 1:10 in RNase/DNase-free water with 1:4 

Yellow sample buffer. The SYBR Green MasterMix was diluted in RNase/DNase-free water in 

1:1.6 ratio. As soon as diluted SYBR Green MasterMix and diluted cDNA were mixed together, 

9 μl of the reaction mix was added to each qPCR plate well (Table 14) followed by distributing 

1 μl primer pair solution to each well. The plate was sealed with adhesive film (Table 14) then 

centrifuged to concentrate the reaction mix in the bottom and remove bubbles. The qPCR 

reaction was performed in a 96CFX thermo cycler (Table 14) in triplicates. No template 

samples were included as negative control. The plate was stored at -20°C for further 

experiments. 

2.2.12 Immunofluorescence staining 

Immunofluorescence (IF) staining is a technique for fluorescently labeling a biological target 

within a sample. IF utilizes fluorescent-labeled antibodies to detect specific antigens and 

typically requires fixation, permeabilization of cells, blocking, and incubation with primary and 

secondary antibodies. No longer than antibody incubation, nuclei staining is performed with 

dyes such as DAPI or Hoechst 33342 (Table 11) which intercalate into DNA of the cells. Samples 

were placed with additional PBS in the Lumox® 96-well plate (Table 14) with a flat, foil bottom 
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(organoids) and microscope slide (Table 14) (spheroids) for acquisition. To capture, the fixed 

and fluorescently labelled samples (organoids and spheroids), a Carl Zeiss LSM780 confocal 

microscope was utilized. Secondary antibody controls are shown in supplementary figures. 

2.2.12.1 Fixation and immunofluorescence staining in organoids 

Having removed the old medium, 300 µl 4 % PFA (Table 4) was added to each well. hPOs have 

been incubated for 30 min on ice while being shaken on a laboratory shaker (Table 14). A 1,000 

µl pipette tip was cut at the tip and covered with coating solution (Table 5). Fixed hPOs were 

transferred gently to the 1.5 ml Eppendorf tube (Table 14). Then hPOs have been washed 2 

times for 10 min with 500 µl PBS, incubated later with 500 µl Cell Recovery solution (CRS) 

(Table 4) on ice for at least 2 h while shaking to have the residual of BME2 removed. After 

washing the organoids with 500 µl PBS properly they have been incubated in 0.3% Triton X-

100 diluted in PBS (Table 5) for 30 min at RT followed by incubation in blocking solution (Table 

5) for 3 h at RT on the rotator. Next, organoids were incubated with primary antibody 

overnight at 37°C (Table 9). Having washed organoids 3 times for 10 min with 500 µl PBS, 

incubation with DAPI (1:200) or Hoechst 33342 (1:500) (Table 11) coupled with secondary 

antibody (Table 10) (1:400) diluted in blocking solution for 24 h at 37°C on the thermoshaker 

(Table 14) was performed. 

2.2.12.2 Fixation and immunofluorescence staining in spheroids 

Spheroids were collected then fixed with 1 ml 4% PFA for 20 min on the rotator followed by 

washing for 5 min with 1.5 ml PBS 3 times. Spheroids have been permeabilized (Table 5) for 

30 min at RT. The Triton X-solution was then discarded, and the spheroids have been 

incubated in blocking solution (Table 5) for 3 h at RT on the rotating mixer. This step is essential 

to prevent unspecific binding of the antibodies. Afterwards, spheroids have been incubated 

with primary antibody overnight at 37°C (Table 9),washed for 10 min with 500 µl PBS 3 times 

again incubated but with DAPI (1:200) or Hoechst 33342 (1:500) (Table 11) coupled with 

secondary antibody (Table 10) (Table 10) (1:400) diluted in blocking solution for 24 h at 37°C 

on the thermoshaker (Table 14). Next, spheroids have been washed for 10 min with 500 µl 

PBS 3 times respectively, soon after placing them on microscope slide incubated for 5 min in 

CUBIC2 (Table 5) they were ready to be imaged. 
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2.2.12.3 Optical clearing technique in spheroid vs. organoid 

Optical clearing enables light to transport through the sample and reduces light scattering by 

matching refractive indices of cleared sample and the surrounding medium, therefore 

enhances the quality of the images. Respecting their cellular structure, being made of one 

single cell layer clearing is not essential for organoids, in contrast due to their compactness, 

spheroids needed to be cleared. Therefore, 5 min incubation in CUBIC2 (Table 5) have been 

performed for spheroids before acquisition. 

IV. Data analysis 

2.2.13 Processing of RT-qPCR data 

RT-qPCR is one of the most sensitive, reliable, common, and quantitative methods to analyze 

the gene expression. This method allows to compare multiple genes simultaneously. One 

common method to analyze relative gene expression data is the Livak-Schmittgen method 

(2−ΔΔCt), which compares two values in the exponent representing the normalized expression 

values in the gene of interest (GOI) relative to the housekeeping genes. 

To determine the effect of each protocol (expansion vs. differentiation) and cellular structure 

(organoid vs. spheroid) coupled with the effects of different cell types within triple co-culture 

samples, RT-qPCR was performed and changes in the expression of differentiation and 

progenitor genes has been examined. 

In this experiment, the calculation was done by using ΔΔCt method between the relative 

expression of a GOI and the housekeeping genes (RPL13 and TBP), hPOs (organoids and 

spheroids) in expansion medium were determined as control group. For each gene triplicate 

independent experiments were performed, and the relative expression was calculated and 

presented in Box plots. The results were calculated and visualized by using Microsoft 

Excel 365. 

To start the calculation, after determining the average between the triplicate of each GOI and 

the housekeeping genes, ΔCt for each GOI was calculated by subtracting the Ct as number of 

the GOI from that of the housekeeping genes (Equation 2). 

Equation 2:   ∆Ct(𝐺𝑂𝐼) = 𝐶𝑡(GOI) − 𝐶𝑡(ℎ𝑎𝑢𝑠𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝑔𝑒𝑛𝑒𝑠) 
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The ΔΔCt value was calculated to present the differences between the expression of the GOI 

in treated sample (in our case, cultivated in differentiation medium) and control (in this case, 

cultivated in expansion medium) based on equation 3. 

Equation 3:  ∆∆Ct (GOI) =  ∆Ct (GOI)(𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) −  ∆𝐶𝑡 (𝐺𝑂𝐼)(𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

The ΔΔCt value is equal to the log2 (fold change), therefore, log2 is equal to the subtraction of 

the ΔCt (GOI) of treated sample from the ΔCt (GOI) of control as well (Equation 4).  

Equation 4:   ∆∆Ct (GOI) =  𝑙𝑜𝑔2(𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒) 

In this circumstance, the fold change was then calculated by using equation 5:  

Equation 5:   Fold change (GOI) =  2(−∆∆Ct ) 

2.2.14 Nuclei segmentation in organoids and spheroids 

The “3D object counter” plugin for ImageJ is a striaghtforward 3D cell counter which is based 

on a user-specified intensity threshold to separate signal and background, resulting in a 

segmented image. This plugin was used to determine the number of cells in each organoid 

and spheroid. The “3D object counter” plugin for ImageJ also characterizes various nuclei 

features of the imaged samples, such as nuclei volume and cell density in the sample. In this 

plugin, specific IF staining coupled with efficient optical clearing technique is the necessary 

initial step for obtaining reliable data. 

2.2.15 Spheroid volume measurement in 3D confocal image stacks with ImageJ 

Volume is one of the most important features for the characterization of a spheroid under 

different conditions. It is often used to describe the effectiveness of the treatment (in our case, 

cultivation in differentiation medium vs. expansion medium). ImageJ has several tools for 

measuring object morphological features, albeit it is built to process a single image most of 

the times and is not so well developed for 3D image stacks. To repeat measurements across 

the entire stack, some macro programming is required. The macro programming written by 

Dr. Thomas Villani,  at Visikol Inc was applied to measure the volume of spheroids. 

(https://visikol.com/2018/11/blog-post-loading-and-measurement-of-volumes-in-3d-

confocal-image-stacks-with-imagej/). 
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After opening the image stack in ImageJ by going to File > Open Samples > Image, all channels 

should be split. This is accomplished by using the Image > Color > Split Channels menu option. 

Cytoskeleton channel (IF stained with phalloidin) was chosen for volume measurement. A 

suitable threshold selects the pixel of interest based on the intensity of the pixel value. This is 

done by selecting Image > Adjust > Threshold (or hit Ctrl+Shift+T). The Otsu method from the 

automatic threshold dropdown box was chosen. The next step was to configure the 

measurements to extract the required quantitative parameters from the thresholded object. 

For this we selected Analyze > Set Measurements menu option from ImageJ and marking Area, 

Mean gray value, Stack position and Limit to Threshold checkboxes. To measure the total 

volume, macro code was used (the code is reported in the Supplemental information). The 

macro measures each image in the stack individually and sums the area measurement 

multiplying this sum by the depth of each slice looping through each image in the stack. As a 

result, the total volume is displayed.  

2.2.16 Segmentation and tracking the cells during aggregation 

To acquire three-dimensional information about spheroid formation, it was necessary to 

identify individual cells and track their movement over time in three dimensions during 

aggregation process. Three-dimensional nuclei segmentation followed by tracking was 

performed to determine the number of cells in each spheroid. The nuclei segmentation 

characterizes various nuclei features of the imaged spheroids, including the number, volume, 

and cell density of the nuclei within the spheroids.  

The organoid’s cells were labeled using CellTracker dyes (2.2.7 Short-term cell tracking with 

CellTracker dyes in spheroids) for the live imaging with Zeiss Light-Sheet Microscope Z1.  

CellTracker dyes penetrate in the cells with no detectible deleterious effect and provide a 

bright fluorescence signal even after more than 4 days of repeated scanning without impairing 

cell viability. The green CellTracker emits fluorescence (excitated at 488 nm) aat 498 nm, and 

the Deep Red CellTracker is excited at 561 nm and emits at 571 nm, respectively. 

It should be mentioned that the technique of cell tracking and imaging with Zeiss Light-Sheet 

Microscope Z1 used herein relies heavily upon the ability to prepare and form a tight Z1 holder 

(Light sheet-based fluorescence microscopy) and to reconstruct data into meaningful three-

dimensional representations. Several preliminary steps such as combining more than 100 

individual image stacks, brightfield and contrast setting, cropping and deconvolution was 
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necessary to remove out-of-focus information from individual stacks to facilitate more 

accurate reconstructions. 

The disadvantage of working with such large amounts of data was overcome by parallel 

computing, which greatly reduces the processing time necessary to deconvolve the data. With 

a more user-friendly interface and powerful computation resources, this technique promises 

to ease the deconvolution process further.   

2.2.17 Statistical analysis 

The results were calculated, analyzed, and visualized using Microsoft Excel 365. For normal 

distribution data, the Student’s t-test was done, and the statistical significance was defined as 

p<0.05. For each condition 3 independent experiments with at least 3 technical replicates have 

been performed, the relative expression was calculated and presented in column charts. 
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3. Results 

Tme main aim of this work was inducing differentiation f pancreatic progenitor cells towards 

the endocrine linage during pancreas development using 3D cell culture technique and 

optmized media.  The combination of liquid overlay technique (LOT) with the appropriate 

culture media in led to the successful formation of compact spheroids. A thoroughly 

characterization by immunofluorescent (IF) staining, optical clearing, and imaging with 

confocal laser scanning microscopy and light-sheet fluorescence microscopy has been 

performed. The process of hPO cells aggregation to spheroids has been evaluated via time-

lapse imaging with bright field and light sheet microscopy. 

Furthermore, triple co-culture spheroid has been performed to determine the crosstalk 

between different cell types and their effect on human pancreatic progenitors, cell 

differentiation, and spheroid formation. The morphological and molecular properties have 

been examined with advanced microscopy and molecular biology analyses.  

The Results chaoter is divided  into three sections. First, we show that the optimized LOT 

represents an effective protocol to generate compact and multilayer spheroid starting from a 

conventional culture of monolayered acinar organoid. Next, we show that the culture of both 

hPO and hPO spheroids in different media formulations determines remarkable  phenotypical 

differences. Finally, we analyze the mRNA expression for all investigated culture conditions. 

The ultimate goal of this thesis is to be able to control human pancreatic progenitors and 

induce endocrine differentiation to boost the production of β cells in vitro as a means of β 

cells replacement therapy for type 1 diabetes (T1D). 
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3.1 Organoids expansion 

3.1.1 hPO efficiently grow in both expansion and differentiation medium 

To test the general applicability of the expansion and differentiation protocols on hPOs, 

organoids derived from a human pancreas have been cultured in corresponding medium 

formulations (Table 7). Before starting the test, the derived cultures were expanded a 

minimum of 4 passages and frozen for long-term storage in liquid nitrogen (LN2) tank (2.2.2.1 

Thawing and cryopreservation of hPOs). 

Here time-lapse imaging of sub-cultured hPOs in both expansion and differentiation medium 

for 7 days as explained in previous section (2.2.1.1 Human pancreatic organoids (hPOs)) is 

performed and have been directly observed with Zeiss Cell Observer microscope. The time-

lapse image sequences are acquired at 30 min intervals for 7 days. Furthermore, to increase 

the reliability of the results, hPOs are monitored in parallel with time-lapse experiment in 

incubator under standard cell culture conditions with a Zeiss Axiovert 40 CFL microscope. 

Images have been processed afterwards using ImageJ software (Version. 1.49k). Triplicate 

batches of each organoid have been separately cultured (Figure 15). 

No remarkable differences were observed by evaluating bright field images of hPOs cultivation 

process from day 0 to 7 in both mediums. Within the first 2 days after cultivation, the 

organoids start to grow and acquire a typical and hollow acinar phenotype, which is a single 

cell layer surrounding liquid-filled lumen (Figure 15). hPOs were pulsing during cultivation and 

consequently their size oscillates (Figure 16). Moreover, hPOs were motile in BME2. In some 

wells, migration is leading to fusion of hPOs with one another (Figure 16). Importantly, 

organoid outgrowth varies considerably in both media; some organoids show high growth 

rates in BME2 while others grow poorly or even shrink over time (Figure 15). 

To extend this observation, LDA (2.2.6.1 LDA in organoids) was applied to determine cell death 

in individual organoids embedded in BME2 in each medium. As cell viability plays a 

fundamental role in all forms of cell culture, organoids have been treated with FDA and PI 

after 7 days of cultivation in BME2, simultaneously to assess organoid viability. No dead cells 

are observed in both conditions which confirms that neither protocol affect the viability of 

hPOs (Figure 17). 



Results 

62 
 

Taken all together, we verified that organoids are capable of growth and viability in both 

media despite a neglecting difference in the number of nuclei per organoids between 

differentiation and expansion medium. 
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Figure 15: hPO organoids grow in both expansion and differentiation medium documented during taking time-

lapse in the Cell Observer microscope (A) and cultivating in the incubator (B). hPOs are diced in small fragment 

and mixed with fresh BME2 respectively. 10 µl mixture of BME2 and hPOs were placed on the bottom of 96 well-

plate. After polymerization in the incubator, 100 µl expansion or differentiation medium was added to each well. 

hPOs have been cultivated for 7 days based on expansion and differentiation protocol. Medium was refreshed on 

days 2nd and 4th. After 24 h, hPOs start to grow and form a spherical and luminal structure in both mediums. 

The bright field images have been processed using Zeiss Cell Observer microscope with Plan Apochromat 5x/0.16 

objective lens (A) and Zeiss SteREO Discovery.V8 with 2x magnification (B). The time-lapse image sequences are 

acquired at 30 min intervals for 7 days. Exp.: Expansion; Diff.: Differentiation; h: hours; EM: Expansion medium; 

EM2: Expansion medium 2; DM: Differentiation medium; scale bar (A): 20 µm; scale bar (B): 500 µm. 
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Figure 16: (A) Two hPOs are fusing together after turning to mature spherical structure. After culturing 

fragments of hPOs in fresh BME2, fragments start to grow and turn to spherical structures. When reaching 

to the mature size, hPOs fuse together and share their lumen. (B) hPOs change their size by pumping in and 

out periodically during cultivation within BME2. hPOs pump in and out continuously, which leads to the 

expanding and shrinking regularly during cultivation in BME2. The images have been processed using Zeiss 

Cell Observer microscope with Plan Apochromat 5x/0.16 objective lens. The time-lapse image sequences are 

acquired at 30 min intervals for 7 days. h: hours; scale bar: 20 µm. 
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Figure 17: Expansion and differentiation medium has no effect on the mortality of hPOs. After 7 days, hPOs are 

stained with FDA (green, alive cells) and PI (red, dead cells) to discriminate between living and dead cells. As a 

positive control, cells were treated with DMSO for 5 min before staining. No dead cell is detected within organoids. 

Representative images for each condition are shown. The images have been processed using Zeiss Cell Observer 

microscope with Plan Apochromat 5x/0.16 objective lens; Excitation-Emission:  561 nm - 670/70 nm (PI), 488 nm 

- 525/45 nm (FDA).  Exp.: Expansion; Diff.: Differentiation; PC: positive control; scale bar: 20 µm. 
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3.1.2 Optimization steps leading to the formation of well-defined homotypic 

hPO spheroids  

Initially, two different approaches for creating spheroids were tested: hanging drops and 

liquid overlay techniques (LOT). Due to the limitation in medium volume and starting cell 

number, long-time cultivation, and the need of multiple media exchange, hanging drop was 

considered not to be efficient for the scope of this work. Therefore, liquid-overlay technique 

(LOT) was selected for the experiments. 

Next, how different starting cell number (in mono-culture and triple co-culture) and ratio of 

different cell types (in triple co-culture) may affect spheroid formation was assessed. Size and 

shape of spheroids have been observed overtime by brightfield microscope. Spheroids are 

formed from a starting cell number of 1000, 2000, and 3000 hPOs and cultured for 7 days in 

expansion medium. All starting cell numbers result in the aggregation to form spheroid in the 

first 48 hours, however only 3000 single cells is capable to form a compact and circular 

spheroid while other groups form unstable aggregations, which are not compact during 

collection, fixation, and IF staining for further experiments. Therefore 3000 single cells as a 

starting cell number was used during the whole thesis. Since there has been no previous 

studies to indicate the ratio of hMSC, HDMEC and pancreas progenitors within the body during 

pancreas development, as to avoid complexity, the ratio of 1:1:1 in triple co-culture is utilized. 

To improve spheroid formation, several supplements (e.g., Matrigel) have suggested.215  

Therefore, matrigel was added in different concentrations (0%, 2.5%, 5%, 7.5%, 10%, and 20%) 

to the expansion medium during spheroid formation. Afterwards, each group have been fixed, 

stained, and imaged by confocal microscopy. The volume and cell number of each group are 

analyzed, respectively. Since matrigel is solvable in cold medium, two controls (pre-warmed 

and cold medium without matrigel) have been performed. 

Figure 18 shows a single spheroid being formed in various matrigel concentrations, most of 

them are characterized by spherical morphology (almost 95%) and regular borders. The 

volume and cell number of a single spheroid varies between those generated in the presence 

of matrigel and the ones obtained in its absence. Their volume and cell number per spheroid 

changes in matrigel concentration independently. The volume and cell number start to 

increase from 0% to 2.5% matrigel, by continuing the increment, less cell aggregation is 

observed during spheroid formation accordingly, the spheroids cultured in the presence of 
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matrigel are smaller compared to those generated without matrigel. More surprisingly, hPOs 

form the biggest spheroids in the concentration of 2.5% (~480 nuclei per spheroid and > 0.13 

mm3 volume), however after analyzing further with FIJI, a small cloudy-like and fuzzy structure 

generates around each spheroid that are in the presence of matrigel (in all concentrations) 

interfering strongly with IF staining. 

In the absence of matrigel (two controls), the generated spheroids represent uniform 

morphology with a well-defined and round-shaped border to the last day of the experiment. 

Based on results, spheroids in 0% matrigel are bigger (~ > 0.07 mm3 volume) than spheroids 

cultured in pre-warmed medium (~ > 0.05 mm3 volume), and cellular debris cloud surrounding 

the compact spheroid is observed. Pre-warmed medium without matrigel is chosen. Also, the 

use of matrigel does not improve the formation of individualized spheroids within 7 days. 

