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Kurzfassung 

Aktuell dienen Zellkulturen und Tierversuche in der pharmazeutischen Forschung der 

Bewertung von Wirksamkeit und Sicherheit neuer Substanzen. Dabei beruht die Beliebtheit 

zweidimensionaler Zellkultursysteme auf ihrer kostengünstigen Herstellung und Wartung, der 

Skalierbarkeit und den bereits etablierten Analysemethoden. Trotz ihrer Vorteile führen diese 

Systeme oft zur Fehleinschätzung von Substanzen, die in späteren Studien an Menschen 

aufgrund von unerkannten Nebenwirkungen oder verminderter Wirksamkeit zu Fehlschlägen 

führen. Um kostspielige Misserfolge zu vermeiden, sind deutlich genauere und zuverlässigere 

Gewebemodelle notwendig. Solche Modelle erfordern die gezielte Platzierung verschiedener 

Zelltypen in einem Matrixmaterial, das der extrazellulären Matrix des menschlichen Körpers 

ähnelt. Dies kann am effektivsten durch hochauflösende 3D-Biodrucker umgesetzt werden. 

Um eine angemessene Nährstoffversorgung und die Nachahmung der nativen Nährstoff- 

sowie Medikamentenaufnahme zu imitieren, ist die Integration eines Blutgefäßnetzes in das 

Gewebemodell entscheidend. Die Perfusion dieser Gefäße lässt sich am besten mittels eines 

mikrofluidischen Chips realisieren, der den Flüssigkeitsfluss und die Medikamentenzufuhr 

reguliert. Solche perfundierten Gewebemodelle auf einem Mikrofluidikchip werden als 

Organs-on-a-Chip bezeichnet. Obwohl Organs-on-a-Chip gegenüber zweidimensionalen 

Zellkulturen Vorteile bieten, werden sie in der pharmazeutischen Forschung nur begrenzt 

eingesetzt, da Herausforderungen wie die Skalierbarkeit und die Automatisierung der 

Herstellung und Handhabung bestehen bleiben.  

Diese Arbeit befasst sich daher mit den Forschungsaspekten, die für die automatisierte 

Herstellung vaskularisierter Organs-on-a-Chip notwendig sind und ihre Anwendung in der 

präklinischen Arzneimittelforschung ermöglichen. Sie konzentriert sich auf die Herstellung 

eines dreidimensionalen, vaskularisierten und multizellulären Leberkarzinom-on-a-Chip 

mittels mikroventilbasiertem 3D-Biodruck. Ziel ist es festzustellen, ob der 3D-Biodruck die 

Herstellung von Organs-on-a-Chip automatisieren und ein höheres Maß an Komplexität sowie 

biomimetische Gefäßstrukturen hinzufügen kann. Zuerst werden in der Literatur vorgestellte 

Ansätze zur Vaskularisierung in Organs-on-a-Chip gesichtet, nach ihrem Grad der Biomimetik 

klassifiziert und ihre Eignung für das geplante Modell bewertet. Anhand dieser Analyse wird 

ein geeigneter und mit dem verfügbaren Biodrucker kompatibler Ansatz ausgewählt und in 

der Arbeit angewendet. Die Entwicklung komplexer Gewebemodelle erfordert oft mehrere 

Iterationen im Zusammenhang mit dem Design des eingesetzten Mikrofluidikchips, welche 

durch konventionellen 3D-Druck verbessert und beschleunigt werden könnten. Daher werden 

mögliche Anpassungen des Druckverfahrens und der Materialauswahl eines konventionellen 

3D-Druckers untersucht, die nötig sind, um transparente und zytokompatible Bauteile zu 

erhalten. Dieser angepasste Prozess wird daraufhin hinsichtlich Druckauflösung und 

allgemeinem Druckprozess auf seine Eignung für die Prototypenherstellung untersucht. 

Als nächstes erfolgt die Auswahl eines Matrixmaterials für die Leberkrebszellen, das präzise 

und mit hoher Auflösung vom Biodrucker platziert werden kann. Verschiedene Hydrogel-

Kombinationen werden untersucht, um ein Material zu identifizieren, welches die Vitalität 

und Proliferation der Zellen bewahrt ohne die Druckauflösung zu beeinträchtigen. Schließlich 

wird der Biodrucker mit einer Robotereinheit kombiniert, um die manuelle Handhabung bei 

der Herstellung des Organ-on-a-Chip zu automatisieren. Dieses Verfahren wird an einem 

multizellulären, vaskularisierten Leberkarzinom-on-a-Chip getestet und bewertet. Das 

resultierende Modell wird anhand der Druckauflösung, der Morphologie des Gefäßnetzes und 

der Proliferation der Leberkarzinomzellen über 14 Tage beurteilt. 
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Abstract 

In today’s pharmaceutical research, conventional cell culture and animal testing are used to 

quantify the efficacy and safety of new pharmaceutical substances and drugs. The popularity 

of two-dimensional cell culture systems is based on their low costs in production and 

maintenance, high scalability, well-established testing and automated analysis methods. 

