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TFAP2A Transcription factor AP-2-alpha 
TFF1 Trefoil factor 1 
TFF3 Trefoil factor 3 
TIMP2 Metalloproteinase inhibitor 2 
TIMP3 Metalloproteinase inhibitor 3 
TOP2 Topoisomerase 2 
TOPBP1 DNA topoisomerase 2-binding protein 1 
TP53BP1 TP53-binding protein 1 
TTYH1 Protein tweety homolog 1 
USF1 Upstream stimulatory factor 1 
USF2 Upstream stimulatory factor 2 
VTN Vitronectin 
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Gene/Protein Definition 

XIAP E3 ubiquitin-protein ligase XIAP 
XRCC5 X-ray repair cross-complementing protein 5 
YY1 YY1-associated protein 1 
ZEB1 Zinc finger E-box-binding homeobox 1 
ZMIZ1 Zinc finger MIZ domain-containing protein 1 
ZNF384 Zinc finger protein 384 
ZO1 Tight junction protein ZO-1 

  



 

Publications during the doctoral studies XXI 

Publications during the doctoral studies 

During the period of the doctoral studies, the following papers have been published or are 
in the publishing process: 

[1] Markus Breunig*, Jessica Merkle*, Martin Wagner, Michael K Melzer, Thomas F E 
Barth, Thomas Engleitner, Johannes Krumm, Sandra Wiedenmann, Christian M 
Cohr, Lukas Perkhofer, Gaurav Jain, Jana Krüger, Patrick C Hermann, Maximilian 
Schmid, Tamara Madácsy, Árpád Varga, Joscha Griger, Ninel Azoitei, Martin 
Müller, Oliver Wessely, Pamela G Robey, Sandra Heller, Zahra Dantes, Maximilian 
Reichert, Cagatay Günes, Christian Bolenz, Florian Kuhn, József Maléth, Stephan 
Speier, Stefan Liebau, Bence Sipos, Bernhard Kuster, Thomas Seufferlein, Roland 
Rad, Matthias Meier#, Meike Hohwieler#, Alexander Kleger#: Modeling plasticity 

and dysplasia of pancreatic ductal organoids derived from human pluripotent stem 

cells. Cell Stem Cell 28, 1105-1124 e1119, doi:10.1016/j.stem.2021.03.005 
(2021).[2] 

[2] Sandra Wiedenmann*, Markus Breunig*, Jessica Merkle, Christine von Toerne, 
Tihomir Georgiev, Michel Moussus, Lucas Schulte, Thomas Seufferlein, Michael 
Sterr, Heiko Lickert, Stephanie Ellen Weissinger, Peter Möller, Stefanie M. Hauck, 
Meike Hohwieler#, Alexander Kleger# & Matthias Meier#. Single-cell-resolved 

differentiation of human induced pluripotent stem cells into pancreatic duct-like 

organoids on a microwell chip. Nature Biomedical Engineering 5, 897-913, 
doi:10.1038/s41551-021-00757-2 (2021).[1] 

[3] Simon T. Rosowski; Caroline Brähler; Maren Marder; Misao Akishiba; Alina Platen; 
Siegfried Ussar; Fabian Theis; Sandra Wiedenmann#, Matthias Meier#: Single-

cell characterization of neovascularization using hiPSC-derived endothelial cells in 

a 3D microenvironment, bioRxiv, 2022.02.15.480506; 
doi:10.1101/2022.02.15.480506 and submitted to eLife[3] 

[4] Sandra Wiedenmann, Nico Laumann-Lipp, Alexander Kleger, Matthias Meier#: 
Engineering technologies for translating human exocrine pancreas into pancreatic 

cancer models, manuscript in final preparation and will be submitted to Molecular 

Systems Biology 

* contributed equally 

# corresponding author 

Parts of this doctoral thesis have already been published in Wiedenmann, et al. [1]. 



 

Zusammenfassung XXII 

Zusammenfassung 
Das duktale Adenokarzinom der Bauchspeicheldrüse (PDAC) ist eine der tödlichsten 

Erkrankungen der exokrinen Bauchspeicheldrüse, für die uns relevante 

Frühdiagnosemarker fehlen. Um PDAC-Marker zu identifizieren, werden in vitro 

kultivierte exokrine Pankreasmodelle aus dem frühestmöglichen, präkanzerösen Stadium 

benötigt. Die Übertragung der Pankreasgang-Differenzierung von humanen pluripotenten 

Stammzellen (hiPSCs) in in vitro-Krankheitsmodelle erfordert ein umfassendes 

Verständnis der Entwicklungsbahnen von pankreasspezifischen Zelltypen. 

In dieser Arbeit wurde eine Microwell-Chip-Technologie mit definierten 

mikrostrukturierten Strukturen entwickelt, um aus hiPSC differenzierte Vorläuferzellen 

des Pankreas (PP) in einer 3-dimensionalen Zellkultur zu assemblieren. Die Vorteile der 

Chip-Plattform sind i) die parallele Bildung von Hunderten gleichgroßer 3D-Zellaggregate, 

ii) eine Matrigel-freie Mikroumgebung, iii) die Kompatibilität mit hochauflösender 

Bildgebung, iv) die einfache Anwendbarkeit für verschiedene nachfolgende Analysen mit 

minimaler Störung und v) die Möglichkeit, Ko-Kulturen zu etablieren. Der Chip wurde 

verwendet, um in weniger als 6 Stunden tausende von 3D-Zellaggregaten aus etwa 600 

PPs zu bilden. In den folgenden 14 Tagen wurden die 3D-PP-Kulturen mit einem 

definierten Wachstumsfaktorprotokoll in pankreatische dukt-ähnliche Organoide 

differenziert. 

Zeitaufgelöste Einzelzell-Transkriptionsprofile und Immunfluoreszenz von gereinigten 

dukt-ähnlichen Organoiden der Bauchspeicheldrüse zeigten die Entstehung von zwei 

Arten von duktalen Vorläufern, Zwischenstufen, und reifen duktalen Zellen und wenigen 

nicht-duktalen Zelltypen. Entsprechende dynamische Transkriptionsstadien wiesen auf 

definierte Differenzierungsrouten der duktalen Zellen hin, die in zwei entweder CFTR+ 

oder Mucin+ Subpopulationen resultieren. Diese Subpopulationen wurden bereits in 

primären Einzelzelltranskriptomen des Pankreas gefunden[4]. Die Integration unseres 

Einzelzelldatensatzes mit drei primären Pankreasdatensätzen[4-6] zeigte, dass unsere 

dukt-ähnlichen Zellen zusammen mit primären duktalen Zellen zu den beiden 

Subpopulationen clustern. Außerdem konnten die Marker der Subpopulationen in einem 

reanalysierten Primärdatensatz[5] erneut identifiziert und in menschlichem Primärgewebe 
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angefärbt werden. Darüber hinaus wurde die Duct-on-Chip-Plattform genutzt, um 

Organoid-Ko-Kulturen mit humanen Stellat-Zellen zu etablieren. Als zusätzliche 

Anwendung ermöglichte die Matrigel-freie Chip-Technologie die Entnahme des 

Sekretoms und Proteoms der Organoide. In Verbindung mit dem Einzelzell-Transkriptom 

und der klinischen Validierung ermöglichten uns diese Sekretomstudien die Entdeckung 

eines beispielhaften frühen PDAC-Marker namens FLNB, welcher sowohl in Biopsien als 

auch im peripheren Blut von Patienten im Frühstadium nachweisbar ist.  

Zusammenfassend zeigt diese Arbeit die erfolgreiche Herstellung von Pankreas dukt-

ähnlichen Organoiden aus hiPSCs, die ein Reifestadium aufweisen, welches mit dem des 

fötalen Pankreas vergleichbar ist. Durch die Kombination von zeitaufgelöster 

Einzelzelltranskriptomik mit verschiedenen Analysemethoden, Sekretomstudien, 

Proteomstudien und klinischer Validierung auf unserem Microwell-Chip wurde ein 

patientenspezifisches Duktmodell und ein potenzielles Krebsdiagnoseinstrument 

entwickelt.   
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Summary 
Pancreatic ductal adenocarcinoma (PDAC) is one of the most severe diseases of the 

exocrine pancreas, for which relevant early diagnostic markers are still missing. To 

identify PDAC biomarkers, experimental models employing in vitro cultivation of exocrine 

pancreas models require as early as possible precancerous stages. The translation of 

pancreatic ductal differentiation of human pluripotent stem cells (hiPSCs) into in vitro 

disease models requires a comprehensive understanding of the developmental 

trajectories of pancreas-specific cell types. 

In this study, a microwell chip technology exhibiting defined microstructured patterns to 

assemble hiPSC-derived pancreatic progenitor cells (PP) into a 3-dimensional cell culture 

was developed. The advantages of the chip platform are i) the parallel formation of 

hundreds of equally sized 3D cell aggregates, ii) a Matrigel-free microenvironment, iii) the 

compatibility with high-resolution imaging, iv) simple applicability for several downstream 

analyses with minimal perturbation, and v) the possibility to establish co-cultures. The 

chip was used to generate thousands of 3D cell aggregates from approximately 600 PPs, 

in less than six hours. For the following 14 days, the 3D PP cultures were differentiated 

towards pancreatic ductal-like organoids by employing defined growth factor protocols. 

Time-resolved single-cell transcriptional profiling and immunofluorescence of cleared 

pancreatic duct-like organoids revealed the emergence of two types of ductal progenitors, 

intermediates, mature duct-like cells, and a few non-ductal cell types. Corresponding 

dynamic transcriptional stages indicated defined differentiation routes of duct-like cells, 

cumulating in two either CFTR+ or mucin+ subpopulations, which have been found before 

in primary single-cell transcriptomes of the pancreas[4]. The integration of the PDLO 

single-cell dataset into three primary pancreas datasets[4-6] showed that the duct-like cells 

clustered together with primary ductal cells into the two subpopulations. Furthermore, the 

markers of the subpopulations could be reidentified in a reanalyzed primary dataset[5] and 

subjected to confirmation by immunofluorescence in primary human tissue. Additionally, 

the duct-on-chip platform was exploited to establish organoid co-cultures with stellate 

cells. As an additional application, the Matrigel-free chip technology allowed the 

characterization of secretome and proteome. Together with the single-cell transcriptome 
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and clinical validation, these secretome studies revealed an exemplary early PDAC 

marker, called FLNB, which is detectable in biopsies and early-stage patients' peripheral 

blood.  

In conclusion, this study reports the successful engineering of pancreatic duct-like 

organoids from hiPSCs, which show a maturation stage comparable to the fetal pancreas. 

By combining time-resolved single-cell transcriptomics with different analysis methods, 

secretome, proteome and clinical validation on our microwell chip, a patient-specific duct 

model and a potential cancer diagnostic tool was developed.
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1 Introduction 

1.1 The Pancreas 

1.1.1 Pancreatic function 

The pancreas is located in the upper abdomen and is one major organ contributing to 

digestion and hormone balance (Figure 1a,b). The different cell types of the pancreas 

can be grouped into two functional compartments, i.e., the endo- and exocrine pancreatic 

tissue. Cells of the endocrine functional unit form the islets of Langerhans and regulate 

the blood glucose level (Figure 1c). While β-cells reduce high glucose levels by secreting 

the hormone insulin, α-cells promote an increase in glucose levels upon glucagon 

 

Figure 1 | Scheme of the location and structure of the pancreas. 

a, Schematic location of the pancreas within the body. b, Representation of the location of the 

pancreas and surrounding tissue. c, The endocrine compartment of the pancreas: the blood 

glucose level-regulating islets of Langerhans. d, The exocrine part of the pancreas: the acini 

produce and transport the digestive enzymes through the branched network of tubular pancreatic 

ducts to the duodenum.  
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secretion. Besides α- and β-cells, the islets of Langerhans contain the hormone-

producing δ-, γ-, and ε- cells[7]. The exocrine functional unit, representing more than 95% 

of the pancreas, produces and transports inactivated digestive enzymes into the 

duodenum (Figure 1d)[8]. Within the exocrine part, the acinar cells produce inactive 

digestive enzymes, including proteases, pancreatic lipases, and amylase[9]. 

Subsequently, the digestive enzymes are secreted through the apical side of the acinar 

cells into the acinus lumen. Upon contact with the digestive enzymes, ductal cells secrete 

bicarbonate and release water into their branched tubular network[10]. The secretion 

process neutralizes the pH of the gastric acid and initializes the flow of pancreatic juice[11]. 

The pancreatic juice is then transported through the branched ducts to the main 

pancreatic duct and its destination in the duodenum (Figure 1b)[12]. The digestive 

enzymes are activated in the intestine and process proteins, lipids, and carbohydrates[13]. 

1.1.2 Pancreatic diseases and pancreatic ductal adenocarcinoma 

Dysfunction of endocrine and exocrine cells causes various diseases with serious health 

consequences. The most common endocrine disease is diabetes mellitus, caused by a 

loss of β-cells through an autoimmune reaction, impaired insulin secretion or insulin 

resistance[14,15]. Diseases of the exocrine pancreas like pancreatitis, cystic fibrosis or 

exocrine pancreatic insufficiency translate into the destruction of exocrine cells and lead 

to an impaired supply of pancreatic juice[16-18]. In addition to several other risk factors, 

diabetes mellitus and chronic pancreatitis can lead to pancreatic cancer, one of the most 

lethal cancer types[19].  

The most common pancreatic cancer type is pancreatic adenocarcinoma (PDAC), which 

can arise from both exocrine cell types[20]. Despite intense research efforts over the last 

decades, the survival probability for PDAC patients still remains low. The 5-year survival 

rate after diagnosis is currently less than 8%[19,21]. To date, the only possible treatment 

is surgery with subsequent chemotherapy. While this raises the probability of survival to 

20-23%, it can only be used in about 15% of patients[22]. This extremely poor prognosis 

has several reasons. First, due to unspecific symptoms in the early stages, more than 

half of the patients are only diagnosed at late disease stages when the tumor is 

inoperable[23]. Second, the development of possible tailored treatment methods remains 

rather poor due to the genetic complexity and high degree of intra- and intertumoural 
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heterogeneity[24,25] (Figure 2). Moreover, PDAC is hallmarked by the remarkable 

plasticity of epithelial cells[26], involving cell fate transitions during acinar-ductal 

metaplasia (ADM)[27] and the formation of premalignant lesions (Figure 2).  

These precursor lesions can be classified into four types: pancreatic intraepithelial 

neoplasms (PanINs), intraductal papillary mucinous neoplasms (IPMNs), mucinous 

 

Figure 2 | The complex development of PDAC. 

The schematic development from early to late-stage PDAC with diverse and complex 

characteristics. The figure is replicated according to Samandari, et al. [28]. 
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neoplasms (MCNs), and intratubular papillary neoplasms (ITPNs)[29-34]. However, the 

intimate molecular mechanisms leading to cellular reprogramming in early pancreatic 

cancer are poorly understood. In addition, the complex and dense consistency of the 

tumor microenvironment is associated with the presence of cancer-associated fibroblasts 

(CAFs) and immature myeloid and macrophages. Consequently, the rigid and poorly 

perfused extracellular matrix (ECM) promotes tumoral growth[35-38] while hampering drug 

delivery and chemotherapy[38] (Figure 2). Therefore, the development of new and 

efficient treatment methods and an earlier diagnosis with a possible preventive medical 

check-up is urgently needed. Diseases can be broken down into less complex aspects 

and new therapeutic strategies can be explored in a controlled environment with the help 

of in vitro models. 

1.2 3D cell cultures to tackle PDAC from different angles in vitro 

The restricted accessibility of human fetal and adult pancreatic tissues represents an 

obstacle for ex vivo replication and thorough investigations of human pancreas 

development and disease. Previously, knowledge of pancreatic development was 

achieved with genetically engineered mouse models (GEMMs), patient-derived 

xenografts, and 2D cell culture experiments. These experimental settings have 

characterized key signaling pathways in development, cancer progression mechanisms, 

and potential drug targets [39-41]. However, these model systems are associated with 

several constraints, such as the labor-intensive generation of GEMMs. Thus, it renders 

GEMMs inappropriate for high throughput drug screenings. Moreover, the entire genetic 

heterogeneity within and between human PDAC tumors can only be partially reproduced 

by GEMMs, since these models only focus on single oncogenes[25,39]. Failure to 

recapitulate the complex tumor microenvironment (TME) with its various cancer-

associated cell types is another major caveat of patient xenografts[42]. Lastly, the 

commonly used pancreatic cancer cell lines are mostly established from metastases and 

do not represent the primary PDAC or PanINs[43]. These cell lines do not reconstruct the 

tumor complexity and lack the expression profiles found in patient tumors or 

xenografts[44,45].  

Given the above, an ideal PDAC investigation model should i) accurately replicate the 

development of PDAC from the earliest stages, ii) mirror different PDAC characteristics, 
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iii) mimic heterogeneity, iv) relay the same response to stimuli or drugs as in vivo, v) be 

reproducible and reliable, vi) be easily implementable, and vii) be non-intrusive. While 

such a model has not been established yet, several attempts to approach it have been 

made. 

1.2.1 Primary tissue-derived exocrine pancreatic organoids 

More recently, the PDAC research field directed its focus on organoid models to 

delineate development, drug response prediction and personalized medicine for this 

deadly disease[46]. Organoids are self-organizing 3D structures that recapitulate their 

corresponding organ cells' composition, identity, and function in vitro[47]. They can be 

generated from primary cells, embryonic stem cells (ESCs) or pluripotent stem cells 

(PSCs) using cells' self-assembling properties[48]. Organoids can be cultured and 

passaged for a long time[49,50]. A major milestone was set by Sato and colleagues[51] by 

generating self-organizing intestinal organoids from adult tissue-specific stem cells in 

mice. Thereby, the media composition is essential for organoid formation and 

differentiation, long-term culture, and cell type preservation. Supplementation of media 

with organ-specific niche factors was not only crucial for the preservation of intestinal 

stem cells' ability to self-renew but also facilitated their differentiation into organoids with 

the 3D intestinal crypt architecture[51-54]. 

The first pancreatic organoid model featuring the ability to propagate murine adult bi-

potent pancreas progenitors was established by Huch, et al. [55] in 2013. Subsequently, 

Boj, et al. [35] reported a modified media formulation aiding the differentiation of adult 

mouse pancreatic fragments into pancreatic ductal organoids (PDOs). The culture 

medium was supplemented with generic stem cell niche factors (R-spondin 1, EGF, and 

noggin) and pancreatic progenitor cell proliferation factors (FGFs)[51,56,57]. Mouse PDOs 

were able to undergo long-term clonal expansion in vitro and expressed transcription 

factor SOX-9 (SOX9), cytokeratin 19 (KRT19), and mucin-1 (MUC1) markers specific for 

ductal cell identity[35]. In the same attempt, Boj, et al. [35] could generate the first human 

pancreatic organoid model from normal and cancer tissue biopsies. The organoids 

recapitulated healthy human PDOs and pancreatic cancer organoids (PCOs), 

resembling the different stages of PDAC[35,58-60] (Figure 3). Long-term expansion and a 
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high degree of genomic stability render the PDOs with luminal physiology attractive for 

disease models and drug screening approaches. 

PCOs exhibiting ductal and disease-stage-specific characteristics are eligible for several 

PDAC models. Transplantation of PCOs recapitulated different stages of PDAC and 

offered new insights into the implicated mediators and genetic and cell heterogenity[58,61-

63]. Co-cultivation with other PDAC-related cells further helped to understand the complex 

communication, microenvironment, and progression in the different stages[64]. The 

possibility of long-term culture with genomic stability enables the compilation of a 

pancreatic cancer patient-derived organoid library[63,65]. PCOs are a powerful tool for 

developing new drugs or executing drug screening tailored to the progression stage and 

genetic or patient background[61]. 

 

Figure 3 | Primary-derived PDOs and PCOs for in vitro research of PDAC. 

Schematic representation of the retrieval of biopsy cells for generation and cultivation of PDO 

and PCO. Detail of Figure 2 with the region of interest for PDAC modeling is shown.  

Although the generation of PDOs and PCOs is possible, prior attempts to establish 

pancreatic acinar organoids (PAO) from pancreatic tissue have so far been unsuccessful. 

A major hurdle in PAO generation is the high plasticity of acinar cells[66]. Upon injury, 

acinar cells can regenerate the pancreas and undergo ADM, transdifferentiating into a 

progenitor- or duct-like state[27,67] (Figure 2). ADM is usually reversible and can assist 

the regeneration process with rebuilding acini[68,69]. However, it becomes irreversible 

upon oncogenic signaling and stress, leading to PanIN lesions and ultimately to 

PDAC[34,70]. Therefore, both human and murine primary acinar cells and cell clusters 
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transdifferentiate to progenitor or ductal marker-expressing cells in vitro[71-76]. Stable 

PAOs could serve as a model for ADM and thus give insight into the essential priming 

and reprogramming in early PanIN and PDAC progression. 

1.2.2 Bioengineering PDAC models 

Although we gained substantial knowledge of organoid cultures, the advances in 

treatment methods and survival probability still remain insufficient[19,21]. In addition, the 

classical hydrogel organoid model lacks essential in vivo-like properties, such as correct 

ECM composition, which translates into changes in components and stiffness during 

cancer progression[71,77-81]. Moreover, remodeling complex cell contacts, communication, 

signaling, and media drug supplementation not resembling realistic drug delivery are 

crucial challenges. Biopsy samples from healthy tissue are ethically restricted, and 

therefore the genetically controlled progression of cancer from a healthy stage is not 

possible. In recent years, various bioengineering strategies have been developed to 

improve organoid cultures further to mimic the complexity of PDAC more accurately.  

1.2.2.1 Engineering synthetic hydrogels to resemble tumor microenvironment 

The classical 3D organoid culture uses Matrigel as a basement membrane surrogate. 

Importantly, Matrigel is a batch variable mixture of ECM components derived from a 

murine cancer cell line, including growth factors, and does not replicate the in vivo 

pathological TME[71,77-80]. Poly(ethylene glycol) (PEG) hydrogels were designed to 

optimize the culture of intestinal organoids and overcome these obstacles[79,82-84]. 

Detailed aforegoing pancreatic tumor ECM studies[85,86] allowed Below, et al. [81] in 2021 

the engineering of a fully synthetic PEG hydrogel to imitate the essential characteristics 

of pancreatic tumor ECM (Figure 4). This improved hydrogel allowed not only successful 

cultivation of murine and human PDOs and PCOs but also revealed new relevant ECM 

interactions, e.g., laminin and integrin, that contribute to enhancing PCO and cancer-

related cell survival or invasion[81,87]. Further, the engineered hydrogel allowed minute 

stiffness adjustments according to the different PDAC changes and co-cultivation with 

stromal cells[81]. Thus, the engineering of this hydrogel allowed the recapitulation of a 

highly controlled synthetic TME[81]. 
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Figure 4 | Engineering fully synthetic hydrogels to model stiffness changes 

upon ECM secretion during PDAC progression. 

Schematic representation of fully synthetic PEG hydrogel developed by Below, et al. [81] to rebuild 

TME with the possibility of stiffness adaption and co-cultivation of PDAC-related stromal cells. 

Detail of Figure 2 with the region of interest for PDAC modeling is shown.  

1.2.2.2 Drug delivery simulation through artificial vessels 

After diagnosis, pancreatic cancer patients are usually treated with gemcitabine, which 

unfortunately only helps in a few cases[88]. Many patients rapidly develop drug resistance 

to chemotherapy, which can be traced to several different tumor-related issues[89]—for 

example, the inappropriate drug delivery through the vasculature in cancer. However, 

classical 2D or 3D organoid cultures and similar approaches cannot reconstruct clinical 

drug delivery via the vasculature system. Earlier studies showed that a combination of 

epithelial tumor cells, stromal cells, and endothelial cells results in augmented drug 

resistance of the cancerous cells[90-92]. Further studies with this chip might give more 

detailed insights into cancer angiogenesis. While recapitulation of the in vivo TME 

complexity of PDAC was attempted in animal studies, species-dependent differences in 

drug response may occur, resulting in a need for more realistic human ex vivo PDAC 

models.  

The lately developed organ-on-a-chip technology enabled the creation of cell cultures 

that mimic cell microenvironment similar to the human body through precise microfluidic 

control. They can be used for organ- or disease-specific modeling, allowing not only the 
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possibility for drug screening and personalized medicine but also the replacement of 

animal testing. 