Another parameter, which affects hPOs aggregation, is passage number. After applying LOT in 

different passage numbers, results show that hPOs with a passage number large than 8 are 

incapable of aggregation and do not form any spheroid. Thus, the ability of hPOs to generate 

mature and complete spheroid depends on the number of the times that they had been 

passaged in vitro. 

For generating spheroids based on LOT, hPOs were first trypsinized. Trypsin and accutase were 

tested on hPOs based on published papers, however both were established as harmful for 

hPOs which caused them death in the next day of formation. TripLE have been performed 

under cellular cultivation conditions (37 C°, 5% CO2, 21% O2, and 95% humidity) for 15 min 

that is capable of turning the hPOs into the mixture of single cells and small fragments and 

keeping them alive, however the existence of fragments prevents single spheroid formation. 

As final step in optimization of spheroid formation, fragments are dissociated by passing the 

cell suspension once through cell strainer before LOT. That leads to the formation of single 

and compact spheroid, respectively (Figure 20). 

It is also worth noting that, even though results indicate that trypsinization by TripLE coupled 

with running through cell strainer leads to successful aggregation, these processes could be 

still harmful for the hPOs. Applying LDA demonstrates that the single cells, which don’t 

collaborate in aggregation are noted as dead ones, therefore a delicate process for turning 

hPOs into single cell is required (Supplementary Figure). 
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Taken all together, several changes in LOT process are needed for the formation of single 

spheroid and adding supplements doesn’t improve the aggregation process. Furthermore, 

hPOs’ passage number also plays a fundamental role in the aggregation process. 
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Figure 18: (A) Adding matrigel to the medium negatively affects spheroid size and IF staining. (B) Brightfield 

image reveals hPO spheroids covered with a cloudy-like structure due to the presence of matrigel in the 

medium. Spheroids are stained with Phalloidin 488 and presents the cellular cytoskeleton. Representative 

images are shown. Spheroids are optically cleared, and the images have been processed using Zeiss confocal 

LSM 780 microscopes with a Plan-Apochromat 20x/0.8 M27 objective lens. Excitation-Emission: 488 nm - 615 

nm (Phalloidin 488); Exp.: Expansion; scale bar: 100 μm. 
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Figure 19: Quantitative analysis of hPOs nuclei number per spheroid after 7 days of cultivation in Expansion 

and Differentiation medium. For each condition three independent experiments with at least three technical 

replicates were performed. Data are quantified with ImageJ plugin 3D object counter. The line inside the box 

denotes the standard error. Excel 365 software is used to illustrate the graphic and perform T-test for statistics 

analysis. The cultivation in expansion medium significantly increases the nuclei number per spheroid. Exp.: 

Expansion; Diff.: Differentiation. 
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Figure 20: hPOs form a single and compact spheroid by using a cell strainer. By passing the cell suspension 

through the cell strainer, single and compact spheroid is formed based on the liquid overlay technique (LOT). The 

images have been processed using Zeiss Axiovert 40 CFL microscope with 5x/0.12 ph0, 10x/0.25 ph1, and 20x/0.35 

ph1 objective; D: Day; EM.: Expansion medium; scale bar: 100 μm, close-up: 50 μm. 
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3.1.3 Aggregation of hPO cells with the liquid-overlay technique (LOT) 

produces single and compact spheroid in both expansion and differentiation 

medium 

After finding the most efficient method and optimizing it for turning single cell layer and lumen 

form hPO organoid to a compact and circular spheroid, the capability of hPO cells to aggregate 

in both media within 7 days was investigated. 

Brightfield microscopy demonstrates that hPO cells  are capable of aggregation and form 

spheroid in both expansion and differentiation medium within 7 days. 48 h after hPOs are 

seeded in 96-well plate coated with 50µl low melting agarose, round-shaped spheroids are 

detected in each well. Having been observed through microscope, spheroids show a multilayer 

cell assembly (Figure 22). Spheroids continue to aggregate further and form more compact 

spheroids till harvesting. These data considerably determine rapid generation of spheroids 

from hPOs based on liquid overlay technique (LOT) in 7 days (Figure 21). 

Additionally, to ensure the viability of the hPOs after aggregation, a second image evaluation 

following the fluorescent labeling of both live and dead cells based on LDA (2.2.6.1 LDA in 

spheroids) has employed, respectively. Fluorescence images reveal the overall morphology of 

the spheroids. Differences in cell density and size in both groups are found. The absence of 

dead cells is evident at all groups, indicative of cell viability in the interior of the spheroids 

(Figure 23). 

Taken all together, human pancreatic organoids aggregate and form well-defined, compact, 

and alive spheroid in both mediums based on LOT. 
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Figure 22: hPO spheroids have spherical morphology and regular borders. Cell nuclei are stained with DAPI 

(blue) and Phalloidin (green and white) presented in the cell cytoskeleton. Representative Z-project images are 

shown. Spheroids are optically cleared, and the images have been processed using Zeiss confocal LSM 780 

microscopes with a Plan-Apochromat 20x/0.8 M27 objective lens. Excitation-Emission: 405 nm - 450/50 nm 

(DAPI), 488 nm - 615 nm (Phalloidin 488). DAPI= cell nucleus; scale bar: 100 μm. 
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Figure 23: The mortality of hPOs have been analysed after aggregation by live/dead assay. After aggregation, 

spheroids were stained with FDA (green, alive cells) and PI (red, dead cells) to discriminate between living and 

dead cells. As a positive control, cells were treated with DMSO for 5 min. No dead cell was detected within 

spheroids. Representative images for each condition are shown. The images have been processed using Zeiss 

Axiovert 40 CFL microscope with 10x/0.25 ph1; Excitation-Emission: 561 nm - 670/70 nm (PI), 488 nm - 525/45 

nm (FDA); PC: positive control; scale bar: 200 µm. 
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3.1.4 The presence of all three cell types (hPO, hMSC, HUVEC) are essential for 

spheroid formation in differentiation medium 

It has been widely reported that the human tissues contain a heterogeneous mixture of 

different cell types which help reciprocal to promote cell growth and induce differentiation 

during development.132,216 Therefore, the presence of these supporting cells is hypothesized 

to help the progenitor hPOs to turn into β cells and help to form larger and more mature 

(compact) spheroid. To investigate the role of supporting cells on the hPOs differentiation and 

spheroid formation, either primary Human Dermal Microvascular Endothelial (HDMEC) or 

human Mesenchymal Stem Cells (hMSC) have been co-cultured with hPOs based on LOT, with 

spheroid formation being monitored. This method is used to analyze the influence of 

supporting cells (hMSC and HDMEC) on the hPOs phenotype. The characterizations of the 

hPOs after 3D co-culture were phenotypically and genetically compared by analyzing the 

expression of defined differentiation markers and IF staining. The functionality of these co-

culture and their ability to influence on hPOs was then investigated. 

Since the starting cell number has already determined in previous section (3.1.2 Optimization 

steps leading to the formation of well-defined homotypic hPO spheroids ), current experiment 

with three cell lines has started with the different combinations and cultivation in both 

mediums. 

Given the fact that both hMSC and HDMEC have the ability to aggregate and form 

spheroid,217,218 first, both cell types were cultured based on LOT in each medium separately 

and simultaneously. As expected, hPOs form compact spheroid in expansion and 

differentiation medium in 7 days. However, the results clearly demonstrate that hMSC form 

an aggregation in both media in first 2 days, nonetheless the aggregation doesn’t progress and 

doesn’t turn into a tight and mature spheroid till day 7, therefore that was dissociated during 

collection and no aggregation forms by HDMEC in general. 

Next, a couple of co-cultures with different combinations 1:1 (hPOs and hMSC or hPOs and 

HDMEC) and 1:1:1 (hPOs, hMSC, and HDMEC) ratio have been examined. 

The results suggest that after cultivating all groups in both mediums, some aggregation is 

detected in all conditions till day 4 but they are unstable and only the presence of all three cell 

lines in differentiation medium leads to the formation of well-defined and circular spheroid. 
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It was detected that the mixture of hPO, hMSC and HDMEC (1:1:1) in the expansion medium 

starts to aggregate till day 4, however after replacing the EM2 medium to DM (based on 

differentiation medium), the cells start leaving the spheroid in the last three days, therefore 

no spheroid is formed. 

Newly formed spheroids are not as compact with clear barriers as single hPOs spheroid, but 

they are stable enough to be collected, fixed, and stained for further experiments, which is 

not achievable in other groups. Furthermore, the output of LDA demonstrated that the triple 

spheroids are alive ergo were used for further experiments (Supplementary Figure). 

Taken all together, the presence of supporting cells plays a critical role in the spheroid 

formation and this formation varies depending on the types of cells and medium respectively. 
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3.2 Phenotypical characterization 

3.2.1 The morphology of both pancreas organoids and spheroids variates in 

expansion and differentiation media 

Even though organoids and spheroids are both promising 3D cell culture samples, 

fundamental differences are defined in each one, which may affect their morphology. 

Organoids are the 3D in vitro experimental systems in which cells form a single-layered hollow 

spherical structure but spheroids are known as cluster of aggregated cells that form 

multicellular-layered structure, which is clearly observed after IF staining in our samples 

(Figure 26). 

Cells in organoids are uniformly exposed to nutrients and oxygen. In contrast, cell populations 

within a spheroid are dealing strongly with nutrients- and oxygen-gradient, which 

conspicuously evolve their proliferation and cell death, consequently the spheroid 

morphology is affected. As the next step, the effects of each medium on the morphology of 

organoids and spheroids have been investigated. 

After preparing hPO organoids and spheroids in expansion and differentiation medium, IF 

staining was performed on each group, respectively, and samples have been acquisitioned by 

confocal laser scanning microscopy. The post-processing has been done by ImageJ software. 

The 3D object counter plugin for ImageJ has performed on not-optically cleared organoids and 

optically cleared spheroids. 

Quantitatively, a significantly higher number of cells is observed and accordingly, bigger size 

is detected in spheroids formed in differentiation medium compared to the spheroids formed 

in expansion medium. The similar result is not observed comparing spheroids formed in 

expansion medium and triple spheroids. In contrast, organoids in differentiation medium 

contain of noticeably less cells compared to the organoids generated in expansion medium 

(Figure 27). 

Closer examination reveals that numbers of nuclei per organoids in differentiation medium (~ 

200 nuclei per organoid) is by a large amount smaller than the number of nuclei per organoids 

in expansion medium (~ 440 nuclei per organoid), consistent with the formation of bigger 

organoids in expansion medium compared to the differentiation medium. 
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It is worthy to note that, comparing organoids and spheroids in differentiation medium, a 

noticeable difference is observed in the nuclei number and surprisingly, spheroids contain 

more cells than organoids under the same cultivation condition (Figure 27). 

Taken all together, differentiation medium has significant effect on the phenotype and 

morphology of organoids and spheroids. 
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Figure 26: IF staining presents the overall (A, B) and cross section (A1, B1) of hPO spheroid and organoid. Nuclei 

staining with DAPI reveals the single-layer and bubble-like structure of the organoids as well as spherical and 

multilayer formation of spheroids. Representative images for each condition are shown. Spheroids are optically 

cleared, and the images have been processed using Zeiss confocal LSM780 microscope with W Plan-Apochromat 

20x/084 M27; Excitation-Emission: 405 nm - 450/50 nm (DAPI); scale bar: 50 µm, close-up: 25 µm 
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Figure 27: Quantitative analysis of hPO nuclei number per spheroid and organoid after 7 days cultivation in 

Exp. and Diff. medium. For each condition three independent experiments with at least three technical replicates 

were performed. Data have been quantified with ImageJ plugin 3D object counter. The lines inside the boxes 

denote the standard error. Excel 365 software is used to illustrate the graphic and perform T-test for statistics 

analysis. ns: not significant; Exp.: Expansion; Diff.: Differentiation. 
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Figure 28: Quantitative analysis of spheroid volume and cells per spheroid after aggregation in Exp. and Diff. 

medium. For each condition three independent experiments with at least three technical replicates were 

performed. Data have been quantified with ImageJ plugin 3D object counter. The lines inside the boxes denote 

the standard error. Excel 365 software is used to illustrate the graphic and perform T-test for statistics analysis. 

Exp.: Expansion; Diff.: Differentiation. 
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3.2.2 The differentiation medium induces cell polarization in hPO and hPO 

spheroids  

Alteration in the position of the nucleus in polarized cells is documented in many biological 

functions such as differentiation or developmental issues. The cytoskeleton is highly 

stimulated by polarization signals and provides a structural framework for the nuclear and 

demonstrates changes during different cell statuses. These changes may lead to the 

differentiation respectively.219,220 

After cultivating the organoids and spheroids in both expansion and differentiation medium 

for 7 days, IF staining was performed on each group to visualize the internal morphology and 

nuclei arrangement over 7 days. The nuclei were stained and imaged using DAPI or Hoechst 

33342 and the actin filaments were stained by Phalloidin 568. 

Here the focus is on the almost round and symmetric organoids whose nuclei are centered 

and localized along to the cell membrane. hPO organoids express strong polarized apical actin 

filaments facing towards lumen in both expansion and differentiation media. Interestingly, the 

strong basal nuclear rearrangement is also observed in some of the organoids cultured in 

differentiation medium (Figure 29). 

Based on IF staining, mono-culture and triple co-culture spheroids cultured in differentiation 

medium show a strong basal rearrangement in their external layer. Furthermore, most of the 

cells within spheroid contain external actin filaments, which show a polarized distribution with 

actin filaments at one side of the cell (Figure 30). To determine whether this asymmetry 

reflects the overall polarity of the cell or not the samples are stained with an antibody as the 

Golgi marker, GM130. However, the staining was not successful, therefore no image is 

presented here. 

Taken all together, results demonstrate that the differentiation medium leads to the strong 

nuclear rearrangement within organoids and spheroids. Furthermore, actin filaments 

reflected the establishment of cell polarity. 
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Figure 29: Differentiation medium leads to the basal localization of nucleus in some organoids. IF staining with 

phalloidin 488 reveals that cell nucleus in some organoids, cultured in differentiation medium, are strongly basal-

polarized. Representative images for each condition are shown. The images have been processed using Zeiss 

confocal LSM780 microscope with W Plan-Apochromat 20x/084 M27; Excitation-Emission:  405 nm - 450/50 nm 

(Hoechst 33342), 561 nm - 670/70 nm (Phalloidin); scale bar: 50 µm, close-up: 10 µm 
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Figure 30: Strong basal polarization in the external layer of the spheroid, cultured in differentiation 

medium. IF staining with phalloidin 488 reveals that cell nucleus in the outer layer of the spheroids, 

cultured in differentiation medium, are strongly basal-polarized. Representative images for each condition 

are shown. Spheroids are optically cleared, and the images have been processed using Zeiss confocal 

LSM780 microscope with W Plan-Apochromat 20x/084 M27; Excitation-Emission:  405 nm - 450/50 nm 

(DAPI), 561 nm - 670/70 nm (Phalloidin); scale bar: 50 µm, close-up: 10 µm. 
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3.2.3 hPO spheroids show multiple internal acinar structures  

The extracellular matrix (ECM) and particularly the basement membrane (BM) play an 

important role in orienting the cells during spheroid formation. IF staining against phalloidin 

to demonstrate the polarization status after aggregation, one of the well-documented 

properties within spheroids is the formation of internal acini-like structures in different sizes 

in both mono- and co-cultured spheroids. hPOs form cavities with clear apical-in and basal-

out polarization (Figure 31).  

Why spheroid aggregation led to the formation of multiple acinar structures remained 

unclear. To investigate it in more details, the process of aggregation has been monitored in a 

time-lapse by Z1 microscope. hPOs were trypsinized to single cells followed by staining with 5 

µM CellTracker™ Orange CMTMR. The results clearly demonstrate that hPOs keep their 

original growth pattern and pump in and out constantly during aggregation which lead to the 

formation of these cavities with surrounded single cells inside of the spheroids, respectively 

(Figure 32). Therefore, it is hypothesized that despite all differences between organoids and 

spheroids, hPOs represent their original morphology and growth pattern of organoids (round, 

empty, bubble-like and 3D structure) during aggregation inside of spheroid. 

Taken all together, phalloidin staining revealed the formation of multiple hollow acinar 

compartments inside of spheroids and it is observed that hPOs keep their growth pattern even 

though they are trypsinized to single cells and forced to aggregate and form spheroid. 
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Figure 31: Spheroids consist of small cavity-like structures in all cases. After IF staining the cytoskeleton, circular 

and bubble-like structures are detected within spheroids in all cases. Representative images for each condition 

are shown. Spheroids are optically cleared, and the images have been processed using Zeiss confocal LSM780 

microscope with W Plan-Apochromat 20x/084 M27; Excitation-Emission: 405 nm - 450/50 nm (DAPI), 561 nm - 

670/70 nm (Phalloidin 568); scale bar: 50 µm. 
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Figure 32: hPOs maintain their original growth pattern and pump in and out constantly during aggregation. 

hPOs were trypsinized to single cells followed by staining with 5 µM CellTracker™ Orange CMTMR. The process 

of aggregation was monitored in a time-lapse by Z1 microscope. The formation of bubble-like structures that 

were pumping in and out continuously, inside of the spheroids during aggregation has been monitored, 

respectively. The time-lapse image sequences have acquired at 30 min intervals for 4 days. Arrows are pointing 

at acinus-like structure within spheroids. Representative images for each condition are shown. The images have 

been processed using Z1 microscope with Det.: W Plan-Apochromat 20x/1.0 UV-VIS; Illum.: Zeiss LSFM 10x/0.2; 

Laser: 561 nm-571 nm; scale bar: 50 µm. 
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3.2.4 Monitoring the aggregation process of pancreas progenitor cell spheroids 

with time-lapse light sheet microscopy 

After optimization of spheroid formation in agarose-coated non-adhesive wells to visualize 

the process of aggregation in detail time-lapse transmission images were taken using Z1 

microscope with one-sided 20x/1.0 detection optics and two-sided 10x/0.2 illumination 

optics. The image sets were processed using ZEN imaging software. Time-lapse data was 

further scrutinized to investigate the mechanism of spheroid self-assembly. Tight Z1 holder, 

which is a special holder established in the Stelzer group, coupled with FEP foil cuvettes were 

prepared to resemble concave agarose wells. Fluorescent cell trackers in orange, red deep and 

green were utilized based on manufacturer’s instructions to visualize the cells in the 

reconstruction images and make them easy to track frame–by-frame. A heated stage was 

assembled in Z1 microscope to maintain the temperature of the cells at 37°C throughout the 

experiments. To prevent evaporative losses the Z1 holder was sealed with parafilm and 

completely filled with expansion medium, which regrettably, inhibited us to change medium 

and run time-lapse imaging for 7 days. Consequently, expansion medium was applied to 

document aggregation only for 2 days. To minimize harmful effects of laser, the power was 

kept at minimum and scanning interval was set for 30 min. To demonstrate the results, images 

were analyzed by Fiji software (Version. 1.49k) and three-dimensional reconstructions were 

produced by digitally merging the optical sections from each time point. 

Initially, the possibility of aggregation as mono- and triple spheroid inside of the Z1 holder was 

tested in incubator. For 3D time-lapse studies, cultures were prepared as it is explained in 

material and method coupled with short term cell tracking protocol. By staining the majority 

of the population with CellTracker, cells can easily be followed over time (Figure 33). 

The images clearly demonstrate that hPOs can form round and compact spheroids in different 

sizes inside of FEP foil (Figure 34, Figure 35). Despite all optimization, there were numbers of 

barriers against cell accumulation at the bottom of Z1 holder, therefore, to increase the 

chances of spheroid formation and cell-cell contact, the starting cell number was set higher 

than 3000. Approximately 9000 single cells were placed per sample which justified the 

presence of several spheroids inside of each holder. Furthermore, initial results confirm that 

staining is not hazardous for the cells and does not impair spheroid formation. Albeit the 
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expression of the dyes decreases constantly during time-lapse, which limits the time of 

imaging respectively. 

hPOs’ movement in time-lapse images match with spheroid self-assembly model. Spheroid 

self-assembly process could be divided into three phases: rearrangement, aggregation, and 

compaction. Based on time-lapse images of this experiment, initially single cells were attached 

to the surface but remained dynamic (rearrangement phase, the first 7 hours), followed by 

moving towards each other to form small aggregates (aggregation phase, the second 7 hours). 