Despite these advantages, these methods often misjudge substances, resulting in late failures 

later on in human studies due to undetected side effects or reduced efficacy. In order to 

prevent these costly late failures, it is necessary to develop tissue models that more accurately 

and reliably represent human tissues in research. Such models require the targeted placement 

of multiple cell types in a matrix material that is similar to the human body, which can best be 

realized using high-resolution additive manufacturing such as microvalve-based 3D-

bioprinting. To ensure nutrient supply and to mimic both the native nutrient and drug uptake, 

the integration of a blood vessel network into the tissue model is essential. The perfusion of 

these vascular networks can most reliably be realized on a microfluidic chip, which regulates 

liquid flow and drug administration. When tissue models are cultured under perfusion on 

such a microfluidic chip, they are called Organs-on-a-Chip. Despite the advantages of Organs-

on-a-Chip over two-dimensional cell cultures, their use in pharmaceutical research remains 

limited as aspects such as their scaled-up fabrication and automatization in handling remain 

challenging. 

This work addresses the mentioned research aspects required for the automated fabrication of 

vascularized Organs-on-a-Chip for a translation of these models into preclinical 

pharmaceutical research. It focuses on the fabrication of a three-dimensional, vascularized 

and multicellular liver carcinoma Organ-on-a-Chip model via microvalve-based 3D-

bioprinting. The objective is to determine if 3D-bioprinting can enhance automation in the 

fabrication of Organs-on-a-Chip and add a higher level of complexity as well as biomimetic 

vascular structures. In the first step, approaches to vascularization in Organs-on-a-Chip 

presented in the literature are reviewed, classified according to their degree of biomimicry 

and assessed for their suitability regarding the planned multi-cellular Organ-on-a-Chip. Based 

on this analysis, an approach compatible with the available bioprinting system and suitable 

for the envisioned tissue model is selected and employed in this work. Since the development 

of complex tissue models often requires multiple iterative steps concerning the microfluidic 

chip, conventional 3D-printing could enhance and accelerate the prototyping of these chips. 

Possible adaptations to the print process and a material selection of a conventional 3D-printer 

required to obtain transparent and cytocompatible components are therefore studied. This 

adapted process is then tested to examine if the print resolution as well as the general print 

process is capable of prototyping various microfluidic chip designs required for the tissue 

model and bioprint process.  

Next, a matrix material has to be selected that contains the liver carcinoma cells and that can 

be placed by the bioprinter with high precision and in small volumes. For this purpose, 

different hydrogel combinations are studied to identify a material that can retain and 

stimulate cell viability and growth without compromising the print resolution within the 

microfluidic chip. In the final step, the bioprinter is combined with a robotic handling unit to 

replace manual handling in the assembly of the Organ-on-a-Chip. This process is tested and 

assessed on the multi-cellular and vascularized liver carcinoma Organ-on-a-Chip. The 

resulting model is evaluated by the print resolution, the morphology of the vascular network 

and the proliferation of the liver carcinoma cells over a culture time of 14 days.  
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1. Introduction and Objectives of this Work 

Pharmaceutical research is crucial for improving human health, for fighting diseases such as 

cancer, diabetes and novel respiratory infections and also aims to find treatment options for 

rare diseases5–7. Today’s pharmaceutical research encompasses multiple stages in the 

development of new drugs and medication, starting from initial compound testing in laboratory 

settings, progressing to animal testing and later on to human trials8,9. However, this line of 

development is often faced with challenges and setbacks, including a high incidence of late-

stage clinical trial failures, which results in tremendously high costs for new drugs10,11.  