Lai, et al. [93] developed 2017 the InVADE platform to form an artificial blood vessel with 

a surrounding Matrigel-based hydrogel, including growing tumor organoids and other 

cells. Three years later, Lai, et al. [94] revealed the possibility of drug delivery through a 

vascularized pancreatic epithelium with a tri-culture system of PCOs, human fibroblasts 

(hFB) and human umbilical vein endothelial cells (HUVECs) (Figure 5). With this PDAC 

TME model, Lai, et al. [94] established a microfluidic approach for an in vivo-like drug 

delivery system. This study demonstrated that synergistic contact between PCOs and 

activated hFBs results in the formation of up to six times stiffer TME. Thus it approaches 

the human PDAC hallmarks[95], which impedes the exposure to gemcitabine and 

ultimately the drug resistance in patients[94]. 

 

Figure 5 | Microfluidic chip to model drug delivery and resistance in PDAC. 

Schematic representation of the microfluidic chip developed by Lai, et al. [93] and Lai, et al. [94] to 

model the drug delivery to PDAC cells and the development of drug resistance within patients. 

Detail of Figure 2 with the region of interest for PDAC modeling is shown.  

1.2.2.3 Recapitulation of PDAC hypovascularization 

Another cause for PDAC drug resistance and subsequent metastatic events is 

hypovascularity[96-98]. During the progression of PDAC, cancer cells invade the vascular 

system (intravasation), spread to remote sites through the bloodstream, and leave the 

vessels (extravasation) before invading, growing and forming micrometastases[98]. This 

metastatic progression occurs in the early stages, followed by the ablation of vessels by 
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cancer cells, inhibiting the drug delivery[26,99]. Intravasation and extravasation have 

already been addressed in microfluidic chips with perfusable 3D vessels for other cancer 

types[100-102]. 

Nguyen, et al. [103] developed a pancreatic cancer on-chip to study the migration from 

PDAC cells towards vessels and the subsequent ablation of endothelial cells (Figure 6). 

Thus, two perfusable cylindrical channels are embedded in a collagen hydrogel, each 

mimicking an artificial vessel and a murine PDAC lumen[103]. Branching of the PDAC cells 

towards the vessel lumen was induced by creating a gradient through flushing FBS into 

the endothelial channel[103]. The tumor sprouts reached and wrapped around the 

biomimetic vessel before growing along, invading, occupying and abating it[103]. Thereby, 

the vessel was assimilated to a tumor-filled luminal structure consistent with patient 

studies[103,104]. The invasion and occupancy of artificial vessels by the cancer cells 

combined with the ablation of the endothelial vessel cells could explain circulating cancer 

cells, metastatic rate of PDAC and hypovascularity[103].  

 

Figure 6 | Modeling hypovasularization during PDAC in vitro. 

Schematic representation of the microfluidic chip developed by Nguyen, et al. [103] to model 

hypovasularization and ablation of endothelial cells during PDAC progression. Detail of Figure 2 

with the region of interest for PDAC modeling is shown. 

1.2.3 hPSC-derived exocrine pancreatic organoids 

Pancreas-derived organoids maintain the cellular heterogeneity of the human pancreas 

and can be deployed for functional testing or biomarker screening for PDAC 
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in vitro[105,106]. However, pancreatic cancer-derived organoids also have limitations. First, 

they have an undefined genetic background; being generated from a tumor renders 

challenging the generation of an accurate general organoid model. Second, organoids 

resembling the cancer end-stage are unsuitable for biomarker discovery in the earliest 

stages of pancreatic dysplasia[107]. Moreover, organoids of the adult human 

pancreas[60,108] are difficult to establish and cultivate in an untransformed stage. In 

addition, they cannot mimic intermediate stages of human pancreas development. 

Pancreatic ductal cells derived from human pluripotent stem cells (hPSCs) could provide 

an alternative pancreatic organoid source capable of overcoming these barriers[109,110].[1] 

1.2.3.1 Human induced pluripotent stem cells 

hPSCs can differentiate into all cell types of the human body except trophectoderm[111]. 

Thereby, hPSCs serve as an optimal tool for in vitro tissue development and disease 

modeling. In 2006, Takahashi and Yamanaka [112] revolutionized stem cell research by 

reprogramming somatic mouse cells with Oct4, Sox2, Klf4, and Myc into induced 

pluripotent stem cells. Takahashi and colleagues[113] reprogrammed human fibroblasts 

to generate human induced pluripotent stem cells (hiPSCs) in the following year. The 

generation of hiPSCs from somatic cells advanced the stem cell field by enabling the 

replacement of ethically critical human ESCs as a resource for almost indefinitely self-

renewing stem cells. Also, hiPSCs can be retrieved from patients and thus enable 

patient-derived organoid studies. Therefore, hiPSCs can serve as an optimal starting 

material for controlled organoid differentiation to mimic human development and disease 

in vitro.  

1.2.3.2 Resembling pancreas development from stem cells to pancreatic 

progenitors 

The prerequisites for engineering and implementing ductal disease models are 

represented by a comprehensive mechanistic understanding of the in vitro differentiation 

landscape, cell-type composition, and functionality at the ductal stage. The knowledge 

of embryonic ductal development in humans, however, is insufficient. Preliminary rodent 

research has demonstrated that all cell lineages of the pancreas develop from a common 
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cell type[114], namely the pancreatic progenitor (PP) cell, which derives from the 

endoderm of the pancreas.[1] 

Differentiation of pluripotent stem cells into the multipotent PPs requires a multistep 

protocol employing various growth factors and small molecule inhibitors, mainly based 

on murine pancreatic development[77,115,116]. Such a protocol is associated with activation 

and inhibition of signaling pathways during various developmental stages and therefore 

needs to be well-timed and systematically tested. After the publication of the first protocol 

to differentiate PSCs into PPs by D'Amour, et al. [117] in 2006, today’s protocols feature 

different shades of variation traced back to different PSC cell lines[118], culture conditions 

or media compositions.  

With the activation and inhibition of several pathways (protocol details, similarities, and 

differences in Figure 7), PSCs can be differentiated into PPs. During the first stage of 

embryogenesis, PSCs express the pluripotency markers POU domain, class 5, 

transcription factor 1 (OCT4) and transcription factor SOX-2 (SOX2)[119] (Figure 7). PSCs 

subsequently develop into the three germ layers: endoderm, mesoderm, and ectoderm. 

The pancreas-relevant definitive endoderm expresses hepatocyte nuclear factor 3-alpha 

(FOXA2), transcription factor SOX-17 (SOX17), and C-X-C chemokine receptor type 4 

(CXCR4) and can also develop further to, e.g., intestine and lung[120,121] (Figure 7). The 

succeeding stage, the gut tube endoderm, has the potential to develop into, e.g., liver 

and stomach, in addition to pancreatic development[122]. The next developmental stage 

is the first specific to the pancreatic linage, called pancreatic endoderm, and expresses 

pancreatic/duodenal homeobox protein 1 (PDX1)[123]. The last step of the four-stage 

protocol, in which multipotent pancreas progenitors are formed, highly differs from the 

final differentiation step described by other protocols (Figure 7). The differentiation 

efficiency is validated by the coexpression of PDX1 and Homeobox protein NKX-6.1 

(NKX6-1)[124]. The expression of pancreas transcription factor 1 subunit alpha (PTF1A), 

SOX9, hepatocyte nuclear factor 1-beta (HNF1B), and glycoprotein 2 (GP2) shows the 

potential of multipotent PPs to develop into all pancreas cell types (Figure 7)[125].  
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Figure 7 | Pancreas development and differentiation from stem cells into the 

distinct exocrine and endocrine cell types. 

The lineage-committed pancreas cell type development scheme with highlighted gene 

expression and pathway regulations in the various stages and differentiation protocols is 

presented [2,109,117,118,126-136]. 

The murine pancreas development continues with the tip (reduce expression of PDX1 

and NKX6-1) and trunk (reduce expression of GP2 and PTF1A) patterning (Figure 7). 
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While unipotent tip cells develop into acinar cells (expressing pancreatic alpha-amylase 

(AMY2A)), bipotent trunk progenitors differentiate into the ductal (expressing cystic 

fibrosis transmembrane conductance regulator (CFTR)) and endocrine cells (expressing 

chromogranin-A (CHGA)) that subsequently separate[137,138]. Using time-resolved 

immunostaining of developing human embryos, Jennings, et al. [139] hypothesized similar 

developmental routes for human pancreatic cell types. Only recently, Breunig, et al. [2] 

and Huang, et al. [136] established a differentiation protocol to induce hPSCs development 

into pancreatic duct-like organoids (PDLOs)[2,136] and pancreatic acini-like organoids  

 (PALOs)[136].  

 

Figure 8 | Remodeling acini and PDAC development with genetically defined 

oncogene induction. 

Schematic representation of the hPSC differentiation into PALOs. The controlled activation of the 

oncogene KRASG12D modeled ADM[136]. The induction of oncogene GNASR201C resulted in a 

lumen expansion. Detail of Figure 2 with the region of interest for PDAC modeling is shown.  

1.2.3.3 Engineering hPSC-derived acinar organoids for genetically customized 

PDAC induction 

In 2021, Huang, et al. [136] published the first protocol for differentiating hPSC-derived 

pure acinar organoids. Differentiation of hPSCs to PPs, based on a protocol by Pagliuca, 

et al. [140], was followed by a four-stage protocol to promote PALO development (Figure 

7, Figure 8). In order to achieve an acinar-like specification, activation of WNT and FGF 

pathways was paralleled by retinoic acid (RA) addition, and inhibition of hedgehog, 
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NOTCH, bone morphogenetic protein (BMP), and TGF-β pathways[136]. The PALOs 

displayed amylase and lipase activity and expression of the acinar markers PTF1A, 

CTRC, and CPA1[136]. In addition, PALOs’ maturity was comparable to the human fetal 

or neonatal pancreas[136]. The possibility of PALOs generation and long-term cultivation 

enabled studies of acinar development and disease modeling in vitro[136].  

Although PDAC is highly heterogonous, mutated Kirsten rat sarcoma (KRAS) was 

documented in 84% of PDAC patients[141] and more than 80% of PanIN lesions[142]. 

KRASG12D is the predominant mutation of all PDAC-related KRAS mutations[141]. Within 

the precursor IPMNs lesions, guanine nucleotide-binding protein (GNAS) mutations are 

widespread, and codon 201 is the most frequently affected[143,144]. To investigate KRAS 

and GNAS mutations in vitro, Huang, et al. [136] engineered hPSC cell lines with 

doxycycline-inducible KRASG12D and GNASR201C and induced the oncogenes at PALO 

stage. While the GNASR201C induction did not show PDAC-related in vivo changes in 

PALOs, KRASG12D induced acinar-to-ductal metaplasia-like alterations (Figure 8)[136]. 

1.2.3.4 Engineering hPSC-derived ductal organoids for genetically customized 

PDAC induction 

Very recently, Breunig, et al. [2] and Huang, et al. [136] designed a protocol for generating 

PDLOs from hPSCs. Breunig, et al. [2] applied a two-stage protocol to PPs differentiated 

according to Nostro, et al. [145] and Hohwieler, et al. [146]. In contrast, Huang, et al. [136] 

employed a four-stage protocol to PPs, differentiated based on the protocol of Pagliuca, 

et al. [140] (Figure 9). Both ductal induction protocols employed activation of NOTCH, 

FGF, and EGF pathways and inhibition of WNT pathways. Additionally, Breunig, et al. [2] 

added zinc sulfate (ZnSO4) and nicotinamide (NA), whereas Huang, et al. [136] 

supplemented the media with RA and inhibited TGF-β and histone deacetylase (HDAC) 

signaling.  

The PDLOs, forming a one-layered ring-like epithelial structure, expressed in both 

approaches ductal cell markers like KRT19, CFTR, SOX9, HNF1B, and carbonic 

anhydrase II (CA2)[2,136]. Furthermore, PDLOs exhibited apical-in and basal-out polarity 

and were fully functional, as demonstrated by CA2 and CFTR activities[2,136]. The PDLOs 

achieved a ductal maturation similar to the fetal ductal pancreas. Notably, Breunig, et al. 
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[2] further matured the PDLOs into more complex PDLO structures by orthotopic 

transplantation. Taken together, Breunig, et al. [2] and Huang, et al. [136] developed a 

protocol to generate PDLOs that can be employed as a tool for pancreas developmental 

studies and disease modeling.  

 

Figure 9 | hPSC-derived PDLOs resemble pancreatic ductal development and 

allow the controlled study of different oncogenes. 

Schematic representation of the hPSC differentiation to PDLOs with relevant pathway regulation 

from the two distinct protocols of Breunig, et al. [2] and Huang, et al. [136]. The controlled activation 

of the oncogene KRASG12D (and CDKN2A-/-) models EMT and (de- ) differentiated PDAC upon 

transplantation[2,136]. The induction of oncogene GNASR201C/H induced cyst formation and IPMN 

formation upon transplantation[2,136]. Detail of Figure 2 with the region of interest for PDAC 

modeling is shown. 

The in vitro induction of oncogenic GNASR201C and GNASR201H in PDLOs leads to a 

morphological change toward a cyst structure, proliferation, and expression of IMPN-

related mucin-2 (MUC2) (Figure 9)[2,136]. After orthotopic transplantation, PDLOs formed 

IPMN-like structures[2,136]. Thus, the model featuring inducible GNAS oncogenes could 

emphasize the role of GNASR201C/H as a key player in cystic neoplastic growth in 

pancreatic ducts[2,147,148]. 
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In addition, oncogenic KRASG12D caused lumen filling and proliferation within the PDLOs 

from Huang, et al. [136] (Figure 9). Likewise, PDLOs expressing oncogenic KRASG12D 

showed lumen filling and were additionally marked by an inhibited proliferation within the 

study of Breunig, et al. [2]. Moreover, the KRASG12D-expressing PDLOs displayed EMT-

specific changes[2]. Orthotopic transplantation of these organoids led either to the 

formation of heterogenous dysplastic lesions or PDAC[2,136]. The combination of genetic 

covariance upon tumor suppressor cyclin-dependent kinase inhibitor 2A (CDKN2A) loss 

and KRASG12D overexpression resulted in growth arrest, lumen filling, and EMT-like 

changes, including migrational cell behavior within PDLOs[2].  

Altogether, the hPSC-derived PDLOs provide an untransformed genetic background, 

resembling healthy pancreatic ductal development with intermediates[2,136]. Thus, PDLOs 

enable genetically customized studies of pancreatic dysplasia in vitro and cancer 

formation upon orthotopic transplantation in vivo[2,136]. 

1.3 Methodic background - Microsystem tools for engineering exocrine 

pancreatic organoids on a microwell chip 

1.3.1 Microwell array chips 

Organ-on-chips are 3D microfluidic cell culture technologies that simulate organs' 

mechanics, functions, and physiological behavior with 3D organoids[149]. Organ-on-chip 

technologies are generated by combining various engineering approaches like 

microenvironment engineering, tissue engineering, and microfluidic engineering. The 

chip models became of greater interest than traditional 2D cell cultures, as they provide 

a higher organoid or tissue structure, resulting in a more physiological behavior and 

maturation [149]. Furthermore, the low-cost technology is adaptable to organ and research 

requirements to model in vitro multicellular function, development and disease without 

animal testing[149]. 

Today, thousands of different chip platforms have been developed and every chip 

platform is customized to specific research needs. Microwell array chips are the most 

simplistic form of chips, forming hundreds or thousands of organoids in parallel[1,150-156]. 

Since different sizes and shapes of microwells and cell type and number compromise 

aggregation, these properties need to be systematically tested[152,156]. An open platform 
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format further allows cell seeding without shear stress and easy sample retrieval without 

organoid disruption. 

1.3.2 Soft-lithography molding of chips with polydimethylsiloxane 

Polydimethylsiloxane (PDMS) is a transparent, flexible, low-cost, gas-permeable, and 

biocompatible polymer, making it attractive for various cell culture approaches[157]. PDMS 

is commonly used for microfluidic chip prototyping and manufacturing[157]. After mixing 

PDMS with a cross-linking agent, it can be poured onto microstructured molds and cured 

with heating to produce microfluidic chips. PDMS molding enables rapid chip design 

change and mass production from a single mold. However, PDMS can also absorb and 

release small molecules, requiring prior verification of media constituents and making 

most drug screening approaches impossible[158]. 

1.3.3 3D printing for customized chip molds 

The most commonly used chip fabrication method is soft-lithography. The molds for chips 

are usually produced with photolithography to produce high-resolution micro-structures. 

However, these molds are limited in the z-dimension with a maximum thickness of 

100 µm. To overcome this limitation, 3D printing is mainly limited by a maximum aspect 

ratio of 37:1[159]. Printing chip molds with a digital light processing (DLP) desktop 3D 

printer allows fast adaptable prototyping with an x-y-resolution going down to 25 µm. The 

minimum z-resolution depends on the print resist. 3D DLP printers have been used 

before to produce 3D molds for soft-lithography of microfluidic chips[160-162]. 

1.3.4 Engineering apical-out organoids for secretome studies 

To model a secretory organ such as the pancreas and its early stages of diseases, 

measurement of changes in secreted proteins could be applied to trace early changes 

within pancreatic cancer and possible liquid-biopsy early biomarkers[163,164]. In classical 

Matrigel or hydrogel culture, the accessibility of the embedded organoids for downstream 

analysis is limited[82]. Additionally, PDOs and PCOs exhibit an apical-in, basal-out polarity 

and are thereby secreting to their inner lumen[2,35,60,136,165]. Secreted proteins trapped 

inside the organoid or hydrogel are not or hardly analyzable. Usually, the matrix is 

dissolved, or organoids are disaggregated for the downstream analysis and can not be 

traced or analyzed in their original culture conditions[166]. Suppose that some of the 
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secreted proteins can be measured in the hydrogel; in this case, a standard cell medium 

contains serum or other proteins in high concentrations that cannot be washed out of the 

solid matrix for secretion analysis and thus strongly impede it. Co, et al. [166] reported a 

reversible polarity switch upon suspension culture within epithelial organoids to measure 

secretion. Combining the polarity switch with genetically adaptable hPSC-derived 

PDLOs[2,136] would be a convenient starting organoid type to measure the earliest 

possible stages of PDAC and their secretome. 

1.4 Methodic background - Validation and investigation of newly 

generated organoid types and their development 

Differentiating organoids from stem cells for the first time on-chip requires a detailed 

charting of the PDLOs. Methods such as recording cell identity at the single-cell level at 

various time points as transcriptome and proteome are suitable for characterization. 

1.4.1 Single-cell RNA sequencing 

In recent years, next-generation sequencing (NGS), created for high-throughput RNA 

bulk analysis, has been further developed to capture the transcriptome of single cells[167]. 

The development of single-cell mRNA sequencing (scRNA-seq) took the analyzing 

possibilities to the next level through the unbiased high-resolution recording of the 

transcriptomic cell state[167]. Briefly e.g., droplet-based scRNA-seq methods capture 

single cells together with gel beads within oil on a microfluidic chip to barcode their 

mRNAs with a unique molecular identifier (UMI)[168]. After cDNA-library preparation and 

sample barcoding, the transcriptome is sequenced with NGS methods. The reads are 

then quality filtered and annotated to the corresponding genome, and the expressed 

genes are allocated to the individual cells with the UMIs[169]. Bioinformatic analysis of 

scRNA-seq allows, e.g., uncovering new and unexpected biological processes, cell 

types, cell interactions, and developmental trajectories[169].  

1.4.2 High-resolution immunofluorescence imaging 

Due to scRNA-seq being elaborate, expensive, and does not resolve spatial information, 

it is usually applied to previously validated cells. Therefore, the expression of cell- or 

organoid-specific common proteins is usually examined. Specific antibodies bind to their 
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antigen in immunofluorescence (IF) staining and label the protein of interest with 

fluorophores. For example, IF stainings can be applied to single cells to validate or sort 

them according to their protein expression via flow cytometry. In addition, it can be 

applied to cell cultures and tissue slices and captured with fluorescence microscopes to 

validate and locate the expressed proteins. Combining scRNA-seq with high-resolution 

IF imaging allows i) the prior validation of known cell markers, ii) the morphological and 

structural charting of proteins, iii) the comparison and validation of the transcriptomic and 

proteomic cell state, and iv) the cellular localization of scRNA-seq-derived findings. 

1.4.3 Measurement of secretome and transcriptome with mass 

spectrometry 

In combination with mass spectrometry, liquid chromatography can separate, identify, 

and quantify different molecules with high specificity and sensitivity. In clinics, liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) is usually used for 

diagnostics[170]. In research, LC-MS/MS can be used to chart the proteome of secretome 

or lysed cell samples[171]. Applying LC-MS/MS onto the lysed PDLOs can further prove 

ductal identity and allow the possibility of comparing the transcriptomic and proteomic 

states of the PDLOs. Further, the measurable protein, protein levels, and protein 

isoforms can identify highly sensitive differences upon cancer induction within the 

secretome of PDLOs.  
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1.5 Research question – Engineering a chip for biomarker discovery 

1.5.1 Thesis background 

Given the poor effect of the current pancreatic cancer medication, removing the affected 

part of the pancreas by surgery still remains the only option for improving survival. 

However, only a few patients are eligible for this option[172], as the tumor is usually 

diagnosed too late due to its non-specific symptoms[173]. In order to tackle pancreatic 

cancer from different angles, it is necessary to improve in vitro modeling for new 

treatment methods and find ways to diagnose PDAC in the early stages[22].  

1.5.2 Thesis aims 

This thesis aimed to develop an in vitro model with hiPSC-derived PDLOs with the 

possibility of screening for early PDAC biomarkers. In order to accomplish this goal, the 

following assignments were required to be fulfilled consecutively: 

i) Engineer an easy and fast adaptable system to optimize starting and ending 

conditions and allow straightforward access for downstream analysis with the 

application possibilities to i) reproducibly aggregate a defined cell number to 

homogeneous 3D cell cultures, ii) have an adequate number of organoids on 

the chip, iii) enable live-cell imaging, iv) generate a PDLO type, which is 

applicable to secretome studies for early biomarker detection within a matrix-

free approach, v) easily apply downstream analysis, like IF imaging and 

sample retrieval for sequencing or proteomics, and vi) enable co-culturing of 

different cell types. 

ii) Perform an in-depth validation and investigation of the correct organoid type 

and development. Therefore, different methods should be applied to resolve 

transcriptomic and proteomic changes within the differentiation and further 

compare the organoids to the primary human pancreas. 

iii) Execute an in vivo proof-of-concept of the developed cell culture format to 

show the applicability of the chip system as a potential pancreatic cancer 

model. 
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1.5.3 Thesis content 

In this doctoral thesis, I engineered a microwell duct-on-chip technology to generate 

matrix-free hiPSC-derived pancreatic duct-like organoids (Figure 10). Time-resolved 

single-cell RNA sequencing together with immunofluorescence imaging and proteome 

analysis gave a deep understanding of PDLO developmental routes and cell type 

composition in vitro. Within the PDLO transcriptome, a CFTR- and a mucin-rich ductal 

subcluster could be identified and in vivo validated. Finally, I challenged the microwell 

duct-on-chip technology to measure secretome in order to identify and validate 

prognostic cancer markers. Accordingly, the microwell duct-on-chip technology is 

applicable for future ductal disease modeling.[1] 

 

Figure 10 | Engineering microwells for PDAC biomarker discovery. 

Schematic representation of the PDLO microwell chip to model and measure ductal secretion. 

Detail of Figure 2 with the region of interest for PDAC modeling is shown.  
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2 Material and Methods 
Parts of this chapter are quoted verbatim from the author's manuscript of Wiedenmann, 

et al. [1] with minimal corrections. A detailed description of my participation in the 

experiments and analysis can be found in Chapter 8.3. 

2.1 Microwell duct-on-chip technology 

2.1.1 Design of the negative microwell mold 

“All microwell chips used within this study consisted of four hexagonal microwell arrays 

surrounded by 12 pillars. Each pillar had a diameter of 0.6 mm and a height of 4 mm. 