During the aggregation phase, the cells begin to round up and assemble small multilayer 

clusters with their neighbors. Finally in the compaction phase, the aggregates approach 

towards each other and compact into smooth spherical structures that eventually detach from 

other neighbor cells and form a clear barrier around themselves. In addition, the evaluation 

of time-lapse images proves the existence of bubbles and relates them to the pumping 

function of hPOs during growth within spheroids through aggregation process.  

Through further experiments, time-lapse images in triple spheroids provided an interesting 

information from cell localization during spheroid formation. Images demonstrate a strong 

internal accumulation of hPOs and hMSC (stained with orange) along with external movement 

of the HUVEC cells (identified with green) during formation, closer evaluation of which 

revealed cell-cell connection between endothelial cells and formation of a micro prevascular 

network around the spheroid (Figure 36, Figure 37).  

Taken all together, the time-lapse images offer insight into the cell movement mechanism 

during spheroid formation demonstrating the process of spheroid self-assembly. 

Furthermore, by combining multiple Cell Tracking protocol and time-lapse experiments an 

interesting glimpse of cellular rearrangement and localization during spheroid formation was 

provided. 
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Figure 33: (A) hPOs stained with 5 µM CellTracker™ Orange and accumulated at the bottom of Z1 holder. 

After trypsinizing the hPOs, single cells were counted and placed in Z1 holder. By stepwise centrifuging, cells 

were collected at the end of the Z1 holder. (B) A compact spheroid detected within Z1 holder after 4 days. 

Arrows are pointing at bubble-like structures formation which represents pumping function during hPOs growth, 

respectively. Representative images for each condition are shown. The images were processed using Z1 

microscope with Det.: W Plan-Apochromat 20x/1.0 UV-VIS; Illum.: Zeiss LSFM 10x/0.2; Laser: 561 nm - 571 nm. 

scale bar: 100 µm. 
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Figure 34: Formation of multiple spheroids in different sizes within FEP foil during/after (?) 4 days incubation. 

hPOs could be stained harmlessly with 5 µM CellTracker™ Orange CMTMR and staining did not impair spheroid 

formation. The progress of aggregation inside of the Z1 holder was checked after 4 days. Rounded and compact 

spheroids in different sizes were detected inside the Z1 holder. Spheroids form a clear barrier from the neighbor 

cells. Representative images for each condition are shown. The images were processed using Zeiss Cell Observer 

microscope with W Plan Apochromat 10x/0.25 ph1, 20x/0.35 ph1, 32x/0.40 ph1 objective lens; Excitation-

Emission: 561 nm - 670/70 nm; scale bar: 100 µm; close-up: 25 µm. 
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Figure 35: Spheroid formation progress in FEP foil in 2 days inside Z1 microscope. hPOs were trypsinized to single 

cells followed by staining with 5 µM CellTracker™ Orange CMTMR, after which they were placed inside Z1 holder. 

Process of aggregation was monitored with time-lapse method using Z1 microscope. Time-lapse image sequences 

were acquired at 30 min intervals for 2 days. Initially, the cells were attached to the surface of the FEP foil but 

remained dynamic. Then the cells started to aggregate and form small aggregates. Finally, the clusters 

compacted to form spherical aggregates that detached from other neighbor cells. Representative images for each 

condition are shown. The images were processed using Z1 microscope with Det.: W Plan-Apochromat 20x/1.0 UV-

VIS; Illum.: Zeiss LSFM 10x/0.2; Laser: 561 nm - 571 nm; scale bar: 100 µm. 
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Figure 36: Cell localization assessment during spheroid formation within FEP foil using Z1 microscope. Two 

populations of hPOs and hMSC were incubated with 5 µM CellTracker™ Orange CMTMR and HUVEC cells were 

stained with 1 µM CellTracker Green CMFDA, mixed together, they were placed at the bottom of the Z1 holder 

afterwards for spheroid formation. The  aggregation progress was monitored with time-lapse method using Z1 

microscope. Time-lapse image sequences were acquired at 30 min intervals for 2 days. Initially the cells were 

mixed uniformly, over the time hPOs and hMSC were concentrated in the center and begin to round up and 

compact. Simultaneously, HUVEC cells moved to the external part of the spheroid. Representative images for each 

condition are shown. Images were processed using Z1 microscope with Det.: W Plan-Apochromat 20x/1.0 UV-VIS; 

Illum.: Zeiss LSFM 10x/0.2; Laser: 488 nm - 615 nm, 561 nm - 571 nm; scale bar: 100 µm 
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Figure 37: Prevascularized network in the external layer of a triple spheroid. HUVC cells migrate to the external 

layer of the spheroid during (spheroid?) formation. Arrows indicate cells approaching to one another, forming a 

micro prevascular network around the spheroid. Representative images for each condition are shown. The images 

were processed using Z1 microscope with Det.: W Plan-Apochromat 20x/1.0 UV-VIS; Illum.: Zeiss LSFM 10x/0.2; 

Laser: 488 nm - 615 nm, 561 nm - 571 nm; scale bar: 50 µm 
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3.2.5 HDMEC segregate in external layers in the co-culture pancreas spheroids  

Better understanding about human cellular differentiation requires multicellular structures. 

The interaction between different cell types and extracellular matrix (ECM) in 3D cell culture 

play a fundamental role in this process. Co-culture methods allow a variety of cell types to be 

cultured together to examine the effect of one culture system on another. Not only does the 

co-culture technique help to investigate the interaction between different cell types, but it 

also demonstrates the localization of each cell type after mixture and cultivation all together, 

providing a more representative human in vivo-like tissue model. 

To determine the cellular localization within the triple spheroid, IF staining against specific 

marker of HDMEC (CD31) has performed.  

IF staining demonstrates HDMEC is in the external layer of the spheroid after the formation of 

triple spheroid in the differentiation medium (Figure 38). A similar and functional result has 

reported in Takahashi et al., 2018 paper after co-culturing mouse islets with hMSC and HDMEC 

(Supplementary Figure). Mouse islets are capable of aggregation after being co-cultured with 

hMSC and HUVEC and the secretion of insulin after transplantation within mouse has 

documented in this paper, respectively. 

Taken all together, these data determine parallels and similarities between the organization/ 

localization of the hPOs co-culture and islets co-culture with endothelial cells, suggesting that 

the triple spheroid could also form functional structures. 

 

 

 

 

 

 



Results 

100 
 

 

 

 

 

Figure 38: Strong external localization of HDMEC within the spheroid. Co-culturing hPO with hMSC and HDMEC 

in Differentiation medium show significant accumulation of HDMEC in the outer layer of the spheroid. 

Representative images for each condition are shown. Spheroids are optically cleared, and the images have been 

processed using Zeiss confocal LSM 780 microscopes with a Plan-Apochromat 20x/0.8 M27 objective lens. 

Excitation-Emission: 405 nm - 450/50 nm (DAPI), 488 nm - 615 nm (Alexa Fluor 488). CD31 = HDMEC marker, 

DAPI= cell nucleus; scale bar: 100 μm, close-up: 50 µm 



Results 

101 
 

3.3 Genotypical characterization 

3.3.1 Significant reduction in the expression of progenitor genes detected in 

HPO spheroids cultured in differentiation medium 

During differentiation, the phenotypical changes strongly associate with downregulation of 

the expression of progenitor gene products. This effect requires a coordinated network that 

simultaneously control cell growth and differentiation. Differentially expressed genes are also 

related to the extracellular matrix, growth factors, cytokines, and Wnt signaling pathway.  

Expression of the progenitor gene is a highly regulated process in pancreas and progenitor cell 

markers such as hSOX9 and hLGR5 have essential role in successive pancreas differentiation 

pathway.  

Concerning progenitor gene visualization, all 5 groups were IF stained against hSOX9. 

Furthermore, RT-qPCR has performed to quantify expression of some known pancreatic 

progenitor markers such as hSOX9 and hLGR5, respectively. Relative expression of hLGR5, and 

hSOX9 has normalized to the geometric means of hRPL13 and hTBP (as housekeeping genes) 

and later to the expression in hPO organoid cultivated in expansion medium.  

IF results demonstrate that SOX9 is strongly downregulated by aggregation and cultivation in 

differentiation medium (Figure 39). At the same time, it is clearly shown that the SOX9 is 

expressed without any accumulation in all nuclei of hPO organoid, cultured in expansion 

medium, however the same results are not detected in other groups. The Sox9-positive cells 

has detected in all layers of the spheroids, in particular a strong signal is observed in the outer 

layer of spheroids (Figure 39, arrows).  

The computational analysis of RT-qPCR reveals that the expression of both genes in all cases 

are lower than that in hPO organoid, which has cultivated in expansion medium. Along with 

the mass decline of hSOX9 and hLGR5 genes, interestingly it is observed that hSOX9 is 

expressed less than hLGR5 in spheroids cultured in both expansion and differentiation 

medium, on the other hand, hSOX9 is expressed at a higher level than hLGR5 in organoids and 

triple spheroid cultured in differentiation medium (Figure 40). 
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 In addition, the expression of hSOX9 in hPO organoid, cultured in expansion medium, is 

distinctly higher than the hPO spheroid in differentiation medium (P<0.05), which is in 

consistent with the results of the IF staining as well Figure 39 and Figure 40. 

Taken all together, spheroid formation and differentiation medium significantly decrease the 

expression of hPO progenitor genes. 
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Figure 39: Immunofluorescent staining visualizes the effect of cell aggregation and differentiation medium on 

progenitor gene expression. hPOs have labeled with progenitor marker (Sox9). Progenitor markers are detected 

inside and in the periphery of the spheroid. Cell nuclei are stained with DAPI and Hoechst 33342. Representative 

images for each condition are shown. Spheroids have optically cleared, and the images have been processed using 

Zeiss confocal LSM780 microscope with W Plan-Apochromat 10x/03 M27 (organoid) and W Plan-Apochromat 

20x/084 M27 (spheroid); Excitation-Emission:  405 nm - 450/50 nm (DAPI and Hoechst 33342), 645 nm - 765 nm 

(SOX9); Exp.: Expansion; Diff.: Differentiation; scale bar: 50 µm. 
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Figure 40: Progenitor gene expression changes are validated by RT-qPCR. A remarkable difference in hLGR5 and 

hSOX9 expression is detected due to the differentiation medium and aggregation. For each condition three 

independent experiments with at least three technical replicates have performed. Relative expression of hLGR5 

and hSOX9 is normalized to the geometric means of hRPL13 and hTBP (housekeeping genes) and later to the 

expression in hPO organoids cultivated in expansion medium. The lines inside the boxes denote the standard error. 

Excel 365 software was used to illustrate the graphic and perform T-test for statistics analysis, and the statistical 

significance was defined as p<0.05. ns: not significant; Exp.: Expansion; Diff.: Differentiation. 
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3.3.2 Differentiation medium prevents the proliferation of pancreas progenitor 

cells in both organoids and spheroids 

Cell proliferation and differentiation are highly coordinated by external and internal stimuli 

that accordingly leads to determine cell fate. Cell proliferation and differentiation have a 

remarkable inverse relationship with each other221. Progenitor cells keep division before 

reaching to the fully differentiated state, however terminal differentiation coexists with 

proliferation arrest and stopping the cell division cycle, permanently.40,43,88 

To detect the effect of aggregation and cultivation in two different mediums (expansion vs. 

differentiation), proliferation of the cells inside the hPO organoids and spheroids was analyzed 

after 7 days of cultivation in expansion and differentiation medium using EdU incorporation 

assay in hPO organoids and Ki67 staining in spheroids. During this project, a protocol for EdU 

incorporation assay in hPO organoids followed by acquisition with confocal laser scanning 

microscope was established and hPO spheroids were IF stained against proliferation markers 

(Ki67), respectively. 

Based on the results gained by confocal laser scanning microscopy, EdU incorporation assay is 

shown to work well in hPO organoids, and Ki67 antibody completely penetrates the hPO 

spheroids. The expression of EdU and Ki67 signal in the nuclei of the samples (nuclei were 

counterstained with Hoechst in organoids and DAPI in spheroids) is presented in the merged 

images. Proliferated cells are only detected in the samples that have cultured in expansion 

medium and no signal is acquired in differentiation medium. It should be noted that, 

Ki67- positive cells are observed in all layers of the spheroids, indeed. 

Taken all together, IF staining against proliferation markers/cells demonstrates that 

differentiation medium has an anti-proliferation effect on hPO organoids and spheroids. 
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Figure 41: Cell proliferation is inhibited in the differentiation medium. The proliferation signal is only detected 

in the hPO spheroids cultured in an Expansion medium. hPOs are labeled with proliferation marker (Ki67) and 

Anti-EdU. Cell nuclei are stained with Hoechst 33342. Representative images for each condition are shown. 

Spheroids were optically cleared, and the images have been processed using Zeiss confocal LSM780 microscope 

with W Plan-Apochromat 10x/03 M27 and W Plan-Apochromat 20x/084 M27; Excitation-Emission:  405 nm - 

450/50 nm (Hoechst 33342), 488 nm - 525/45 nm (Ki67 and Anti-EdU); Scale bar: 100 µm. 
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Figure 42: Quantification of proliferation rate within hPO organoids and spheroids after 7 days of cultivation 

in expansion and differentiation medium. Differentiation medium significantly decreases the ratio of proliferated 

cells in all conditions compared to the expansion medium. Spheroid formation has inducer effect on proliferation 

per se. For each condition 3 independent experiments with at least 5 technical replicates were performed. Data 

are normalized with total nuclei per sample then quantified with ImageJ plugin 3D object counter. Excel 365 

software was used to illustrate the graphic and perform T-test for statistics analysis. The lines inside the boxes 

denote the standard error. Exp.: Expansion; Diff.: Differentiation. 
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3.3.3 Spheroid formation in differentiation medium drives the gene expression 

of hPO cells towards endocrine differentiation  

Due to the spheroid formation, co-culturing, and cultivation in expansion and differentiation 

medium the expression of β cell markers (insulin, CHGA and CHGB) and differentiation 

markers (NGN3, NKX6.1, and PDX1) were evaluated in RNA level using RT-qPCR technique. The 

results are validated further by IF staining as well. 

The quantitative analysis of mRNA expression level of β cell markers have demonstrated a 

significant (t-test p<0.05) upregulation of insulin and CHGB, two β-cell makers in hPO 

spheroids, which were cultivated under differentiation medium. Surprisingly, CHGA cultured 

in differentiation medium is observed to upregulate in all samples (organoids, spheroids, and 

triple spheroids). 

The strong upregulation in mRNA expression level of differentiation markers, NGN3 and 

NKX6.1 are detected in hPO spheroids cultured in differentiation medium compared to other 

conditions. Contrary to those markers, PDX1 does not show any changes in any condition. 

To determine the effect of cultivation under differentiation medium, IF staining was 

performed. Based on the IF staining, no significant changes are detected in the morphology of 

hPO organoids in either condition. hPO organoids are symmetry and circular with a hollow in 

the middle (Figure 43, Figure 44). 

To investigate further, IF staining against insulin, β cell marker, and Pdx1 differentiation 

marker was done on hPO organoids in expansion and differentiation medium. IF staining 

results demonstrate remarkable changes in insulin localization. Insulin signals are found in 

both conditions, however, after cultivation in differentiation medium, insulin is expressed in 

the basal membrane, but expansion medium leads to the cytoplasmic expression of insulin 

which is shown in the point-like structures within hPO organoids. Furthermore, IF staining 

against Pdx1 differentiation marker reveals no significant changes in its expression. IF staining 

results show the co-expression of Pdx1 in nuclei of hPO organoids in both conditions, 

respectively. Those data are in line with RT-qPCR results (Figure 45). 

Taken all together, cultivation under differentiation medium coupled with spheroid formation 

significantly upregulates the expression of β cell markers and differentiation markers. 
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Figure 43: Cultivation under differentiation medium affects the localization of insulin within hPO organoids. 

Organoids have been cultured under expansion and differentiation mediums for 7 days followed by fixation and 

immunofluorescent staining against insulin.  Insulin expression is detected in the basal membrane under 

differentiation medium and IF staining visualizes the cytoplasmic and point-like structure for insulin expression in 

hPO that has been cultured in expansion medium. Z-project represents the expression of insulin in all of the hPOs 

in both conditions. Cell nuclei are stained with Hoechst 33342. Representative images for each condition are 

shown. The images have been processed using Zeiss confocal LSM780 microscope with W Plan-Apochromat 

10x/03 M27; Excitation-Emission:  405 nm - 450/50 nm (Hoechst 33342), 645 nm - 765 nm (insulin); Exp.: 

Expansion; Diff.: Differentiation; scale bar: 50 μm; close-up:25 µm  
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Figure 44: Nuclei-expression of Pdx1 within hPO organoids under expansion and differentiation medium. 

Organoids have been cultured under expansion and differentiation mediums for 7 days followed by fixation and 

immunofluorescent staining against Pdx1. IF staining visualizes the expression of Pdx1 in the nucleus of hPO 

organoids under expansion and differentiation medium. Z-project represented the expression of Pdx1 in the entire 

of the hPOs in both conditions. Cell nuclei are stained with Hoechst 33342. Representative images for each 

condition are shown. The images have been processed using Zeiss confocal LSM780 microscope with W Plan-

Apochromat 10x/03 M27; Excitation-Emission:  405 nm - 450/50 nm (Hoechst 33342), 561 nm – 607 nm (Pdx1); 

Exp.: Expansion; Diff.: Differentiation; scale bar: 50 μm. 



Results 

111 
 

 

 

 

 

 

 

Figure 45: Aggregation coupled with the cultivation in differentiation medium causes the highest expression 

of β cell and differentiation markers within hPOs. The RT-qPCR results validate the strong difference in β cell and 

differentiation markers between hPO spheroids cultured in differentiation medium and other groups. For each 

condition three independent experiments with at least three technical replicates were performed. Relative 

expression of each gene was normalized to the geometric means of hRPL13 and hTBP (housekeeping genes) and 

later to the expression in hPO organoids cultivated in expansion medium. The lines inside the boxes denote the 

standard error. Excel 365 software was used to illustrate the graphic; Exp.: Expansion; Diff.: Differentiation. 
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3.3.4 Significant decrease in expression of epithelial and progenitor markers in 

pancreas progenitor cells following the formation of spheroids 

hPOs are originally adopted from the pancreas ductal cells and composed of epithelial cells 

that have the capacity to express progenitor markers, such as SOX9 which make them the best 

candidate for this project. In order to determine the effect of spheroid formation, cultivation 

under two mediums (expansion and differentiation) and co-culturing on the original status of 

hPOs, the expression of progenitor marker and epithelial marker have been investigated 

based on the RNA expression level. The RT-qPCR results were analyzed using the ΔΔCt method. 

Furthermore, IF staining was added to characterize the phenotype of hPOs in more details. 

Based on the IF staining, after cultivation under expansion and differentiation medium, no 

significant difference was detected in either condition. hPO organoids represent a circular 

structure with a lumen within. The originally status of hPOs is proven by the expression of 

epithelial marker Krt19, indeed. Krt19 is detected in the whole cytoplasm and surrounds the 

nucleus in both conditions. These data are in line with the RT-qPCR results and no significant 

(t-test p<0.05) difference between hPO organoids is detected. Furthermore, as noticed in 

previous chapter (3.3.1 Significant reduction in the expression of progenitor genes detected 

in HPO spheroids cultured in differentiation medium) the progenitor capacity of the hPOs 

(organoids and spheroids) has been validated based on the IF staining against SOX9 

expression, respectively (Figure 46). 

Additionally, the quantitative analysis of mRNA expression level demonstrates that after 

spheroid formation the expression of both epithelial and progenitor markers significantly 

decrease in the same manner. It is interesting to note that in both cases, co-culturing leads to 

the upregulation of mRNA expression level, which strongly demonstrates the effect of 

neighbor cells on the cell fate (Figure 47). 