One reason for these late failures is that typical 2D cell culture methods have a low resemblance 

to physiological conditions and that differences in metabolism between animals and humans 

exist12–14. To change this, innovative approaches such as organoids and Organ-on-a-Chip (OOC) 

technologies have emerged as compelling and promising alternatives to conventional 2D cell 

cultures15–17. These alternatives are especially noteworthy in the preclinical phase of drug 

development, offering opportunities for both fundamental research and disease modeling, but 

might also serve as valuable tools in substance testing12,18,19. OOCs, which are microfluidic 

devices that culture an arrangement of cells under perfusion16,20, have already performed with 

great success in modeling pharmacokinetics and pharmacodynamics, the evaluation of drug 

efficacy and in the assessment of organ-specific toxicity10,21,22. First OOC designs have already 

been transferred into commercial products23,24 and have been used by the pharmaceutical 

industry for in-house decisions in drug development25. Their recent successes in these domains 

emphasize their potential to transform and advance pharmaceutical research, ultimately 

leading to safer and more effective medical interventions. In acknowledgement of these 

advances, the American Food and Drug Association has recently permitted OOCs to replace 

animal testing in preclinical studies26. To establish OOC technology as an accepted and 

transformative platform within pharmaceutical research, a fast and reliable fabrication of these 

tissue models, coupled with automation and a simple design is crucial to ensure high 

repeatability and low-cost production27–29. A part of the solution to the automated fabrication 

of small tissue units on-chip could be 3D-bioprinting, which is an additive manufacturing 

technique that processes human cells and tissue components. These printers allow the targeted 

and spatially defined placement of multiple cell types on-chip30–32, as has been shown for the 

liver33–35, heart36, brain tumors37,38 and breast cancer39.  

In the process of creating even more relevant OOCs, the inclusion of vasculature in these models 

has become a focus of research40,41. To ensure a sufficient nutrient supply and to mimic both 

the native nutrient and drug uptake, the integration of a network of blood vessels into the tissue 

model is essential. The vasculature also enables the long-term cultivation of these tissue models, 

as the limited diffusion distance of nutrients of only 100 – 200 µm in native tissue42,43 would 

otherwise lead to necrosis. Furthermore, the inclusion of an endothelial barrier into OOCs is 

crucial for predictive disease modeling and studies on pharmacokinetics, as the permeability of 

biomolecules through an endothelium is different from the administration through a 

biomaterial alone44–47. 

The work of this cumulative dissertation addresses some of the mentioned research aspects 

required for the automated fabrication of vascularized Organs-on-a-Chip for a translation of 

these models into pre-clinical pharmaceutical research. It focuses on the fabrication of a three-

dimensional, vascularized and multi-cellular liver carcinoma Organ-on-a-Chip model that is 



 

2 

produced using a fully automated microvalve-based 3D-bioprinting process. On the way to 

such a tissue model, four scientific problems have to be solved: 

1. How is vascularization of Organs-on-a-Chip addressed in literature and how can the 

presented approaches be classified according to their degree of biomimicry? Is the 

selection and application of these approaches to vascularization limited and governed 

by the design requirements of the chosen tissue model? 

 

2. Fabrication of microfluidic chips would benefit from conventional 3D-printing 

technology for rapid prototyping. Which adaptations to the print process and materials 
are needed to fulfill the requirements regarding transparency and cytocompatibility for 

cell culture? Is the modified print process precise enough to fabricate all components 

of a microfluidic chip? 

 

3. Which bioink formulations can solve the trade-off between cell biology and print 

process requirements? Which bioink compositions can retain and stimulate tissue-

specific cell functions of parenchymal and stromal cells without compromising print 

resolution on chip? 

 

4. Can the combination of robotic handling and 3D-bioprinting replace the manual 

handling of microfluidic chips in the assembly of Organs-on-a-Chip? And does this 
process yield a functional, multi-cellular and vascularized Organ-on-a-Chip? 

 

These four scientific questions will be addressed in four publications focusing on each 

individual problem1–4 and will result in a 3D-bioprinted, multicellular and vascularized liver 

carcinoma Organ-on-a-Chip (Figure 1). 

 

Figure 1: Sketch of the 3D-bioprint process and the design of the tissue model of a liver carcinoma Organ-on-a-Chip 

model.  

At the beginning of this work, a detailed review of the existing approaches to vascularization in 

OOCs was conducted. The methods to include vasculature are classified according to their 

degree in biomimicry and evaluated regarding their suitability for the envisioned tissue model 

comprising liver carcinoma cell islands surrounded by a vascular network (→ Section 4.1).  

Next, a microfluidic chip compatible with a 3D-bioprinter and adapted to the tissue model 

design has to be developed. For the tissue model planned in this project, the chip design is a 

key aspect that requires many iterations to reach a final and suitable design for the envisioned 

 apillary

net ork

 ell islets

   
           

                

         
        

                           



 

  3 

process. As the commonly used soft-lithography, but also alternatives such as hot embossing 

and injection molding either require expensive equipment, are time-consuming or not fitted for 

prototyping, a suitable 3D-print process has to be developed that can fabricate transparent and 

cytocompatible microfluidic chips accessible for a 3D-bioprinter (→ Section 4.2).   