The three different microwell chips had a well diameter of 150 µm, 300 µm, and 600 µm 

with 251, 61, and 19 wells per array, respectively. The well’s diameter-to-depth ratio on 

each microwell chip was 1:1.5.“[1] 

2.1.2 3D printing of the negative microwell mold 

“Molds of the PDMS microwell chips were printed using the Freeprint® mold (Detax) resin 

in a DLP 3D printer (Asiga PICO2 HD 27) with a slice thickness of 10 µm. After washing 

the prints twice with isopropanol for 10 min, molds were incubated at 80°C for 1 h. Post-

curing of the parts was achieved with an Otoflash G171 (NK-Optik) unit by exposing each 

side of the mild to 2000 flashes under a nitrogen environment. To ensure complete 

evaporation of isopropanol, molds were incubated at 80°C overnight.“[1] 

2.1.3 PDMS microwell chip molding 

“PDMS microwell chips were produced by standard soft-lithography. In short, 3D printed 

molds were precoated with 0.1% hydroxypropylmethylcellulose (Fluka Analytical) 

dissolved in 0.2 M sodium phosphate (Sigma) (pH=3, adjusted with 0.1 M citric acid 

(Sigma) for 10 min) based on a protocol by Gitlin, et al. [174]. The 3D printed molds were 

washed with deionized water and under a nitrogen atmosphere. 1:10 PDMS 

(SYLGARDTM 184 Silicone Elastomer Kit, Dow Chemical Company) was cast and 

degassed in a vacuum chamber. A glass substrate was placed onto the microwell chip 

spacer structures and the PDMS was cured for 1.5 h at 80°C (Figure 11, steps 1-3).“[1] 
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Figure 11 | Design, production, and use of the microwell duct-on-chip 

technology. 

“Schematic of the microwell chip fabrication (steps 1–3) and cell seeding process (steps 4–6). 

Step 1: PDMS is poured into the 3D printed mold. Step 2: A glass slide is aligned to imprinted 

spacers of the mold. Step 3: PDMS is released from the mold and glass. Step 4: After passivation 

of PDMS with the hydrophobic co-block polymer pluronic-F127, cells resuspended in 20–40 µl of 

media are pipetted into the microwell arrays held by surface tension due to the 12 surrounding 

pillars. Step 5: Cells settle into the microwells within 30 min. Step 6: The microwell chip is filled 

up to 800 µl of media and cells aggregate within 4 h.“[1] The figure is adapted from Wiedenmann, 

et al. [1] and used with “author permission rights” from Nature. 

2.2 Cell experiments 

2.2.1 Cell seeding onto the microwell duct-on-chip technology 

“Before cell seeding, microwell chips were coated with 10% Pluronic F-127 (Sigma) 

overnight and sterilized for 30 min using 254 nm UV light (NK-Optik). On the next day, 

microwell chips were washed twice with Dulbecco’s Phosphate Buffered Saline (PBS) 

(Gibco) and once with DMEM:F12 (Gibco). For ductal differentiation on microwell chips, 

PPs were washed with PBS, then incubated for 3-8 min with TrypLE Select (Gibco) at 

37°C for detachment. PPs were centrifuged at 200 g for 5 min and then seeded in 35 µl 

PDLO medium per array (Figure 11 step 4). The surface tension on top of the arrays 

allowed an equal distribution of the cell suspension. After the cells settled at 37°C for 

45 min (Figure 11 step 5), additional 660 µl of PDLO medium was carefully added to the 

side of the microwell chip (Figure 11 step 6). The cells formed 3D aggregates within a 

few hours. For preliminary determination of the ideal cell number for organoid formation, 
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hiPSCs were seeded on the microwell chip in mTeSR1 medium, supplemented with 

10 µM ROCK inhibitor Y-27632 (abcam) during the first 24 h (Supplementary Video 

1).“[1] 

2.2.2 Culture of hiPSCs 

“Generation and culturing of the hiPSC line has been described previously[109]. Briefly, 

hiPSCs were cultured on hESC Matrigel-precoated plates according to the 

manufacturer’s recommendations (Corning) in mTeSR1 medium (Stemcell 

Technologies) at 5% CO2, 5% O2, and 37°C with daily medium change. The general 

scientific use of the cells was approved by the local Ethics Committee at Ulm University 

(reference no. 68/11-UBB/bal.). The isolation method, culture and pancreatic 

differentiation of hiPSCs, as well as the study of hiPSC derivatives was approved by the 

local Ethics Committee at Ulm University (reference no. 159/19) under informed consent 

of donors.“[1] 

2.2.3 HiPSC differentiation to PDLOs 

“HiPSCs were differentiated into PPs in a monolayer culture based on a fused protocol 

from two previously published studies[109,145]. In brief, 2.5x 105 hiPSCs were seeded in 

mTeSR1 with 10 µM Rock inhibitor per well of a 24-well plate, precoated with growth 

factor reduced (GFR) Matrigel (1:18 in DMEM:F12, Corning). For the first 6 days, cells 

were differentiated in the backbone media BE1: MCDB131 (Invitrogen) supplemented 

with 1% Glutamax (Gibco), 0.8 g/L glucose (Sigma), 1.174 g/L sodium bicarbonate 

(Sigma), and 5 g/L fatty acid-free (FAF) bovine serum albumin (BSA) (Proliant). While 

100 ng/ml Activin A (PeproTech) and 2 µM GSK3β-inhibitor (CHIR99021) (Axon 

MedChem) were added for 24 h, the medium contained 100 ng/ml Activin A and 5 ng/ml 

bFGF (Novoprotein) for the following two days. From day 3 until day 6 the BE1 media 

was complemented with 50 ng/ml FGF10 (R&D), 0.75 µM dorsomorphin (Sigma), and 

3 ng/ml mouse Wnt3a (PeproTech). The subsequent backbone media BE3 was 

composed of MCDB131, 1% glutamax, 3.3 g/L glucose, 1,754 g/L sodium bicarbonate, 

20 g/L FAF-BSA, and 0.5% insulin-transferrin-selenium-X (Gibco). From day 6 until day 

9 50 ng/ml FGF10, 200 nM LDN-193189, 0.25 µM SANT-1, 2 µM retinoic acid, and 

0.044 g/L L-ascorbic acid (all Sigma) were added. From day 9 until day 13, BE3 media 
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was supplemented with 200 nM LDN-193189, 100 ng/ml EGF (R&D), 10 mM 

nicotinamide (Sigma), 330 nM indolactam V (StemCell Technologies), and 0.044 g/L L-

ascorbic acid. The media was freshly prepared and changed every day. At day 3 

(definitive endoderm), day 9 (pancreatic endoderm), and day 13 (pancreas progenitor 

stage) the differentiation efficiencies were analyzed by flow cytometry. Pancreas 

progenitors were only used when at least 70% of the cells were PDX1 and NKX6-1 

double-positive.“[1] 

“For differentiation from PPs to PDLOs, cells were transferred on the microwell duct-on-

chip technology facilitating a 3D cell culture. For the first seven days on the microwell 

chip, BE3 medium was supplemented with 1% Penicillin/Streptomycin (Sigma), 10 mM 

nicotinamide, 10 µM ZnSO4 (Sigma), 50 ng/ml EGF, 50 ng/ml FGF10, 50 ng/ml KGF 

(PeproTech), 50 nM MSC2530818 (SelleckChem), and 0.044 g/L L-ascorbic acid (PDLO 

medium phase I). 10 µM Rock inhibitor was additionally added for the transfer of PPs on 

the microwell chip. From day 20 on, cells were differentiated in BE3 containing 1% 

Penicillin/Streptomycin, 10 mM nicotinamide, 10 µM ZnSO4, 50 ng/ml EGF, 50 n/ml 

FGF10, and 0.044 g/L L-ascorbic acid (PDLO medium phase II). The media was 

changed twice a week. The complete differentiation scheme from hiPSCs to PDLOs is 

displayed in Figure 14a.“[1] 

2.2.4 Differentiation quality control via flow cytometry 

“Differentiation efficiencies were controlled on days 3, 9, and 13. The percentage of 

definitive endoderm cells was assessed by staining the surface marker CXCR4 and c-

KIT on day 3. Pancreatic endoderm and pancreas progenitor cells were fixed in 

formaldehyde (4% PFA) (Thermo Fisher Scientific) on days 9 and 13 for intracellular 

staining of PDX1, and PDX1/NKX6-1, respectively. Details of the staining procedure 

have been previously described by Hohwieler, et al. [109].“[1] 

2.2.5 Matrigel culture 

“For studying niche-dependent polarity changes, microwell chip-derived PDLOs were 

harvested and transferred to a Matrigel 3D culture. After pipetting PBS directly on top of 

the microwells, PDLO cells on day 27 were washed in BE3 medium and PDLOs from ¼ 

array were resuspended in 50 µl (-Matrigel. Domes of 50 µl were seeded on 24-well plate 
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wells and after solidification for 10 min at 37 °C, PDLO medium phase II supplemented 

with 10 µM Y-27632 was added. After 14 days of culture with medium change (PDLO 

medium phase II) every 2-3 days, PDLOs were fixated with 4% PFA with 10% Sucrose 

for histological analysis and processed as described in later sections.“[1] 

2.2.6 Mouse model 

“NOD scid gamma (NSG) mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ strain (Charles 

River); RRID:BCBC_4142) were used for xenotransplantation of PDLOs into the 

pancreas with permission of the “Regierungspräsidium Tübingen” (TVA-1406). All animal 

work was performed under ethical and animal protection regulations of the German 

animal protection law. Husbandry was performed in standardized hygiene barrier rooms 

with reduced pathogen microorganism burden. 10-week-old females were used for 

xenotransplantation experiments. Housing was performed in groups of two to four mice 

per cage.“[1] 

2.2.6.1 Orthotopic transplantation of PDLOs  

“Microwell chip-derived PDLOs at day 27 were harvested and singularized. After 

pipetting PBS directly on top of the microwells, cells were washed two more times with 

PBS and singularized with Accutase (Sigma) at 37°C for 30min. The enzymatic reaction 

was neutralized with DMEM/F12 (Gibco), supplemented with 1% BSA (Proliant) and 1% 

P/S (Thermo). Thereafter, cells were washed in BE3 medium and resuspended in PDLO 

medium phase II supplemented with 20 µM Y-27632 and GFR-Matrigel in a 1:1 ratio. 

Aliquots with cell/Matrigel mixture were kept on ice until transplantation. Mice were pain-

mediated starting three days before transplantation by addition of 1 mg/ml Tramadol 

(Grünenthal) to the drinking water. To improve efficacy when transplanting low number 

of PDLO cells, acute pancreatitis was induced using caerulein (Sigma). 10 µl of 5 µg/ml 

Caerulin 0.9% NaCl solution was injected intraperitoneally every hour six times prior to 

transplantation. After anesthesia with isoflurane, a small cutaneous midline incision was 

followed by a small incision into the peritoneum. A volume of 50 µl containing 100,000 

cells was delivered orthotopically to every mouse into the pancreatic tail. Carefully, 

pancreas and spleen were repositioned in the abdomen before the peritoneum was 

closed by medical sewing using 5-0 polyglactin-coated vicryl suture (Ethicon). Surgical 
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staples were used for closing the skin and removed one week after transplantation., 

Tramadol treatment was stopped at this moment. After eight weeks, mice were sacrificed 

and pancreata were collected, fixed with 4% PFA at 4°C o/n, before being processed for 

histological analysis. All animal experiments were performed in compliance with the 

institutional guidelines, under ethical and animal protection regulations of Ulm 

University.“[1] 

2.2.7 Pancreatic stellate cells 

“Human pancreatic stellate cells (HPaSteCs), isolated from a chronic pancreatitis 

resection and immortalized by SV40 large T antigen and the catalytic subunit of 

hTERT[175], were kindly provided by Prof. Matthias Löhr (Karolinska Institute). Cells were 

cultured in DMEM supplemented with 10% FCS and 1% P/S and split using 0.05% 

Trypsin-EDTA (Sigma) twice a week in a 1:6 ratio“[1] by my colleagues of the Kleger lab. 

2.2.8 PDLO/Stellate co-culture 

“PDLOs and HPaSteCs were seeded on a fluidic hexagonal microwell duct-on-chip 

technology facilitating paracrine signaling between PDLOs and HPaSteCs in the same 

microwell chip without direct cellular contact. For this, 150 cells were seeded per well 

following the procedure described above (Figure 29a). The PDLOs were derived on the 

upscaled microwell duct-on-chip technology (Figure 30a), harvested at day 31, and 

transferred onto two arrays of the microwell chip (Figure 12). The microwell chip was 

filled with phase II ductal media and co-cultured for three days without media change. 

The 3D HPaSteC aggregates and PDLOs were harvested on day 34. Briefly, media was 

removed, and drops of 40 µl PBS were delivered on top of each array. Utilizing surface 

tension, the HPaSteC aggregates and PDLOs were harvested without cross-

contamination before being washed three times with PBS. The 3D HPaSteCs aggregates 

and PDLOs were centrifuged with 200g for 5 min after each 10 min the washing steps. 

The dry pellet was frozen and stored at -80 °C before sample preparation for proteomic 

measurements.“[1] 
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2.3 Imaging experiments 

2.3.1 Live Imaging 

“For live-cell imaging, PDLOs were imaged every 2 hours from day 24 to 31 of 

differentiation with a Zeiss Axio Observer Z1 microscope. The PDLOs on microwell chip 

were kept in cell culturing conditions with a stage top incubator (Tokai Hit).“[1] 

2.3.2 Forskolin swelling assay 

“For the swelling assay, organoids were transferred to a bright field imaging microwell 

chip, which was composed of microwells with a diameter of 300 µm and a flat bottom to 

allow improved bright field imaging. Cells were stimulated on day 28 with either 20 µM 

forskolin (Abcam) and 100 µM 3-Isobutyl-1-methylxanthine (Sigma) (forskolin treatment) 

or 1:1000 DMSO (control) in DMEM:F12 medium. Live cell imaging was performed on a 

Zeiss Axio Observer Z1 microscope for 18 h after treatment. Images of 16 different 

positions were taken for each sample every 20 min.“[1] 

2.3.3 Fast acrylamide free tissue clearing and immunofluorescence staining 

“To allow imaging of whole organoids on microwell chips, the organoids were cleared 

with a protocol based on fast acrylamide free tissue clearing (FACT)[176]. Therefore, 

organoids were washed once with PBS and then PFA fixed for three days at 4°C. 

Washing with PBS was followed by incubation at 37°C for 1-3 h with 8% ultra-pure SDS 

(Invitrogen) in PBS for actual clearing. After two washing steps with PBS and PBS-T 

(0.01% Tween 20 (Roth)), the organoids were subjected to blocking and permeabilization 

with 1% BSA (Roche), 22.52 mg Glycin (Roth), and 0.1% Tween 20 for 1 h. The primary 

antibody was diluted in 1% BSA and 0.1% Tween 20 and samples were stained for 

3 days at 4°C. After washing twice with TBS-T (Duolink), organoids were incubated with 

the secondary antibody diluted in 1% BSA overnight at 4°C. The organoids were washed 

twice with TBS (Duolink) before incubation with 1 µg/ml DAPI (Sigma) for 15 min. 

Subsequently, the organoids were washed twice with TBS-T and fixed for 30 min with 

4% PFA. During confocal imaging (Zeiss Axio Observer LSM 880), organoids were kept 

on microwell chips in X-CLARITY Mounting Solution (Logos Biosystems).“[1] 
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A detailed list of the employed antibodies with their dilution and conditions can be found 

in supplement chapter 8.1.1. 

2.3.4 Paraffin embedding of PDLOs  

“PDLOs were harvested with PBS as described in the Matrigel culture section. 

Harvesting was followed by fixation of PDLOs in 4% PFA with 100 mM sucrose. After 

incubation at 4°C o/n, PFA was removed carefully and PDLOs were washed twice with 

PBS. Samples were pre-embedded in 2% agarose (Sigma) and further processed 

according to standard histology procedures. After serial dehydration, PDLOs were 

embedded in paraffin and 4 µm sections were prepared. Tissue slices were mounted on 

SuperFrost Ultra Plus microscope slides (Thermo). Pancreatic tissue from 

transplantation experiments were fixed, embedded, and sectioned as described above 

without pre-embedding in 2% agarose.“[1] 

2.3.5 Histological standard techniques 

“Histological stainings, including Hematoxylin and Eosin (H&E) staining, were performed 

according to standard protocols. Paraffin sections of PDLOs or pancreatic tissue were 

rehydrated in ethanol series followed by either heat-mediated or enzymatic antigen 

retrieval, depending on the antibody (supplement chapter 8.1.1). Tris buffer (pH=9) or 

Citrate buffer (pH 6, both Vector Laboratories) were used for heat-mediated antigen 

retrieval in a steamer, while a self-made Citrate buffer (pH=6, 1.9 g/l citric acid; Sigma) 

was used in the pressure cooker. To continue with immunofluorescence-paraffin (IF-p) 

staining, tissue permeabilization was performed with 0.5% Triton X-100/PBS (PBS-T) for 

30 min at RT. After washing twice, slides were incubated o/n at 4°C in a wet chamber 

with the primary antibodies diluted in Antibody Diluent (Zytomed). After washing three 

times with PBS-T for 5 min, slides were stained with Alexa Fluor secondary antibodies 

(Thermo) and 500 ng/ml DAPI diluted in Antibody Diluent for 90 min at RT in the dark. 

Slides were washed three times with PBS-T and finally with dH2O before sections were 

mounted with Fluoromount-G (SouthernBiotech).“[1] 

2.3.6 IHC staining on paraffin tissue sections 

“Immunohistochemistry (IHC-p) staining of filamin b (FLNB) was performed on a 

comprehensive human PDAC patient cohort consisting of 86 available tissues from 
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resected PDACs[177-179] on a fully automated OMNIS staining device (Dako) using 

Envision FLEX HRP Magenta high pH kit (Dako, GV900) according to manufacturer’s 

recommendations. Briefly, paraffin slides were incubated with primary FLNB (rabbit, 

1:50, Merck, HPA004886) antibody for 30 min at RT in a wet chamber, secondary 

reagent for 10 min, polymer reagent for 20 min and chromogen for 5 min for color 

development. Washing steps were performed as described in the manufacturer's 

recommendations. Nuclei were counterstained with 20% haematoxylin (Dako, 

GC808).“[1] 

“The probes were graded according to PDAC and PanIN cells. The intensity of FLNB 

was denoted from 0 to 3 (0 negative, 3 strongly positive). The percentage of positive 

FLNB cells within cancerous structures was graded from 1 to 5 (1 denotes 20% and 5 

100% of FLNB positive cells). All healthy ductal cells were slightly positive and rated with 

5 (number of positive cells) and 1 (intensity).“[1] 

“The H-score[180,181] was calculated by multiplication of intensity scores (intensity of 

staining) with percentage scores (number of positive cells) in PDAC, PanIN, and healthy 

cells. For the Kaplan-Meier plots, the maximal H-Score per lesion was used for each 

patient. The patients with non-tumor-related death were treated as alive. For the bar plot 

in Figure 30e, a Mann-Whitney-U Test was used to calculate statistical significance.“[1] 

2.3.7 Image analysis 

“IF, IHC and bright-field images were cropped, rotated, aligned, enlarged (with black 

background to unify the picture size), and brightness and contrast edited with ImageJ. 

The measurements of organoid diameters for the comparison of different cell numbers 

and well diameters were performed in ImageJ. In Figure 12e at least 58 3D PP 

aggregates from three different microwell duct-on-chip arrays were measured for each 

condition. In Figure 13b, 3D hiPSC aggregates from four technical replicates were 

measured over three days. One-sided students t-test was used to analyze size changes 

in R. Normal distribution was confirmed by the Shapiro-Wilk test. For image analysis and 

editing, ImageJ version 1.52p was used[182].“[1] 
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2.4 Single-cell transcriptome experiments 

2.4.1 Sample preparation for scRNA-seq 

“While PPs at day 13 were harvested with TrypLE Select as described above, organoids 

on the microwell chip were harvested on days 14, 16, 20, 23, 27 (samples from 

experiment 2: 600 cells, 300 µm microwell diameter), and 31 (samples from experiment 

1: 300 cells, 300 µm microwell diameter and 600 cells, 600 µm microwell diameter) by 

washing the microwell chip three times with PBS. For the dissociation of PDLOs into 

single cells, organoids were incubated in Accutase for 30-45 min at 37°C. In experiment 

2, single cells were cryo-preserved in DMEM with 10% heat-inactivated FBS (Thermo 

Fisher Scientific) and 10% DMSO based on a previously described scRNA-seq sample 

preparation protocol[183]. For sequencing, cryo-preserved cells were thawed in 

DMEM:F12 and then live-dead filtered as described in the 10x Genomics protocol 

CG000093. Experiment 1 (Figure 14a) cells were not cryo-preserved or filtered but 

directly processed for actual scRNA-seq measurements. An RNA library was generated 

using Chromium Single Cell 3’ library and gel bead kit v3.1 (10x Genomics). The 

amplified cDNA library was sequenced on a NovaSeq 6000 S2 flow cell from Illumina. 

The number of the sequenced cells is presented in Figure 20b.“[1] 

2.4.2 ScRNA-seq data pre-processing 

“Raw sequencing data files were demultiplexed, aligned (reference genome 

hg38_ensrel96), filtered, barcodes and UMIs counted, and subjected to a quality filter 

with CellRanger (10xGenomics). The pre-processing and downstream analysis were 

performed with the package ‘Scanpy API’[184] in python with default parameters, if not 

stated differently. First, dead or stressed cells were eliminated, identified by a percentage 

of mitochondrial genes higher than 15%. Next, cells with less than 1,200 or more than 

104 expressed genes and genes expressed in less than three cells were excluded. 

Afterward, the datasets of different days and experiments were concatenated, 

normalized to 104 gene counts per cell and log-transformed. Batch effects were corrected 

using ComBat. Further on, the top 4,000 highly variable genes were used for the 

downstream analysis. As discussed by Luecken and Theis [169], the total gene counts, 

percentage of mitochondrial genes, and the cell cycle distribution of S, G2 and M phase 
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were corrected to investigate differentiation-dependent changes on the transcriptome 

level.“[1] 

2.4.3 Dimensionality reduction, clustering, and cell-type annotation 

“The single-cell neighborhood graph was computed with the first 50 principal components 

and ten nearest neighbors and the cells were clustered with the Louvain algorithm[185] at 

a resolution of 0.4. For visualization, the dimensionality of the data was reduced using 

Uniform Manifold Approximation and Projection (UMAP)[186]. For cell type annotation, 300 

DEGs for each of the nine Louvain clusters were calculated by ranking the clusters 

against all remaining cells with the t-test method (Supplementary Data 1). The clusters 

were then annotated based on known marker genes.“[1] 

2.4.4 RNA velocity through dynamical modelling 

“To study developmental trajectories, RNA velocity was calculated and directional 

dynamic gene information was recovered by splicing kinetics. Information like clustering 

and UMAP coordinates were retrieved from the Scanpy analysis. The preprocessing and 

downstream analysis were performed with scVelo[187] using default parameters. Splice 

variants and cells were filtered, normalized, and set to log scale with the function 

scv.pp.filter_and_normalize (parameters: min_cells=3, min_counts=200, 

min_shared_counts=20, n_top_genes=500). In a next step, the moments, based on the 

connectivity, were calculated with 30 PCAs and 30 neighbors. After recovering the 

dynamics, the latent time was calculated with a root cell from day 13. Based on this latent 

time, the velocity was calculated as a dynamical model[187].“[1] 

“For the poly fit presented in Figure 23e, the endocrine and the endothelial cell clusters, 

as well as all cells from the progenitor clusters with a latent time higher than 0.5 were 

excluded. Thereby mainly excluding the progenitor cells present at late time points. 