Taken all together, epithelial and progenitor markers represent the same pattern of 

downregulation after spheroid formation. This hypothesizes that aggregation suppress the 

cells to stay in their progenitor status. Furthermore, the supportive role of co-culturing is 

observed in both conditions, respectively. 
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Figure 46: Immunofluorescent staining visualizes the expression of ductal marker after cultivation under 

expansion and differentiation medium within hPO organoids. Organoids have been cultured under expansion 

and differentiation mediums for 7 days followed by fixation and immunofluorescent staining against Krt19.  Krt19 

is detected in all of the hPOs in both conditions. Cell nuclei are stained with Hoechst 33342. Representative images 

for each condition are shown. The images have been processed using Zeiss confocal LSM780 microscope with W 

Plan-Apochromat 10x/03 M27; Excitation-Emission:  405 nm - 450/50 nm (Hoechst 33342), 561 nm - 670/70 nm 

(Krt19); Exp.: Expansion; Diff.: Differentiation; scale bar: 50 μm. 
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Figure 47: A similar reduction in ductal and progenitor markers are detected due to the spheroid formation. 

The RT-qPCR results validate strong and similar decreasing in the expression of Krt19, ductal marker, and SOX9, 

progenitor marker after spheroid formation. For each condition three independent experiments with at least three 

technical replicates have been performed. Relative expression of each gene is normalized to the geometric means 

of hRPL13 and hTBP (housekeeping genes) and later to the expression in hPO organoids cultivated in expansion 

medium. The lines inside the boxes denote the standard error. Excel 365 software was used to illustrate the 

graphic; Exp.: Expansion; Diff.: Differentiation. 
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3.3.5 Detection of hallmarks of epithelial-to-mesenchymal transition (EMT) by 

IF staining after spheroid formation 

The epithelial-to–mesenchymal transition (EMT) is defined as a process in which epithelial 

cells will lose their polarity and transform into mesenchymal cells. This is also known as the 

first step during differentiation into variety of cell types. Cultivation under two mediums 

(expansion and differentiation) and co-culturing the expression of epithelial markers and 

mesenchymal markers were investigated based on the RNA expression level in order to prove 

EMT occurs in hPOs after aggregation. The RT-qPCR results were analyzed using the ΔΔCt 

method. Furthermore, IF staining was added to demonstrate the gene expression within 

spheroids in more details.  

Immunofluorescent staining in spheroids determine that after cultivation under expansion 

and differentiation medium no remarkable differences are detected in the phenotype of 

spheroids in both conditions. hPOs formed a circular and compact spheroid. Vimentin, known 

as a marker for mesenchymal-derived cells or cells undergoing an epithelial-to-mesenchymal 

transition (EMT) was detected in the whole cytoplasm and surrounded the nucleus in both 

conditions (Figure 48, Figure 49). 

Furthermore, the expression of epithelial markers and mesenchymal markers were 

investigated by RT-qPCR and significant (t-test p<0.05) differences were detected between all 

markers. Based on RT-qPCR results, aggregation in both conditions has a significant positive 

effect on the expression of mesenchymal genes such as hVIM and hCDH2. Similarly, the 

quantitative analysis of mRNA expression level demonstrates that after spheroid formation, 

the expression of both epithelial markers (hEPCAM and hKRT19) was considerably decreased. 

The decrement in hKRT19 is more remarkable compared to hEPCAM. It is interesting to note 

that based on the mRNA expression level, co-culturing does not improve the EMT which could 

strongly demonstrate the effect of neighbor cells on the cell fate (Figure 49). 

Taken all together, downregulation of epithelial markers strongly couples with upregulation 

of mesenchymal markers after spheroid formation. This could be defined as one of the main 

symbols of EMT in hPOs. Furthermore, the supportive role of co-culturing observed in both 

conditions suggests the necessity to investigate this topic in more details. 
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Figure 48: Mesenchymal markers (Vim) detected in the entire of the spheroids in both conditions. IF staining strongly 

visualized the expression of mesenchymal marker after cultivation under expansion and differentiation medium within hPO 

spheroids. Spheroids have been cultured under expansion and differentiation mediums for 7 days followed by fixation and 

IF staining against Vim. Cell nuclei are stained with Hoechst 33342. Representative images for each condition are shown. 

The images have been processed using Zeiss confocal LSM780 microscope with W Plan-Apochromat 10x/03 M27; Excitation-

Emission: 405 nm - 450/50 nm (Hoechst 33342), 561 nm - 670/70 nm (Vim); Exp.: Expansion; Diff.: Differentiation 
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Figure 49: Quantitative analysis of epithelial-to-mesenchymal transition (EMT) markers by RT-qPCR results. 

A) Ductal markers (hEPCAM and Krt19) significantly decrease after aggregation and cultivation in 

differentiation medium. B) Spheroid formation has positive effect on the expression of mesenchymal genes 

(hCDH2 and hVIM). For each condition three independent experiments with at least three technical replicates 

were performed. Relative expression of each gene was normalized to the geometric means of hRPL13 and hTBP 

(housekeeping genes) and later to the expression in hPO organoids cultivated in expansion medium. The lines 

inside the boxes denote the standard error. Excel 365 software was used to illustrate the graphic; Exp.: Expansion; 

Diff.: Differentiation. 
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4. Discussion 

Human pancreas consists of exocrine and endocrine cells and is involved in variety of functions 

within body. 1,2 There is a remarkable interest in pancreatic endocrine cells due to their 

importance in regulation of blood glucose levels, subsequently their link to wide-spread 

diseases such as diabetes mellitus. 55 Type 1 diabetes (T1D) is correlated with the destruction 

of β cells within pancreas making patients suffer from lack of insulin in their body for their 

entire lives. 60,61  Therefore, regenerative therapies such with in vitro β cells is an interesting 

target to treat T1D.34,86,87  

This thesis focuses on characterizing human pancreatic organoids and spheroids after being 

cultivated in two different mediums (expansion and differentiation medium) and aims to 

leverage the liquid-overlay technique (LOT) to efficiently generate hPO cell spheroid.  We 

applied brightfield and  three-dimensional fluorescence microscopy to investigate which 

morphological changes occur under differentiation-dependent or -independent culture 

conditions. By applying RT-qPCR, this study demonstrates the changes in the expression of 

different genes after aggregation and cultivation in each medium. Furthermore, we examined 

the effect of different cell types on spheroid formation process and differentiation, by co-

culturing human pancreatic organoid (hPO) with primary Human Dermal Microvascular 

Endothelial Cells (HDMEC) and human mesenchymal stem cells (hMSC). 

Mimicking several physiological aspects that are found in vivo, spheroids are more 

advantageous than conventional 2D cell cultures. 3D in vitro models are widely being used 

since they represent both cell-cell and cell-matrix interaction.148,206,207 Furthermore, isolated 

ductal pancreatic progenitor cells can be expanded by forming single cell layer surrounding 

liquid-filled lumen in an extracted basement membrane hydrogel, so called human pancreatic 

organoids (hPOs). hPOs express progenitor factors such as SOX9 and LGR5, and have 

progenitor cell character which makes them the best candidate for this project. 172,173 

The final goal of this project is develop a straightforward strategy to differentiate progenitor 

cells towards  endocrine pancreas cells with the capacity of producing insulin as a means of 

cellular replacement therapy for T1D. 
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4.1 Differentiation medium sustains hPO organoids and spheroids 

growth and induces phenotypical changes 

First, we investigated whether hPOs and hPO cell spheroids are capable of growing and 

proliferating in expansion and differentiation mediums and whether their overall morphology 

would change after cultivation in each medium. We successfully achieved the generation of 

healthy/alive, roundish, and symmetric human pancreatic organoids in both expansion and 

differentiation media after 7 days of cultivation, which was morphologically and 

phenotypically checked with time-lapse and IF staining results. Furthermore, spheroids from 

organoids were successfully propagated. Human pancreatic organoids cultivation were 

previously reported by others, albeit the formation of spheroid from organoid based on LOT 

has not documented. 174,222 We managed to culture organoids for at least 10 passages in 

expansion medium without any notable changes in morphology or growth rate. However,we 

observed that only the hPOs below passage 8 can successfully form a spheroid based on LOT 

and higher passage numbers cannot aggregate and form spheroids. The same limitation was 

reported by other researchers with other cell lines. Hyo-Jung Kim has noticed the senescence 

of hMSC with number of passages as one of the problems during 3D spheroid formation that 

limit their clinical applications significantly.223 We also have managed to freeze and thaw 

frozen organoids using established protocols that originally were performed for human 

pancreas organoids.88,158,224,225 It should be noted that Y- 27632 was added to control stress 

conditions and enhance cell recovery after thawing in the first 4 days.226 

The combination of IF staining, image processing, and quantitative analysis allowed the 

characterization of the human pancreatic organoids and spheroids. (1) Our observations 

based on the live-dead assay (LDA) confirmed that human pancreatic organoids and spheroids 

maintain high viability over 7 days and no dead cells and necrotic part is detected in them. 

LDA is a simple and efficient cell death assay to identify cell death modality in 3D cultures.151 

However, it should be taken into consideration that the protocols requires specific 

adaptation/optimization to become suitable for 3D cultures.  

(2) Quantitative analysis of time-lapse datademonstrates a strong and significant reduction in 

the number of nuclei of the organoids cultured in differentiation medium compared to the 

organoids cultured in expansion medium, which is the opposite of what measured 

onspheroids cultured in expansion and differentiation medium. It should be noted that even 
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though a great difference in size between spheroids was detected, no visible difference in 

nuclei number per spheroid was reported based on statistical tests which could be explained 

by the existence of  acinar structures in the spheroids with a broadly heterogeneous internal 

volume,which surely affects the spheroid’s total volume. With IF staining the external 

localization of HUVECS cells and extracellular matrix production in triple spheroids was clearly 

observed. Including cells in outer layer (extracellular matrix) the volume of triple spheroids 

was much smaller than two other groups of spheroids (expansion and differentiation), which 

is explained by the exclusion of cells in the last 3 days of aggregation process in triple 

spheroids. These observations are generally consistent with previous reports on the spheroids 

of other cells and species, including mice. 227,228 During spheroid formation, a small proportion 

of cells were observed not to integrate into the spheroid and lost their cell-cell adhesion 

properties. This was reported in different human colon cancer cell lines such as HCT116, 

DLD- 1, and SW620.227 The same results have been documented during aggregation of murine 

mammary carcinoma, the EMT6 cells, as well. 227,228 The exclusion of one subpopulations of 

cells from multicellular spheroids could be used as a highly reproducible and robust way to 

demonstrate loss of cell adhesion in heterogenous cell population, which leads to display a 

wide range of different spheroid phenotypes.227,228 This exclusion affects the number of nuclei 

leading to significant difference in nuclei number between triple spheroids and spheroids in 

differentiation medium as well, nonetheless similar difference was not observed for triple 

spheroids and spheroids in expansion medium. The reason for this discrepancy could not be 

elucidated. 

(3) This project also strongly highlighted the effect of both media (expansion and 

differentiation) on hPOs proliferation. IF staining against KI67 and Anti-EdU(proliferation 

markers) demonstrated that the culture in differentiation medium restrain hPOs 

proliferation.48,229,230 The results are confirmed with quantitative segmentation analysis, 

indeed. In both conditions (organoids and spheroids) by cultivating in differentiation medium, 

the percentage of proliferated cells were significantly decreased, which hihglights the inverse 

relationship between cell proliferation and differentiation. Moreover, the decrease in 

proliferation was more pronounced in hPO cell spheroids compared to hPO.40  

It is known that cell proliferation and cell death occur in different regions of a 3D structure 

during in vitro culture as a cause of relationship with the surrounding environment. Indeed, it 
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should be noted that a comparison between organoids and spheroids in the expansion 

medium demonstrated a significant positive effect of aggregation on the proportion of 

proliferated cells, which proves the role of cell-cell interaction. The observation in this study 

has been confirmed by various studies and has been shown previously with other cell types 

such as C2C12, murine myoblast cell line.231 Several researchers have represented different in 

vitro model for cell therapy by taking advantage of this feature, indeed.231 Furthermore, 

consistent with our findings, other reports have demonstrated that the aggregation of both 

Human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs) facilitates 

the proliferation significantly.232 Additionally, the similar result was found in the MSC 

aggregations, which was also in agreement with our proliferation data. 

Surprisingly, applying co-culture and cultivation in differentiation medium have a positive 

effect on proliferation, which shed light to the role of neighbor cells, indeed. It was found that 

the number of proliferating cells is substantially more in co-cultured samples compared to the 

mono-culture spheroids cultured in differentiation medium. This observation could be 

explained as a result of the presence of other cell lines and differences between the content 

of expansion and differentiation medium. Previous studies have documented that the 

interaction between cells serve an important role in cell growth and proliferation. It has been 

reported that co-culturing with hMSC maintained up-regulation of differentiation markers 

(CD13, CD45 and CD56) in human hematopoietic stem and progenitor cells (HPC) and leads to 

higher numbers of cell divisions.233 This property was tested on mice cells as well and based 

on the results, it is demonstrated that after co-culturing TM4 cells, mouse BALB/c testis sertoli 

cell, with MSC the proportion of synthetic phase (S) cells enhance, significantly. 234 In addition, 

another study with the aim of comparing co-culture and mono-culture on rat synovial stem 

cells and meniscus cells has shown a promotion in cell proliferation and differentiation, 

respectively. 235 Furthermore, to imitate the natural microenvironment, recently, researchers 

have designed a 3D engineered scaffold by bioprinting techniques to improve better 

interaction between stem cell and feeder cell and check in effects on the cell growth and 

proliferation. The results suggested that 3D co-culture of hematopoietic progenitor or stem 

cells (HPSCs) and mesenchymal stem cells (MSCs) inside of engineered scaffold can provide an 

original and integrated environment for HPSCs growth. Additionally, it was documented that 

the proliferation ability of both types of cells was promoted in co-culture system, 

respectively.236 
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Regarding to the mediums, the supplements such as B27 that contain retinoic acid and is in in 

vivo secreted by the surrounding cells such as mesenchymal cells, plays a key role in the 

development and proliferation of dorsal buds in human.237 Furthermore, prostaglandin 2 

(PGE-2) is a major regulator of liver versus pancreas cell fate.238 Several reports have 

suggested that growth factors such as FGF10, which maintains the notch signaling pathway, 

plays an important role in conserving the progenitor cells into the undifferentiated state by 

inducing the repressive effects of Hes1 on the downstream differentiation gene Ngn3, 

respectively.33,239–242 In addition, antioxidants such as N-acetylcysteine promote the endocrine 

lineage along with other pancreas specific growth factors like gastrin, which keep progenitor 

cells in a proliferation state.21,243–245 Moreover, R-spondin 1 is very important in modulating 

cell proliferation of β cells and early pancreatic progenitor cells by enhancing the Wnt signaling 

pathway.224,246–248 

However, it should be noted that multicellular spheroids are known to strongly develop 

gradients of oxygen, carbon dioxide, nutrients, and waste which negatively effects 

proliferation with increasing size, respectively.249 Therefore, one disadvantage of using 

spheroids for proliferation testing is that cell death can occur within the spheroid core, that 

distorting proliferation data. Furthermore, in my project, the challenge remains to elucidate 

the signal in the 3D environment that regulates the expression of cyclin-dependent kinase 

(CDK) inhibitors (CKIs) proteins, which play a remarkable role in cell proliferation, indeed.40,249 

In summary, there are several noteworthy findings from this study. First, organoids could be 

frozen, thawed and recultured in expansion medium without any notable changes in 

morphology or growth rate, plus no dead cells was detected based on LDA staining. 

Nevertheless, the aggregation capability was dramatically affected by the passaging number. 

Second, this study provides evidence for significant changes in the nuclei number, spheroid 

volume, and remarkable morphological changes (presence of acini like structures in spheroids) 

between all conditions after aggregation and cultivation under different conditions. Third, 

these findings suggest that the content of medium and neighbor cells contributes to the cell 

differentiation strongly and are likely to promote proliferation through several interrelated 

signaling pathways. Furthermore, additional studies are required to determine critical 

signaling pathways for pancreas differentiation to offer potential new target for an alternative 

treatment for T2D patients. 
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4.2 Further optimization of the liquid-overlay technique (LOT) 

improves pancreas progenitor cell spheroid formation 

A 3D cell culture provides a similar physiological and cellular environment in vivo by increasing 

and facilitating cell–cell and cell–matrix interactions to overcome the limitations of traditional 

2D cell culture.188 The LOT is considered as the most efficient, user-friendly, and advantageous 

technique in comparison to other 3D cell culture techniques such as hanging drops or spinning 

disk since it combines easy handling process with comfortability in changing medium.117,145 In 

addition, spheroids in this technique were produced under highly controlled conditions with 

the known initial cell number on the concaved agarose coated wells.117,145  

LOT consists of several steps such as cells trypsinization, centrifugation, and cultivation, 

followed by aggregation on the pre-coated plate. 117,145 Therefore, it is still necessary to 

optimize this technique to control the shapes and size of the cellular aggregates. Simultaneous 

optimization of these parameters promotes the formation of spheroids leading to assemble 

highly reproducible and individual spheroids with a low cost of production and varieties that 

can be used for future in vitro experiments. The results clearly demonstrate that the single 

cells of hPO viability is strongly affected by the environmental and handling processes, 

therefore, several optimizations on the LOT have been performed to produce spheroids. 

Spheroid size is one of the critical parameters that is determined by cell type, seeding density, 

and culture time.212,249 The size of spheroid has effect on oxygen and nutrients distribution 

within the spheroid and subsequently could negatively affect the proliferation and cell viability 

of spheroids.160,186 Optimizing the starting seeding density plays a fundamental role in 

spheroid formation as well as their lifespan in culture.250 This is also supported by the recent 

results documented that DU 145 cells, and human prostate cancer cell line can form spheroid 

after 72h from 40 starting seeding cells till 10,000 starting seeding cells.127 However, this 

number should be checked and optimized for each cell line, specifically. Current results of this 

project show that hPO spheroids can be generated from limited starting seeding cells (3000 in 

100 µl medium) in high throughput 96 well plates with high viability, therefore, it is 

hypothesized that restriction in cell number or in other words, in cell-cell and cell-matrix 

interaction are preventing hPO aggregation. This hypothesis was also proved by strong 

resistance of hPO single cells to accumulate in the middle of the pre-coated wells and necessity 

of application a long and step by step centrifugation (twice every 7 min) during LOT. 
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After demonstrating the hPO single cells resistance against aggregation, following protocol 

optimization to improve generating compact spheroids with homogenous size, addition of 

appropriate reconstituted basement membrane in the culture media during spheroid 

formation was tested. It has been reported that various additives, such as matrigel, Basement 

membrane extract (BME), Geltrex®, polymer nanofibers, and collagen support spheroid 

formation and can contribute to forming compact and circular spheroid.116,133,137,251,252 Breast 

cancer cell line (MDA-MB-231), which expresses low levels of E-cadherin (intercellular junction 

proteins), can successfully generate well-defined 3D spheroids possessing uniform 

morphology in presence of matrigel.215 These data were supported by a study on other breast 

cancer cell lines (MCF7, BT-474, T47D, and MDA-MB361) as well.215 Results demonstrate that 

additional 2.5% BMs encourage cell-cell interaction causing  compact spheroid formation. 215 

In accordance with LOT optimization and improving hPO spheroid formation, matrigel in 

different concentrations (0%, 2.5%, 5%, 7.5%, 10%, and 20%) was added to the expansion 

medium during spheroid formation. As described above adding external component was 

expected to support the spheroid formation, nevertheless, the results of our project 

determine that hPOs in fact aggregate independently in different additional concentrations of 

matrigel within medium. This is interpreted as they are independent and as they could reach 

out each other they would be able to make sufficient cell-cell connection in multi-direction 

and form a circular and compact spheroid without external matrix support, after making them 

single cell, hPO organoids growth is strongly interconnected to the presence of external matrix 

(BME2) and their requirement to this supportive structure to grow. 

An essential step for spheroids assembly by LOT is trypsinizing cells by minimally impairing cell 

viability and reaching the most homogenous single cell suspension, which leads to the highest 

uniform cell aggregation, and subsequently increasing spheroid formation. Producing a 

uniform single cell mixture has several challenging issues. As previously mentioned, single cells 

of hPO are extremely sensitive with respect to handling procedures, therefore they could not 

be treated for a long time with strong enzymatic detachment solutions such as trypsin or 

accutase, which are the common solutions for this purpose. Results of this project show that 

treating hPOs with trypsin or accutase with different concentrations could harm cells by 

striping cell surface proteins and subsequently killing them. To eliminate the negative effects 

of trypsinization and reaching the most uniform single cell solutions together with a single 

spheroid per well, 15 min incubation with TripLE, the recombinant enzyme used for 
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dissociating an adherent mammalian cell, combined with passing cell suspension through a 

cell strainer is required. 