To advance automatization in the fabrication of OOCs, a microvalve-based Drop-on-Demand 

(DoD) bioprint process has to be developed that can place the liver carcinoma islands on chip 

without harming the cells during this process. This requires the selection of a bioink that can 

combine the requirements for printability regarding rheological and gelation properties, 

mechanical stability and nutrient diffusivity with cell biological considerations such as cell 

proliferation and functionality (→ Section 4.3). In a similar manner, a second bioink containing 

endothelial cells and fibroblasts is selected that can fill the space between the liver carcinoma 

islets and support the tissue model with nutrients and oxygen by self-assembling into 

microvascular networks (→ Section 4.4).  

Finally, the bioprint process is combined with a robotic system to remove any manual steps and 

its suitability is shown for a complex and vascularized OOC. To enable robotic handling and 

chip filling, the microfluidic chip design is adapted to the robotic unit to enable placement and 

especially closure of the chip. The fabrication of the microfluidic chip is translated from 

prototyping into injection molding of larger piece numbers, increasing the reproducibility and 

availability of the chips. To complete this work, the suitability and capabilities of the developed 

automated process in combination with complex biological processes such as microvascular self-

assembly are shown for a vascularized liver carcinoma Organ-on-a-Chip (→ Section 4.4).   
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2. State of Research 

2.1. Organs-on-a-Chip 

Organs-on-a-Chip are microfluidic devices that simulate human or animal biology in vitro at the 

smallest biologically acceptable scale. They consist of a microfluidic chip connected to a 

perfusion system and cells that are cultured in this chip25,48. The microfluidic chip enables the 

control over small volumes of fluid in the microliter range within channel systems at low flow 

rates under laminar flow conditions. The microfluidic chip advances typical tissue models from 

a static to a dynamic state while offering a circulating supply of fresh culture medium, better 

waste removal and the possibility for in-line nutrient read-outs49. The design and set-up of OOCs 

vary greatly and always depend on the application and scientific question. Thile the simplest 

OOCs are made of a 2D cell layer on a surface within the microfluidic chip, more complex 

designs include membranes, cells seeded within a scaffold material in 3D or scaffold-free 3D 

agglomerates19,23,50.  

When designing an OOC, the scientific question to be studied is critical as it determines the 

required components (Figure 2). This process begins with the sub-organ functional unit to be 

studied, specifically the cell-biological architecture or interface of interest. The size and 

complexity of this area of interest then govern the required cell types and possible combinations 

of these. Once the functional unit has been decided on, the tissue model has to be designed. In 

this step, the sourcing of cells is an important step, as biopsies of certain tissue samples such as 

the human brain or liver are hard to come by, while cell lines, the same cell species from a 

different location within the body or animal cells, are more available alternatives 

(→ Section 3.2). Next, the complexity of the model has to be decided on. While simple 2D layer 

or membrane-based approaches are a possibility, more complex models embed multiple cell 

types in a matrix material or spatially defined place different cell types and materials within a 

small volume. If a three-dimensional model is planned, the choice of the cell-surrounding 

biomaterial is of great importance (→ Section 3.4). With the biological questions solved, topics 

such as the microfluidic chip design (→ Section 2.3), perfusion and filling strategies,  in- and 

off-line measurement planning and the inclusion of read-out possibilities directly on the chip 

have to be considered and planned.23,51,52 

 

Figure 2: Design considerations in Organs-on-a-Chip. In the first step, the in vivo tissue is studied. From the organ of 

interest, the sub-organ functional unit that is to be represented is selected, including the required complexity and cell 

types of the following tissue model. The in vitro implementation covers the biological components such as the 

dimensionality (2D or 3D), the sourcing of cells and possible biomaterials. Finally, the technical components such as 

chip design, cellular arrangement, perfusion strategies and possible read-outs are considered.  

 

Organ o  

interest

          

 hip design

 ell arrangement

 er usion strategy

 ead outs

 ub organ 

 unctional unit

                                     

Tissue 

design

 hip

design

           

 iomaterial

 ell sourcing

 imensionality



 

6 

2.2. Vascularization for Biomimetic Organs-on-a-Chip 

While tissue models consisting of only parenchymal cells have already proven their use and are 

popular in research, today’s  ocus has turned to the inclusion of vasculature into the models. 