Afterward, the cells were sorted by their latent time and the gene expression was fitted 

to a 3rd degree polynomial, following the code published by Bastidas-Ponce, et al. [188].“[1] 

2.4.5 Enriched gene expression of gene sets 

“The gene enrichment UMAP plots from Figure 25, Figure 26, and Figure 30c were 

generated using the scanpy command sc.tl.score_genes. The score function subtracts 
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the average expression of a set of genes with a reference gene set expression, randomly 

sampled from the whole gene pool. The gene lists for the pathway analysis were 

downloaded with the R package KEGGREST.“[1] 

2.4.6 Integration of primary pancreas datasets 

“For the integration of the primary pancreas, three human datasets were used. While 

GSE84133[4] (human samples GSM2230757, GSM2230759 and GSM2230760) and 

GSE81547[6] mainly focused on endocrine cells, GSE131886[5] described the ductal cell 

types. Before concatenation, the datasets were preprocessed, clustered, and aligned as 

described for the PDLO scRNA-seq data. For calculation of the neighborhood graph, 32 

PCAs (based on an elbow plot) and 20 nearest neighbors were considered. For 

integration and correction of the datasets, bbknn was applied to the datasets 

(neighbors_within_batch=5, n_pcs=32, trim=0, copy=True) before reclustering of cells 

with the Louvain algorithm[185] at a resolution of 1.3.“[1] 

2.4.7 Reclustering of the GSE131886[5] dataset  

“In order to further investigate the markers featuring the duct-like cell cluster, the 

GSE131886[5] dataset was re-clustered similar to our main analysis. Cells with less than 

800 different genes and more than 15% of mitochondrial counts were filtered out. For the 

re-clustering, a Louvain algorithm at a resolution of 0.06 was applied, and 2000 variable 

genes and 27 PCs were taken into account.“[1] 

2.5 Proteome and secretome experiments 

2.5.1 PDLO Secretome – Sample preparation for mass spectrometry 

“For determination of PDLOs secretome, an upscaled microwell chip was manufactured. 

The chip contained 1196 microwells with a well diameter of 400 µm, a well depth of 

600 µm. A total of 600 cells were seeded per well (Figure 30a). On day 28 of 

differentiation, PDLOs were washed three times with DMEM:F12 medium without 

supplements. 10 min incubation time between the washing steps ensured the settling of 

eventually floating PDLOs. Then, 700 µl blank DMEM:F12 was added and the 

supernatant was retrieved after 8 h for subsequent analysis by mass spectrometry. For 

the parallel PDLO proteome characterization, PDLOs were harvested at the end and 
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washed twice with ice-cold PBS and then subjected to lysis for 15 min on ice in 200 µl 

RIPA buffer (Thermo Fisher Scientific). For disruption of the DNA, samples were 

additionally sonicated and then incubated for another 15 min on ice. Protein lysates were 

centrifuged at 13,000 rpm for 5 min at 4°C and the supernatant was collected. 10 µg 

lysate and 20 µg supernatant were subjected to tryptic digestion by applying a modified 

filter-aided sample preparation (FASP) procedure as described[189]. Peptides were 

collected by centrifugation (10 min at 14,000 rpm) and acidified with 0.5% trifluoroacetic 

acid (TFA) and stored at -20°C.“[1] 

2.5.2 Mass spectrometric measurements 

“LC-MS/MS analysis was performed in data-dependent acquisition (DDA) mode. MS 

data were acquired on a Q-Exactive HF-X mass spectrometer (Thermo Scientific), each 

online coupled to a nano-RSLC (Ultimate 3000 RSLC; Dionex). Tryptic peptides were 

automatically loaded on a C18 trap column (300 µm inner diameter (ID) × 5 mm, Acclaim 

PepMap100 C18, 5 µm, 100 Å, LC Packings) at 30 µl/min flow rate. For chromatography, 

a C18 reversed-phase analytical column (nanoEase MZ HSS T3 Column, 100 Å, 1.8 µm, 

75 µm x 250 mm, Waters) at 250 nl/min flow rate in a 95-min non-linear acetonitrile 

gradient from 3 to 40% in 0.1% formic acid was used. High-resolution (60,000 full width 

at half-maximum) MS spectrum was acquired with a mass range from 300 to 1500 m/z 

with an automatic gain control target set to 3x 106 and a maximum of 30 ms injection 

time. From the MS pre-scan, the 15 most abundant peptide ions were selected for 

fragmentation (MS/MS) if at least doubly charged, with a dynamic exclusion of 30 s. 

MS/MS spectra were recorded at a resolution of 15,000 with an automatic gain control 

target set to 5x 102 and a maximum of 50 ms injection time. The normalized collision 

energy was 28, and the spectra were recorded in profile mode.“[1] 

2.5.3 Data Processing – Protein Identification 

“Proteome Discoverer 2.4 software (Thermo Fisher Scientific; version 2.4.1.15) was used 

for peptide and protein identification via a database search (Sequest HT search engine) 

against Swissprot human database (Release 2020_02, 20349 sequences). Full tryptic 

specificity was considered, allowing for one missed tryptic cleavage sites, precursor 

mass tolerance 10 ppm, and fragment mass tolerance 0.02 Da. Carbamidomethylation 
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of Cys was set as a static modification. Dynamic modifications included deamidation of 

Asn, Gln, oxidation of Met; and a combination of Met loss with acetylation on protein N-

terminus. Percolator was used for validating peptide spectrum matches and peptides, 

accepting upon only the top-scoring hit for each spectrum, and satisfying the cut-off 

values for FDR <1%, and posterior error probability <0.01. The final list of proteins 

complied with the strict parsimony principle.“[1] 

2.5.4 Data processing – Label-free quantification 

“Proteins were quantified based on abundance values for unique peptides. For this, 

abundance values were first normalized to each sample's total amount of peptides to 

account for sample loading errors. The abundance of proteins was calculated by 

summing up the abundance values for admissible peptides. In the following, only proteins 

with more than one unique peptide hit were used for downstream analysis.“[1] 

“The secretome data were filtered as follows: First, only proteins not detected in the 

parallel recorded proteome or scRNA transcriptome datasets of the duct-like clusters 

were filtered. Secondly, proteins that were never detected before in the pancreas were 

filtered out. Therefore, the protein list “not detected proteins in the pancreas” of the 

Human Protein Atlas project[190] was used. To determine the fraction of actively secreted 

proteins, the PDLO secretome was matched against the refined human secretome[191]. 

Here, only proteins with the label blood secretion and extracellular space were used.“[1] 

“The changes in protein abundance within the co-culture experiment were calculated by 

normalizing the proteomes to the mean abundance levels. The PCs were calculated on 

the normalized abundances. In the following, log2 fold changes of the proteins were 

calculated between individual and co-culture. The upregulated proteins in co-culture 

experiments versus the respective separately cultured PDLOs or HPaSteCs were further 

subjected to overrepresentation analyses. Enrichment of upregulated proteins with gene 

sets in common databases (Gene Ontology, KEGG, Reactome) was tested using the 

browser tool g:Profiler (version: e100_eg47_p14_7733820)[192]. EnrichR[193,194] enabled 

the analysis extension to a collective EnrichR database comprising transcription factor-

protein interaction networks. The co-culture signaling networks were generated using 

X2Kweb[195].“[1] 
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2.6 Filamin B validation experiments 

2.6.1 Patient material  

“Samples of FFPE material and clinical data from clinical reports originate from a  

previously published ULM cohort which included 122 patients with resected PDAC 

[178,179]. Data collection was conducted retrospectively and included cases from 1997 to 

2008. The study was approved by the local Ethics Committee at Ulm University 

(reference no. #67, 105/98, 211/2002 and 268/2008).“[1] 

“Blood plasma of patients with metastasizing PDAC was provided by the biobank of Ulm 

University Hospital. A group of healthy subjects was used as controls. The study was 

approved by the local Ethics Committee at Ulm University (reference no. 159/19). Written 

informed consent of all patients was given for material extraction and scientific use.“[1] 

2.6.2 Enzyme-linked immunosorbent assay 

“The level of human filamin B in PDAC patient serum was run using the FLNB ELISA kit 

(MyBioSource, MBS731914) according to manufacturer’s guidelines. Before assaying, 

plasma was centrifuged at 1000 x g for 15 min at 4 °C and the undiluted supernatant was 

added in duplicates to the ELISA plate. Absorbance at 450 nm was measured with Tecan 

Infinite M200 Pro plate reader. The concentration of the samples was interpolated from 

the standard curve that was determined within the same experiment run. The results and 

patient characteristics can be found in Supplementary Data 5. Statistical significance 

between the control patients and PDAC patients with grading 2 and 3 was calculated 

with a t-test (Figure 30h). One patient with a tumor grading of 2-3 was excluded for the 

calculation of statistical significance.“[1] 

2.7 Software specifications 

“The scRNA-seq alignment was run in CellRanger version 3.0.1. The analyses were run 

in python 3.7.4 with Scanpy API version 1.4.4 or 1.5.1, anndata version 0.6.22 or 0.7.4, 

umap version 0.3.10, numpy version 1.17.4, scipy version 1.5.1, pandas version 0.25.3 

or 1.0.5, scikit-learn version 0.22, statsmodels version 0.10.1, python-igraph version 

0.7.1, louvain version 0.6.1, scvelo version 0.1.26 development, matplotlib version 3.2.1, 
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seaborn version 0.9.0, loompy version 3.0.6, XlsxWriter version 1.2.6, bbknn version 

1.3.6 and scrublet version 0.2.1.“[1] 

“The plots from Figure 12, Figure 30, Figure 13 and Figure 31 were generated in 

RStudio with R version 3.6.0 with the R packages readxl version 1.3.1, ggplot2 version 

3.3.0, dplyr version 1.0.4, survminer version 0.4.8, ggpubr version 0.4.0, reshape2 

version 1.4.4, survival version 3.1-12 and ggsignif version 0.6.0. Dot plots in Figure 30e 

and bar graphs in Figure 31b were generated using GraphPad Prism version 8.4.3. PCs 

(Figure 29b) were calculated with stats version 3.6.0 and plotted with factoextra version 

1.0.7.“[1] 

2.8 Data availability 

“The data supporting the results in this study are available in the thesis and its 

supplementary. Raw data, read counts and the analyzed datasets from scRNA-seq can 

be accessed from the Gene Expression Omnibus repository using the accession code 

GSE162547. Mass spectrometry data have been deposited on the PRIDE database and 

can be accessed with the identifier PXD024461.“[1] 

2.9 Code availability 

“The code for scRNA-seq analysis is available on Zenodo at 

https://doi.org/10.5281/zenodo.4738625[196].“[1]  
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3 Results 

3.1 Design of a microwell chip for the formation and differentiation of 

3D PP aggregates 

In this study, a microwell chip technology was designed and engineered to allow the long-

term cultivation of duct-like organoids from hiPSC-derived PPs. The microwell chip's 

pourable negative molds (Figure 12a) were designed with 3D CAD software and printed 

with a 3D DLP printer, thus enabling an easy and fast adaption to the design 

 

Figure 12 | Engineering a 3D microwell chip to generate, cultivate, and 

differentiate 3D cell aggregates. 

a, Example illustration of the 3D printed castable negative mold design of the microwell chip with 

a well diameter of 600 µm and 19 microwells per array. b, The casted microwell chip with the four 

hexagonal arrays during cell seeding. The twelve pillars around the arrays hold the medium droplet 

of 20 - 40 µl containing the cells over the array with the help of surface tension. Scale bar denotes 

1 cm. c, Image of the chip after filling up to 800 µl medium for long-term cultures and differentiation. 

Scale bar denotes 1 cm. d, Cross-section of the microwell chip to illustrate the microwell shape 

and the 180 µm thin bottom. Scale bar denotes 300 μm. e, Bottom-up view of a microwell chip 

array with hiPSC-derived 3D PP aggregates formed from 600 cells in a microwell chip with a well 

diameter of 300 µm. Scale bar denotes 1 mm and 100 μm for the magnification.[1] The figure is 

adapted from Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 
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requirements. The 3D printed molds were then used to produce the microwell chips by 

soft-lithography with PDMS. Each of the microwell chips featured four hexagonal arrays 

of conical microwells surrounded by twelve round pillars. Using surface tension, these 

pillars captured an aqueous droplet (20-40 µl) on top of the array (Figure 12b). This 

enabled the seeding of a defined cell number per well and the possibility of studying up 

to four different conditions or cell types on the microwell chip. The microwell chip was 

filled with differentiation or co-culturing media, connecting all wells and arrays for long-

term cultivation (Figure 12c). The four arrays allowed staining of up to four different 

antibody combinations on-chip. High-resolution imaging of the entrapped organoids was 

enabled by the 180-µm thin PDMS bottom layer (Figure 12d). The combination of the 

roundings between the wells and the pillars allowed an accurate and homogeneous cell 

seeding process in the absence of blind cell spots (Figure 12d,e). For a detailed 

description of the production workflow and cell seeding and cultivation process, please 

refer to Figure 11 within the material and methods section.[1] 

It is known that the shape, size, and (cell) material of the microwells and the 3D cell 

aggregates can influence the formation, survival, and differentiation 

efficiency[150,152,156,197,198]. Cell number and well size were systematically altered to 

provide the best starting conditions. Initially, the viability of 3D hiPSC aggregates in 

microwells of different sizes (150, 300 and 600 µm diameter) was examined by 

measuring the growth rates of the 3D hiPSC aggregates (Figure 13a,b). Formation of 

hiPSC aggregates was observed within four hours on the microwell chip 

(Supplementary Video 1) with a homogeneous size corresponding to the different well 

diameters and cell numbers (Figure 13a,c). Few numbers of cells (<50 cells/well) did not 

aggregate in the microwells. 3D aggregates with a diameter lower than 50 µm were 

associated with either substantial cell death or slowly growing over three days. To avoid 

insufficient nutrient diffusion, the aggregates were maintained smaller than ~250 µm in 

size[199]. Subsequently, to optimize the formation of PP aggregates from hiPSC, the 

starting cell number and the size of the microwells were systematically tested. An 

average 3D PP aggregate size of 96 µm (600 cells in 300 µm diameter microwells) was 

chosen as the initial size for following ductal differentiation if not stated differently (Figure 

13c).[1] 
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Figure 13 | Dependence of formation and growth of 3D aggregates of hiPSC on 

well diameter and cell number. 

a, The diameter size distribution of 3D aggregates formed from hiPSC after one, two, and three 

days post-seeding in microwells with a 150, 300, and 600 µm diameter. 52 3D aggregates were 

measured for each condition from three different microwell arrays. The boxplots show the median 

with the first and third quartiles. The whiskers represent the 1.5 x interquartile ranges and outliers 

as dots. Significance levels were calculated with a two-sample Welch test and are given as 

follows: *: p < 0.05; **: p < 0.01; ***: p < 0.001. b, Bright-field images of 3D-hiPSC aggregates 

with an initial cell number of 150 per well and a well diameter of 300 µm on the first, second and 

third day after seeding. Scale bar denotes 200 µm. c, The size distribution of the diameter of 3D 
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aggregates formed from hiPSC-derived PPs after 24 hours. At least 58 3D aggregates of 

pancreatic progenitor cells from three different microwell arrays were measured. The boxplots 

show the median with the first and third quartiles. The whiskers represent the 1.5 x interquartile 

ranges and outliers as dots.[1] The figures are adapted from Wiedenmann, et al. [1] and used with 

“author permission rights” from Nature. 

3.2 Differentiation of pancreatic duct-like organoids from hiPSC-

derived 3D PP aggregates on the microwell chip 

3.2.1 Morphologic progression during the PDLO differentiation 

The microwell chip was used to differentiate 3D pancreas progenitor aggregates into 

PDLOs. PPs generated in 2D culture aggregated on the microwell chip within a few 

hours. Subsequently, a two-step differentiation protocol with specific growth factors was 

applied to mimic ductal development (Figure 14a). Consequently, substantial 

morphological transformations occurred in the 3D PP aggregates, as the representative 

bright-field images showed (Figure 14a-c). The initially formed homogeneous round 

structure of the 3D PP aggregates was broken down during the first phase of ductal 

induction (day 13 to 20). The cells reassembled into multiple epithelial-like layers, formed 

micro-lumen within the aggregates, and protrusions developed (Figure 14b). The 

number of layers of multi-layered epithelial organoids underwent reduction. 

Simultaneously, cystic organoids were secreted from the PDLOs’ outer epithelial layer 

(Figure 14b). Of note, on day 31 of differentiation, a few cystic PDLO structures were 

still attached to the multi-layered epithelial PDLOs. The morphological reorganization of 

the PDLOs was visualized in Supplementary Video 2. The video and the brightfield 

images display the formation of both organoid types from the same 3D PP aggregate. 

High-resolution immunofluorescence images of cleared organoids showed cellular 

reorganization into micro-lumens, reduction of the multi-layered epithelial structure 

toward the end of phase 1, and formation of cystic PDLOs in phase 2 (Figure 15a,b).[1] 
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Figure 14 | Differentiation 3D PP aggregates to PDLOs in the microwell chip.  

a, Schematic overview of growth factor-induced cell differentiation of hiPSCs to PDLOs. b, Bright-

field images of representative 3D PP aggregates on the microwell chip after 14, 16, 20, 23, 27, 

and 31 days of differentiation (DOD). The characteristic morphological changes of the first and 

second differentiation phases are presented. Two morphologically distinct PDLO types arose 

from the same 3D PP aggregate at the end of the second phase. Multi-layered epithelial PDLOs 

are indicated with a + and cystic PDLOs with a *. c, Representative bright-field images of a 

microwell chip array for five independently performed differentiations of 3D PP aggregates at 

day 14 and day 27 of differentiation. Scale bar denotes 500 µm and 200 µm for the 

magnification.[1] The figure is adapted from Wiedenmann, et al. [1] and used with “author 

permission rights” from Nature. 
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3.2.2 Expression of pancreatic ductal markers within the PDLOs 

To validate the correct development of the PDLOs, various ductal, epithelial, PP, and 

control marker proteins were analyzed during the PDLO differentiation. The analysis of 

progenitor proteins on the chip confirmed the expected starting cell type at day 13, the 

stability over the differentiation, and the correct expression in the PDLO stage. SOX9, 

HNF1B, PDX1, and cytokeratin (KRT8) were constantly expressed (Figure 15a-d). The 

progenitor marker NKX6-1, expected to be only present in the progenitor and endocrine 

cells, either decreased or completely absent in the PDLO stage (Figure 15d). While 

stemness and pluripotency markers SOX2 and OCT4 were not expressed at the PDLO 

stage, they showed the expected positive immunoreactivity within the hiPSCs (Figure 

15e).[1] 

The epithelial cell type was confirmed by the upregulation of E-cadherin (CDH1) (Figure 

15b). In the final phase, the ductal identity of the cells was further verified using KRT19, 

CA2, CFTR, aquaporin 5 (AQP5), claudin 1 (CLDN1), and cytokeratin 7 (KRT7) (Figure 

15a,c). In addition, PDLOs were stained for several control proteins to ensure no other 

cell types evolved during the differentiation. Although no evidence of acinar cells 

(AMY2A) was found, a small subset of cells showed endocrine markers such as CHGA 

(Figure 15f). Simultaneously, while a homogenous expression of epithelial cell marker 

CDH1 could be observed, no detection of the mesenchymal marker zinc finger E-box-

binding homeobox 1 (ZEB1) could be documented (Figure 15f). While after 28 days of 

differentiation, only a few cells showed the proliferation marker protein Ki-67 (Ki-67) 

expression in the PDLOs, the gastric and dysplasia marker mucin-5AC (MUC5AC) and 

intestinal marker MUC2 were absent. (Figure 15f). Furthermore, pancreatic ductal 

indicator mucin-6 (MUC6) expression was widespread in PDLOs.[1] 

Taken together, the PDLOs on the microwell chip showed the correct exocrine pancreatic 

ductal marker expression with no evidence of stem, mesenchymal, acinar, dysplastic or 

intestinal cells.[1] 
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Figure 15 | Characterization of developing microwell-derived PDLOs. 

a-b, High-resolution fluorescence images of cleared organoids on-chip during the time course 

with SOX9, KRT19, PDX1, and CDH1, respectively. c-f, High-resolution fluorescence images of 

day 28-PDLOs with appropriate controls, stained with: c, AQP5, KRT19, PDX1, KRT8, CA2, 

KRT7, CLDN1, and CFTR; d, NKX6-1 and HNF1B; e, OCT4 and SOX2; f, AMY2A, CHGA, ZEB1, 
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CDH1, Ki-67, MUC5AC, MUC2, and MUC6. a-f, The nuclei were counterstained with DAPI. All 

Scale bars denote 50 µm.[1] The figures are adapted from Wiedenmann, et al. [1] and used and 

used with “author permission rights” from Nature. 

3.2.3 PDLOs differentiated on the microwell chip exhibit an apical-outside 

polarity 

The pancreatic duct exhibits an apical-in and basal-out polarity within the pancreas to 

maintain the pancreatic juice transport function. In order to investigate the polarity during 

the development of the PDLOs, the expression of apical proteins such as tight junction 

protein-1 (ZO1) and CLDN1, as well as the basement membrane basal protein collagen 

IV (COL4A1), were interrogated in immunofluorescence stainings (Figure 16). No clear 

polarity could be observed at the beginning and intermediate stages of the differentiation. 

On day 31, when most organoids were dichotomized into the two subtypes, the apical 

markers ZO1 and CLDN1 displayed mainly an apical outside localization. At the same 

time, the basal marker COL4A1 was mainly expressed inside the multi-layered epithelial 

PDLOs. Within the cystic PLDOs, no clear polarity could be observed. 

 

Figure 16 | PDLOs develop an apical-out polarity during differentiation on the 

microwell chip. 

High-resolution fluorescence images of cleared organoids on-chip during the time course with 

apical polarity markers ZO1 and CLDN1 (apical), basal polarity marker COL4A1 and unpolarized 

CDH1. The nuclei were counterstained with DAPI. Scale bars denote 50 µm.[1] The figures are 

adapted from Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 
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To investigate the reverse polarity and the lineage commitment of the microwell chip-

derived PDLOs in more detail, day 27-PDLOs were orthotopically engrafted into the 

pancreas of immunocompromised mice or transferred to Matrigel (Figure 17a). After 

eight weeks, PDLO transplants were forming tube-shaped, duct-like tissue (Figure 17b). 

The transplanted PDLOs showed positive immunoreactivity for the classical pancreatic 

ductal markers SOX9, KRT19, AQP5 and CDH1 with no evidence of endocrine (CHGA 

and NKX6-1), progenitor (NKX6-1), or mesenchymal (VIM) markers (Figure 17c).[1]  

To compare the polarity between transplanted, Matrigel, and chip organoids, day 27-

PDLOs were subjected to immunostainings with several polarity markers. In the 

experimental setup, predicted PDLOs exhibited mainly apical-out polarity. However, 

ZO1, the cilia marker acetylated tubulin (acTUB), and ADP-ribosylation factor-like protein 

13B (ARL13B) were also detectable on the opposite side of the membrane in a few 

cases. Thus, suggesting a small lumen within the organoid (Figure 16 and Figure 

17d,e). A polarity change from apical-out to apical-in was observed after the transfer of 

microwell chip-derived PDLOs into a 3D Matrigel culture or post-engraftment (Figure 

17d,e). The occurrence of PDLOs with the apical-out polarity can be explained by the 

absence of extracellular matrix (ECM) deposition in suspension cultures[200-202]. 

Consequently, an artificial "basement membrane" mimicked by Matrigel could facilitate 

the development of an apical-in organization epithelium.[1] 
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Figure 17 | Microwell chip-derived PDLOs' apical-out polarity switched to 

apical-in after orthotopic grafting or Matrigel embedding. 

a, Overview of the Matrigel and orthotopic transplantation experiment. 27-days old PDLOs were 

transplanted in nude mice. Animals were sacrificed eight weeks later. b, Overview and 

magnification images of hematoxylin-eosin (HE) staining of the transplantation site of the two 

mice. Scale bar denotes 500 µm and 50 µm for the magnification. c, Upon transplantation, 

PDLOs formed human epithelial duct-like tissues in vivo. The nuclei of the organoids were 

immunostained with H-NUCL (human-specific nucleoli). d, The IF images of apical (ZO1 and 

AcTUB) and basal (COL4A1 and ARL13B) markers on 3D PP aggregates, PDLOs, Matrigel 

PDLOs, and engrafted PDLOs are shown. e, Overview and magnification of the PDLO images 

displayed in d. c-e, The nuclei were counterstained with DAPI. Scale bars denote 50 µm.[1] The 
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figures are adapted from Wiedenmann, et al. [1] and used with “author permission rights” from 

Nature. 

3.2.4 Ductal functionality of the PDLOs  

The validation of the pancreatic ductal markers revealed the expression of functional 

proteins within the PDLOs. CFTR controls one of the major functions of the pancreas, 

namely the anion efflux into the apical lumen of the duct upon contact with the secreted 

gastric acid of the acinar cells. Once CFTR is activated by phosphorylation, Cl- and HCO3- 

are secreted to control the pH and the osmotic fluid secretion[203]. Treatment of PDLOs 

with forskolin triggers CFTR activation, which results in organoids’ swelling[109]. While the 

forskolin-stimulated PDLOs indeed showed swelling within some areas, this event could 

not be observed in the control samples (Figure 18). Thus, the swelling supported the 

hypothesis that the PDLOs maintain some apical-in regions.  