Passage number is another major contributor factor for the aggregation process.223 The 

process of moving from organoid (acinar structure) to spheroid (multilayer structure) based 

on LOT consists of several harsh steps such as long time trypsinization (15 min), passing the 

cell suspension through cell strainer to gain homogenous single cell mixture, and longtime and 

prevalent centrifugation (twice every 7 min), therefore higher passaged number hPOs (older 

cells) could not survive during preparation. Furthermore, external cell-cell connections, cell 

surface proteins, and receptors, which are the main actors during aggregation could be 

damaged and unfunctional after preparation.86,107,108 Therefore, cells are incapable of 

approaching each other and form a mature spheroid. With keeping concern to these points, 

the most successful aggregation would be with fewer number of passages and higher starting 

number of cells. 

In summary, traditional liquid-overlay technique (LOT) is known as one of the most functional 

and efficient spheroid formation methods for decades, albeit each cell has its own properties, 

and the main goal of the researchers is to reach the most practically doable, high throughput, 

and constant protocol, optimizing is unavoidable. This project provides a step ahead of 

optimizing conditions for spheroid formation from hPOs and improves standardization and 

reproducibility of this technique. 

4.3 Differentiation medium causes remarkable nuclear 

rearrangement within hPO spheroids and organoids 

Phenotypical change is one of the most obvious responses to different environmental 

conditions and represents the genotypical alteration of cells, respectively. Several genes are 

involved in the phenotypic alteration.253 These changes could be monitored during numerous 

cellular processes such as molecular transport, cell division, differentiation, and directional 

movement of the cells in a chemotactic gradient or activation towards immune responses.254 

The molecular and cellular signals that guide progenitor cells towards specific target cell still 

remain poorly understood and the phenotypical changes during differentiation are not 

completely documented. However, one of the well-documented phenotypical alteration 

within cells, that appears during differentiation is cellular polarization.254 Polarization could 
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appear in shape, structure, and function of cells or nucleus localization to perform specific 

tasks such as differentiation, cell growth and division, migration, transmission of stimuli, or 

immune response.221,254,255 

To explore the influence of differentiation medium on the cell polarization within spheroids 

and organoids, during this project IF staining against cytoskeleton and nuclei was performed. 

The results demonstrate a strong nuclei polarization within cells in all groups after cultivation 

in differentiation medium (Figure 30 and Figure 31), indicating the provocative effect of 

differentiation medium on nuclei localization within cells. Recent studies also indicates the 

positive effect of differentiation assays on cytokine and its combinations (small, secreted 

proteins released by cells and affected the interactions and cell communications) in CD4+ T 

cell leading to strong partial polarization. 256 Nucleus positioning is working as an integrator of 

cell fate and representing the cell status, along with cell function.257 It frequently moves to an 

asymmetric position during different stages of the cell cycle, and differentiation status.220,257 

Several studies has reported the importance of nuclear properties in driving cell 

differentiation.219 A comprehensive study has reported that during differentiation, embryonic 

stem cells modify their nuclear structure and position, which is one of the features of 

polarization as well and is also supported with the results of this project.258 Furthermore, these 

results are supported by a study done by Tamas Henics on erythroleukemic cells indicating 

differentiation is dependent on the cytoplasmic distribution and the position of the nucleus 

can be modified by changes in cytoplasmic organization, resectively.259 some researches have 

also proved that cytoplasmic mechanical processes maintain the position of the nucleus or 

move it during specific processes such as nuclear-cytoskeletal coupling, mechano-

transduction signaling, tissue regeneration, cell migration, cell proliferation, and cell 

differentiation.257,260  

Nuclei of spheroids and organoids cultured in differentiation medium, were placed 

asymmetric and moved to the basal part of cells, respectively. Therefore, nucleus 

rearrangement known as one of the well-documented phenotypical changes during 

differentiation recorded in this project assumed to move towards β like cells after cultivation 

in differentiation mediums in both groups of hPOs, spheroids and organoids. Induction of 

nuclei rearrangement within spheroids and organoids, raise the question of whether cell-cell 

interaction influences nuclei localization and can improve differentiation process or not. This 
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hypothesis was strengthened since all spheroids strongly represented nuclei polarization, 

however, just part of organoids represents nuclei rearrangement. To prove this statement RT-

qPCR techniques was added to this study to screen large number of differentiation related 

genes and analyze their gene expression patterns, simultaneously.261 

There is a remarkable interplay between cell-cell interaction and cellular differentiation.262 

Cellular differentiation depends unavoidably on temporally and locally cellular 

communication.263 Based on RT-qPCR results, this thesis strongly supported the idea and 

demonstrates that spheroid formation coupled with cultivation in differentiation medium 

increase the expression of differentiation genes such as insulin, NGN3, PDX1, NKX6-1, CHGA 

and, CHGB and significantly decrease the expression of progenitor genes like SOX9 and LGR5. 

This is align with other study of Taro Toyoda lab which elucidated aggregation efficiently 

induced differentiation of pancreatic bud cells in multiple hESC/iPSC lines.232 They have 

reported that the combination of the aggregation cultures with the differentiation process on 

the undifferentiated pancreatic bud cells leads to the efficient induction of PDX1+NKX6.1+ 

cells.232 Their data was improved significantly by applying higher cell density, which also could 

shed light to the role of starting cell number in the efficiently and productivity of 

differentiation and aggregation process, which is also considered in our project as well.232 It is 

documented clearly in the study that signals elicited by a high cell density and consequently 

high possibility of cell-cell interaction are potent inducers of the directed differentiation of 

hESCs/iPSCs into pancreatic lineages.232 Although the current project does not directly address 

the role of cell density on differentiation, however based on the previous finding and our 

current results, which shows the role of cell density on efficiency of aggregation process, it 

could be concluded that the high cell density acts as a factor to activate the essential signals 

for differentiation of posterior cells into pancreatic mature cells.232 one plausible explanation 

for that, which has been also noted in different research groups’ results with different cell 

types, is cell density-related factors acting at specific time points and explain the variation in 

the differentiation and aggregation efficiency.264–266 

In summary, based on above-described examples and our findings in this project, cell 

polarization is a complex phenomenon in which the interplay among cell cytoskeletal 

components in which extra- and intra-cellular signals is strongly involved.254,267 Furthermore, 

it could be concluded that since spheroid formation in mono-culture and triple co-culture 
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significantly increased the cell-cell interactions leads to the strong basal nuclear 

rearrangement and, significantly increase the expression of differentiation genes compare to 

progenitor genes based on RT-qPCR results, it could be hypothesized that spheroid formation 

together with the cultivation in differentiation medium may be the potent inducers of the 

differentiation of hPO progenitor cells into pancreatic insulin producer cells. 

4.4 The combination of spheroid culture and differentiation medium 

determines the endocrine fate of the pancreas progenitor cells 

Establishment of successful protocols for pancreas progenitor cultivation and subsequently 

differentiation into insulin-producing β cells in in vitro is hallmarked in cellular therapy for 

diabetes.139 In this work a 3D spheroid formation protocol from human pancreas progenitor 

cells is developed. The combination of the 3D cell culture protocol with differentiation 

medium induces a significant alteration in gene expression in progenitor cells that 

consequently shift them towards differentiation driving them to a mature-like status which 

has opened new doors in diabetes research and therapy. 

Progenitor cells have shown applicability in various scientific fields such as regenerative 

medicine as well as personalized therapy researches.48,178,189,225,268,269 One of the first 

approaches in this field was done by Bonner-Weir who had published the development of islet 

buds from adult human pancreatic tissue. Later several studies were done and researchers 

have confirmed the capacity of endocrine differentiation from progenitors present in the adult 

human pancreas, indeed.270,271 Their results clearly demonstrate the inhibitor role of serum-

contained factors in this process which was also considered in our study .277 By manipulating 

the expansion medium compositions, done by our collaborator Meritxell Huch, and based on 

the stepwise protocols samples have been cultivated in a new medium called differentiation 

medium, which decreases in several serum-contained factors constantly.84,225 

Indeed, a strong crosstalk was documented between FGF10 and Notch signaling pathways 

whose interplay maintain cell fate during pancreas development.154,181,272 Notch signaling 

normally acts to repress Atoh5/Ngn3 expression during normal endocrine pancreatic 

development, while FGF10 regulates proliferation and differentiation towards endocrine and 

exocrine cell types.154,273 In pancreatic progenitor cells, expression of Sox9 promotes 

production of FGF10-receptors (FGFR) and increases the uptake of FGF10 which subsequently 
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activated Notch signaling pathway.161 This activation in pancreatic progenitors prevents their 

differentiation into the endocrine or exocrine cell lineage. In contrast, it has been reported 

that the blockage of Notch signaling pathway due to FGF10 deficiency in the medium leads to 

premature differentiation of progenitor cells into endocrine cells.161 That was in line with our 

observation demonstrating FGF10 absence in the medium causes a strong shift towards 

endocrine cells in the phenotypical and genotypical level. Future investigations are suggested 

to reveal further link between downstream of these mechanisms to clarify how FGF10 and 

Notch signaling interact and effect pancreatic cells differentiation. 

The experimental strategy began with the optimization of liquid overlay technique 

(LOT).117,117,145 By applying a spheroid culture system, similar physicochemical environment 

was provided and the parameters that might be difficult to manipulate in traditional 2D 

monolayer cell culture, such as effect of cell-cell and cell–matrix interaction can be 

tested.107,109,115,116  

We discovered that increasing the cell-cell contact has a promoter role during differentiation, 

since this increases and facilitates the communication between the cells and exhibit more in 

vivo-like morphological characteristic between cells.211,274–276 It was recently published that 

aggregated human embryonic stem cells (hESCs)  were differentiated efficiently towards 

hepatic lineage and form high quality and functional hepatocyte-like cells.277 This is consistent 

with our finding that spheroid generation in combination with the elimination of FGF10 in the 

differentiation medium, significantly induces the up-regulation in differentiation- and mature-

related genes. Progenitor genes expression consistently decreases. 

Further RT-qPCR results evaluation have documented varieties of mesenchymal and epithelial 

genes expression. These changes suggested to evaluate occurrence of epithelial-to-

mesenchymal transition (EMT) or unjamming transition (UJT) in the samples.278–281 Epithelial 

cells play a main role during these transitions. These cells are solid-like and sedentary placed 

on the surface of almost every organ. However, they become fluid-like and gain mesenchymal 

cell phenotypes and migrate during the morphogenesis. They also remodel and repair during 

malignant invasion or metastasis. The experiment shed light on over-expression of 

mesenchymal genes in the samples after aggregation and cultivation in differentiation 

medium which was coupled with the down-regulation of epithelial markers. That results point 

to the occurrence of EMT, which may take place in ductal cells during the spheroid formation 
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and led us to the validation of EMT within our samples. The undergoing of EMT during 

pancreas organogenesis is totally validated in endocrine progenitor cells.279 Based on our IF 

staining, progenitor status of hPOs were clarified by SOX9 and LGR5 expression, respectively, 

and changes in the epithelial and mesenchymal cells were documented. EMT is validated in 

our samples which could be an element within hPOs for shifting towards mature-like status 

after aggregation and cultivation in differentiation medium. 

This conversion is defined as EMT or the partial EMT (pEMT). Moreover, EMT is a hallmark in 

pancreatic development and plays important roles in β cell differentiation and islet formation. 

EMT is mostly documented by up-regulation of mesenchymal-related genes and constantly 

down-regulation of epithelial-related genes. In some cases, morphological changes were 

aligned with these changes, indeed.278–281 It is reported that this conversion has been 

attributed to the recently discovered unjamming transition (UJT) in which epithelial cells move 

collectively and cooperatively during physiological events such as embryonic development.278–

281 In other words, epithelial cells can transition from a jammed, solid-like, and quiescent 

phase to an unjammed, fluid-like, and migratory phase which is called UJT. EMT and UJT have 

quite a similar procedure. It is extremely difficult to distinguish UJT from pEMT since they 

share certain aspects of cellular migration and gene expression, furthermore, the extent to 

which these processes remain largely unexplored.278–281 

Surprisingly, it should be noted that the results demonstrated the highest level of expression 

for Pdx1 in triple co-culture spheroids compared to organoids and mono spheroids. Pdx1 plays 

a remarkable role in pancreas development and is detected during different processes such 

as pancreatic regeneration and trans differentiation of extra-pancreatic cells into insulin-

producing cells.84,252,279,282–285 It is documented that Pdx1 is expressed transiently during 

embryonic development: first it is needed for the outgrowth of pancreatic progenitor cells 

located in ducts then it is reported during the final differentiation of β and δ cell precursors 

within pancreas.279,282 The potential role of Pdx1 in epithelial-to-mesenchymal transition 

(EMT) in in vivo is well studied. Pdx1 actively increases epithelial marker expression.286 One 

recent study reported that Pdx1 down-regulation is required during EMT.287 In this work, by 

evaluating the expression of EMT related genes and differentiation related genes the over-

expression of hEPCAM and hKRT19 (epithelial markers) coupled with down-expression of 

hCDH2 and hVIM (mesenchymal markers) were documented, which is aligned with Pdx1 over-
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expression supporting that its loss might be necessary for EMT. In addition, Nkx6.1 over-

expression suppresses cell invasion by inhibiting EMT which is in agreement with our RNA 

expression data, indeed.278 The results demonstrated a strong increment in Nkx6.1 expression 

compared to hPO organoids cultivated in both growth and differentiation mediums. However, 

expression of the same genes was significantly higher in the mono-culture spheroids cultured 

in the differentiation medium. Therefore, it could be hypothesized that EMT is not detected 

in triple spheroid, albeit, this point should be considered that our results required to be 

interpreted with caution due to spheroid formation in differentiation medium only. 

Furthermore, the ratio of the cells (1:1:1) should be considered regarding to the expression 

rate of specific pancreas differentiation-related genes and differentiation processes such as 

EMT. Moreover, since the triple spheroid consists of different cell types it could be possible 

that the RNAs level, that were detected during RT-qPCR were produced by neighbor cells 

instead of hPOs. Triple staining of each cell type can be performed in order to reveal the source 

of the genes more accurately. Evidence for this hypothesis comes from the prior work done 

by Shang Zhang and his group.288 He has documented Nkx6.1expression from the Porcine 

pancreas‑derived mesenchymal stromal cells (PMSCs).288 To validate the source of pancreas 

related genes within triple spheroids, application of different cellular techniques such as 

genetical manipulation or labeling desire proteins with red fluorescent proteins (RFPs) is 

recommended in order to determine the specific source of each product in triple spheroids. 

In general, even though it could be assumed that triple spheroid is the most similar in vivo-like 

sample and represents the same phenotypical characteristic compared to mono-spheroids, it 

is not a good candidate for examining EMT process during differentiation. 

In summary, our experiments have established 3D cell culture protocols that are valuable to 

model pancreas development in vitro. Spheroid provides a similar physicochemical 

environment in in vitro by increasing cell-cell and cell-matrix interaction in which pancreatic 

gene expression is altered due to the spheroid formation and differentiation medium. The 

combination of differentiation medium and spheroid formation has proved EMT induction 

within hPOs, which is a promising model for endocrine lineage commitment. The results from 

this thesis provide designed strategy for shifting pancreatic progenitors toward mature-like 

pancreatic cells. 
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4.5 Long term imaging of dynamic cell behavior and cell type 

segregation during spheroid formation with light sheet microscopy 

To provide further insight into the aggregation process time-lapse imaging by the light sheet 

Z1 microscope was performed. Indeed, time-lapse fluorescent microscopy provides 

information about cell behavior and its localization over time can give detailed view of cellular 

processes.289,290 Understanding the  localization of cells during the process is critical to 

understand the biological processes.291 Despite the strengths of time-lapse microscopy there 

are several challenges and limitations. Fluorescence trackers are limited by their stability and 

specificity.292 It is critical to choose a tracker that is photo-stable and bright, it is also necessary 

to consider the procedure of staining and its effects on cells’ viability.293 Specific care in 

concentration and incubation time must be taken to ensure they are not toxic.293,294 In 

addition, there are many technical challenges in growing and observing cells under a 

microscope. The major challenge faced during this work was determining the optimum 

incubation time and the suitable concentration of fluorescent dyes for cell tracking coupled 

with the trypsinization of hPOs. Unfortunately, Orange Cell Tracker was not compatible with 

long-term live imaging and extensive cell death was observed after few hours of live imaging, 

therefore, only two cell tracker dyes (Deep red and Green) have been used.. Furthermore, 

temperature, humidity, and contamination during the time-lapse influences the performance 

of the the fluorophores, which several time resulted in the in loss of data or of the entire 

experiment. In addition to the physical and mechanical interactions between the cells during 

spheroid formation, a large amount of interplay may occur during sample preparation. It is 

likely that some events such as applying pre-washing steps with Hellmanex, which decrease 

the surface- adhesion lead to increase cell aggregation. Another aspect of long-term time-

lapse which is often underestimated is data management and file size. Time lapse imaging 

generates large amounts of image data files, whose storage and retrieval can be a time-

consuming process. It should also be noted that high intensity light and long-time exposures 

are further major concerns when performing long term time-lapse microscopy, since they 

cause photobleaching and phototoxicity.199,295 These can have large effects on cell survival and 

lead to artifacts in the experiment.198,199,296 Light sheet fluorescence microscopy (LSFM), used 

for these experiments, offers a fluorescence microscopy technique with diffraction-limited 
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optical resolution, low fluorophore bleaching, low photo toxicity, good optical sectioning 

capabilities and high recording speed.  

In this thesis, time-lapse imaging was used to visualize the process of spheroid self-assembly. 

Spheroid formation or self-assembly remains as an ideal system to study in vitro tissue 

development and formation.223,289,297 There are two main hypotheses about the cell 

aggregation; The first one, which was suggested by Steinberg in 1963, is based on a 

minimization of free energy occurance.298 Steinberg have assumed that: If a cell-substratum 

has a strong adhesion, it would lead to decreasing the surface free energy by maximizing 

surface adhesion bonds and as a result, the monolayer conformation/aggregation will be 

formed.298 Based on this hypothesis, he suggested that maximizing the intercellular adhesions 

lead to cellular aggregation.298 The second hypothesis was proposed by Tzanakakis in 2001 

which gives the cellular cytoskeleton the main role during aggregation.299 In this scenario, 

during the early aggregation stage of spheroid formation, the contractile forces generated by 

the internal cellular cytoskeleton compared to the cell-substratum adhesion forces determine 

the formation of spheroid.299 The knowledge gained by our time-lapse investigation supports 

both hypotheses. As accumulating single cells at the bottom of the well, the surface free 

energy is minimized significantly, on the other hand, cell-cell contact and cellular cytoskeleton 

contractile forces, which drive the spheroid formation process, are increased. Based on our 

data, we suggest that cell-cell contact come to play later in the compaction stage (during the 

rapprochement of aggregates and formation of micro prevascular network around the 

spheroid) to develop compact, vascularized, and free-floating spheroids. Furthermore, the 

results obtained from the analysis of individual spheroid formation process over the time 

confirm our theory that hPOs that were trypsinized to single cells, kept their original growth 

pattern and pumped in and out constantly during aggregation which led to formation of 

multiple acinar structures inside of both mono- and triple-spheroids. Therefore, it can be 

hypothesized that despite all differences between organoids and spheroids, hPOs cells 

maintain some aspects of their original morphology and growth pattern of organoids (round, 

luminal, acinar 3D structure) during aggregation inside of a spheroid. There are plenty of 

experiments that have evaluated the crosstalk between pancreatic cells and MSC or EC. 

Despite all positive feedbacks, there is insufficient document about the combination of all 

three cell lines together. Therefore, we have set a co-culture with all three cell lines together 

to rebuild the complexity in in vivo and have demonstrated promotion or inhibition effect of 
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both cell lines simultaneously on pancreas differentiation. The triple spheroids are capable to 

be formed only in differentiation medium. Also, based on the IF staining, co-culture samples 

have been representing a similar phenotype and genotype like mono spheroids. 