Vascularization of tissue models is required to achieve larger tissue samples to prevent cell 

death by necrosis, as the typical diffusion limit of oxygen and nutrients in the human body is 

around 100 – 200 µm. However, the inclusion of vasculature is not only important for larger 

tissues, but also for OOCs to enable a biomimetic drug and nutrient uptake in the designed 

models. In the body, no direct contact exists between parenchymal cells and the blood flow, but 

the supply of nutrients and oxygen, waste removal as well as exposure to fluid shear are all 

mediated through the vasculature. The permeability of the endothelium, which is the inner 

layer of blood vessels formed by endothelial cells, varies from organ to organ and plays a critical 

role in drug uptake and tissue response.30,43,45,53–55 

Vascular networks in the human body range in size from various centimeters for larger 

arteries down to a few micrometers for capillaries. The general transport of blood to and from 

the organs is conducted by arteries and veins, which split into smaller arterioles and venules 

until they form a fine capillary bed that is everywhere in the body (Figure 3 A)53,56. 

Capillaries are the smallest of blood vessels with a diameter of around 8 – 15 µm and they 

consist of a single layer of endothelial cells (ECs) that wrap around each other and are 

stabilized by pericytes (Figure 3 B, C)53,56. The larger arterioles have an additional layer of 

smooth muscle cells that enable the dilation and contraction of the blood vessels, while 

arteries are additionally embedded in fibroblasts53,57. In humans, blood vessels are formed in 

two ways. The formation of new blood vessels takes place during embryonic development and 

is referred to as vasculogenesis, while angiogenesis describes the formation of blood vessels 

from already existing vessels, as occurs in wound healing53,58. 

 

Figure 3: In the human body, the vasculature ranges in size from larger arteries down to arterioles and capillaries (A), 

which are built from endothelial cells (EC) and pericytes (B). Fluorescence microscopy image of an in vitro 

microvascular structure formed by HUVEC (stained red) surrounded by fibroblasts, with actin filaments stained green 

and cell nuclei in blue (C). Scale bar showing 50 µm.  

In tissue models and OOCs, different options and approaches to the inclusion of vascular 

structures exist. There are many publications on this topic that range from highly engineered, 

synthetic approaches in 2.5D designs to printed 3D channels and models using solely the self-

organization capabilities of cells to form vessels.  
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2.3. Microfluidic Chip Design and Fabrication 

All Organs-on-a-Chip require a microfluidic chip tailored to the specific needs of a certain tissue 

type that is to be modeled. This begins with the dimensions of the tissue-containing chamber(s) 

and their geometry. For tissue models based on synthetic membranes and interfaces, these 

interfaces have to be included. For 3D matrix-based models, the tissue chamber has to be 

separated from the microfluidic channels, which can happen either through pillars or small 

openings. The number and geometry of the microfluidic channels govern the flow characteristic 

and possible perfusion strategies. For perfusion, connections via Luer connectors, hose fittings 

or needle insertions have to be planned as well (Figure 4 A). In addition, the tissue chamber 

has to be accessible either to manual filling via loading ports, or open at the top to enable 3D-

bioprinting into the tissue chamber. After filling, the chip has to be completely tight and 

leakage-free under perfusion.12,23,59,60 

 

Figure 4: Microfluidic chip designs for OOCs are highly diverse depending on the type of tissue model that is to be 

achieved. Factors to consider include the number of tissue-containing chambers, the number and dimension of the 

microfluidic channels, possible interface geometries or elements that separate the tissue chamber from the channels 

as well as fluid inlets and outlets (A). Requirements on microfluidic chips for OOCs include high transparency, 

cytocompatibility, no or low autofluorescence as well as highly resolved features (B). 

Apart from the design aspects, the materials and the final chip have to fulfill certain 

requirements to ensure correct culture conditions and tissue analysis (Figure 4 B). Naturally, 

the chip has to be highly cytocompatible, neither harming the contained cells nor affecting their 

behavior by leakage of certain chemical or biological compounds. As (fluorescence) microscopy 
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Derived research motivation: 

To get an overview of available approaches to vascularization on-chip and to be able to 

evaluate an option suitable for this work, the existing publications on this topic are 

collected, classified and discussed in detail as part of this cumulative dissertation in a 

review paper1 (→ Publication I) and in Section 4.1. 
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is a key analysis method always required in tissue models and cell cultures, the chip has to be 

transparent for light in the range of 350 – 800 nm wavelength to allow the excitation of common 

fluorescence dyes and imaging of their emission. At the same time, the chip material should not 

contain auto luorescent components to not inter ere  ith the sample’s signal.  icro luidic chips 

are per definition of small dimensions, so the fabrication technology has to be capable and the 

material to be processable in such a way that features of around 100 µm can be resolved. As 

very thin bottom layers are needed for high-resolution microscopy, the material also has to be 

stiff enough to be handled. Furthermore, low absorbance of molecules that are of interest in 

read-outs by the chip material should occur.59,61,62 

The most commonly used approach to microfluidic chip fabrication is replica molding of 

lithography-structured surfaces with polydimethylsiloxane (PDMS). Soft-lithography enables 

the fabrication of chips with highly resolved features down to a few micrometers with high 

aspect ratios and high control over the geometry. However, the lithography process only allows 

for rectangular channels and requires expensive equipment and materials for photolithography, 

wafers and photoresists. Due to the casting process, closed channel systems cannot be 

fabricated, but a minimum of two layers are cast that have to be sealed later on via plasma 

bonding or screws. Though being highly transparent and with a high oxygen permeability, 