 

Figure 18 | PDLOs show partial functional swelling upon forskolin stimulation. 

Live imaging on the microwell chip of PDLOs after stimulation with forskolin and IBMX. For the 

control experiment, H2O was added. The swelling of the organoids is indicated by arrows. Scale 

bar denotes 50 µm.[1] The figures are adapted from Wiedenmann, et al. [1] and used with “author 

permission rights” from Nature. 

3.3 Charting PDLO differentiation at single-cell transcriptomic level 

For a detailed analysis of the PDLO development on the microwell chip, 14,811 cells 

were analyzed in a time-resolved single-cell RNA sequencing approach. The scRNA-seq 

data allowed analysis of the final cell types' transcriptional identity and the cell type 

composition across differentiation. The probes were collected and sequenced at seven 

time points during the differentiation of PPs to PDLOs on-chip (Figure 19a).  
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Two-dimensional Uniform Manifold Approximation and Projection (UMAP) of the 

individual cells of the time points showed major transcriptional changes already on the 

first-day on-chip, at the transition from 2D to 3D (Figure 19a). The cells of the late time 

points of differentiation were located in the top right part of the UMAP image. Nine distinct 

cell clusters were identified by Louvain clustering (Figure 19b). The occurrence over 

 

Figure 19 | Uncovering cellular heterogeneity over the differentiation time from 

PP to PDLOs on-chip using scRNA-seq. 

a, Scheme showing sample timing during ductal differentiation with single-cell count numbers for 

cells and UMAP representation. Light to dark blue color shading indicates sampling time points. 

b, UMAP plot of the nine Louvain clusters found within the scRNA-seq data. Each cluster was 

assigned to a specific cell type. c, Pie charts of cell-type distribution at the end of differentiation 

of two independent experiments show differentiation efficiency close to 90% in both. d, UMAP 

plot of two PDLO cell differentiations with different starting conditions at day 31 without batch 

correction. The first condition was 300 cells per well in a 300 µm diameter microwell, and the 

second was 600 cells per well in a 600 µm diameter microwell. In the second UMAP plot, the 

same cells are stained according to the previously determined clusters.[1] The figures are adapted 

from Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 
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time of the different cell clusters further demonstrated the significant time-dependent 

change in transcriptional cellular identity caused by the growth factor-induced 

differentiation process (Figure 19a,b).[1] 

By screening for known pancreatic developmental genes in the differentially expressed 

genes (DEGs) in the respective clusters, each cell cluster could be assigned to a specific 

cell type (Figure 19b; Supplementary Data 1). The distinct cell clusters were classified 

into three duct-like, four progenitor-like, one endocrine-like, and one endothelial-like cell 

cluster. Single-cell sequencing of mRNA samples from end-stages of two independent 

experiments was performed to test the differentiation's reproducibility. Approximately 

90% of PPs developed into cells with a characteristic transcriptomic profile for duct-like 

cell types in both cell differentiations (Figure 19c). PDLO RNA was sequenced at the 

end-stage from two different well diameters and starting cell numbers to test whether 

different starting conditions on the microwell chip affected differentiation. Homogeneous 

superposition of cells from the two conditions in a non-batch corrected UMAP plot 

showed that doubling the initial cell number of PP aggregates or well size did not affect 

the outcome of ductal differentiation (Figure 19d).[1] 

To assign each cell cluster to a specific cell type, the top 300 DEGs of the clusters were 

examined for pancreas developmental specific genes. Three of the determining DEGs 

for cluster assignment are displayed in the violin plot (Figure 19b). The cells of clusters 

I-IV were identified as four putative progenitor cell types. Cluster VIII could be assigned 

to an endocrine-like cell population and cluster IX to a non-pancreatic endothelial-like 

cell population. The three remaining clusters V-VII are subdivided into three types of 

duct-like cells.[1] 

Interestingly, the initial cell population of PPs could be separated into two different cell 

types based on their transcriptional profile, into multipotent (cluster I) and unipotent 

ductal (cluster III) progenitor cells. In both types, commonly known progenitor markers 

such as PDX1, HNF1B and SOX9 were found to be expressed (Figure 20a-c). Cluster I 

showed co-expression of PDX1 and NKX6-1, to which PP protocols are generally 

optimized (Figure 20a,b). With a similar transcriptional profile to cluster I, cluster II was 

identified as a temporally downstream cluster. Upon transferring the cells from 2D to 3D 

onto the microwell chip, increased expression of GP2 and PTF1A was detected in this 
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cluster (Figure 20a,c). The cell clusters were named 2D and 3D multipotent progenitors 

(MPP), based on the common expression of these markers, indicating a multipotent cell 

type that gives rise to both endocrine and exocrine cells in mice[204,205].  

However, increased expression levels of ductal marker genes, such as KRT8, were 

detected in cluster III (Figure 20a,d). Moreover, the expression of NKX6-1, later 

exclusive in endocrine cells, was decreased in cluster III, suggesting ductal priming at 

the end of 2D PP differentiation[206,207]. Similar to the MPPs, a transcriptionally related 

cluster was found after transfer to the microwell chip. The cluster IV also showed an 

enrichment of ductal markers such as hes family bHLH transcription factor 1 (HES1) and 

S100 calcium-binding protein A10 (S100A10) (Figure 20a,e). On the basis of this 

enhancement of early ductal-related gene expression in clusters III and IV, they were 

designated as 2D and 3D unipotent ductal progenitor (UDP) cells, respectively.[1] 

Toward the end of differentiation, three duct-like cell clusters could be identified, all 

characterized by high KRT19, SOX9 and intermediate CA2 expression (Figure 20a,g). 

In contrast to KRT19 and SOX9, the CA2 enzyme is only found in mature ductal cells in 

the primary pancreas[208]. Calculation of the top 300 DEGs for a combined cluster of the 

three duct-like subtypes revealed significant upregulation of ductal epithelial markers 

such as CLDN1 and S100 calcium-binding protein A14 (S100A14) (Figure 20a,h). Within 

the three duct-like cell clusters, an enrichment of CFTR, a protein specifically related to 

HCO3- secretion, was found in cluster V (Figure 20a,i). In contrast, upregulation of 

mucin-related genes, such as mucin-13 (MUC13) and trefoil factor 1 (TFF1)[4], was found 

in duct-like cells 2 (Figure 20a,j). The remaining duct-like cells 3 cluster showed 

significantly upregulated expression of claudin-4 (CLDN4) and interstitial collagenase 

(MMP1) (Figure 20a,k). However, it contained only 134 cells, showed similarities to duct-

like cells 2 cluster, and also fell into cluster 2 in other clustering approaches (data not 

shown), so subsequent analyses focused on the first two subtypes.[1] 

A small fraction of pancreatic endocrine-like cells expressing CHGA, insulin (INS), and 

somatostatin (SST) were resolved in all samples (Figure 20a,f). Only a few non-

pancreatic cells were present and could be identified as platelet endothelial cell adhesion 

molecule (PECAM1) and endothelial cell-specific molecule 1 (ESM1) expressing 
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endothelial-like cells. The scRNA-seq data validated the successful and reproducible 

differentiation of PDLOs containing two duct-like subclusters within the microwell chip.[1] 

 

Figure 20 | DEG analysis of the nine different Louvain cell clusters. 

a, The violin plot shows a selection of three significant DEGs for each of the nine cell clusters 

(labeld with their Roman numerals). In addition, three significant DEGs for the combined duct-
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like cell clusters (labeld with V+VI+VII) and three common ductal marker genes (labeld with 

common markers). b-k, UMAP plot of expression patterns of marker genes used for pancreatic 

cluster annotation. Legends scale denote the log-normalized counts. UMAP plots for DEGs of b, 

2D multipotent progenitors; c, 3D multipotent progenitors; d, 2D unipotent ductal progenitors; e, 

3D unipotent ductal progenitors; f, endocrine-like and endothelial-like cells; g, common ductal 

markers; h, all three duct-like cell clusters; i, duct-like cells 1; j, duct-like cells 2; k, duct-like cells 

3 are shown.[1] The figures are adapted from Wiedenmann, et al. [1] and used with “author 

permission rights” from Nature. 

3.4 Identification of duct-like subpopulations at the protein level in vitro 

and in vivo 

Aiming to determine the duct-like subpopulation cell types at the protein level, PDLOs 

and the appropriate controls were immunofluorescently labeled with specific antibodies 

for the respective cluster proteins. Thus, CFTR and MUC13 were subjected to 

immunostaining in PDLOs differentiated through days 23, 27, and 31 on the microwell 

chip. Within PDLOs, CFTR was expressed earlier than MUC13, consistent with the 

transcriptomic data (Figure 21a,b). Toward the end of differentiation, CFTR was found 

expressed only in cells of the multi-layered epithelial PDLOs. In contrast, MUC13 was 

found on the outside of the cells in the outermost layer of the multi-layered epithelial 

PDLOs and the cystic organoid type. In general, CFTR and MUC13 were expressed in 

different cells. Baron, et al. [4] previously found two distinct expression patterns of mucin-

rich (MUC1+/TFF1+) and CFTR-rich ductal subtypes within the primary human pancreas 

at the single-cell transcriptome level. Although MUC1 expression was not found in the 

PDLOs at the transcriptome level, TFF1 was also expressed in duct-like cells 2. 

However, the ductal marker MUC1 was detected at the protein level by mass 

spectrometry and immunostaining (Figure 21b: first three rows; Figure 22a: last row; 

Supplementary Data 4). Both MUC1 and CFTR were also found in different cells of the 

organoids, although in rare cases, in the same cells.[1] 
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Figure 21 | Duct-like subcluster-specific genes stained within PLDOs and 

primary pancreatic tissue - part 1 

a, The PDLOs after 23, 27, and 31 days DOD were stained for CFTR and MUC13, respectively. 

b, 28-days differentiated PDLOs were stained for duct-like subtype cell markers identified by the 

scRNA-seq analysis. c, d, Identical protein markers were used to detect the in-vitro-generated 

ductal cell subtypes in primary human pancreatic tissue, either (c) healthy or (d) pancreatitis 

tissue. The figure is continued in Figure 22. All scale bars denote 50 µm.[1] The figures are 

adapted from Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 
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Subsequently, other duct-like subcluster markers were stained in combination and 

compared to each other. Indeed, different expression patterns were detected in the multi-

layered epithelial PDLOs. For example, BICC1 (a marker for duct-like cells 1) was often 

weaker expressed in MUC1-positive cells (Figure 21b: third row). Whereas TFF1 (a 

marker for duct-like cells 2) was found weakly expressed in some cells, it was mostly in 

other cells than CFTR (Figure 22a: second row). Within larger PDLOs, MMP1 (a marker 

for duct-like cells 3) was present in the peripheral layers, whereas CFTR was localized 

in luminal structures of the organoid in other cells (Figure 21b: forth row). The luminal 

expression is in agreement with the functional response to forskolin and the hypothesis 

that organoids exhibit partial apical-in polarity. Furthermore, MUC1 was found in common 

cells with MMP1, although in fewer cells (Figure 22a: last row). In general, all three duct-

like subcluster markers CFTR, MUC1, and MMP1 were found in ductal KRT19-

expressing cells (Figure 21b: first row; Figure 22a: first and third row). This observation 

was consistent with the scRNA-seq data, in which small amounts of both cluster marker 

genes were also expressed in the other cluster (Figure 19e,f).[1] 

To investigate whether the same expression patterns also occur in vivo, the previously 

mentioned ductal subcluster-specific markers were additionally stained in human primary 

healthy pancreas and pancreatitis tissue. Immunostainings of KRT19 with the subcluster 

markers MUC1, CFTR, and MMP1 showed ductal localization of all three proteins 

(Figure 21c,d: first and third row; Figure 22b,c: first row). Expression of MUC1 was 

found in acinar structures, centroacinar cells, and the connected intercalated ducts 

(Figure 21c,d: first to third row; Figure 22b,c: last row). CFTR could also be stained in 

the intercalated ducts (Figure 21c,d: second row). Beyond that, CFTR expression 

changed depending on the size of the branching ducts. Expression decreased in 

intralobular ducts and was almost absent in larger ducts (Figure 21c,d: fourth row; 

Figure 22b,c: first and second row).[1] 

In contrast, BICC1 was increasingly expressed in the latter but barely detected near 

MUC1-positive cells (Figure 21c: third row). MMP1 could not be detected in common 

cells with either CFTR or MUC1, thus practically absent in the intercalated ducts (Figure 

21c,d: fourth row; Figure 22b,c: last row). In contrast, MMP1 was detected in larger 

ductal structures with a different staining intensity (Figure 21c,d: fourth row; Figure 
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22b,c: last two rows). None of the markers MUC13, TFF1, and secretin receptor (SCTR) 

could be detected in healthy ducts (Figure 21c: last row; Figure 22b: second row). Solely 

SCTR, a known ductal marker[190], could be stained in the metaplastic ductal epithelium 

of chronic pancreatitis tissue (Figure 21d: last row).[1] 

 

Figure 22 | Duct-like subcluster-specific genes stained within PLDOs and 

primary pancreatic tissue - part 2 

a, 28-days-differentiated PDLOs were stained for cell subtype markers and pan-ductal marker 

KRT19. b, c, Identical protein markers were used to detect the in-vitro-generated ductal cell 

subtypes in primary human pancreatic tissue, either (c) healthy or (d) pancreatitis tissue. The 

figure is the extension of Figure 21. All scale bars denote 50 µm.[1] The figures are adapted from 

Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 

Overall, the results of the subtype staining revealed spatially alternating expression of 

the duct-like cell type markers at the protein level in PDLOs and primary human tissues. 

However, the protein-level expression states are more dynamic and complex than 
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implied by the PDLO transcriptomic subdivision, suggesting possible additional ductal 

cell types.[1] 

3.5 Dynamic gene expression reveals in vitro PDLO differentiation 

trajectories 

In an attempt to elucidate time-dependent developmental relationships during PDLO 

differentiation, a dynamic RNA velocity model[187,209] was calculated. First, a latent time 

was calculated based on the balance of unspliced (early) and spliced (later) RNA 

transcripts, whereby a cell with more unspliced RNA transcripts is temporally classified 

prior to a cell with similar RNA transcripts in the spliced state (Figure 23a). Thus, the 

calculated latent time matched the actual chronological differentiation time for the PDLOs 

(compared to Figure 19b). Consequently, the model provided a realistic model for further 

analysis of dynamic changes along the differentiation time.[1] 

Accompanying streamlines of RNA velocity obtained from the model revealed two 

theoretical differentiation trajectories to duct-like cells (Figure 23b). The duct-like cells 1 

originated from the 2D MPPs, which then developed from the 3D MPPs and 

subsequently into duct-like cells 1. The second differentiation route led from the second 

PP subpopulation, the UDPs, to duct-like cells 2. Additionally, some streamlines were 

directed from duct-like cells 1 to duct-like cells 2, suggesting a relevant level of plasticity 

within duct-like cells, also known from the primary human pancreas[20]. Similar to duct-

like cells 1, endocrine-like cells originated from the 3D MPPs, although without a common 

trunk domain. Moreover, all three differentiation routes could be bifurcated using 

partition-based graph abstraction (PAGA) analysis, which reveals connectivity (edges) 

between clusters (dots) (Figure 23c). In particular, the correspondence along the 

differentiation route from UDPs to duct-like cells 2 was strong.[1] 

The assignment of the single cells to the cell cycle stages showed a maturation of the 

duct-like cells additionally by the decrease of the cell numbers in the G2- and S-phase 

(Figure 23d). Subsequently, cells were arranged along latent time to resolve ductal 

differentiation temporally. This also demonstrated maturation as the expression of 

progenitor markers such as GP2, tweety family member 1 (TTYH1), PDX1 and PTF1A 
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decreased over the theoretically calculated time, and more mature ductal markers such 

as S100A14, CFTR, TFF1 and CA2 increased (Figure 23e).[1] 

 

Figure 23 | Reconstruction of transcriptome dynamics allowed a prediction of 

the in vitro differentiation routes of the PDLO cell types. 

a, Shading of the UMAP cluster plot by latent time calculated from dynamic RNA analysis. b, 

UMAP plot of velocity streamlines shows the theoretical temporal trajectories of the cells. 

c, UMAP plot with PAGA map shows the weighted connectivity between each cell cluster. 

d, UMAP plot displaying the cell cycle state of the cells during the differentiation. e, Polyfit 

of the expression levels of different progenitor or ductal marker genes against the latent 

time. f, the top 300 of the dynamically expressed genes sorted by their likelihood score 

and cells sorted by their latent time.[1] The figures are adapted from Wiedenmann, et al. 

[1] and used with “author permission rights” from Nature. 

The arrangement of the cells along their latent time further revealed interesting dynamic 

expressions during ductal differentiation. For example, during the differentiation process, 

there was not only a concordance in the transcriptional dynamics of MPP markers but 

also a decrease in the levels of genes that are important during mitosis (topoisomerase 

2 (TOP2) and cyclin B2 (CCNB2)) (Figure 23f). A listing of the top 300 dynamically 

expressed genes is provided in Supplementary Data 2. After specification of ductal cell 

fate, gene expression of CFTR and SCTR, hallmarks of pancreatic secretion, was 

temporarily induced (Figure 23f). This induction was accompanied by a gradual increase 
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in the expression of genes known to be involved in mineral absorption, such as 

metallothionein 1E (MT1E). Furthermore, the upregulation of MUC13 rendered a 

temporal expression profile similar to that of genes associated with lipid 

transport/metabolism (apolipoprotein B (APOB)). In addition, these analyses revealed 

dynamic gene expression of genes less common and studied in the pancreatic duct, such 

as trefoil factor 3 (TFF3) or macrophage-stimulating 1 (MST1). Thus, MST1 was recently 

reported to be critical for maintaining exocrine differentiation status and tissue 

integrity[210]. In conclusion, the velocity analysis delivered insights into the in vitro 

differentiation process toward the two ductal subtypes and the time-dependent dynamics 

of the expression profiles.[1] 

3.5.1 Dynamical expression of extracellular matrix genes 

The last section revealed a dynamic expression of several ECM-related genes (Figure 

23f). There was an interest in analyzing the scRNA-seq data in more detail, particularly 

concerning the changes of ECM components during PDLO maturation. The presence of 

duct-like cells was associated with an increased expression of laminin α3 and α5 

subunits (Figure 24a). At the same time, the expression of laminin-binding integrins is 

indicative of ECM formation along the differentiation course. Furthermore, duct-like cells 

featured a suppression of basal matrix collagens concomitant to the upregulation of the 

collagenases MMP1 and stromelysin-2 (MMP10) (Figure 24b). During physiological 

development, the pancreatic mesenchyme secretes basement membrane laminin-1 and 

the α6-containing integrin receptor, which are necessary for pancreatic tubulogenesis[200-

202]. Consistently, the progenitor cells and the duct-like cells 1 expressed α1-laminin, 

while the duct-like cells 2 and 3 expressed α3- and α5-laminin, respectively (Figure 24a). 

Notably, central components for β-cell formation[125], such as α4-laminin[211] and α5-

integrin, were not expressed in PDLOs or the progenitor cells. Conversely, consistent 

with previous results[212], an upregulation of αVβ5-integrins was found in ductal cells 

(Figure 24b).  

Thus, these analyses indicate that PDLOs secrete soluble ECMs and corresponding 

binding proteins similar to those secreted under in vivo conditions. However, due to the 

open format of the microwell culture, the ECM proteins are probably dissolved by the 



 

Results 61 

media. This might explain the observed polarity reversal of microwell chip-derived 

PDLOs upon transplantation into mice or 3D Matrigel cultures (Figure 17d).[1] 

 

Figure 24 | Dynamic expression of extracellular matrix (ECM)-associated 

genes during the differentiation of PDLOs. 

a, Dot plot of the changing laminin and laminin-binding integrin gene expression within the cells 

related to different clusters. b, Dot plot of the changing collagen, collagen-binding integrins, RGD 

binding integrins, and ECM remodeling gene expression within the cells related to different 

clusters.[1] The figures are from Wiedenmann, et al. [1] and used with “author permission rights” 

from Nature. 

3.5.2 Pathway enrichments along the differentiation route 

As the ECM gene analysis indicated, signaling pathways involved in epithelial cell 

organization like cell adhesion molecules and different junction types (adherens, focal, 

and tight junction) were also activated within the duct-like cells (Figure 25a). Thus, the 
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pancreatic ductal identity could be further confirmed by revealing the upregulation of 

functional pathways specific for pancreatic secretion, carbohydrate digestion and 

absorption, mucin type O-glycan biosynthesis, bile secretion, fat digestion and 

absorption, and collecting duct acid secretion within the duct-like cell clusters (Figure 

25b,c). Moreover, the integration of a set of signaling pathways related to the applied 

growth factor stimuli demonstrated EGF/FGF10-mediated MAPK/ERK activation. It 

augmented ErbB signaling in the duct-like clusters 1 and 2 (Figure 25c)[1].  

 

Figure 25 | Pathway activation within the PDLO kinetics. 

Pathway activation scores for a, epithelial cell organization, b, ductal function, c, pancreas 

function and signaling, and d, metabolic energy conversion.[1] The figures are adapted from 

Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 
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Furthermore, duct-like cells 2 showed a metabolic energy conversion compared to duct-

like cells 1 within pathways like oxidative phosphorylation, glycolysis/gluconeogenesis, 

D-glutamine and D-glutamate metabolism, and pentose phosphate pathway (Figure 

25d).  

The pathway analysis could show increased ductal function and signaling, cell 

organization processes, and metabolic energy differences within the PDLOs. 

3.5.3 PDLOs exhibit a more advanced maturity than the human fetal 

pancreas at seven to ten weeks post-conception 

Due to the lack of human fetal data, the development of ductal differentiation protocols 

is mainly based on murine comparative data. Just recently, Gonçalves, et al. [213] acquired 

a single-cell dataset of human fetal pancreas seven to ten weeks post-conception 

(WPC). Gonçalves, et al. [213] obtained eight cell clusters at this developmental stage of 

the human pancreas: a proliferative, a trunk, a tip, an endocrine, a mesenchymal, an 

erythroblast, a neural, and one unknown cell cluster. To compare the PDLO 

developmental route, the top 50 DEGs of these clusters were scored on the PDLO 

scRNA-seq dataset. 

Indeed, the proliferative top 50 DEGs were enriched in all progenitor cells and decreased 

in duct-like and endocrine cells, indicating further maturation (Figure 26a). Moreover, the 

trunk gene set score was highest between 3D MPPs and duct-like cells cluster (Figure 

26b). Indicating a possible trunk-like stage between them on the one hand, which might 

be obtained with deeper time-resolved sampling as suggested before. On the other hand, 

it shows the high similarity of duct-like cells 1 with the closest but preceding stage to 

ductal cells in the human fetal pancreas (Figure 26b). The tip progenitor markers were 

also enriched in the 3D MPP cells, further supporting the previous hypothesis of a 

multipotent cell type (Figure 26c). Fetal endocrine markers were increased in expression 

in the endocrine-like cells (Figure 26d). The gene set scores for mesenchymal, 

erythroblast, neuronal, and unknown cell markers, present in the fetal pancreas, were 

not found at high levels (Figure 26e-f). 
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Figure 26 | Scoring top 50 DEGs of a fetal single-cell dataset clusters[213] onto 

the PDLO transcriptome. 

Enriched expression of the marker genes for the a, proliferative, b, trunk, c, tip, d, endocrine, e, 

mesenchyme, f, erythroblast, g, neural, and h, unknown cell clusters of a fetal single-cell dataset 

acquired by Gonçalves, et al. [213] at seven to ten WPC. Legends show the calculated gene set 

score. 

In summary, the comparison of the PDLO transcriptome with the human fetal pancreas 

showed similarities of proliferating cells to progenitors, and subsequent trunk cells more 

resembled the transition to duct-like cells 1. In the absence of ductal cells in the data set, 

further maturation of the duct-like cells can not be demonstrated but assumed. 