Co-culturing represents significant cellular and molecular properties during differentiation 

and development. In addition, since 2 main hypotheses remarked the fundamental role of cell-

cell contact and cytoskeleton on the cell aggregation process and considering this fact that 

different kinds of cell are presented inside of the body during the development, co-culture 

was performed to study the interactions among different cell populations in a way to improve 

the spheroid formation and investigate the procedure of differentiation in the presence of 

other cell lines in more details.274 Co-culturing gives chance to a variety of cell types to be 

cultured together so as to examine the effects of one culture system on the other(s) and 

provides a more representative human in vivo-like tissue model for high-throughput testing 

and in-depth monitoring of cell–cell interactions.132,274 In addition, researchers can determine 

the natural interactions between two or among more different organisms altogether by 

activation or inhibition of gene clusters during various cellular processes such as 

differentiation.236,274,300 Nevertheless, it should be noted that, co-culturing challenges 

regarding the cell culture medium, concerning medium composition, volume, and exchange 

for individual cell types were important in our experiment requiring numerous 

troubleshooting. The co-culturing was applied in different forms and fields, and its positive 

effect on the cellular and molecular processes, which is going to be described later, were a 

fundamental basement for our co-culture designs. Unfortunately, a 3D co-culture system as a 

human-like model was mostly performed in cancer research in terms of cell proliferation and 

invasion investments, albeit, they have been inspired clear insights to the compatibility of 

different cell types with pancreas-resourced cells. Several co-culturing between pancreatic 

ductal adenocarcinoma cells (PDAC) and different cell types such as fibroblasts, mesenchymal 

cells, and endothelial cells demonstrated the undeniable cell-cell contact and crosstalk 

between different cell types and reported their effect on the cellular and molecular 

processes.301–304 In addition, the complex organization of the cells, composed of several cells, 

vessels, nervous fibres, and ECM molecules, provides a three-dimensional environment inside 

of the body that has a special organization and interacts with the others which leads to the 

transcription of several genes and regulating molecular processes such as homeostasis or 

differentiation during development. Illustrating the point above, a study done by Takahashi 
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and his group in 2018 showed that mouse islets are capable of aggregation after being co-

cultured with hMSC and HUVEC and the secretion of insulin after transplantation within 

mouse has documented in their paper, respectively (Supplementary Figure).152 Another 

experiment that proved the cross-effect in co-culture in relation to cellular differentiation was 

the co-culture of nerve cells and pancreatic islets, which regrettably was not applied in this 

thesis. Researchers have documented the differentiation of nerve endings around the 

endocrine islet cells after two weeks of co-culturing.301 There was another trial with the aim 

of protecting islets from injury and improve their viability to increase the chance of 

transplantation afterwards. It was reported that co-culturing of islets with MSCs has the 

potential to protect islets from injury and their supportive effect on their viability.305 

Moreover, Yamada and his group demonstrated the importance of VEGF for islet survival in 

combination to co-culturing concept. They have co-cultured islets with mesenchymal 

stem/stromal cells and reported that islet viability was significantly lower in the co-culture 

group treated with bevacizumab, an inhibition of VEGF, compared to the non-treated co-

culture condition.305 Furthermore, they concluded that VEGF might play role in vasculogenesis 

and angiogenesis as well as anti-apoptotic effects. In other study done by Kono, the expression 

of VEGF and TIMP-1 was detected in the presence of stressed murine islets in an indirect co-

culture system.306 TIMP-1 is a member of matrix metalloproteinase inhibitor family and is 

involved in regulating several biologic processes, such as cell growth, migration, and 

apoptosis.306 In this regard, the up-regulation of anti-apoptotic signaling molecules in the 

murine islets were reported after being co-cultured with human umbilical cord blood-derived 

mesenchymal stem cells (hUCB-MSCs) as well. At mRNA level, Park has observed increased 

expressions of angiogenesis-related genes in islets from the co-cultured condition and claimed 

that AKT pathway activation play a crucial role in survival of β cells.307 Furthermore, other 

results also indicate an improvement effect of co-culturing in insulin secretion, indeed. That 

result was proved by the comparison between islet cultured alone and co-cultured with 

MSCs.305 Moreover, the positive role of endothelial cells in the maturation of human 

embryonic stem cell into insulin producing islet-like cells was explored, respectively. The 

maturation is achieved by a co-culture configuration between rat heart microvascular 

endothelial Cells (RHMVEC) and human embryonic stem cells (hESC).308 

Another aspect that could be documented within co-culture samples during the 3D time-lapse 

images in this thesis, was cell localization. In recent years, fluorescence microscopy techniques 
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for localization and tracking single cells have become well-established and have been 

indispensable tools for investigating cellular behavior.194,212,290,292 It helps us to understand 

how cells mediate their behavior in term of cell-cell connection during biological processes. 

Based on acquisitioned images in this thesis, cell trackers continued to fluoresce upon laser 

excitation even after more than 48 hours of repeated scanning (30 min interval) without 

disruption of cell motility. In addition, the 3D reconstructions accurately represented behavior 

of the hPOs, hMSC and HUVEC including shape, localization, and morphology during the 

process of spheroid formation, respectively. Finally, the ability to examine the interaction of a 

single cell with its surroundings was visualized by applying multiple staining and tracking cells 

over time during the mechanism of spheroid formation. The ability to identify individual cells 

in a population and track them over time in 3D is an asset. In addition to the points mentioned 

at the beginning of this chapter about the fluorescent cell tracking technique, applying this 

method is ideally suited to studies of mixed cell populations over time. Use of several 

fluorescent cell trackers on alive cells in co-culture samples eliminates the need of plasmid 

transformation or usage of cell-specific markers such as antibodies, in which imaging does not 

require fixation. In addition, since the staining was applied rapidly and individually to each cell 

type and not simultaneously to the cell mixture, the risk of dye transfer between cell types 

was minimal. Despite being a helpful method for investigating mixed-cell interactions, the 

transferring to daughter cells and fluorescent stability is low, which make these studies not 

optimal for proliferating cells. 

Since the external localization of HUVECS was documented in previous experiments, they 

were stained in green, hMSC and hPOs were colored in red deep. Results in this thesis are 

aligned with the ones in the Takahashi paper. External movement of HUVECS was clearly 

documented during the spheroid formation.152 By further analyzing the HUVECS in the 

peripheral part of spheroids over time, it is easy to identify regions of contraction or 

lengthening of some endothelial cells during the aggregation process. This behavior was like 

the formation of micro-vascular-like network around the islets during the pancreas 

development in vivo. During the last decade, several works have shed light on the role of 

vascular network on the pancreas development and function. They have also pointed out its 

positive effect on the improvement of islet transplantation.27,28,30,309,310 In addition to the 

severe demand of close contact between islets and blood vessels to determine blood sugar 

levels and subsequently secreting the appropriated amount of insulin, it is reported that 
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oxygen is a crucial determinant of pancreas development.89,311,312 It is demonstrated that 

hypoxia leads to fewer β cells differentiation. Samples with genetical ablation of von Hippel-

Lindau gene (Vhl) were indicated that hypoxia was mediated by hypoxia-inducible factor 1 α 

(HIF1α) and HIF1α is involved in regulating insulin secretion in adult islets, respectively.311,313 

Moreover, formation of functional blood vessels within/around islets can increase the success 

rate of islet transplantation in patients. Insufficient vascularization in islet fragments restricted 

the successful transplantation in clinical practices.45,82,314 It is reported that prevascularized 

islets are rapidly blood-perfused after transplantation with the help of interconnection 

between micro-vascular-like networks and surrounding blood vessels. Also, paracrine 

signaling between β cells and micro vessels exhibit a significantly higher angiogenic activity 

and increase the islets function, respectively. Consequently, a lower number of islets are 

required for therapy in the diabetic animals such as mice.38,313 Therefore, introducing the 

novel strategy for co-culturing to the generation of micro-vascular-like networks can help the 

researchers to overcome this problem and improve the success rate of clinical transplantation. 

My strategy may be extended/ improved by the application of long-term cultivation with the 

addition of vascular endothelial growth factor-A (VEGF-A).161–163 

In summary, by citing the mentioned experiments and our obtained results in this project, it 

could be concluded that due to the non-invasive nature of cell tracking technique and its 

minimal effects on cell activities, our method is optimal to identify individual cells in a 

population and track them over time in 3D samples, also, it is suitable for using in many other 

investigations, indeed. Furthermore, these time-lapse experiments have provided an 

interesting glimpse of cellular behavior and localization during spheroid self-assembly process. 

Despite the short imaging time, all steps of the spheroid self-assembly including 

rearrangement, aggregation, and compaction were documented respectively and the hPOs 

pumping function was discovered during aggregation, indeed. Moreover, clear external 

localization and micro-vascular-like networks formation by HUVEC was observed within triple 

spheroids, which indicates that co-culturing coupled with spheroid formation can be effective 

techniques to improve transplantation in clinical practices. 
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5. Conclusion and outlook 

5.1 Conclusion 

This thesis provides a novel approach for the differentiation of pancreas human organoids to 

bona fide endocrine cellsexpressing insulin. This work could represent a significant 

contribution to a personalized cell therapy of diabetes 1 type (T1D). Starting from the original 

differentiation media developed by Meritxell Huch's group (MPI-CBG, Dresden, Germany) and 

the hPO cell bank generated by Lorenza Lazzari's group (Policlinico di Milano, Milan, Italy) in 

the framework of the LSFM4Life project,  we have studied the role of microenvironments, cell-

cell and cell-matrix interactions, cellular structure, neighbor cells and small molecule inducers 

in transdifferentiating progenitor cell lines to mature-like endocrine cells in human pancreatic 

organoids (hPOs) in details. 

A protocol to form multilayer spheroid from hollow acinar organoids based on liquid overlay 

technique (LOT) has been successfully established for the first time in this study. For 

comparison, both organoids and spheroids were cultivated in expansion and differentiation 

medium followed by examination of the expression of several pro-endocrine genes with 

immunofluorescent staining (IF) and RT-qPCR. In addition, the influence of a co-culture with 

stromal and endothelial cells (i.e. HUVEC and hMSC) on the differentiation of hPO cells was 

investigated. 

The culture of both organoids and spheroids in differentiation medium and the application of 

co-culturing lead to remarkable phenotypic changes both in morphology and gene expression. 

IF staining has revealed that the combination of co- hMSC and HUVEC culture with with 

spheroid formation in differentiation medium increases the expression of proteins that 

regulate cytoskeletal remodeling and causes the formation of baso-apical polarized acinar  

structures. Moreover, we observed that the same conditions significantly decrease cell 

proliferation, which is an initial hallmark of the onset of differentiation. The RT-qPCR analysis 

indicates that after cell aggregation and cultivation in differentiation medium, hPO progenitor 

cells differentiate, as signalized by the under-regulation of progenitor and ductal genes f and 

the strong over-regulation of  endocrine cell-specific genesfrom. 
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Finally, after evaluating the data, this thesis has achieved to demonstrate that 3D cell culture 

is more consistent with in vivo, and this model is capable of mimicking aspects of natural 

human development which represents better cell-cell and cell-matrix communications, 

microenvironments, and differentiation signatures that are not reflected in 2D models.  

Nevertheless, current study has presented molecular insights into in vitro lineage 

reprogramming events, showing that successful implementation of 3D models requires 

exhaustive phenotypic characterization to verify the relevance of implementing these models 

to treat T1D patients. 

We are delighted to present this thesis after working through quarantine and restrictions 

which affected working in the lab. It is with joy to note that our department has been perfectly 

provided the grounds for us to work, however with difficulty, to help us make accomplishment 

in science. 
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5.2 Outlook 

To facilitate differentiation induction within hPOs, it was decided to apply electroporation 

technique to them. Therefore, the transfection with pmaxGFPTM vector by P3 Primary Cell 

4D-NucleofectorTM X Kit S (LONZA) was applied to check its compatibility (supplementary 

figure 47). Because of the difficulties and complexity in transfecting process and vulnerability 

of hPOs, the primary results were not successful, meaning the technique still requires further 

optimizations, which is challenging due to the slow growth rate of hPOs. It is highly 

recommended that with optimizing electroporation technique and inducing with 

differentiation-inducing plasmids within the hPOs coupled with increasing cell-cell and cell-

matrix communication by spheroid formation, advantages of 3D cell culture formation could 

be proved, respectively.  

A further aspect that was not possible to address in the current study is to perform insulin 

challenging experiments of the differentiated organoids. Insulin expression was confirmed by 

using RT-qPCR and IF staining studies. However, C-peptide antibodies are needed to provide 

further evidence that the precursor of insulin is expressed. Therefore, it is important to 

investigate C-peptide expression in samples as well to identify the extent of insulin protein 

expression and secretion. 

Moreover, due to the unavailability of some antibodies, the expression of pancreatic 

transcription factors in hMSC or HDMEC were not explored in a way to determine the 

specificity and source of transcription factors in co-culture samples. The results were mostly 

in accordance with the literature but need further strengthening by incorporating important 

pancreatic transcription factors such as: Ngn3, YAP1, NKX6.1 and quantitative methods e.g. 

Microarrays or Western blotting. 

In addition, it is possible that the differentiated cells represent a mixed population in terms of 

differentiation status and thus using specific cell surface markers will present the proportion 

of mixed cells. Several techniques such as fluorescence-activated cell sorting (FACS) could be 

a useful technique that provides quantification of fluorescent signals from individual cell types 

in addition to physically separating cells of particular interest. 
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As the local production of vascular endothelial growth factor-A (VEGF-A) by the β cells is high, 

endocrine capillaries are approximately 10 times greater than exocrine pancreatic capillaries 

and receive up to 20% of pancreatic blood flow.9,26,27 Super close and compact capillaries 

network in islets facilitate monitoring glucose levels, consequently, release the related 

amount of insulin within bloodstream. Within this network, pancreas plays a key role by 

producing and secreting insulin and its opponent glucagon to control normal blood glucose 

levels. 7,12,13 Blood vessel-like vascular system formation in 3D cell cultures is critically 

important for nutrient delivery and enhancing cell-cell interactions and would be another 

challenge in 3D cell culture, which due to time constraints was not addressed in this thesis.161–

163 Therefore, adding VEGF-A to the co-culture, so as to enhance capillary networks formation 

and observing its effect on HDMEC and hPO differentiation, causing insulin production is one 

of the most interesting topics suggested to further my thesis. 

Recently, researchers have demonstrated undeniable effect of temperature on molecular 

diffusion being in line with vital cellular functions such as perfusion, cellular growth, and 

proliferation. It is documented that spheroids are less sensitive to heat compared to 

monolayer cultures and showed different patterns in shrinking and regrowth after exposing 

to heat, respectively.315 Since hPOs are instable, the cultivation process and temperature 

range was limited in my study. Further analysis of dynamic spheroid response in a temperature 

dependent manner was encouraged. It shows how temperature-dependent, heat-induced 

physiological changes, such as enhanced, decreased perfusion or immunogenic effects could 

affect cell death, proliferation, and differentiation. 

Finally, recent findings illustrated the significant role of co-culturing on pancreatic 

differentiation and maturation of ESCs in vitro. Although, contribution of endothelial cells in 

pancreatic development has been well studied and was tested in this thesis it should be noted 

that some of the intercellular interactions presented in islets in vivo, such as β cells interaction 

with nerve cells and immune cells, were not represented in our chosen in vitro model. Further 

experiments should be conducted in more complex, co-culture models to recapitulate the 

islets microenvironment more accurately. 
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6. Summary – English  

The aim of this work is to induce endocrine lineage committment in organoids derived from 

human pancreas organoid progenitor cells (hPO cells) by forming compact three-dimensional 

spheroids and culturing them in differentiation media. 

Differentiation of stem cells into functional tissues occurs through a complex and largely 

unknown orchestration of cell proliferation, polarization, and death. Fundamental 

morphological, phenotypic, and physiological changes are initiated during differentiation. 

Numerous studies have highlighted the importance of intracellular communication and the 

interaction of cell-cell communication with the extracellular matrix in differentiation 

processes, and cell aggregation in particular has been shown to have a profound function in 

cell differentiation. 

hPO cells are originally derived from pancreatic ductal progenitor cells. Cultivation of primary 

pancreatic ductal cells in three-dimensional hydrogels that reconstitute the function of the 

natural extracellular matrix, favors the growth of pancreatic progenitor cells that express 

specific progenitor markers such as SOX9 and exhibit self-renewal and self-assembly. Such 

three-dimensional tissue-like structures are referred to as "pancreatic organoids" in vitro. 

This work tests on the hypothesis that spheroids as a 3D cell culture model can 

comprehensively reflect the physiological conditions of intercellular communication as well as 

cell-matrix interactions during the embryonic development of pancreatic islets of Langerhans. 

According to this working hypothesis, methods for efficient aggregation of hPO cells have been 

elaborated. For this purpose, the so-called "liquid overlay" technique was adapted for hPO 

cellsto promote physiological cell-cell communication between pancreatic progenitor cells. 

In addition, the effects of co-culturing primary human dermal microvascular endothelial cells 

(HDMEC) and human mesenchymal stem cells (hMSC) on the differentiation of the progenitor 

cells into the spheroids were observed. 

The influence of spheroid formation on morphogenesis and differentiation of cells to the 

endocrine lineage was systematically investigated by light microscopy, immunostaining and 

quantitative PCR. 
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To investigate the phenotypic features of the interior of the spheroids, in toto 

immunofluorescence staining was applied in combination with optical clearing. Three-

dimensional images of the specimens were acquired using confocal laser scanning 

fluorescence microscopy (CLSM) and light-sheet-based fluorescence microscopy (LSFM). To 

quantify morphological markers, including the number of nuclei and spheroid volume, the 

image data were analysed using different segmentation pipelines. In addition, the time-

resolved spatial self-assembly of hPO cells as the spheroids formed was examined using live 

imaging with light sheet microscopy over several days. 

The development of spheroids from hPO cells was studied in two different culture conditions, 

expansion medium and differentiation medium to activate the differentiation genes. The 

samples were cultured in expansion medium for seven days, while the other group was 

cultured in differentiation medium for comparison. After seven days, both samples were 

collected for further experiments. Differentiation protocols stimulate the expression of 

transcription factors in the hPOs. To study the morphogenetic changes, various molecular 

methods as well as laboratory techniques were performed in combination with appropriate 

statistics. 

Effective protocols for optimal formation of the spheroids in both media were established and 

the high survivability of the hPO cells (in the organoids and in the spheroids) in expansion and 

differentiation media was confirmed by live-dead assay. Longitudinal studies with 

epifluorescence microscopy show that the organoids and spheroids grow unrestricted and 

develop without problems in both media.   

Organoids grown in differentiation medium form smaller acinar structures and show less cell 

proliferation on average than organoids grown in expansion medium. Interestingly, 

comparison of organoids and spheroids suggests clear differences in cell proliferation: the cell 

density of the spheroids grown in differentiation medium is higher than the cell density in the 

organoids under the same conditions. A closer examination of the spheroids with confocal 

laser scanning fluorescence microscopy shows, that the number of nuclei and the volume of 

the triple co-culture spheroids, composed of hPOs, hMSC and HUVEC, is significantly lower 

compared to the homogeneous hPO spheroids, which could cause the consequence of cell 

dissociation in the last three days of spheroid formation. 
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In addition, the volume of the spheroids was measured using image processing and 

segmentation. Although there was a significant difference between the number of nuclei in 

the spheroids under both conditions (expansion and differentiation), no significant difference 

in the volumes was detected. Next, the internal structure of the spheroids was examined in 

more detail using the further IF staining (immunofluorescence staining). The analysis shows 

the formation of several hollow acinar-like compartments, suggesting that the hPO cells retain 

their ductal character even as part of spheroids and that, therefore, enzymatic disassembly 

into single cells and subsequent re-aggregation does not affect the identity of the progenitor 

cells. Furthermore, morphological analysis of the spheroids shows that the differentiation 

medium leads to a more pronounced cell polarization, manifested by basal rearrangement of 

the nuclei and actin cytoskeleton in both organoids and spheroids. 

The results of EdU incorporation assays and IF staining against the proliferation marker KI67 

show that differentiation induction results in a reduction of cell proliferation in both spheroids 

and organoids. 