PDMS has the great disadvantage that it absorbs small hydrophobic molecules, which can 

interfere with quantitative assays.12,18,49,61–63 

Alternatives to PDMS soft lithography include thermoplastics or other polymers that are 

fabricated via laser structuring64,65, injection molding66–70, hot embossing35,65,71 or 3D-

printing59,62,72–74. From these methods, 3D-printing is a promising tool for rapid chip fabrication 

as it offers great flexibility in prototyping, comes at a reduced acquisition cost and offers such 

a high geometrical freedom that microfluidic chips can be fabricated in a single-step process75,76.  

A variety of 3D-printing technologies exist (→ Section 3.1), but only a few of them are suitable 

to print transparent and cytocompatible microfluidic chips. Of these, Fused Filament 

Fabrication (FFF) and Stereolithography (SL) printing are the most popular and promising 

approaches for Organs-on-a-Chip77,78. FFF printers can handle cytocompatible thermoplastics 

such as PLA and PCL and have already been used for the fabrication of microfluidic chips33,79–

81. The presented chips have channels with diameters in the range of 250 – 500 µm, though 

freestanding elements such as pillars are not realizable. With FFF-prints, reduced transparency 

due to surface roughness and tightness under perfusion remain as drawbacks. 

Stereolithography printing does not have these issues with tightness, can achieve a high 

transparency and can be adapted to ensure cytocompatibility, which has been shown for 

microfluidic chips with finely resolved structures59,73,74,76,82–87.  

 

Derived research motivation: 

Stereolithography-based 3D-printing could be a valuable tool in the development of 

microfluidic chips in this work. The required adaptations to the print process, the 

selection of suitable materials as well as the evaluation of the printed microfluidic chips 

regarding their compatibility with 3D-bioprinting are researched and presented in 

Section 4.2 and in detail in a publication2 (→ Publication II). 
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2.4. Towards Automatization in Organ-on-a-Chip Fabrication 

Today, most OOCs are fabricated using a long series of manual steps, including chip fabrication 

via PDMS molding, tissue model formation via manual pipetting as well as manual media 

exchange and imaging. Especially manual pipetting of the bioink is a tedious and slow process 

with low scalability, high handling variation and lacking resolution to spatially place different 

cell types in the small volume. Therefore, there is a need for advanced methods to place cells 

and biomaterials on chip in a non-harming, ensuring a high cell viability. Automation is also 

essential to minimize handling errors and streamline the process from a digital sketch to the 

final OOC within a short timeframe88,89. 

Modern 3D-bioprinting technologies are a promising tool here, though the combination of 

bioprinting with OOCs is just at the beginning1,89,90. Vastly different types of bioprinters exist 

that can overtake the placing of cells and biomaterials inside the chip, with their specific 

advantages and disadvantages (→Section 3.6). Bioprinters today have achieved resolutions of 

down to 10 µm and can process even sensitive cells without impacting viability or cell 

function91,92. They can also simultaneously place different cells and materials side by side in 

complex spatial arrangements and therefore more closely mimic human tissues32,89,93. 

Regardless of the chosen printer, the right combination of printer and material is the key to 

maintaining cell viability, high print resolution and to complex cell arrangements. The material 

has to be selected so that it can support the print process in terms of resolution, handling and 

crosslinking, while also offering a cell-friendly environment that can stimulate cell function and 

growth31,94. The print process itself as well as the material have to ensure that the process 

parameters such as shear stress, potential UV exposure, drop impact and more are controlled 

to maintain cell viability and function95–97. At times, these factors are contradictory and become 

even more challenging if multiple cell types are printed with spatial patterning, when a certain 

biofunctionality of the material is required to obtain self-assembled microvascular networks or 

by the restricted space available on chip. 

While there are published works available that employ 3D-bioprinting to obtain vascularized 

OOCs98–101, they often remain at lower complexity levels and use the bioprinter to print open 

channels instead of opting for self-assembled µVN1,102.  

 

Derived research motivation: 

3D-Bioprinting is a key technology to advance automation in OOCs. For a multi-material, 

multi-cellular and vascularized model, different bioinks and print strategies are developed 

to achieve high control over cellular placement while maintaining cell function. First, a 

study on possible matrix materials and print parameters for HepG2 cells using a Drop-on-

Demand (DoD) bioprinter is conducted3 (→ Publication III) as presented in section 4.3. 