3.6 The CFTR+ and mucin+ duct-like subpopulations found in primary 

human ductal tissue 

3.6.1 Data integration of the PDLO transcriptome into three primary data 

sets 

A requirement and an advantage of PDLOs derived from microwell chips are that the 

duct-like cell types closely resemble human tissue. In order to demonstrate this, the 

PDLO differentiation kinetics were integrated into three scRNA-seq datasets from 

primary human pancreatic tissue[4-6] (Figure 27a i),iii)). In the combined, re-clustered 
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dataset, the duct-like cells from the PDLOs clustered together with the primary ductal 

cells to form the same cluster. In addition, the ten Louvain clusters were grouped into 

two ductal clusters.[1] 

Baron, et al. [4] previously described two ductal cell types in primary ducts: The first one 

with MUC1 and TFF1 and the second with CFTR as cluster marker genes. Detection of 

CFTR and TFF1 expression in the combined data set re-confirmed the existence of 

ductal cell subtypes within the PDLOs (Figure 27a ii),vi); Supplementary Data 3). While 

CFTR-positive PDLO cells indeed clustered with the primary CFTR+ ductal cell type, 

MUC13- and TFF1-positive PDLOs clustered with primary MUC1+/TFF1+-ductal cells. 

In vitro differentiated UDPs and MPPs clustered separately (Figure 27a ii),v)). The few 

endocrine-like cells clustered with the primary cells of the islets of Langerhans (α-, β-, δ-

, γ-, and ε- cells) and homogenously expressed CHGA (Figure 27a ii),viii)). Similarly, 

the endothelial-like cells assembled with the primary PECAM1 expressing endothelial 

cells (Figure 27a ii),iv)). At the same time, the primary acinar cells clustered and 

expressed CTRC separately as expected (Figure 27a ii),vii)).[1] 

Analysis of the original cell type assignments by matching the cluster position in the 

combined dataset provided additional evidence for the integration approach (Figure 

27b). Moreover, the enrichment score of the top 100 DEGs of the primary CFTR+ and 

MUC1+/TFF1+ ductal subpopulations[4] was calculated for PDLO differentiation kinetics.[1] 

Thus, CFTR+ and MUC13+ PDLO cells indeed correlated with their respective primary 

ductal subpopulations (Figure 27c). The data integration supported imaging and 

transcriptomic analysis results with the evidence of transcriptomic similarities to primary 

ductal cells.[1] 
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Figure 27 | The duct-like cells cluster together with primary human CFTR+ and 

mucin+ ductal subcell types. 

a, UMAP plots from the integration of three primary human pancreas scRNA-seq datasets[4-6] into 

the PDLO cell differentiation dataset show in i) the localization of the different datasets; ii) the 
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ten recovered Louvain clusters, with the three duct-like clusters highlighted in their cluster color; 

iii) the cells of each cluster of the PDLO differentiation kinetics; iv) endothelial marker expression; 

v) progenitor marker expression; vi) ductal marker expression; vii) acinar marker expression; 

and viii) endocrine marker expression. b, UMAP plot of annotated cell clusters with the percentile 

distribution of the original cluster annotation of each dataset. c, UMAP plot of the enrichment 

score for the DEGs obtained from the data set of Baron, et al. [4] for the CFTR+/MUC1-/TFF1- and 

CFTR-/MUC1+/TFF1+ subpopulations for the PDLO differentiation transcriptome data.[1] The 

figures are adapted from Wiedenmann, et al. [1] and used with “author permission rights” from 

Nature. 

3.6.2 Re-clustering of primary ductal scRNA-seq data[5] 

Data integration can lead to unintended over-interpretation of cell type[1]. To strengthen 

the analysis of ductal cell subpopulations without data integration, the primary human 

single-cell dataset[5] containing the most ductal cells was reclustered, and ductal cluster 

markers were searched for (Figure 28a)[1]. The Louvain re-clustering revealed four 

clusters. These could be assigned as: transitional-to-acinar related (cluster 1), immune 

cells (cluster 3) and two ductal clusters (clusters 0 and 2) (Figure 28a). The two ductal 

clusters were associated with a high expression of common ductal markers KRT19 and 

CLDN4 (Figure 28b).  

Investigation of expression levels of duct-like cells 1 cluster markers CFTR, BICC1, and 

SCTR ductal cluster 0 revealed an increased expression indeed (Figure 28d). 

Furthermore, the duct-like cells 2 and 3 cluster markers MUC1, TFF1, and MMP1 were 

upregulated in ductal cluster 2 (Figure 28e). At the same time, MUC13 was in both 

clusters weakly expressed (Figure 28e). In summary, according to the in vitro PDLOs on 

microwell duct-on-chip technology, the two primary ductal cell subtypes demonstrated a 

similar scRNA-seq expression pattern[1]. 
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Figure 28 | Significant DEGs for the CFTR+ and mucin+ duct-like clusters can 

be recovered in cell clusters from the primary human pancreas[5]. 

a, UMAP plot of the single-cell transcriptome data reanalysis from a primary human ductal 

dataset[5]. b-e, UMAP plots of the expression patterns in the reprocessed scRNA-seq data[5]. The 

clusters similar to the respective duct-like clusters are circled with the corresponding color. 

Expression is shown for b, common ductal KRT19; c, common ductal CLDN4; d, duct-like cells 

1 cluster marker CFTR, BICC1, and SCTR; and e, duct-like cells 3 cluster marker MMP1 and 

duct-like cells 2 cluster marker MUC1, TFF1, and MUC13.[1] The figures are adapted from 

Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 

3.7 Application possibilities of the microwell duct-on-chip technology 

3.7.1 Co-culturing PDLOs with human pancreatic stellate cells 

The microwell duct-on-chip technology has several other potential applications beyond 

organoid differentiation, live-cell imaging, stimulation, or on-chip staining. For instance, 

the cell-cell communication between the pancreatic ducts and different stromal cells can 

be investigated. To execute such an experiment, the four separately fillable hexagonal 
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arrays were seeded with PDLOs and human pancreatic stellate cells (HPaSteC) to 

establish a cross-contamination-free co-culture (Figure 29a). The HPaSteCs closely 

resemble quiescent stromal cells within the pancreas. HPaSteCs can undergo a 

transition to a metabolically active state as a result of auto- and paracrine signals 

released during inflammation, injury, and cancer development[214]. Such metabolically 

activated stromal cells contribute crucially to the pathogenesis of pancreatic 

disorders[214].[1] 

The individual organoid types from the co-culture and the monoculture controls were 

analyzed with bulk proteome measurements to investigate the cellular changes upon co-

culturing. The quantitative proteomic composition analysis clearly separated the PDLOs 

and HPaSteCs from the co-cultures from their mono-cultured controls (Figure 29b). To 

ensure that no cross-contamination had occurred, it was examined whether the top 10% 

of the highest expressed proteins of the single cultures were found in the upregulated 

proteins co-culture in the other cell type. No HPaSteCs proteins were found in the PDLOs 

of the co-cultures and only 2% in the HPaSteCs (Figure 29c). This illustrated that only 

negligible cross-contamination occurred.[1] 

The comparison of the upregulated genes in the co-culture showed protein interactions 

in the PDLOs with various transcription factors such as signal transducer and activator 

of transcription 1 and 3 (STAT1, STAT3) or transcription factor AP-1 (JUN), STAT1, 

NF- B in the HPaSteCs. Gene Ontology (GO) term analysis revealed the enrichment of 

related proteins. More specifically, in the PDLOs, signaling pathways associated with 

energy metabolisms were activated, such as respiratory electron transport, respiratory 

chain complex, ATP synthesis, or oxidative phosphorylation. In contrast, pathways in 

HPaSteCs were actually activated by co-culture, indicating activation of the cell type. 

Proteins related to autocrine and paracrine signaling pathways (membrane-bound 

organelle, extracellular vesicle, vesicle-mediated transport) were upregulated. The 

hypothesis of metabolic activation was further supported by protein network analysis, 

which showed a mitogenic pattern of cells[214] (Figure 29d).[1]  
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Figure 29 | Co-cultivation of PDLOs and HPaSteC aggregates on the microwell 

chip. 

a, Co-cultivation of PDLOs and 3D HPaSteC aggregates using the microwell chip. The four 

separately fillable hexagonal arrays facilitated co-culture while avoiding the mixing of cell types. 

Protein levels of the co-culture and individually-cultured controls were determined after three 

days by label-free mass spectrometry (n=1). b, The graph shows a principal component analysis 

(PCA) analysis separating the co-culture from their single culture controls. c, Analyses of the 

proteome from the co-culture are shown on the left for the PDLOs and on the right for stellate 
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cells. Venn diagrams show the test for cross-contamination based on the overlap of the top 10% 

of the highest expressed proteins within the individual cultures in each of the opposing cell types 

in the co-culture. Further shown are the highly regulated proteins from a transcription factor (TF) 

and GO-term analysis. The corresponding significance levels are as follows: *: p < 0.05; 

**: p < 0.01; ***: p < 0.001. d, The analysis of protein networks[215] among the upregulated protein 

sets found in co-cultured PDLOs and HPaSteCs indicated reciprocal signal transduction.[1] The 

figures are adapted from Wiedenmann, et al. [1] and used with “author permission rights” from 

Nature. 

3.7.2 Secretome studies for the discovery of biomarkers 

A second microwell chip application aimed to discover prognosticators or biomarkers for 

early-stage PDAC. Given the mainly apical-out polarity, the PDLOs provide the 

opportunity to measure protein content, which is usually secreted to the luminal side of 

organoids. The secretomes of healthy or genetically modified PDLOs could be a 

promising tool for discovering a biomarker set applicable in liquid biopsy. Open access 

to the microwell-encaptured organoids allows the characterization of their secretome in 

a hydrogel-free environment by measuring the supernatant.[1] 

To ensure that adequate protein material could be obtained, the microwell chip was 

scaled up to 1 196 PDLOs, and label-free mass spectrometry (LS-MS/MS) was used 

(Figure 30a). After eight hours of incubation in media without supplements, 

measurement of the secretome resulted in detecting 2,789 proteins within the 

supernatant (Figure 30b). 2,528 secreted proteins were identified with a high confidence 

level during quality filtration and 167 contained a peptide for active secretion into the 

extracellular space (Figure 30b, Supplementary Data 4)[191]. The performed GO term 

analysis of the filtered secretome highlighted the enrichment of enzymes with hydrolytic 

and lipid-binding functions (Figure 30b). Furthermore, a comparison with all human 

tissue types revealed significant concordance for "pancreas, glandular cell” (Figure 

30b).[1] 

Subsequently, both secretome and scRNA-seq data were employed to determine 

potential prognostic markers for PDAC, obtained using microwell duct-on-chip 

technology. Thirty unfavorable markers for pancreatic cancer[216] were found within the 

top 200 DEGs of the duct-like clusters. Within the filtered PDLO secretome, the 2,528 
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proteins revealed 186 unfavorable prognostic markers[216] (Figure 30c). Eleven proteins 

identified in the transcriptome and 38 identified in the secretome were expressed mainly 

in the ductal cells of the pancreas. Only three unfavorable marker proteins were 

exclusively found in the top 200 DEGs (Figure 30c).  

To note, secretome studies confirmed once again the ductal identity. Furthermore, they 

indicate the possibility to measure cancer-related proteins expressed in the healthy 

pancreas or increased in PDAC. [1] 

 

Figure 30 | Screening for potential PDAC biomarkers within the PDLO 

secretome and transcriptome with the microwell chip. 

a, Design of a microwell chip for LC-MS/MS-based measurement of the PDLO secretome in three 

biological replicates and one, two, and five technical replicates, respectively. b, The process of 

secretome filtering is shown on the left. GO terms relevant for ductal function enriched in the 

filtered PDLO secretome are shown on the right side. c, Illustration of prognostic markers for 

PDAC in the 200 DEGs of the combined ductal clusters and proteins identified in the PDLO 

secretome. Stainings obtained from the human protein atlas[190] were used to study expression 

in pancreatic ductal tissue. Overlaps between the unfavorable prognostic markers for pancreatic 

cancer found in both approaches are shown in a Venn diagram.[1] The figures are adapted from 

Wiedenmann, et al. [1] and used with “author permission rights” from Nature. 
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3.7.2.1 Expression of the potential biomarker filamin b in pancreatic cancer 

patients 

Literature research revealed that only 17[217-236] of the unfavorable markers are 

established PDAC markers, twelve[237-251] were found before but not further validated, 

and twelve were not mentioned in relation to PDAC before (Figure 31a). An unfavorable 

PDAC marker found in the secretome, lysate proteome, as well as in the top 200 DEG 

of the transcriptome was filamin b (FLNB) (Figure 30c). Previously, a secretome screen 

of pancreatic cancer cell lines identified FLNB without further confirmation in PDAC 

patients[252] (Figure 31a). The functions of FLNB are tissue- and context-dependent in 

different cancer types. Function-promoting, as well as function-loss, have been shown to 

enhance cancerous properties[253,254]. The expression of FLNB in pancreatic 

carcinogenesis[255] was examined using IHC stainings of an independent cohort of 

resected PDACs[177-179] (Figure 31b). While normal pancreatic ductal ducts and some 

acinar glands showed rather low FLNB immunoreactivity at their luminal surface, FLNB 

expression was much higher in the precursor lesions and cancerous tissues (Figure 

31b). The latter showed strong FLNB expression in the cytoplasm and on the cell surface, 

consistent with a loss of polarity in cancer cells. PDLOs derived from the microwell chips 

were also FLNB-positive, coherent with the expectations (Figure 31c).[1] 

The IHC stains were further statistically analyzed using the semiquantitative H-score 

method[180,181]. Thus, the significant increase of FLNB levels in PDAC and PanIN lesions 

compared with healthy ductal tissue was substantiated (Figure 31d). However, it was 

not observed that decreased survival correlated with increased FLNB expression, as 

previously shown in the Human Protein Atlas[190] (Figure 31e). In contrast and 

interestingly, a higher FLNB expression in PanINs even had a favorable effect on the 

probability of survival (Figure 31e). PanINs, the precursor lesions of PDAC, are 

frequently detected in the proximity of PDAC, and their presence has considerable 

prognostic importance. Along with prognostic potential, FLNB expression levels in 

PanINs were shown to have prognostic potential as they significantly correlated with 

higher patient survival (median overall survival (mOS); p=0.0019).[1] 
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Figure 31 | Analysis of expression patterns of FLNB in PDLOs and PDAC 

patients. 

a, Reviewing related literature for the identified unfavorable prognostic markers in the table of 

Figure 30c. b, Staining of FLNB in PDAC tissue by IHC (purple arrows: PDAC, orange arrows: 

PanINs, green arrows: healthy ducts). Scale bar denotes 100 µm on the left side, 50 µm in the 

middle, and 20 µm on the right side. c, PDLO staining for FLNB visualized via fluorescence 



 

Results 75 

imaging. Scale bar denotes 100 µm and 50 µm for the magnifications. d, Bar plot showing the 

mean H-scores of FLNB in healthy, PanIN, and PDAC tissues with sample sizes of n=86, n=28, 

and n=84, respectively. The error bars indicate the standard deviation. Statistical significance 

was tested using a Mann-Whitney U-rank test with significance levels as follows: *: p < 0.05; 

**: p < 0.01; ***: p < 0.001. e, Visualization of overall survival curves of patients with high and low 

FNLB H-score. It was found that the favorable prognosis of patients with high FNLB H scores 

correlated with PanINs. The statistical significance of the correlation was tested with a log-rank 

test. f, Analysis of median FLNB level within peripheral blood of a healthy control group with n=11 

patients and two comparison groups with PDAC grade ≤2 (n=10) and PDAC grade ≤3 (n=7). 

Statistical significance was tested with a Mann-Whitney U-rank test and the same significance 

levels as in d.[1] The figures are adapted from Wiedenmann, et al. [1] and used with “author 

permission rights” from Nature. 

A similar effect of increased expression in preneoplastic lesions has been found in other 

cancers. For example, higher expression of the epigenetic silencer Enhancer of Zeste 

Homolog 2 (EZH2) appeared to be linked to a better prognosis, although only in 

established cancers[256]. Alternative splicing may result in different or shorter FLNB 

isoforms, which have been reported to be strongly associated with EMT gene signatures 

in biopsies of basal-like breast cancer[257]. Similarly, various FLNB isoforms might be 

present in the PanIN lesions of pancreatic cancer, having different biological effects.[1] 

Last, it was tested whether FLNB could be applicable as a liquid biomarker. Therefore, 

FLNB levels were determined in the peripheral blood (PB) of human metastatic PDAC 

patients from an independent cohort and a volunteer healthy control group. Initially, no 

obvious increase was detected when FLNB levels were compared between the control 

and PDAC groups. However, a difference was observed after separating the samples 

according to tumor stage. Thereby, the clinical and histological characteristics of the 

PDAC patients were included, and interestingly, differentiated tumors (≤G2) had 

significantly higher FLNB levels than less differentiated tumors (≥G3) or healthy donors 

(Figure 31f). Actually, the FLNB levels of the less differentiated tumors (≥G3) were 

comparable with those in healthy donors.[1] 

The results suggest that FLNB is a biomarker for biopsies and may be a suitable blood 

biomarker for differentiated PDACs and complement biomarker panels. FLNB levels 
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could indicate early PDAC formation and, in combination with other biomarkers, the 

differentiation stage of PDACs.[1]  
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4 Discussion 
In this thesis, different microsystem tools have been used to generate a highly 

controllable model for pancreatic cancer. Therefore, a microwell duct-on-chip technology 

was designed as an open microwell array chip with the possibility of seeding up to four 

cell types or analyzing four conditions for the same cell type. HiPSC-derived pancreatic 

duct-like organoids were generated on the chip before charting their differentiation 

trajectories to two main duct-like subtypes with time-resolved scRNA-seq sampling. A 

CFTR+- and mucin+-expressing subtype was found in the transcriptome and proteome in 

the PDLOs and in vivo. The applicability and the potential of this microwell duct-on-chip 

technology were investigated, and the secretome was extensively analyzed to determine 

putative PDAC prognostic and diagnostic biomarkers.[1] 

The microwell duct-on-chip technology extends the existing PDAC engineering models 

from a poorly studied perspective to date. The deployment of microwell duct-on-chip 

technology in a screening of early biomarkers renders as promising. It provides the 

opportunity to develop a screening test for highly lethal pancreatic cancer with further 

studies. 

4.1 Design of a microwell duct-on-chip technology to acquire secreted 

proteins from PDLOs 

The microwell duct-on-chip technology was designed to differentiate 3D PP aggregates 

to PDLOs and subsequently measure the secreted proteins. In addition, the chip was 

tailored to the application with various capabilities. The prototyping with a 3D DLA printer 

allowed the generation of complex negative chip molds subjectable to further 

modification and refinement. While the chip can be adapted individually to additional 

applications or cell types, it can also be modified within the individual arrays. The work 

has also successfully demonstrated fast adaptability with the up-scaling of the chip to 

1196 microwells. Another advantage of the chip, besides its low-cost production, is the 

reduced consumption of expensive media and the use of elaborately differentiated cells. 

The design represented by the hexagonal arrangement of the microwells, the roundings 

between them, and the pillars on the outside of the wells allowed the formation of 
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homogeneous 3D aggregates within a few hours by employing a defined cell number per 

well and surface tension.[1] 

The open chip design allows simple and controlled seeding of cells. Further, it is possible 

to retrieve organoids for various experiments or downstream analyses with minimal 

perturbation. This is usually only possible on closed chips by dissolving the organoids or 

applying high shear stress and thus losing the integrity of the organoid[162]. Furthermore, 

the design featuring a 180 µm thin bottom enables several analyses to be performed 

directly on the chip. Thereby, the chip was successfully used for live imaging over a 

couple of days. In addition, the individual arrays with the surrounding pillars allowed up 

to four different simultaneous IF stainings to be carried out on the whole organoids and 

imaged at high resolution within the chip. Moreover, the 61 microwells per array 

simultaneously delivered an adequate number of technical organoid replicates.[1] 

The 3D aggregates generated in this process were cultured and differentiated in the chip 

with high reproducibility over a period of up to 19 days[1]. Whether this long-term culture 

can be extended has not been examined yet. In the study of Breunig, et al. [2], the PDLOs 

were cultured and passaged for a prolonged period of up to 59 days. In this study, PDLOs 

continued proliferating upon being embedded in Matrigel[2]. While no substantial cell 

death and no growth were observed in the microwell chip, the restructuring of the 

organoids could be documented[1]. This may suggest a potential for long-term cultivation 

of the organoids. However, under given culture conditions, cultivation organoids should 

be regarded only for a limited time in order to avoid potential experimental artifacts. 

In addition, the four different arrays allowed the establishment of co-cultures and the 

detection of a response to the secreted proteins of each of the other cell types in the 

lysate of organoids[1]. Thus, the chip allows more detailed studies of secretion-driven 

communication between cell types. An interesting aspect for further studies would be to 

measure the secretome of the 3D aggregates and organoids in the co-cultures. This 

would enable the analysis of the secretory proteins responsible for the cellular changes 

and PDAC-related cell types communication. However, this study involved only 

measurements of the secretome of the 1196-organoid chip with mono-culture of PDLOs. 

Just 1-3% of the supernatant was subjected to LC-MS/MS for high-quality analysis during 

the secretome measurement. This indicated that secretome measurement within a 
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smaller chip is, at least theoretically, feasible. At the same time, the number of organoids 

per array or the number of arrays could be increased for higher material yield. 

Similar chips have already been used for automated seeding and culturing of PSC-

derived intestinal organoids and subsequent high-throughput drug screening in collateral 

cancer organoids[258]. Cell culture automation on the microwell chip should also be 

feasible by employing dedicated pipetting robots. However, materials featuring no small-

molecule absorption or release should be involved in differentiation protocols starting at 

the stem cell stage and drug studies. Whether the response of cultured cancer organoids 

reflects the in vivo scenario is another question to be addressed. Organoids' drug 

responses become significantly and physiologically closer when the drugs are delivered 

and cleared through an artificial blood vessel and cancer-related cell co-cultures[94]. 

4.2 Pancreatic duct-like organoid differentiation on-chip 

In 2021, the first protocols describing the generation of stem cell-derived pancreatic duct 

organoids were published[2,136]. Breunig, et al. [2] and Huang, et al. [136] transferred PPs 

into a 3D Matrigel culture as single cells and differentiated them into PDLOs in a multi-

phase protocol. These studies aimed to achieve the organoids' accurate physiological 

form and expression pattern. These cystic PDLOs exhibited apical-in polarity and 

showed functional CFTR activity when stimulated with forskolin. Different stages of 

pancreatic cancer could also be mimicked within these organoids by the inducible 

oncogenes KRASG12D and GNASR201H/C. 

The work presented in this thesis was carried out in parallel to the study of Breunig, et 

al. [2] as an alternative approach for pancreatic cancer diagnostics. The best option to 

diagnose pancreatic cancer earlier is to find a set of early secreted biomarkers. The 

advantage of this thesis compared to the Matrigel-based organoid culture of Breunig was 

the possibility to examine the secretome of PDLOs on the chip due to the matrix-free 

microenvironment and the resulting reversed polarity. Therefore confirmation of whether 

ductal organoids could be generated on a microwell chip with the protocol of Breunig, et 

al. [2] was mandatory. 
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4.2.1 Morphological changes to two distinct pancreatic duct-like organoid 

types 

The on-chip formed 3D PP aggregates underwent major morphological changes during 

differentiation toward organoid structures. Initially, the PPs formed uniformly round-

shaped aggregates within a few hours. Upon employing time-resolved IF staining for 

nuclei, epithelial and junction markers, the reorganization of the cells could be closely 

monitored. Initially, small lumens were formed, and the cells arranged themselves in a 

multi-layered epithelial structure, which is comparable to micro-lumen forming murine 

developmental stage E11.5[259]. In the second differentiation phase, outgrowths were 

paralleled by a decreased number of epithelial layers. Two different organoid types were 

observed at this stage: i) a multi-layered epithelial PDLO type with apical-out polarity and 

ii) the cystic PDLO type originating from the former.[1] None of the two morphologic types 

showed a different phenotype than PDLOs differentiated in Matrigel. However, upon 

orthotopic transplantation or Matrigel embedding, the PDLOs restructured to cystic 

epithelial organoids like described before[2,136]. 

Since the two different cell types could be detected in the transcriptome analysis, the 

next question was whether these different types are reflected in the morphological 

organoid types as well. The findings indicated that cystic organoid type expressed mucin 

exclusively. However, consistent with the transcriptome data, multi-layered epithelial 

PDLO type expressed CFTR in the early stages, although both CFTR and mucin in the 

later stages. Thus, neither the markers nor the bright field images could conclusively 

demonstrate that the transcriptome types reflect the distinct morphological types. 