To visualize the process of spheroid formation dynamically and in three dimensions, 

longitudinal image stacks were acquired using LSFM. The time-lapse data were analysed to 

elicit the process of spheroid formation: the formation of spheroids from hPO cells begins with 

the approach of individual cells to each other and the formation of small aggregates, followed 

by the aggregation of these aggregates and the formation of compact and multi-layered 

cellular structures. 

The study performed with the LSFM and CLSM heterotypic spheroids from cocultures of hPO 

cells, endothelial cells and mesenchymal stem cells. These show that the localization of the 

different cell types represents a similar spatial structure to cocultures of dissociated 

Langerhans islet cells with endothelial cells known from the literature. This suggests that the 

self-assembly of cells in the heterotypic spheroids leads to the tissue architecture consistent 

with that of the established Langerhans' islet model. 

Quantitative PCR and IF staining were used to identify the changes in gene expression that 

occur as a result of cell aggregation and differentiation of spheroids. The results clearly show 

that spheroid formation in conjunction with differentiation medium significantly affects gene 

expression. Expression of differentiation markers (NGN3, NKX6.1, and PDX1) and specific β-

cell markers (insulin, CHGA, and CHGB) is significantly upregulated, whereas downregulation 
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of transcripts (hSOX9 and hLGR5) present in progenitor cells was detected. It is concluded that 

aggregation forces hPO cells to leave their progenitor status and drives them toward 

differentiation into β cells. Moreover, significant downregulation of epithelial markers 

(hEPCAM and hKRT19) was found in association with upregulation of mesenchymal markers 

(hVIM and hCDH2) in hPO cells, a hallmark of epithelial-to-mesenchymal transition (EMT). This 

is an interesting observation because EMT represents the first step in the formation of islets 

of Langerhans during pancreas development. 

The results of this work consistently demonstrate that the assembly of hPO cells into spheroids 

and the resulting intercellular interactions, in synergy with culturing in differentiation 

medium, induces significant upregulation of differentiation markers and β-cell markers and 

downregulation of genes mainly expressed in progenitor cells. This process would lead to 

efficient differentiation to β cells. Therefore, it has been another step in the direction of 

cellular therapy and personal treatment of type 1 diabetes. 
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7. Zusammenfassung – Deutsch 

Ziel dieser Arbeit ist es, die endokrine Abstammung in Organoiden aus Vorläuferzellen der 

menschlichen Bauchspeicheldrüse (eng. human pancreas organoid progenitor cells, hPO-

Zellen) durch Bildung von kompakten dreidimensionalen Sphäroiden und Kultivierung in 

Differenzierungsmedien einzuleiten. 

Die Differenzierung von Stammzellen zu funktionellen Geweben erfolgt durch eine komplexe 

und zum Großteil noch unbekannte Orchestrierung von Zellproliferation, -polarisierung und -

tod. Grundlegende morphologische, phänotypische und physiologische Veränderungen 

werden im Laufe der Differenzierung eingeleitet. Zahlreiche Studien haben die Bedeutung der 

intrazellulären Kommunikation und der Wechselwirkung der Zell-Zell-Kommunikation mit der 

extrazellulären Matrix für die Differenzierungsprozesse deutlich gemacht und es wurde 

nachgewiesen, dass insbesondere die Zellaggregation eine tiefgreifende Funktion bei der 

Zelldifferenzierung hat. 

hPO-Zellen werden ursprünglich von duktalen Vorläuferzellen der Bauchspeicheldrüse 

gewonnen. Die Kultivierung der primären duktalen Pankreas-Zellen in dreidimensionalen 

Hydrogelen, die die Funktion der natürlichen extrazellulären Matrix rekonstruieren, begünstigt 

das Wachstum von Pankreas-Vorläuferzellen, welche spezifische Progenitor-Marker wie z.B. 

SOX9 exprimieren und Selbsterneuerungs- sowie Selbstorganisationsfähigkeiten zeigen. 

Solchen dreidimensionalen, gewebeähnlichen Strukturen werden in vitro als „Pankreas-

Organoide“ bezeichnet. 

Diese Arbeit überprüft auf der Hypothese, dass Sphäroide als 3D-Zellkulturmodell die 

physiologischen Bedingungen der interzellulären Kommunikation sowie der Zell-Matrix-

Interaktionen während der embryonalen Entwicklung der Langerhans’schen Inseln in der 

Bauchspeicheldrüse umfassend widerspiegeln können. Dieser Arbeitshypothese zufolge 

wurden Methoden zur effizienten Aggregation von hPO-Zellen erarbeitet, die erforderlicher 

Weise nur partiell, nachahmen sollen. Zu diesem Zweck wurde die sogenannte „Liquid 

Overlay“ -Technik für hPO-Zellen adaptiert. Dadurch wurde die physiologische Zell-Zell-

Kommunikation zwischen den Pankreas-Vorläuferzellen fördern. 
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Darüber hinaus wurden die Effekte der Ko-Kultivierung von primären humanen dermalen 

mikrovaskulären Endothelzellen (eng. HDMEC) und humanen mesenchymalen Stammzellen 

(eng. hMSC) auf die Differenzierung der Vorläuferzellen in die Sphäroide beobachtet. 

Der Einfluss der Sphäroidbildung auf die Morphogenese- und die Differenzierung der Zellen 

zur endokrinen Abstammung wurde mit Lichtmikroskopie, Immunofärbung und quantitativer 

PCR systematisch untersucht. 

Um die phänotypischen Merkmale des Inneren der Sphäroide zu untersuchen, wurde in toto-

Immunfluoreszenzfärbung in Kombination mit optischer Aufhellung angewendet. 

Dreidimensionale Bilder der Proben wurden mit konfokaler Laser-Scanning-

Fluoreszenzmikroskopie (eng. CLSM) und lichtscheibenbasierter Fluoreszenzmikroskopie 

(eng. LSFM) aufgenommen. Zur Quantifizierung verschiedener Merkmale, einschließlich der 

Anzahl der Zellkerne und des Sphäroidvolumens, wurden die Bilddaten mit unterschiedlichen 

Segmentierung-Pipelines analysiert. Zusätzlich wurde die zeitaufgelöste räumliche 

Selbstorganisation der hPO-Zellen im Laufe der Formierung der Sphäroide mit 

Lebendbeobachtung-Lichtscheibenmikroskopie über mehrere Tage untersucht. 

Die Entwicklung der Sphäroide aus hPO-Zellen wurde bei zwei unterschiedlichen 

Kulturbedingungen untersucht, d.h. in Expansions- und Differenzierungsmedium, um die 

Differenzierungsgene zu aktivieren. Die Proben wurden sieben Tage lang in 

Expansionsmedium kultiviert, während die andere Gruppe zum Vergleich in 

Differenzierungsmedium kultiviert wurde. Nach sieben Tagen waren beide Proben für weitere 

Experimente gesammelt. Differenzierungsprotokolle stimulieren die Expression von 

Transkriptionsfaktoren in den hPOs. Um die morphogenetischen Veränderungen zu 

untersuchen, wurden verschiedene molekulare Methoden sowie Labortechniken in 

Kombination mit geeigneten Statistiken durchgeführt. 

Effektive Protokolle zur optimalen Bildung der Sphäroide in beiden Medien wurden etabliert 

und die hohe Überlebensfähigkeit der hPO-Zellen (in den Organoide und in den Sphäroiden) 

in Expansions- und Differenzierungsmedium wurde mit live-dead Assay bestätigt. 

Longitudinale Untersuchungen mit Epifluoreszenzmikroskopie zeigen, dass sich die Organoide 

und Sphäroide in beiden Medien uneingeschränkt wachsen und ohne Probleme entwickeln.  

Die im Differenzierungsmedium wachsenden Organoide bilden kleinere azinären Strukturen 

und zeigen durchschnittlich weniger Zellproliferation als die Organoide, die im 
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Expansionsmedium gezüchtet werden. Interessanterweise, deutet der Vergleich von 

Organoiden und Sphäroiden auf klare Unterschiede in der Zellproliferation hin: die Zelldichte 

der in Differenzierungsmedium gewachsenen Sphäroide ist höher als die Zelldichte in den 

Organoide bei denselben Bedingungen, wobei eine genauere Untersuchung der Sphäroide mit 

der konfokaler Laser-Scanning-Fluoreszenzmikroskopie zeigt, dass die Anzahl der Zellkerne 

und das Volumen der dreifachen Co-Kultur-Sphäroide, besteht aus hPOs, hMSC und HUVEC, 

im Vergleich zu den homogenen hPO-Sphäroiden deutlich geringer ausfällt, was die Folge der 

Zelldissoziation in den letzten drei Tagen der Sphäroidbildung verursachen könnte. 

Darüber hinaus wurde das das Volumen der Sphäroide mittels Bildverarbeitung und 

Segmentierung gemessen. Obwohl ein signifikanter Unterschied zwischen der Anzahl der der 

Zellenkerne in den Sphäroiden unter beiden Bedingungen (Expansion und Differenzierung) 

bestand, konnte kein signifikanter Unterschied bei den Volumina festgestellt werden. Als 

nächstes wurde die innere Struktur der Sphäroide mit den weiteren IF-Färbung (eng. 

Immunofluorescence staining) genauer untersucht. Die Analyse zeigt die Bildung mehrerer 

hohler, azinusähnlicher Kompartimente, was andeutet, dass die hPO-Zellen ihren duktalen 

Charakter auch als Teil von Sphäroiden beibehalten und dass daher die enzymatische 

Zerlegung zu Einzelzellen und die dazu folgende Re-Aggregation die Identität der 

Vorläuferzellen nicht beeinträchtigt. Darüber hinaus zeigt die morphologische Analyse der 

Sphäroide, dass das Differenzierungsmedium zu einer ausgeprägteren Zellpolarisation führt, 

die sich durch die basale Umlagerung der Zellkerne und des Aktin Zytoskeletts sowohl in den 

Organoiden als auch in den Sphäroiden manifestiert. 

Die Ergebnisse von EdU-Inkorporationstests und der IF-Färbung gegen den 

Proliferationsmarker KI67 zeigen, dass die Differenzierungsinduktion eine Verringerung der 

Zellproliferation sowohl in den Sphäroiden als auch in den Organoiden zufolge hat. 

Um den Prozess der Sphäroidbildung dynamisch und in drei Dimensionen zu visualisieren, 

wurden longitudinale Bildstapeln mit dem LSFM aufgenommen. Die time-lapse Daten wurden 

analysiert, um den Prozess der Sphäroidbildung zu eruieren: die Formierung der Sphäroide 

aus hPO-Zellen beginnt mit der Annäherung der einzelnen Zellen aneinander und der Bildung 

kleiner Aggregate, gefolgt von der Zusammenlagerung dieser Aggregate und der Entstehung 

von kompakten und mehrschichtigen zellulären Strukturen. 
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Die mit dem LSFM und CLSM erfolgte Untersuchung heterotypischen Sphäroiden aus 

Kokulturen von hPO-Zellen, Endothelzellen und mesenchymalen Stammzellen. Diese zeigen, 

dass die Lokalisierung der unterschiedlichen Zelltypen eine ähnliche räumliche Struktur 

darstellt, wie die aus der Literatur bekannten Kokulturen von dissoziierten Langerhans’schen 

Insel-Zellen mit Endothelzellen. Das deutet darauf hin, dass die Selbstorganisation der Zellen 

in den heterotypischen Sphäroiden zu der Gewebearchitektur führt, die mit der des 

etablierten Langerhans’schen Insel-Modells übereinstimmt. 

Zur Identifizierung der Änderungen in der Genexpression, die sich infolge der Zellaggregierung 

und Differenzierung der Sphäroide ereignen, wurde quantitative PCR und IF-Färbung 

eingesetzt. Die Ergebnisse zeigen eindeutig, dass die Sphäroidbildung in Verbindung mit dem 

Differenzierungsmedium die Genexpression signifikant beeinträchtigt. Die Expression von 

Differenzierungsmarkern (NGN3, NKX6.1, und PDX1) und spezifischen β-Zellen-Markern 

(Insulin, CHGA und CHGB) wird signifikant hochreguliert, wobei eine Herunterregulierung von 

Transkripten (hSOX9 und hLGR5), die in den Vorläuferzellen vorkommen, festgestellt werden 

konnte. Die Schlussfolgerung ist, dass die Aggregation die hPO-Zellen dazu zwingt, ihren 

Vorläuferstatus zu verlassen und sie in Richtung der Differenzierung zu β-Zellen vorantreibt. 

Darüber hinaus wurde eine signifikante Herunterregulierung von Epithelmarkern (hEPCAM 

und hKRT19) in Verbindung mit einer Hochregulierung von mesenchymalen Markern (hVIM 

und hCDH2) in den hPO-Zellen festgestellt, ein Merkmal der epithelial-to-mesenchymal 

Transition (EMT). Das ist eine interessante Beobachtung, denn die EMT repräsentiert den 

ersten Schritt zur Formierung der Langerhans’schen Inseln während der Pankreasentwicklung. 

Die Ergebnisse dieser Arbeit zeigen in konsistenter Weise, dass die Zusammenlagerung von 

hPO-Zellen zu Sphäroiden und die daraus resultierende interzellulären Interaktionen in 

Synergie mit der Kultivierung in Differenzierungsmedium, eine signifikante Hochregulierung 

von Differenzierungsmarkern und β-Zellmarkern und die Herunterregulierung von Genen, die 

hauptsächlich in Vorläuferzellen exprimiert sind, induziert. Dieses Verfahren würde zu einer 

effizienten Differenzierung zur Beta-Zelle führen. Daher wurde ein weiterer Schritt in die 

Richtung der zellulären Therapie und persönliche Behandlung von Diabetes Typ 1 sein.  
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8. Supplements 

8.1 Supplemental figures 
 

Figure 50: Nucleofection on hPOs under expansion medium after 7 days. Organoids were turned to single cells 

and after electroporation were cultured under expansion medium for 7 days followed by imaging with brightfield 

microscope. Transfection was applied with pmaxGFPTM vector by P3 Primary Cell 4D-NucleofectorTM X Kit S 

(LONZA) on hPO in expansion medium after seven days. Representative images for each condition are shown. The 

images were processed using Zeiss confocal LSM780 microscope with Zeiss Axiovert 40 CFL microscope with 

40x/0.40 ph1 objective lens; Excitation-Emission:  470/40 nm – 525/50 nm (GFP); scale bar:50 μm. 
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Figure 51: Formation of a three-dimensional mini-sized vascularized mouse islet in co-cultures of islets with 

HUVECs and human MSCs. The arrowheads indicate the blood vessel-like structures. Scale bars: 250 mm 

(Takahashi, Y. et al. (2018) 
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8.2 Supplemental tables 
Table 15: Proportion of counted cells per organoids and spheroids done with 3D object 

counter plugin for ImageJ. 

- hPO organoid in Exp. medium 

B1 Total cells Threshold 

1 249 11 

2 326 4 

3 1397 4 

B2 Total cells Threshold 

1 287 30 

2 498 26 

3 27 50 

B3 Total cells Threshold 

1 445 5 

2 178 11 

3 1647 8 

4 651 7 

5 1862 6 

6 116 80 
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- hPO organoid in Diff. medium 

B1 Total cells Threshold 

1 1098 6 

2 97 6 

3 164 6 

B2 Total cells Threshold 

1 71 31 

2 290 25 

3 46 30 

B3 Total cells Threshold 

1 145 20 

2 357 15 

3 71 9 

4 102 4 

5 77 8 

6 663 12 

7 92 8 

8 42 9 
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- hPO spheroid in Exp. medium 

B1 Total cells Threshold 

1 206 70 

2 296 50 

3 453 50 

4 320 60 

5 386 60 

B2 Total cells Threshold 

1 521 9000 

2 349 6000 

3 210 12000 

4 284 15000 

B3 Total cells Threshold 

1 446 12000 

2 188 9000 

3 399 12000 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplements 

155 
 

- hPO spheroid in Diff. medium 

B1 Total cells Threshold 

1 387 70 

2 409 70 

3 542 70 

4 439 5 

5 456 60 

B2 Total cells Threshold 

1 394 13000 

2 423 7000 

3 400 13000 

4 351 15000 

B3 Total cells Threshold 

1 380 70 

2 355 70 

3 335 70 

4 351 50 
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- Triple spheroid in Diff. medium 

B1 Total cells Threshold 

1 422 70 

2 334 55 

3 279 60 

4 275 70 

5 253 60 

B2 Total cells Threshold 

1 503 7000 

2 298 8000 

3 155 6500 

4 347 8000 

5 381 13000 

B3 Total cells Threshold 

1 370 10000 

2 244 9000 

3 284 8000 

4 329 7500 
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- Average of all batches 

hPO organoid in Exp. medium Total cells 

Average of B1 657,33 

Average of B2 270,67 

Average of B3 311,83 

Total Average 436,13 

hPO organoid in Diff. medium Total cells 

Average of B1 453 

Average of B2 135,67 

Average of B3 51,33 

Total Average 195,57 

hPO spheroid in Exp. medium Total cells 

Average of B1 332,2 

Average of B2 341 

Average of B3 344,33 

Total Average 339,18 

hPO spheroid in Diff. medium Total cells 

Average of B1 446,6 

Average of B2 392 

Average of B3 355,25 

Total Average 397,95 

Triple spheroid in Diff. medium Total cells 

Average of B1 312,6 

Average of B2 336,8 

Average of B3 306,75 

Total Average 318,72 

 - T-test results (p<0.05) 

hPO org. vs sph. in Exp. medium 0,06 

hPO org. vs sph. in Diff. medium 0,03 

hPO org. in Exp. vs Diff. medium 0,02 

hPO sph. in Exp. vs Diff. medium 0,04 

hPO sph. in Exp. vs Diff. medium 0,04 

hPO sph. vs Tripl sph. in Diff. medium 0,00 

hPO sph. In Exp. Vs Tripl sph. in Diff. medium 0,12 
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Table 16: Proportion of spheroid volume in microns^3 

- hPO spheroid in Exp. medium 

B1 Volume Threshold 

1 4428192,51 3 

2 7746200,74 4 

3 5984200,06 3 

4 6089792,69 3 

5 8663918,16 4 

B2 Volume Threshold 

1 7021135,86 4 

2 6611230,5 6 

3 4321353,03 6 

4 5452732,97 6 

B3 Volume Threshold 

1 4411486,47 5 

2 4746118,13 4 

3 7473325,86 5 
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- hPO spheroid in Diff. medium 

B1 Volume Threshold 

1 3735080,4 6 

2 4219613,0 6 

3 6413589,4 3 

4 5654486,7 1 

5 7518424,4 3 

B2 Volume Threshold 

1 6648657,44 6 

2 9905022,16 6 

3 5780794,93 4 

4 5691543,25 4 

B3 Volume Threshold 

1 7581303,63 6 

2 7595353,28 6 

3 3520861,74 5 

4 4382537,92 2 
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- Triple spheroid in Diff. medium 

B1 Volume Threshold 

1 6197339,84 3 

2 3568746,5 4 

3 4979336,11 6 

4 4433606,6 6 

5 3413482,7 3 

B2 Volume Threshold 

1 5062669,21 3 

2 3721040,62 4 

3 2254519,24 6 

4 4478337,96 6 

5 5105550,38 3 

B3 Volume Threshold 

1 4762916,7 6 

2 4488120,82 6 

3 4796876,06 5 

4 4108879,13 2 
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- Average of all batches 

hPO spheroid in Exp. medium Volume 

Average of B1 6582460,832 

Average of B2 5851613,09 

Average of B3 5543643,49 

Total Average 5992572,47 

hPO spheroid in Diff. medium Volume 

Average of B1 5508238,8 

Average of B2 7006504,445 

Average of B3 5770014,14 

Total Average 6094919,13 

Triple spheroid in Diff. medium Volume 

Average of B1 4518502,4 

Average of B2 4124423,48 

Average of B3 4539198,18 

Total Average 4394041,34 

 

 - T-test results (p<0.05) 

hPO sph. in Exp. vs Diff. medium 0,50 
hPO sph. vs Tripl sph. in Diff. medium 0,00 
hPO sph. In Exp. vs Tripl sph. in Diff. medium 0,00 
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Table 17: Proportion of proliferated cells per organoids and spheroids. 