Next, a multi-material print process resulting in a vascularized liver carcinoma model is 

developed as presented in Section 4.4. and in detail in a publication4 (→ Publication IV). 

 



 

10 

To further establish vascularized OOCs as a standard tool in industrial pharmaceutical research, 

an upscaled and automated fabrication process is required29. There is little research yet done 

on this topic with a focus on OOCs, but there are already different tools and concepts available 

that could boost the technology readiness of OOCs27,28,103,104. Aspects that can profit from 

automatization reach from chip fabrication, chip handling and preparation, filling of the chip 

with the tissue model to pump systems, imaging and read-outs. Apart from the tissue model 

printing, there are already some works available on fluidic units and automated sample 

taking105,106 as well as automated continuous imaging and incubator systems107–109.  

 

  

Derived research motivation: 

Three aspects of automation are addressed in this work – a mass-producible microfluidic 

chip compatible with 3D-bioprinting is developed, the chip is filled with a complex and 

vascularized tissue model using a DoD 3D-bioprinter, and the surrounding handling and 

storage of the chip is conducted by a robotic unit as presented in Section 4.4 and in a 

publication bioprinter4 (→ Publication IV). 
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3. Theoretical Background 

This section explains certain key aspects regarding cell biology, 3D-printing and 3D-bioprinting 

to give a short introduction to these topics and to create a basic understanding of this work. In-

depth literature references regarding these topics are given for readers for further studies.   

3.1. 3D-DLP-Printing 

The terms additive manufacturing and 3D-printing describe fabrication technologies that 

produce three-dimensional physical objects by depositing, solidifying or joining materials based 

on a 3D digital model. The advantage of 3D-printing over other fabrication technologies is that 

objects can be built directly from a digital model without the need for tools, reducing cost and 

time, which makes it an ideal technology for rapid prototyping. Furthermore, a higher freedom 

of design is given, as complex shapes that are impossible or hard to manufacture with 

conventional fabrication technologies can be produced with little additional effort.110–113  

A large variety of different printer types exist that build an object either point-, line- or layer-

wise. Similarly, many distinct material classes can be handled, from metals to polymers, 

ceramics and biological materials such as wood or hydrogels. Of all these printers, only few are 

suitable to fabricate transparent microfluidic chips for cell culture experiments77,78 

(→ Section 2.3). One of the suitable options are stereolithography (SL) printers, which 

generate objects out of photocurable liquids (resin) by photopolymerization. A variation of this 

group of printers are digital light processing (DLP) printers, where a projector chip of very small 

micromirrors representing the pixels in the projected image reflects the incident light beam 

either to or away from the resin. For the printer configuration used in this work, a build plate 

is lowered into the resin-containing vat, leaving a layer between its surface and the bottom of 

the vat that is exactly as high as the set layer height. The DLP then projects a layer of the digital 

model into the vat, which starts the polymerization reaction by exposing the resin for a certain 

exposure time with a set light intensity (Figure 5 A). Afterwards, the build plate is raised, and 

lowered to the set slice thickness between the existing print and vat, and the process is repeated 

until the object is finished.110–113 In this process, the resolution is directly dependent on the pixel 

size in the x-y-direction and the accuracy of the z-stepper motor in the z-direction, but also 

reduced by the optical absorbance and the radical diffusivity of the resin. For microfluidic 

devices, resolutions down to a few tens of micrometers have been reported114–116.  

Resin materials compatible with DLP-printers are liquid blends of reactive monomers such as 

epoxy resins or acrylic acids with side chains for crosslinking, and a photoinitiator that starts 

the polymerization reaction. Other chemicals such as photosensitizers, fillers, stabilizers or 

chemical modifiers can be included as well to improve print performance. The photoinitiator is 

tailored to the wavelength of the DLP-printer. When hit by a photon, chemical bonds within the 

initiator molecule split, forming a radical that initiates a radical polymerization chain reaction 

(Figure 5 B). The reaction stops once two polymer radicals combine, when free radicals cancel 

each other out or when they become trapped inside a solidified polymer matrix.113,117,118  