The majority of the stainings for organoid characterization were performed on day 28. 

Both morphological types could be observed within the same organoid at this time. 

Further, the multi-layered epithelial PDLOs with reduced layers could be observed more 

frequently on day 31. Therefore it is conceivable that prolonged cultivation of multi-

layered organoids may restructure them into bi-layered epithelial structures. On day 28, 

two layers were often separated from other two-layered structures by expressing apically 

localized markers in between. In addition, with extended cultivation, the separation of the 

cystic organoids from the multi-layered structures may divide the cell and organoid types. 

These hypotheses need to be addressed in future studies upon employing prolonged 
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cultivation and staining of the organoids. However, as the dynamic velocity analyses 

emphasized, a dynamic transition from CFTR+-cells to mucin+-cells could occur 

alternatively within the multi-layered epithelial organoids. 

In conclusion, while the two morphological types do not match PDLOs cultured in 

hydrogel or in vivo, they can develop into organoids similar to Breunig, et al. [2] and 

Huang, et al. [136] by providing ECM. Further, the morphological subtypes did not split the 

duct-like subtypes but may do upon prolonged cultivation. 

4.2.2 Predominant apical-out polarity supports secretome studies and is 

switchable upon ECM contact 

In vivo ducts and primary or hPSC-derived PDOs/PCOs cultured in a hydrogel exhibit an 

apical-in, basal-out polarity[2,35,60,136,165]. Thus, secretion is directed from the apical side 

of the ductal cells toward the lumen and trapped inside the organoid or the hydrogel. On 

the contrary, PDLOs generated on microwell duct-on-chip technology showed a 

predominantly, but not completely, apical-out polarity[1]. The IF stainings and the swelling 

of cystic PDLOs, when stimulated with forskolin, indicate a relevant amount of functional 

luminal CFTR at the inner membrane of the PDLOs.[1]  

Upon transplantation into immunosuppressed mice, PDLOs formed ductal structures 

exhibiting the apical side toward the lumen[1]. An identical transition to an apical-in 

polarity was observed after the transfer of PDLOs from the microwell chip to a Matrigel 

hydrogel culture enriched in laminin[1]. The apical-in to apical-out conversion of cell 

polarity for organoids transferred from hydrogel to suspension cultures has been reported 

previously for epithelial intestinal organoids[166,260]. Additionally, intestinal organoids 

cultured on microstructured chip formats exhibit an apical-in polarity with the addition of 

only 2% of Matrigel supplemented in the media[258]. This suggests that ECM components 

participate in inducing the ductal epithelial polarity.  

However, organoids with apical-out polarity can become advantageous in certain 

applications, where organoids with apical-in polarity cannot be used, e.g., secretome 

analysis or stimulation of the apical cell membrane. It promotes the accessibility of the 

apical membrane for various studies, such as the investigation of membrane barrier 

functions or pathogen infections. Furthermore, the predominant apical-out polarity of the 
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PDLOs facilitates the exposure to external stimuli and enables swift access to the 

secretome of the organoids. 

4.2.3 Limited functional swelling upon forskolin stimulation 

One of the main functions of pancreatic ductal cells is the secretion of bicarbonate and 

water through the apical-localized CFTR channel upon contact with acinar-secreted 

enzymes. To test this function in vitro, organoids were stimulated with forskolin and the 

subsequent swelling event was monitored. The findings revealed only sporadic swelling 

after forskolin stimulation of PDLOs on the microwell chip, consistent with the main 

external CFTR expression. The swelling was only observed in the multi-layered epithelial 

duct-like organoids, which can be explained by the lack of connection of cystic organoids 

to the multi-layered counterparts and their free migration through the well. At the same 

time, CFTR expression was not detected in the cystic organoids. Whether the PDLOs 

show functional swelling in the hydrogel after the polarity switch, comparable to PDOs, 

remains to be determined.  

To summarize, the PDLOs show limited functionality due to the minimal apical-in polarity. 

However, the main secretion from the organoids is likely to occur in the medium through 

the expression of CFTR on the outer surface of the PDLOs. Consequently, the inversed 

polarity is supporting the development of secretion studies. 

4.2.4 PDLOs exhibit a maturation level comparable to a human fetus 

The differentiation of PDLOs in the microwell chip also allows examining the synchronous 

human ductal development in a two-stage protocol. The entire cell development from the 

PP to the duct-like cell stage was characterized using time-resolved single-cell 

transcriptomics and IF stainings. It revealed four progenitor clusters, a few endocrine-

like and endothelial-like cells, and three duct-like cell clusters. Various commonly known 

progenitor markers were used to verify in detail that differentiation had begun with the 

correct starting cell type.  

Based on analysis of various protein and transcriptome markers, maturation to ductal 

organoids could be detected. However, this maturation process did not entirely resemble 

theirs in the adult pancreas. Within the PDLOs, ductal markers such as SOX9, HNF1B, 

KRT8, CDH1, and KRT19 were widely documented. However, their expression is 
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detectable already in the early stages. Further, progenitor markers, only present in other 

late-stage pancreas cell types, like NKX6-1, GP2, and PTF1A, decreased over time. 

More mature markers such as CFTR, MUC1, AQP5, CA2, and KRT7 could also be 

revealed by IF stainings in many but not all cells. The transcriptome data showed end-

stage CA2 and CFTR expression, whereas MUC1, AQP5, and KRT7 could only be found 

in a few cells, further indicating an incomplete maturation of the PDLOs.[1]  

The maturation of progenitor cells into ductal cells similar to a fetal stage was further 

demonstrated with data integration into three primary single-cell data sets[1,4-6]. Thereby, 

the duct-like cells clustered together with the ductal cells of the adult primary pancreas[1]. 

This is also evident from the common expression of ductal markers, where the 

expression of progenitor cell markers was still elevated, and the more mature markers 

were decreased compared with adult ductal cells.  

Human comparative data from fetal to adult pancreas development does not reveal the 

precise degree of maturation. The current knowledge on pancreas development is based 

almost exclusively on murine data, which does not share the same level of similarity for 

pancreas development as it does for other organs. A single-cell transcriptome dataset 

for the human fetal pancreas has only recently been obtained from seven to ten WPC[213]. 

Gonçalves, et al. [213] showed similarities to murine development among the top 50 DEGs 

in the tip/trunk development. At the same time, the study also revealed major differences 

in the number and intensity of cell expression. Importantly to mention, the dataset was 

acquired before the development of ductal cells in the tip/trunk patterning stage. Scoring 

the top 50 DEGs from this data set[213] showed that trunk cells, representing the latest 

stage toward ductal cells, were most similar at the transition from 3D MPP to duct-like 

cells 1. In general, expression was mostly uniform across clusters except for the 

endocrine-like and endothelial-like cells. This suggests that the progenitor cells were less 

mature, and the duct-like cells were more mature than fetal cells from seven to ten WPC. 

Just recently, Sean, et al. [261] published a preprint of a single-cell roadmap of human 

fetal pancreatic development with samples from eight to 19 WPC. Sean, et al. [261] found 

tip/trunk pattering and three ductal clusters. However, the preprint focused on endocrine 

development, and the data is not accessible yet. Nevertheless, this data provided 
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essential information on human exocrine development and might allow further 

optimization of differentiation protocols. 

In conclusion, PDLO maturity corresponds to a fetal maturation level more advanced 

than seven to ten WPC but lower than the adult pancreas at this point. 

4.2.5 Two differential routes into CFTR- and mucin-rich ductal subtypes 

For the first time, the differentiation of hiPSCs to PDLOs on-chip was performed. For 

detailed characterization of differentiation to PDLOs, seven time points were recorded as 

single-cell transcriptomics, starting at the PP stage. Initially, two different progenitor 

clusters were found: unipotent and multipotent progenitors. These already matured 

during transfer in 3D within one day, supporting the thesis that 3D cultivation enhances 

maturation. During differentiation, sporadic endocrine-like and endothelial-like cells were 

observed. In the end, three different duct-like clusters belonging to two functional 

subtypes could be identified. These two groups resembled the transcriptome profile of 

mucosal restitution (MUC1) and HCO3- secretion (CFTR) previously identified in a 

primary data set at the scRNA-seq level[4].[1] 

In addition to ductal heterogeneity in the final stage, the emerging intermediate stages 

revealed important information about the specification of duct-like cell types. Previously, 

endocrine progenitor cells and later ductal cells were thought to segregate from a 

common trunk domain[205]. This arises in mice around E12.5 and subsequently 

undergoes tubular morphogenesis to form the ductal network[205]. While the timing of 

expression of certain markers is slightly different, evidence of similar markers indicates 

the presence of a trunk domain and a tip domain during human pancreatic 

development[139,205].[1] 

4.2.5.1 Two differentiation routes from the pancreatic progenitor stage 

Velocity analysis suggested different potency of the microwell chip-derived ductal cell 

types that arose from distinct, temporarily coexisting progenitor populations. CFTR+ duct-

like cells 1 have evolved from 3D MPPs, such as the few endocrine cells. These MPPs 

arose from the classical PDX1+/NKX6-1+ cell type (2D MPPs), to which PP protocols are 

optimized. However, while GP2 and PTF1A, indicative of classical tripotency, were not 

yet expressed in 2D MPPs, their expression was detected upon transfer in 3D setting.[1] 
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An unexpected outcome of the analysis was the absence of a common trunk domain 

subcluster for the endocrine- and duct-like cells[1]. A separate PTF1A-/NKX6-1+ cell 

cluster was not detected in close proximity to endocrine and ductal cells, representing an 

intermediate population that gives rise to both lineages[1]. However, such a population 

was detected upon crossing 3D MPP and duct-like cells 1, which also maximized the 

score for a gene expression pattern resembling the human fetal trunk region. These 

findings may suggest that a deeper scRNA-seq sampling interval with more cells would 

show a distinct trunk cluster between MPPs and duct-like cells 1. However, a common 

trunk domain emerging in the endocrine cells as described in mouse development cannot 

be envisaged[138].  

Velocity analyses showed an additional developmental route to duct-like cells in vitro, 

originating from UDPs and, to a small extent, from CFTR+ cells in MUC13+ cells. Such a 

developmental route to ductal cells was not described in mice yet. However, velocity 

analysis, ductal identity at the end of differentiation, and expression of diverse early 

ductal markers in the 2D and 3D UDPs strengthened the hypothesis of an alternative 

differentiation trajectory in the PDLOs. It is possible that the chemical induction protocol 

does not accurately reflect the in vivo development and that artificial variations from the 

trunk pattern were induced. In vitro and in vivo progenitor cell differences have been 

observed previously during endocrine development, in which a distinct trunk-like stage 

was also not detected[262-264]. Using in vivo scRNA-seq data from mice, additional 

developmental routes of PPs were hypothesized[265]. Further in vivo lineage tracing 

experiments directly demonstrated the progression of a ductal subpopulation of 

Pdx1+/Ptf1a- PP cells[266,267].[1] 

The recently published fetal single-cell transcriptome dataset contained some endocrine 

cells but no ductal counterparts, thus not allowing to screen for a common trunk 

domain[213]. In this study, PP cells of several differentiations were sequenced additionally 

with a few co-evolving CFTR+ cells[213]. However, also in this approach, no common origin 

of these small number of endocrine and CFTR+ ductal cells was demonstrated, 

suggesting the early ductal priming of PDLOs by the chemical induction in vitro[1]. The 

integration of different PP protocols into the human fetal dataset further showed 

differences in vivo and in vitro, with the 3D clusters most closely resembling the in vivo 
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cells[213]. However, the protocol used here was not included. The human dataset requires 

clustering at a higher resolution in order to investigate minute differences in the 

progenitor populations. Additional early and late sampling is mandatory for a highly 

informative charting of the human development trajectories. Conversely, the samples 

from the advanced-developed fetal pancreas[261] would teach us more about the potential 

absence of a common trunk domain in the human pancreas. 

Altogether, the in vivo development of PPs into pancreatic duct-like organoids is rather 

heterogeneous. Further investigations within the human fetal datasets are required to 

draw differences and similarities to in vitro differentiation approaches.  

4.2.5.2 CFTR+ and mucin+ cell types in the PDLOs and adult pancreas 

To investigate whether CFTR+ and mucin+ duct-like cell types could also be recovered 

in vivo, primary IF stainings and single-cell transcriptomes were examined. Baron, et al. 

[4] first detected the two ductal subtypes in a single-cell dataset. The scoring of the DEGs 

of the primary subtypes in the PDLO data showed a high concordance with the respective 

duct-like clusters. Moreover, integration of the PDLO transcriptomes into primary 

datasets demonstrated a dichotomy between the two ductal subtypes. Since such data 

integration can lead to overcorrection, the dataset containing the most ductal cells was 

re-clustered. Several of the duct-like cell cluster markers were consistently found in 

distinct clusters. Thereby, it is possible to find the two clusters in other primary datasets 

with and without integration.[1] 

To identify these cell clusters on protein level, some of the differentially and jointly 

expressed markers were subjected to IF analysis in PDLOs and the adult pancreas[1]. 

The stainings showed indeed a different, but not exclusive, level of marker expression in 

distinct cells[1]. These findings were in agreement with the scRNA-seq data since an 

enrichment of the markers could also be seen, although their expression was not 

necessarily exclusive[1]. Also, Breunig, et al. [2] observed the development of CFTR+ and 

MUC1+ positive cell types in the hydrogel cultures and hPSC-derived PDLOs.  

The two cell types were detected in primary tissue sections. However, the differences 

were more widespread than in the PDLOs. Consistent with staining data from Baron, et 

al. [4], the MUC1 positive ductal cells were in close proximity to acinar cells, namely in 
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the centroacinar and intercalated ducts. On the other hand, CFTR expression was 

observed in the intercalated ducts and branching ducts. Moreover, other markers of the 

individual clusters were found in other ductal cells (BICC1, MMP1) or not found in the 

healthy pancreas (SCTR, TFF1 or MUC13). This suggests additional ductal cell types in 

the adult pancreas and incomplete maturation of PDLOs. Furthermore, the plasticity 

indicates that the ductal cells have a possible common progenitor stage. 

The comparison and retrieval of CFTR+ and mucin+ ductal cell types in primary tissue 

indicated that PDLOs have a high potential for model diseases of the pancreatic ductal 

compartment, particularly pancreatic cancer[1]. 

4.3 Identification of potential diagnostic and prognostic biomarkers 

within the PDLO secretome 

Unfortunately, no efficient screening approach for early PDAC detection has been 

established to date. In addition, personalized treatment is still in its infancy, and predictive 

biomarkers are widely lacking for pancreatic cancer. Secreted biomarker proteins from 

early neoplastic ducts may consequently address this unsolved issue. Considering the 

aspects above, the microwell duct-on-chip technology can provide a central tool for 

analytical methods such as mass spectrometry. Indeed, oncogenic driver gene-

expressing PDLOs subjected to screening on the microwell chip may render a major 

advance for the analysis of oncogene-specific secretomes. This thesis’ data delivers a 

proof-of-concept by determining the secretome of genetically unmodified hiPSC-derived 

PDLOs and the subsequent implementation of a systematic biomarker classification 

approach.[1] 

Within the secretome and transcriptome, several unfavorable and favorable markers 

specifically expressed in pancreatic ductal cells were revealed. Among the unfavorable 

markers, less than half are established biomarkers for PDAC. For the proof-of-concept 

investigations, filamin B, detected in both the secretome and transcriptome, was further 

studied in cancer patients. Indeed, FLNB was found to be significantly elevated in PDAC 

in biopsies. Interestingly, a significant expression increase was additionally observed in 

PanIN lesions. Contrary to the data from Human Protein Atlas[190], no unfavorable effect 

could be observed in the cohort of cancer patients examined in this study. Conversely, 
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higher FLNB expression was found to be associated with better mean overall survival. In 

addition, FLNB levels were measured in healthy and PDAC patient blood to interrogate 

the feasibility as a liquid biopsy marker. Indeed, the PDAC patient’s FLNB blood level 

concentrations were associated with a marked increase in FLNB levels, although 

exclusively in early cancer stages.[1] 

Thus, the data indicate that FLNB is an (early) PDAC biomarker. However, FLNB is 

unsuitable as a liquid biopsy marker given its rather low levels in peripheral patient blood 

samples in later pancreatic cancer stages, which their hypovascularization may reason. 

In order to establish a specific set of biomarkers for liquid biopsies in a follow-up study, 

a broad screening approach needs to be addressed. In this regard, the involvement of 

several markers featuring significantly elevated levels in the blood at early and later 

stages is mandatory in order to prevent patients from being misdiagnosed at a more 

advanced stage.  

All the secreted markers identified in this study and not further evaluated might be tested 

for their potential as liquid biopsy markers to screen for better biomarkers. However, a 

more straightforward approach should consider the use of either primary cancer 

organoids or hPSC-derived PDLOs with inducible oncogenes, as published by Breunig, 

et al. [2] and Huang, et al. [136]. The systematic measurement of the secretome might 

reveal secretion at the earliest possible stages through a controlled activation of 

oncogenes. The employment of PDLOs with inducible oncogenes circumvents to some 

extent the sole use of databases for identification of the secretome and may ultimately 

provide potential early biomarkers and therefore offer deep insights into oncogene-

specific secretion changes.  

Taken together, microwell duct-on-chip technology is applicable for secretome analysis 

and identification of potential diagnostic and prognostic biomarkers. In a follow-up study, 

(inducible) cancer organoids can be screened for additional early biomarkers within the 

chip.  
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5 Conclusion 
The exocrine function of the pancreas is central to the human digestive system. The 

destruction of exocrine cell types and tissues by chronic pancreatitis leads to pancreatic 

insufficiency and increased risk of pancreatic cancer[268,269] - one of the most devastating 

cancers to date[19]. In the past decades, the main research was based on 2D cell culture 

and later 3D Matrigel culture involving cell lines, primary mouse or human tumor cell 

material and in vivo experimental settings. Substantial knowledge about the genetic 

components and key regulators has been gained through these studies. However, the 

progress in developing pharmaceutical therapies and preventive medical testing for 

human pancreatic cancer remained rather limited. Previous studies lack the complex 

TME, cell composition, and characterization of the early stages of tumors. The 

inaccessibility of the human pancreas and the shortage of healthy or early disease-prone 

ductal material further hampered the discovery of biomarkers for diagnostic purposes or 

drug development.  

Therefore, human stem cell-derived organoids of the exocrine pancreas hold tremendous 

potential for engineering in vitro disease models and to advance human pancreas 

development knowledge. Newly established differentiation protocols toward pure 

exocrine pancreatic organoids represent a major step toward the design of an artificial 

pancreas[2,136]. Rebuilding the healthy pancreas from the earliest possible stage – stem 

cells allows the study of developmental routes and the control and reconstruction of 

different genetic perturbations of pancreatic cancer. Inducing and investigating 

pancreatic cancer from the healthy cell type origin can give substantial insights into 

cancer development, driver pathways and key regulators. However, since these 

organoids are cultured in hydrogel and have apical-in polarity, they may not be used to 

measure the altered secretion upon oncogene induction. 

During my doctoral study, I designed a matrix-free microwell duct-on-chip technology to 

extend the current research with the enablement of secretome studies within apical-out 

organoids. The benefits of the microwell chip are represented by i) the reduced amount 

of cells and material, ii) controlled and homogeneous 3D aggregate size, iii) capability of 

long-term 3D cell culture with live-imaging, iv) sampling for downstream analysis with 

minimal perturbation, and v) the opportunity to initiate co-cultures.[1] 
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In the microwell chip, I differentiated hiPSC-derived 3D PP aggregates into PDLOs to 

establish a healthy model of the ductal pancreas, which can later be used to measure 

secretion changes in pancreatic cancer progression[1]. To validate this novel and first 

PDLO on-chip model, I first analyzed in detail the organoids and their differentiation route 

with time-resolved IF and scRNA-seq analysis[1]. The single-cell transcriptomics revealed 

two and so-far only partially known differentiation routes toward two duct-like cell types[1]. 

It provides a new opportunity to trace and understand the ductal in vitro differentiation 

route. The main ductal subtypes expressing mucin+ or CFTR+ have also been identified 

in primary scRNA-seq datasets[1,4] and IF stainings of the PDLOs, adult pancreas, and 

pancreatitis tissue sections[1]. The duct-like cells of the organoids resembled a fetal 

maturity, which was more advanced than after ten weeks post-conception in a human 

fetus. Thereby, the system supplements the current research with a novel exocrine ductal 

pancreas on-chip model, which reflects the pancreatic development to a certain degree. 

Due to the apical-out polarity, PDLOs showed only a limited functional swelling upon 

forskolin stimulation. However, it proved the functionality of the CFTR channel and 

enabled the establishment of secretome studies, as the proteins are secreted to the 

measurable media. Several hundreds of favorable and unfavorable PDAC markers could 

be identified within the secretome analysis. One marker present in secretome and 

transcriptome was FLNB, which was also increased in cancer biopsies and early cancer 

stages in patient blood.[1]  

The combination of microwell duct-on-chip technology with the cell engineering 

approach[2,136] may allow monitoring of the earliest possible changes within the 

secretome of the organoids upon induction of the oncogene expression. Comparing 

these early mutation-specific changes will help uncover early biomarkers that might be 

detected in patient blood and a combination of them to establish medical prevention 

testing.  
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6 Outlook 
Pancreatic ductal cells are organized in a tubular system meant to transport the digestive 

enzymes produced by the acinar cells to the intestine. Currently, a tubular lumen from 

pancreatic epithelium has only been used by Nguyen, et al. [103]. The rebuilding of a 

healthy pancreatic duct in the form of a tube within a system connected to the acinar 

cells resembles, to a certain extent, the functional unit of the exocrine pancreas, which 

offers insights into the development and disease origins. One could even envisage that 

both cell types may be differentiated on the chip using a cytokine gradient. A simpler, 

faster, and in practice, more feasible alternative is the differentiation and seeding of the 

hPSC-derived PAOs next to an on-chip formed ductal tube. Testing the optimal time to 

seed the ductal progenitors into the tube is compulsory to engineer such an hPSC-

derived duct-like tube. In mice, branching starts around E9.5 but only at E11.5 forms 

micro-lumens as observed in the PDLOs around day 20[1,259]. Therefore, a good starting 

cell type for the transition into the tubular structure might be represented by the cells that 

underwent 20 days of differentiation and were subjected to close testing. Furthermore, 

the shear stress inflicted by perfusion can support and even enhance the maturation of 

in vitro differentiated epithelial cells, e.g., by realignment, cytokeratin deposition and 

development of polarity[270-274]. The model may thus improve the in vitro maturation of the 

currently fetal-stage-like hPSC-derived PDLOs to mirror closer to the adult pancreas. 

One limitation within this model is the Matrigel-based hydrogel, which is batch-

dependent, mouse- and tumor-derived. Replacement of Matrigel with the recently 

developed, fully synthetic hydrogel ECM described by Below, et al. [81] resembles a 

completely controllable TME. Furthermore, close monitoring of oncogene-specific 

changes within the hPSC-derived organoids featuring inducible oncogenes, as described 

by Breunig, et al. [2] and Huang, et al. [136], may advance the PDAC on-chip approach to 

a more accurately controllable model. Further customization of the model upon 

integration of artificial vessels or with endothelial cells derived from the same 

hPSCs[3,275,276] can boost the relevance of drug response, vascularization or 

hypovascularization studies[94,103]. Additionally, changes in cell communication or 

stiffness in PDAC changes can be studied by seeding different cells like HPaSteC, hFBs 

or other tumor-related cell types into the synthetic hydrogel[1,81,94,103]. While such a model 

requires substantial development and refinement time, it could significantly advance 
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pancreas and PDAC modeling. A combination of these engineering techniques may 

render the exocrine pancreas to model PADC in a small, controllable system, easily 

adaptable according to aims and the experimental setting. 