- hPO organoid in Exp. medium 

B1 # proliferated cells Total cells # proliferated cells /total cells*100 

1 639 1031 61,98 

2 15 125 12 

3 38 233 16,31 

B2 # proliferated cells Total cells # proliferated cells /total cells*100 

1 20 534 3,75 

2 25 134 18,66 

3 60 413 14,53 

B3 # proliferated cells Total cells # proliferated cells /total cells*100 

1 260 1390 18,71 

2 648 1666 38,90 

3 10 229 4,37 

4 42 106 39,62 

5 146 1010 14,46 

6 75 208 36,06 

7 73 373 19,57 

8 35 245 14,29 

9 162 1199 13,51 
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- hPO organoid in Diff. medium 

B1 # proliferated cells Total cells # proliferated cells /total cells*100 

1 0 117 0 

2 0 245 0 

3 34 181 18,78 

B2 # proliferated cells Total cells # proliferated cells /total cells*100 

1 3 342 0,88 

2 30 331 9,06 

3 20 243 8,23 

B3 # proliferated cells Total cells # proliferated cells /total cells*100 

1 3 350 0,86 

2 15 226 6,64 

3 10 231 4,33 

4 10 153 6,54 
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- hPO spheroid in Exp. medium 

B1 # proliferated cells Total cells # proliferated cells /total cells*100 

1 134 168 79,76 

2 135 158 85,44 

3 93 187 49,73 

4 78 179 43,58 

5 79 136 58,09 

B2 # proliferated cells Total cells # proliferated cells /total cells*100 

1 51 92 55,43 

2 77 136 56,62 

3 131 370 35,41 

4 64 216 29,63 

5 112 198 56,57 

B3 # proliferated cells Total cells # proliferated cells /total cells*100 

1 82 152 53,95 

2 42 162 25,93 

3 98 125 78,4 

4 43 135 31,85 

5 67 216 31,02 
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- hPO spheroid in Diff. medium 

B1 # proliferated cells Total cells # proliferated cells /total cells*100 

1 5 168 2,98 

2 6 107 5,61 

3 3 147 2,04 

4 0 148 0,00 

5 6 207 2,90 

B2 # proliferated cells Total cells # proliferated cells /total cells*100 

1 3 118 2,54 

2 0 149 0,00 

3 5 280 1,79 

4 4 113 3,54 

5 0 142 0,00 

B3 # proliferated cells Total cells # proliferated cells /total cells*100 

1 0 145 0 

2 10 286 3,50 

3 0 210 0 

4 12 292 4,11 

5 1 278 0,36 
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- Triple spheroid in Diff. medium 

B1 # proliferated cells Total cells # proliferated cells /total cells*100 

1 55 422 13,03 

2 28 334 8,38 

3 22 279 7,89 

4 18 275 6,55 

5 20 253 7,91 

B2 # proliferated cells Total cells # proliferated cells /total cells*100 

1 8 503 1,59 

2 12 298 4,03 

3 25 155 16,13 

4 54 347 15,56 

5 41 381 10,76 

B3 # proliferated cells Total cells # proliferated cells /total cells*100 

1 53 370 14,32 

2 37 244 15,16 

3 10 284 3,52 

4 37 329 11,25 
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- Average of all batches 

hPO organoid in Exp. medium # proliferated cells /total cells*100 

Average of B1 30,10 

Average of B2 12,31 

Average of B3 22,16 

Total Average 21,52 

hPO organoid in Diff. medium # proliferated cells /total cells*100 

Average of B1 6,26 

Average of B2 6,06 

Average of B3 4,59 

Total Average 5,64 

hPO spheroid in Exp. medium # proliferated cells /total cells*100 

Average of B1 63,32 

Average of B2 46,73 

Average of B3 44,23 

Total Average 51,43 

hPO spheroid in Diff. medium # proliferated cells /total cells*100 

Average of B1 2,70 

Average of B2 1,57 

Average of B3 1,59 

Total Average 1,96 

Triple spheroid in Diff. medium # proliferated cells /total cells*100 

Average of B1 8,75 

Average of B2 9,61 

Average of B3 11,06 

Total Average 9,81 

 - T-test results (p<0.05) 

hPO org. vs sph. in Exp. medium 0,00 

hPO org. vs sph. in Diff. medium 0,02 

hPO org. in Exp. vs Diff. medium 0,00 

hPO sph. in Exp. vs Diff. medium 0,00 

hPO sph. Vs Tripl sph. in Diff. medium 0,00 

hPO sph. In Exp. vs Tripl sph. in Diff. medium 0,00 

hPO Org. In Diff. vs Tripl sph. in Diff. medium 0,03 

hPO org. vs sph. in Exp. medium 0,00 

hPO org. vs sph. in Diff. medium 0,02 
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Table 18: RT-qPCR results of the genes. The Ct values were normalized to the geometric mean 

of the housekeeping genes (RPL13 and TBP) and hPO organoids in expansion medium based 

on the ΔΔCt method. 

Gene Sample protein of interest  MV (GOI) –  
MV (Ref. Gene) 

 

   
CT1 

 
CT2 

 
CT3 

Geometric 
mean 

TBP+RPL13 

 
CT1 

 
CT2 

 
CT3 

 
2^ΔΔCP 

hLGR5 hPO_Org_Exp. 28,27 26,07 29,55 28,36 -0,1 -2,3 1,19 1,00 

 hPO_Org_Diff. 29,75 30,67 27,87 27,02 2,73 3,65 0,85 0,14 

 hPO_Sph_Exp. 29,56 30,02 29,01 27,56 2,01 2,46 1,46 0,19 

 hPO_Sph_Diff. n/a 35,14 33,17 31,47 n/a 3,67 1,70 0,12 

 Triple_Sph_Diff. 32,25 31,02 31,43 28,65 3,59 2,37 2,77 0,10 

hSOX9 hPO_Org_Exp. 26,39 26,07 28,15 28,36 -2 -2,3 -0,2 1,00 

 hPO_Org_Diff. 27,04 27,04 25,10 27,02 0,02 0,02 -1,9 0,55 

 hPO_Sph_Exp. 30,04 29,16 27,67 27,56 2,49 1,61 0,11 0,13 

 hPO_Sph_Diff. 37,86 36,53 28,43 31,47 n/a 5,06 -3,0 0,05 

 Triple_Sph_Diff. 29,17 27,17 28,01 28,65 0,51 -1,5 -0,7 0,52 

hKRT19 hPO_Org_Exp. 22,62 20,94 23,65 28,36 -5,8 -7,4 -4,7 1,00 

 hPO_Org_Diff. 20,50 21,66 19,71 27,02 -6,5 -5,4 -7,3 1,35 

 hPO_Sph_Exp. 24,69 24,93 24,52 27,56 -2,9 -2,6 -3,0 0,11 

 hPO_Sph_Diff. 33,37 35,85 29,06 31,47 n/a 4,38 -2,4 0,01 

 Triple_Sph_Diff. 22,79 22,11 22,92 28,65 -5,9 -6,5 -5,7 1,06 

hCFTR hPO_Org_Exp. 27,48 27,21 28,57 28,36 -0,9 -1,2 0,21 1,00 

 hPO_Org_Diff. 25,77 26,25 24,74 27,02 -1,3 -0,8 -2,3 1,77 

 hPO_Sph_Exp. 25,10 24,53 23,87 27,56 -2,5 -3,0 -3,7 5,43 

 hPO_Sph_Diff. 31,70  29,06 31,47 n/a -31, -2,4 1,39 

 Triple_Sph_Diff. 26,88 26,50 27,36 28,65 -1,8 -2,2 -1,3 2,18 

hINS hPO_Org_Exp. 36,02 36,02 36,66 28,36 7,66 7,65 8,30 1,00 

 hPO_Org_Diff. 34,69 34,81 33,44 27,02 7,67 7,79 6,42 1,49 

 hPO_Sph_Exp. 33,71 33,72 34,17 27,56 6,15 6,16 6,61 2,94 

 hPO_Sph_Diff. 27,24 32,12 34,35 31,47 n/a 0,65 2,89 274,3 

 Triple_Sph_Diff. 35,65 35,92 37,20 28,65 6,99 7,26 8,54 1,20 

hCHGA hPO_Org_Exp. 33,78 34,81 35,08 28,36 5,41 6,44 6,72 1,00 

 hPO_Org_Diff. 28,65 30,26 28,48 27,02 1,63 3,24 1,46 16,91 

 hPO_Sph_Exp. 34,86 35,11 34,19 27,56 7,30 7,55 6,63 0,51 

 hPO_Sph_Diff. 36,67 30,64 34,40 31,47 n/a -0,8 2,93 13,50 
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 Triple_Sph_Diff. 29,81 32,05 32,54 28,65 1,16 3,39 3,89 10,40 

hCHGB hPO_Org_Exp. 34,89 34,31 34,61 28,36 6,53 5,94 6,24 1,00 

 hPO_Org_Diff. 32,76 34,95 31,48 27,02 5,74 7,93 4,46 1,15 

 hPO_Sph_Exp. 34,87 34,72 33,01 27,56 7,32 7,17 5,45 0,75 

 hPO_Sph_Diff. 34,91 26,67 29,95 31,47 n/a -4,8 -1,5 146,35 

 Triple_Sph_Diff. 33,40 34,32 36,24 28,65 4,74 5,66 7,59 1,18 

hCDH2 hPO_Org_Exp. 29,56 28,67 29,43 28,36 1,20 0,31 1,07 1,00 

 hPO_Org_Diff. 29,00 29,98 27,19 27,02 1,98 2,96 0,17 0,56 

 hPO_Sph_Exp. 26,14 23,01 27,72 27,56 -1,4 -4,5 0,16 6,92 

 hPO_Sph_Diff. 29,49 27,57 28,65 31,47 n/a -3,9 -2,8 13,51 

 Triple_Sph_Diff. 29,14 29,59 29,13 28,65 0,48 0,93 0,48 1,17 

hVIM hPO_Org_Exp. 32,42 31,22 31,00 28,36 32,4 31,2 31,00 1,00 

 hPO_Org_Diff. 29,16 29,69 27,50 27,02 29,2 29,7 27,50 2,67 

 hPO_Sph_Exp. 36,97 32,93 34,98 27,56 21,2 30,0 34,98 4,14 

 hPO_Sph_Diff. 33,28 39,55 33,03 31,47 25,0 39,6 33,03 4,36 

 Triple_Sph_Diff. 33,10 30,70 31,03 28,65 33,1  31,03 1,17 

hNGN3 hPO_Org_Exp. 31,17 31,58 32,26 28,36 2,80 3,21 3,89 1,00 

 hPO_Org_Diff. 30,25 31,00 30,42 27,02 3,23 3,98 3,40 0,85 

 hPO_Sph_Exp. 31,21 30,83 30,47 27,56 3,66 3,27 2,91 1,02 

 hPO_Sph_Diff. 31,83 n/a 27,84 31,47 n/a -31 -3,63 30,66 

 Triple_Sph_Diff. 31,63 31,48 31,74 28,65 2,97 2,82 3,09 1,27 

hNKX6.1 hPO_Org_Exp. 33,53 33,91 34,08 28,36 5,16 5,55 5,72 1,00 

 hPO_Org_Diff. 32,35 34,21 24,20 27,02 5,33 7,19 -2,82 4,73 

 hPO_Sph_Exp. 30,05 30,37 28,92 27,56 2,50 2,82 1,36 9,52 

 hPO_Sph_Diff. 31,83 n/a 27,84 31,47 n/a -31 -3,63 138,27 

 Triple_Sph_Diff. 23,47 31,94 34,82 28,65 -5,2 3,29 6,16 16,63 

hPDX1 hPO_Org_Exp. 30,50 28,19 32,15 28,36 2,13 -0,2 3,79 1,00 

 hPO_Org_Diff. 27,92 29,41 27,24 27,02 0,90 2,39 0,22 1,68 

 hPO_Sph_Exp. 29,75 29,09 27,83 27,56 2,19 1,54 0,27 1,49 

 hPO_Sph_Diff. 33,58 n/a 32,21 31,47 n/a -31 0,75 1,40 

 Triple_Sph_Diff. 28,73 29,19 29,29 28,65 0,08 0,54 0,64 2,82 

hEPCAM hPO_Org_Exp. 16,94 14,90 14,60 28,36 -11 -13 -13,8 1,00 

 hPO_Org_Diff. 11,87 18,26 12,46 27,02 -15 -8,8 -14,6 0,96 

 hPO_Sph_Exp. 18,02 12,12 12,74 27,56 -9,5 -15 -14,8 1,30 

 hPO_Sph_Diff. 19,13 19,14 18,44 31,47 n/a -12 -13,0 13,92 

 Triple_Sph_Diff. 13,76 14,14 15,50 28,65 -15 -14 -13,2 2,47 
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- T-test results (p<0.05) 

Gene  T-test 

hLGR5 hPO org. vs sph. in Exp. medium 0,04 

 hPO org. vs sph. in Diff. medium 0,42 
 hPO org. in Exp. vs Diff. medium 0,05 

 hPO sph. in Exp. vs Diff. medium 0,23 

 hPO Triple. vs sph. in Diff. medium 0,41 

hSOX9 hPO org. vs sph. in Exp. medium 0,02 

 hPO org. vs sph. in Diff. medium 0,32 

 hPO org. in Exp. vs Diff. medium 0,20 

 hPO sph. in Exp. vs Diff. medium 0,45 

 hPO Triple. vs sph. in Diff. medium 0,33 

hKRT19 hPO org. vs sph. in Exp. medium 0,01 
 hPO org. vs sph. in Diff. medium 0,03 

 hPO org. in Exp. vs Diff. medium 0,34 

 hPO sph. in Exp. vs Diff. medium 0,11 

 hPO Triple. vs sph. in Diff. medium 0,04 

hCFTR hPO org. vs sph. in Exp. medium 0,01 

 hPO org. vs sph. in Diff. medium 0,12 

 hPO org. in Exp. vs Diff. medium 0,12 

 hPO sph. in Exp. vs Diff. medium 0,15 

 hPO Triple. vs sph. in Diff. medium 0,13 

hINS hPO org. vs sph. in Exp. medium 0,00 

 hPO org. vs sph. in Diff. medium 0,01 

 hPO org. in Exp. vs Diff. medium 0,15 

 hPO sph. in Exp. vs Diff. medium 0,01 

 hPO Triple. vs sph. in Diff. medium 0,01 

hCHGA hPO org. vs sph. in Exp. medium 0,06 

 hPO org. vs sph. in Diff. medium 0,02 

 hPO org. in Exp. vs Diff. medium 0,00 

 hPO sph. in Exp. vs Diff. medium 0,01 

 hPO Triple. vs sph. in Diff. medium 0,20 

hCHGB hPO org. vs sph. in Exp. medium 0,27 

 hPO org. vs sph. in Diff. medium 0,01 

 hPO org. in Exp. vs Diff. medium 0,43 

 hPO sph. in Exp. vs Diff. medium 0,00 

 hPO Triple. vs sph. in Diff. medium 0,01 

hCDH2 hPO org. vs sph. in Exp. medium 0,06 

 hPO org. vs sph. in Diff. medium 0,01 

 hPO org. in Exp. vs Diff. medium 0,06 

 hPO sph. in Exp. vs Diff. medium 0,25 

 hPO Triple. vs sph. in Diff. medium 0,00 

hVIM hPO org. vs sph. in Exp. medium 0,01 

 hPO org. vs sph. in Diff. medium 0,26 

 hPO org. in Exp. vs Diff. medium 0,01 
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 hPO sph. in Exp. vs Diff. medium 0,27 

 hPO Triple. vs sph. in Diff. medium 0,42 

hNGN3 hPO org. vs sph. in Exp. medium 0,48 

 hPO org. vs sph. in Diff. medium 0,07 

 hPO org. in Exp. vs Diff. medium 0,29 

 hPO sph. in Exp. vs Diff. medium 0,07 

 hPO Triple. vs sph. in Diff. medium 0,07 

hNKX6.1 hPO org. vs sph. in Exp. medium 0,00 

 hPO org. vs sph. in Diff. medium 0,08 

 hPO org. in Exp. vs Diff. medium 0,25 

 hPO sph. in Exp. vs Diff. medium 0,08 

 hPO Triple. vs sph. in Diff. medium 0,10 

hPDX1 hPO org. vs sph. in Exp. medium 0,34 

 hPO org. vs sph. in Diff. medium 0,13 

 hPO org. in Exp. vs Diff. medium 0,30 

 hPO sph. in Exp. vs Diff. medium 0,13 

 hPO Triple. vs sph. in Diff. medium 0,14 

hEPCAM hPO org. vs sph. in Exp. medium 0,43 

 hPO org. vs sph. in Diff. medium 0,48 

 hPO org. in Exp. vs Diff. medium 0,49 

 hPO sph. in Exp. vs Diff. medium 0,41 

 hPO Triple. vs sph. in Diff. medium 0,07 
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8.3 Supplemental macro code: 
The macro code is shown below to measure the volume of each spheroids: 

(https://visikol.com/2018/11/blog-post-loading-and-measurement-of-volumes-in-3d-

confocal-image-stacks-with-imagej/). 

// ImageJ Macro Code 

// Measure Volume of Thresholded Pixels in an Image Stack 

// 

// 

 

macro "Measure Stack" { 

    run("Clear Results");   // First, clear the results table 

   

    // loop through each slice in the stack. Start at n=1 (the 

first slice),  

    // keep going while n <= nSlices (nSlices is the total 

number of slices in the stack) 

    // and increment n by one after each loop (n++) 

    for (n=1; n<=nSlices; n++) {   

       setSlice(n);  // set the stack's current slice to n 

       run("Measure");   // Run the "Measure" function in 

ImageJ 

    } 

 

   // Create a variable that we will use to store the area 

measured in each slice 

    totalArea = 0; 

    // Loop through each result from 0 (the first result on 

the table) to nResult (the total number of results on the 

table) 

    for (n=0; n < nResults; n++) 

    { 

       totalArea += getResult("Area",n);   // Add the area of 

the current result to the total 

    } 

    // Get the calibration information from ImageJ and store 

into width, height, depth, and unit variables.  

    // We will only be using depth and unit 

    getVoxelSize(width, height, depth, unit); 

    // Calculate the volume by multiplying the sum of area of 

each slice by the depth 

    volume = totalArea*depth; 

    // Print the result of the volume calculation to the log 

    print(volume + " " + unit + "^3");} 
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Protein Biochemistry: Protein isolation and extraction, Protein gel electrophoresis, Western 
Blot (semidry) analysis 

Cell Biology: Culture of 2D cell cultures, formation and culture of 3D cell cultures 
(liquid overlay, hanging drop), cultivation of organoids 

Microscopy: widefield microscopy, confocal Laser Scanning Microscopy (cLSM), 
Light sheet-based Fluorescence Microscopy (LSFM and mDSLM), 
optical clearing 

IT: MS Office (Excel, Word, Power Point), Fiji, Wave (Seahorse data 
analyser software), Photoshop, Citavi, Gene runner, Primer 3 

Mentoring: Supervising master and bachelor student and moderating several 
qPCR and imaging practicums 

Other: ICH-GCP certificate 2022, Oncology certificate 2022, GxP certificate 
2021, Certificate of laboratory animal handling (FELASA), taxidermy 

Publications: 

Sanam Saeifar, Iman Seyhon. "Glance to Nano science", Synaps, Biology magazine, spring 2011, No 12, 
page 50-58. (Faculty magazine) 

 

Katharina Hötte, Sabine Fischer, Alexander Schmitz, Michael Koch, Sanam Saeifar, Ernst Stelzer, and 
Francesco Pampaloni. "mTOR controls growth and internal architecture of human breast cancer 
spheroids", in preparation 

 

Sadighpour, T., Mubarak, M., Sabaeifard, P., Sanam Saeifar & Kenari, F. “COVID-19 and renal 
involvement; evolving role of thromboinflammation, vascular and glomerular disease in the 
pathogenesis”. J. Nephropathol. 10, e23–e23 (2021). 

 

Language Skills: 
Persian Native 
Azeri Native 
German Test DaF-2013 (C1), DSH2-2014 (C1) 

English University of Cambridge ESOL Examinations, Preliminary English Test 
(PET)-2005 (B2) 
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