The first milestones for translating in vitro exocrine models into disease models have 

been set in the current phase. However, complex factors of pancreatic cancer have not 

been addressed yet. Mutations and combinations[277] other than KRASG12D and 

GNASR201C/H have yet to be regarded, and their contribution to the complex pancreatic 

cancer investigated. Furthermore, the different cancer-related cell types are not studied 

in a combined setting. The process of developing an immunosuppressive TME, reflecting 

a combination of desmoplastic stroma, hypovascularity, myeloid cells, and 

macrophages[278], remains to be modeled. Further, the distinct types of cell differentiation 

and transdifferentiation, such as ADM[279] or EMT[280], need to be considered in future 

studies. Also, the metastatic processes of PDAC require more attention. Previous studies 

from Nguyen, et al. [103] and Lai, et al. [94] may represent here a valid start. In the same 

line, extravasation and the metastatic invasion of other organs requires further 

investigations. In addition, several aspects like perineuronal invasion[281], circulating free 

DNA and RNA[282], pancreatitis[268] or pancreatic insufficiency[269] must be simulated and 

studied in vitro.  
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8 Supplement 

8.1 Material list 

Material Company Product number 

254 nm UV light NK-Optik / 
3-Isobutyl-1-methylxanthine  Sigma I5879 
Accutase Sigma A6964 
Activin A PeproTech 120-14 
Agarose Sigma A9539 
Antibody Diluent  Zytomed ZUC025 
Asiga PICO2 HD 27 UV385 Asiga / 
Axio Observer LSM 880 Zeiss  2042220 
bFGF Novoprotein C046 
C18 reversed phase analytical 
column 

Waters / 

C18 trap column LC Packings / 
Caerulein  Sigma C9026 
Chromium Single Cell 3’ library 
and gel bead kit v3.1  

10x Genomics PN-1000121 

Citrate buffer  Vector Laboratories H-3300 
Citric acid  Sigma 251275 
DAPI Sigma D9542 
DMEM Gibco 41966052 
DMEM/F12 Gibco 12634010 
DMSO Schuber und Weiss APP A3672,0250 
Dorsomorphin Sigma P5499 
Dulbecco’s Phosphate Buffered 
Saline  

Gibco 10010056 

EGF R&D 236-EG-200 
Envision FLEX HRP Magenta 
high pH kit  

Dako GV900 

Fatty acid free (FAF) Bovine 
Serum Albumin (BSA) 

Proliant and Roche 68700 

FGF10 R&D 345-FG 
FGF10 Peprotech 100-26 
FLNB ELISA kit  MyBioSource MBS451921 
Fluoromount-G SouthernBiotech 0100-01 
4% PFA Thermo Fisher Scientific 15670799 
Forskolin  Abcam ab120058 
Fully automated OMNIS staining 
device  

Dako / 

Glucose  Sigma G7528 
Glutamax Gibco 35050038 
Glycin  Roth 0079.1 
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Material Company Product number 

Growth factor reduced (GFR) 
Matrigel 

Corning 354230 

GSK3β-inhibitor (CHIR99021) Axon MedChem 1386 
Haematoxylin Dako CS700 
Heat-inactivated FBS  Thermo Fisher Scientific Corning Media 

Tech 35-079-CV 
hESC Matrigel Corning 354277 
Hydroxypropylmethylcellulose Fluka Analytical 09963 
Indolactam V StemCell Technologies 72312 
Insulin-transferrin-selenium-X  Gibco 51500056 
KGF PeproTech 100-19 
L-ascorbic acid Sigma A4544 
LDN-193189 Sigma SML0559 
MCDB131 Thermo Fisher Scientific 10372019 
Mouse Wnt3a  PeproTech 315-20 
MSC2530818 Selleckchem S8387 
mTeSR1 Stemcell Technologies 85850 
Nano-RSLC, Ultimate 3000 RSLC Dionex / 
Nicotinamide Sigma N0636 
NovaSeq 6000 S2 flow cell  Illumina / 
Otoflash G171 NK-Optik 644900 
PDMS, SYLGARDTM 184 Silicone 
Elastomer Kit 

Dow Chemical Company 39100000 

Penicillin/Streptomycin  Sigma and Thermo P4333 
Pluronic F-127  Sigma P2443 
Polyglactin coated vicryl suture Ethicon / 
Q-Exactive HF-X mass 
spectrometer  

Thermo Fisher Scientific / 

Retinoic acid Sigma R2625 
RIPA buffer  Thermo Fisher Scientific 89900 
ROCK inhibitor Y-27632  abcam ab120129 
SANT-1 Sigma S4572 
Sodium bicarbonate Sigma S5761 
Sodium phosphate  Sigma 71649 
Stage top incubator  Tokai Hit / 
Sucrose  Sigma S0389 
SuperFrost Ultra Plus microscope 
slides  

Thermo Fisher Scientific 1255015 

TBS Duolink 82048 
TBS-T Duolink 82047 
Tramadol  Grünenthal / 
Tris buffer  Vector Laboratories H3301250 
TrypLE Select  Gibco 11588846 
Tween 20  Roth 9127.1 
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Material Company Product number 

Ultra-pure SDS  Invitrogen 24730020 
X-CLARITY Mounting Solution Logos Biosystems LGBED0004 
ZnSO4 Sigma Z0251 

 

8.1.1 Antibody list 

The antibody list is adapted from Wiedenmann, et al. [1] and used with “author permission 

rights” from Nature. 

Antibody Clone 
Staining 
method 

Condition Dilution Company Catalog Lot 
Antibody 
validation 

AcTub 
(aa K40 

acetylated 
) 

EPR16772 IF-p 
steamer 

Citrat 
1000 Abcam ab179484 

GR3240369-
6 

[2] 

AMY2A polyclonal IF-p 
steamer 

Citrat 
1000 Sigma A8273-1VL 068K4796 [109] 

AQP5 EPR3747 IF-p 
steamer 

Citrat 
200 Abcam ab92320 

GR3273694-
1 

[1] 

ARL13B N295B/66 IF-p 
steamer 

Citrat 
1000 Abcam ab136648 

GR3272548-
1 

[2] 

BICC1 polyclonal IF-p 
steamer 

Citrat 
75 Sigma NBP194171 NA [1] 

CA2 EPR5195 IF-p 
steamer 

Citrat 
500 Abcam ab124687 GR155503-7 [2] 

CDH1 24E10 IF-p 
steamer 

Citrat 
200 

Cell 
Signaling 

3195 13 [2] 

CDH1 36 IF-p 
steamer 

Citrat 
1000 

BD 
Bioscience 

610182 9315423 [2] 

CFTR D6W6L IF-p 

steamer 
Citrat/ 

steamer 
Tris 

200/ 
400 

Cell 
Signaling 

78335 1 [2] 

CFTR 13-1 IF-p 
steamer 

Tris 
200 R&D MAB1660 BLG022005A [2] 

CHGA DAK-A3 IF-p 
steamer 

Citrat 
200 Dako M0869 20081824 [283] 

CLDN1 polyclonal IF-p 
steamer 

Tris 
100 Abcam ab15098 GR282937-1 [2] 

COL4A1 polyclonal IF-p 
steamer 

Citrat 
500 Abcam ab6586 

GR3350938-
1/ 

GR322984-1 

[1] 

FLNB polyclonal IF-p 
steamer 

Citrat 
50 Merck HPA004886 000018297 [1] 

GATA6 D61E4 IF-p 
steamer 

Tris 
300 

Cell 
Signaling 

5851 5 [1] 

HNF1B CL0374 IF-p 
steamer 

Citrat 
100 Abcam ab236759 

GR3279363-
6 

[2] 

Human 
Nucleoli 
antibody 

NM95 IF-p 
steamer 

Citrat 
200 Abcam ab190710 

GR3269017-
3 

[2] 

Ki-67 MIB-1 IF-p 
steamer 

Citrat 
200 DAKO M7240 20083387 [2] 

KRT19 RCK108 IF-p 
steamer 
Citrat or 

Tris 
100 DAKO M0888 

20062456/ 
41236534 

[2] 
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Antibody Clone 
Staining 
method 

Condition Dilution Company Catalog Lot 
Antibody 
validation 

KRT7 OV-TL IF-p 
steamer 

Citrat 
200 DAKO M7018 20064378 [2] 

KRT8 CAM5.2 IF-p 
steamer 

Tris 
100 

BD 
Bioscience 

345779 5292988 [109] 

MMP1 EP1247Y IF-p 
steamer 

Tris 
150 Abcam ab52631 

GR3261996-
3 

[1] 

MUC1 VU4H5 IF-p 
steamer 

Citrat 
100 

Santa 
Cruz 

sc-7313 A2114 [2] 

MUC1 D908K IF-p 
steamer 

Tris 
200 

Cell 
Signaling 

14161 1 [1] 

MUC13 TCC16 IF-p 
steamer 

Citrat 
500 Biolegend 363902 B190123 [1] 

MUC2 Ccp58 IF-p 
steamer 

Tris 
200 

Santa 
Cruz 

sc-15334 00920 [2] 

MUC5AC CLH2 IF-p 
steamer 

Citrat 
100 

Santa 
Cruz 

sc-33667 J1408 [2] 

MUC6 CLH5 IF-p 
steamer 

Tris 
100 

Santa 
Cruz 

sc-33668 B0520 [1] 

NKX6-1 FF5A12 IF-p 
steamer 
Citrat or 

Tris 
150 

DSHB 
Hybridoma 

SH30349 
AD18110292/ 
AE29446913 

[109] 

OCT4 C-10 IF-p 
steamer 

Citrat 
100 

Santa 
Cruz 

sc-5279 C2014 [1] 

PDX1 polyclonal IF-p 
steamer 
Citrat or 

Tris 
500 R&D AF2419 UNY0119031 [109] 

SCTR polyclonal IF-p 
steamer 

Citrat 
100 

Atlas 
Antibodies/ 

Sigma 

HPA007269/ 
SAB4502719 

A119297/ 
61742 

[1] 

SOX2 245610 IF-p 
steamer 

Citrat 
300 R&D MAB2018 NA [1] 

SOX9 polyclonal IF-p 
steamer 

Citrat 
500 Millipore AB5535 

3249418/ 
3282152 

[109] 

TFF1 GE2 IF-p 
steamer 

Tris 
100 

Novus 
Biologicals 

NBP2-34293 
7031-

1P180627 
[1] 

VIM D21H3 IF-p 
steamer 

Citrat 
500 

Cell 
Signaling 

5741 6 [2] 

ZEB1 H-3 IF-p 
SKT or 
steamer 

Tris 
300 

Santa 
Cruz 

sc-515797 C0520 [2] 

ZO-1 A12 IF-p 
steamer 

Citrat 
100 Invitrogen 33-9100 TL277395 [2] 

FLNB polyclonal IHC-p 

EnVision 
FLEX 
HRP 

Magenta, 
High pH 
(Dako 
Omnis) 

50 Merck HPA004886 000018297 

[1] 
 

CDH1 24E10 ICC/IF 
Organoid/ 

tissue 
slices 

200 
Cell 

Signaling 
3195 13 [2] 

CFTR D6W6L ICC/IF 
Organoid/ 

tissue 
slices 

800 
Cell 

Signaling 
78335 1 [2] 

CLDN1 421203 ICC/IF 
Organoid/ 

tissue 
slices 

200 R&D MAB4618 ZZY031912B [1] 

COL4A1 polyclonal ICC/IF 
Organoid/ 

tissue 
slices 

500 Abcam ab6586 
GR3350938-
1/GR322984-

1 

[1] 
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Antibody Clone 
Staining 
method 

Condition Dilution Company Catalog Lot 
Antibody 
validation 

KRT19 RCK108 ICC/IF 
Organoid/ 

tissue 
slices 

100 DAKO M0888 
20062456/ 
41236534 

[2] 

MUC13 TCC16 ICC/IF 
Organoid/ 

tissue 
slices 

500 Biolegend 363902 B190123 [1] 

PDX1 polyclonal ICC/IF 
Organoid/ 

tissue 
slices 

500 R&D AF2419 UNY0119031 [109] 

SOX9 D8G8H ICC/IF 
Organoid/ 

tissue 
slices 

400 
Cell 

Signaling 
82630 1 [1] 

SOX9 polyclonal ICC/IF 
Organoid/ 

tissue 
slices 

500 Millipore AB5535 
3249418/ 
3282152 

[109] 

ZO-1 A12 ICC/IF 
Organoid/ 

tissue 
slices 

200 Invitrogen 339100-A555 TI277386 [2] 

c-KIT 104D2 FC 
surface 
staining 

100 Invitrogen CD11705 2086609 [109] 

CXCR4 12G5 FC 
surface 
staining 

50 Invitrogen MHCXCR404 2153692 [109] 

NKX6-1 FF5A12 FC 
Intra-

cellular 
staining 

150 
DSHB 

Hybridoma 
SH30349 

AD18110292/ 
AE29446913 

[109] 

NKX6-1-
APC 

R11-560 FC 
Intra-

cellular 
staining 

35 
BD 

Bioscience 
563338 1062126 [2] 

PDX1 polyclonal FC 
Intra-

cellular 
staining 

500 R&D AF2419 UNY0119031 [109] 

PDX1-PE 658A5 FC 
Intra-

cellular 
staining 

35 
BD 

Bioscience 
562161 0058961 [2] 

 

8.2 Protocols developed for the thesis 

8.2.1 PDMS microwell chip molding 

1. Pre-coat the mold with a citric acid sodium phosphate buffer with 0.1% 

(Hydroxypropyl)methylcellulose for 10 min. 

2. Store in fridge ((Hydroxypropyl)methylcellulose is more soluble in low 

temperatures). 

3. Remove bubbles with a vacuum pump. 

4. Rinse with deionized water. 

5. Dry with nitrogen. 

6. Prepare 1:10 curing agent: PDMS (about 10 g per chip in 6-well). 

7. Mixing PDMS with the program: 3 min both directions with 1500 rpm. 
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8. Put a little drop of PDMS in a six-well, then press the chip mold in it and fill PDMS 

over it completely. 

9. Remove bubbles by evacuating under the vacuum, stay with the vacuum pump 

for the first minutes and open it carefully if necessary to avoid boiling. 

10. Open the vacuum all 10min until no bubbles appear anymore from the pillars. 

11. Carefully add the coverglass in the middle and let it sink, do not push it because 

it will cause bubbles. 

12. Push the coverglass from left to right to remove all the PDMS underneath. 

13. Bake for at least 1.5 h at 80°C. 

14. Put isopropanol on top of the PDMS and circle with a scooper to get the chip out 

15. Turn it around and add isopropanol again 

16. Carefully remove the printed mold by lifting it slightly away from all sides. Make 

sure isopropanol is underneath. 

17. Turn the chip around again, cut it to the glass, and then remove it. 

18. Cut the rest overlapping PDMS of the chip for better imaging. 

8.2.2 Cell seeding onto the microwell duct-on-chip technology 

Sterilization and coating 

1. Coating with 10% pluronic acid overnight 

2. Use the vacuum pump to fill all the wells with pluronic acid. 

3. Put with pluronic under the hood and sterilize with sterilizer for 30 min. 

4. Aspirate the pluronic acid. 

5. Wash with PBS, and pipet a few times up and down (you will see some "fog"). 

6. Wash with media, pipet a few times up and down. 

7. Aspirate media and ensure all liquid is gone around the stamps (DON’T go inside 

the stamps). 

8. Try to put 20 µl drop of media in the stamp to check if it is leaking or not. If yes, 

redo the previous step. 

9. When all stamps are fine, continue to prepare the cells. 

Cell seeding 

1. Count cells, calculate per array and well number. E.g., the standard conditions:  
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600 cells per well in the 300 µm well diameter for one chip. Calculate with 

one more array than you want to seed that you have enough cell 

suspension. 

 

���� ���	�
 �600� ∗ ���� ���	�
 �61� ∗ �

�� ���	�
 �4 + 1� =

 183,000 cells   

 

 150 µm chip 300 µm chip 600 µm chip 

Number of wells 

per array 
251 61 19 

 

2. Centrifuge the cells with 300x g for 5 min. 

3. Dilute that you have the correct number of cells in 20 µl per array.  

For the previous example, it would be 100 µl (5 * 20 µl). 

4. Aspirate the media in the stamps (do not touch the ground. Do not use the pump.). 

5. Before you seed, pipet once up and down, then seed the cells onto the chip. 

6. Let them settle at room temperature for 20min. 

7. Put in an incubator for 30 min. 

8. Add ~600 µl of media carefully in the corner, and make sure there are no bubbles 

in the wells. 

8.2.3 HiPSC differentiation to PDLOs 

The differentiation protocol for PPs was developed and published before[109,145]. The 

differentiation protocol for PDLOs was developed by Breunig, et al. [2] and adapted for 

the PDLO on-chip application. 

Well plate coating 

1. Thaw GFR-Matrigel on ice. 

2. Coat the wells (24 well plate) with 220 µl GFR-Matrigel in DMEM:F12 (1:18 mix 

on ice and cool down DMEM:12 before). 

Make sure that the entire surface of the well is covered and does not dry out. 

3. Incubate the well plate for 1 h at 37°C. 
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4. Aspirate Matrigel and add 200 µl mTesR+ROCK (1:1000)  

Cell seeding for differentiation 

5. Wash hiPSCs once with PBS before splitting. 

6. Add 700 μl TrypLE Select for 3 to a maximum of 5 min at 37°C. 

 hiPSCs should detach when you slightly move the plate. 

7. Add 2 ml DMEM:F12 to detach the hiPSCs. 

Resuspend by gently pipetting up and down 2-3 times with a 5 ml pipette. 

 Avoid shear stress from too much pipetting, shaking and moving. 

8. Centrifuge at 200x g for 4 min. 

9. Resuspend in mTesR + ROCK (1:1000) by gently pipetting up and down 2-3 times 

with 5 ml pipette. 

10. Plate 25,000 hiPSCs per well in the pre-coated 24-well plate. 

11. Change media 4 h before differentiation start to pure mTesR. 

12. According to the table “Differentiation protocol until pancreas progenitors”, change 

media every day. 

13. Check the definitive endoderm (day 3), pancreatic endoderm (day 10), and 

pancreas progenitor (day 13) stage with FACS stainings.  

 Base media 1 (BE1) Base media 3 (BE3) 

Compound 
Final  
concentration 

Volume 
(µl) 

Final  
concentration 

Volume 
(µl) 

75g/l Sodium 
Bicarbonate 

1.174 g 782.7 1.754 g 1169.3 

100x Glutamax 1x 500 1x 500 
200g/l Glucose 0.8 g 200 3.3 g 825 
75g/l FAF-BSA 5 g 3333.3 20 g/l 13333.3 
ITS-X    250 
MCDB131  45684  35091.7 

Total in µl  50000  50000 

Table 1 | Media composition of the base media for the differentiation. 

The media composition is according to Breunig, et al. [2]. 
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Differentiation protocol until pancreas progenitors 
 Compound Final concentration Volume in µl 

Stage 1 (day 0) 
Media day 0 

BE1  9986 
Act A 100 ng/ml 10 
CHIR 2 µM 4 
Total in µl  10000 

Stage 1 (days 1-2) 
Media change 

every day 

BE1  9989 
Act A 100 ng/ml 10 
bFGF 5 ng/ml 1 
Total in µl   10000 

Stage 2 (days 3-5) 
Media change 

every day 

BE1   9986 
FGF10 50 ng/ml 10 
DorsoM 0,75 µM 1 
Wnt3a 3 ng/ml 1 
Total in µl   10000 

Stage 3 (days 6-8) 
Media change 

every day 

BE3   9965,5 
FGF10 50 ng/ml 10 
LDN 200 nM 10 
SANT-1 0,25 µM 2,50 
RA 2 µM 2 
Ascorbic Acid 0,25mM 10 
Total in µl   10000 

Stage 4 (days 9-12) 
Media change 

every day 

BE3   9863 
LDN 200 nM 2 
EGF 100 ng/ml 20 
NA 10 mM 100 
ILV 330 nM 5 
Ascorbic Acid 0,25mM 10 
Total in µl  10000 

Table 2 | Media composition of the differentiation toward PPs. 

The media composition is according to Breunig, et al. [2]. 

Differentiation transfer to the microwell chip 

Follow the protocol “Cell seeding onto the microwell duct-on-chip technology”.  

For detaching the PPs: 

1. Wash PPs once with PBS before splitting. 

2. Add 220 μl TrypLE Select for 5-10 min at 37°C. 

 PPs should detach when you slightly move the plate. 

3. Add 500 µl DMEM:F12 to detach the PPs. 
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Resuspend by gently pipetting up and down 2-3 times. 

 Avoid shear stress from too much pipetting, shaking and moving. 

4. Centrifuge at 200x g for 5 min. 

5. Continue with protocol “Cell seeding onto the microwell duct-on-chip technology” 

at cell seeding. 

Ductal two-phase differentiation media 

Phase 1: 
day 13-20 

media change 
at d13 & d17 

Compound Final concentration Volume in µl 

BE3  9739.9 
Nicotinamide 10 mM 100 

ZnSO4 10 µM 10 
Rock Inhibitor 

(just for the first 
media change) 

10 µM 10 

EGF 50 ng/ml 10 
FGF10 50 ng/ml 10 
KGF 50 ng/ml 10 
MSC 50 nM 0.1 

Ascorbic Acid 0.044 g/L 10 
Pen/Strep 1% 100 
Total in µl  10000 

Phase 2: 
day 20 until day 27 

or longer 
media change 
twice per week 

 

Compound Final concentration Volume in µl 

BE3  9760 
Nicotinamide 10 mM 100 

ZnSO4 10 µM 10 
EGF 50 ng/ml 10 

FGF10 50 ng/ml 10 
Ascorbic Acid 0.044 g/L 10 

Pen/Strep  100 
Total in µl  10000 

Table 3 | Media composition of the 2 phase ductal differentiation protocol. 

The media composition is according to Breunig, et al. [2]. 

8.2.4 Fast acrylamide free tissue clearing and immunofluorescence 

staining on-chip 

Fixation 

1. Wash with PBS. 

2. Add 4% PFA. 

3. Three days fixing at 4°C. 
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Clearing 

4. 1-24 h of 8% SDS in 1x PBS (10% Ultra pure SDS + MilliQ+ 1x PBS pill). 

5. For the duration, check when the orgnoids get invisible. 

6. Wash once with PBS. 

Staining primary antibody 

7. Wash 2x 1 h with PBST on a shaker. 

8. Blocking with 1% BSA, 22.52 mg/ml Glycin and 0.1% Tween20 for 1 h. 

9. 1st antibody in 1% BSA and 0.1% Tween20. 

10. Incubate for 1-4 days. 

Staining secondary antibody 

11. Wash 2x 10 min Wash A. 

12. Secondary antibody in 1% BSA for 4 h at room temperature in the dark or at 4°C 

overnight. 

13. Wash 2x 10 min Wash B. 

14. Add DAPI 1:1000 for 15 min. 

15. Wash 3x Wash A. 

16. Postfixation with 4% PFA for 30 min 

17. Store in PBS. 

Imaging 

18. Cut chip and put in ibidi (can also be done before staining). 

a. Remove all of the PBS. 

b. Then cut with a scalpel the arrays. 

c. Put the parts with a tweezer to a 8-well ibidi. 

19. Add 40 µl X-CLARITY. 

20. Go for measurement. 

8.2.5 Proteome and secretome sample extraction from the microwell chip 

1. Wash chip with DMEM:F12 three times: 

a. Remove carefully complete media (be careful not to take out the 

organoids). 
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b. Add 3 ml DMEM:F12 to the pipetting help. 

c. Incubate for 1 h at 37°C. 

d. Repeat a-c three times. 

2. Critical step: try to take out the complete media, but avoid taking out the organoids. 

3. Add 700µl carefully DMEM:F12 on the organoids, avoiding that the pipetting help 

is filled. 

4. Keep it for 8 h in an incubator at 37°C. 

Supernatant for Secretome 

You should use protein-low binding tubes. 

5. Take all of the supernatant (very carefully, avoid aspiration of any organoids). 

Do step 8. before you continue here. 

6. Centrifuge the supernatant (short, maximum 1 min with 200xg). 

7. Freeze the supernatant at -80°C (to ensure there are no organoids or dead cells 

in anymore). 

Organoid Pellet for Proteome 

You should use protein-low binding tubes. 

8. Add ice-cold PBS to the organoids (directly after taking the supernatant away). 

9. Pipet up and down with 1000µl pipet a few times to remove the organoids from 

the chip. 

Before you pipet the organoids, make sure you coated the pipet tip with PBS 

(otherwise, you might lose more organoids). 

10. Repeat steps 7 and 8 until you get almost all of the organoids (check under the 

microscope). 

11. Wash organoids with PBS at least three times. 

a. Wait 10min in between. 

b. Centrifuge 5min 200x g. 

12. Freeze organoid pellet at -80°C until measured. 
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