The photoinitiator does not only act as a reaction catalyst, but it also spatially restricts the 

polymerization process to the desired volume. For DLP printers, benzoyl peroxide derivatives 

are the most commonly used material class, as their absorption profile fits well with the 

conventional DLP light sources118–120. Photosensitizers are at times added to improve the 

spectral sensitivity, as they absorb light at wavelengths out of the absorption region of the 

initiator and transfer their excitation onto the photoinitiator118,120,121.  
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As prints are not fully cured after printing and as an initiator or radical residues remain, the 

printed object is washed with isopropanol (IPA) and post-cured under UV light to remove or 

photobleach residual photoinitiators110,113. This is especially crucial for microfluidics for OOCs, 

as no toxic or reactive components can remain after printing122,123. For microfluidic chips for 

cell culture applications, common initiators are benzoyl peroxide derivatives such as 

phenylbis(acyl) phosphine oxide (BAPO), diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide or 

Irgacure 2959, which are cytocompatible at low concentrations and crosslink at wavelengths 

around 365 nm. For light sources with 405 nm wavelength, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), a water-soluble and cytocompatible molecule is often 

used.120,121,123,124  

 

Figure 5: Schematic drawing of a DLP printer as used in this work (A). Photopolymerization reaction including the 

activation of a photoinitiator by UV photons (hν), radical polymerization creating a polymer network, and 

termination of the reaction by free radical cancellation or trapping of a radical inside the polymer network (B).    

 

3.2. Cell Types and Sources 

Various sources of mammalian cells are available to researchers in tissue engineering and 

general cell culture. Different cells do not only vary in the species they originate from, but also 

if they are primary cells taken directly from a human patient, or so-called cell lines. Cell lines 

are cell cultures that proliferate nearly indefinitely, which is why they are also called 

“immortalized”. This is in contrast to primary cells,  hich cease to gro  in cell culture after a 

certain number of cell divisions, the so-called Hayflick limit. The abnormality of indefinite 

growth can happen spontaneously, especially in cancer cells, but is usually induced by specific 

genetic alterations via viral infection or modern genetic modification protocols. The advantage 

of cell lines is that they are easy to keep and have a stable genetic profile, but their genetic 

profile and behavior do not always correspond to the in vivo situation. Primary cells are 

therefore closer to the in vivo situation, but they are not easy to obtain as biopsies are required. 

They are also limited in their lifespan, are at times hard to maintain in culture and exhibit donor 

to donor variations.125–130 

For the human vascularized liver carcinoma model created in this work, both primary cells and 

cell lines are used. The cells required for the vascular network – endothelial cells and 
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fibroblasts – are obtained from biopsies and kept as primary cells. The liver carcinoma cell line 

HepG2 is used for the carcinoma part of the model.  

HepG2 is a hepatoblastoma cell line extracted from the cancer of a 15-year-old boy in 1975131. 

It is a robust and easy-to-keep cell line which offers most of the metabolic function of primary 

hepatocytes, making it a great candidate for in vitro cancer drug development studies132–136. 

Furthermore, most cases of liver cancer are hepatocellular carcinomas137, which are the most 

common malignant variety of liver tumors in children138. In cell culture, HepG2 cells offer little 

cytosol around their nucleus with a compact rounded shape and a tendency to agglomerate in 

2D culture.  

The human vascular network is composed of different cells depending on the position in the 

body and the size of the vessel, but it always contains endothelial cells as the inner layer of the 

vessel. The most commonly used primary endothelial cell type, which is also used for this work, 

are human umbilical vein endothelial cells (HUVEC). They are isolated from the umbilical cord 

of newborns, making them easy to extract and abundantly available. In culture, they spread out 

and form a cobblestone morphology when reaching confluency.139–141  

Fibroblasts are cells that build the connective tissue in the body and that can stabilize vessels in 

cell culture. In this work, primary human dermal fibroblasts (HDF) from foreskin biopsies are 

used. The advantages of dermal fibroblasts are their high availability, good cultivation behavior 

and moderate proliferation. In culture, they appear as large and spindle-shaped cells.141,142 

 

3.3. Analysis Methods for Tissue Models 

Many different measurement and observation techniques exist to characterize tissue samples. 

These include monitoring of cell numbers and confluency, staining of cell components with 

chemicals and antibody markers, measurement of the metabolic conversion of reagents, 

measurement of protein content expressed by cells and the quantification of gene expression.  

This work uses four methods to analyze the functionality of cell cultures. Specifically, the 

cellular morphology is monitored via (immuno-)fluorescence staining, live and dead cells are 

identified by their uptake of fluorophores, the metabolic activity and therefore proliferation is 

measured via the conversion of resazurin, and the production of a protein is quantified via an 

enzyme-linked immunosorbent assay.    

The viability of cells is of interest to see how this is impacted during bioprinting, by the 3D-

printing resins of the microfluidic chip or by a certain biomaterial in general. One of the most 

common and simplest methods is to double fluorescently stain cells with fluorescein diacetate 

(FDA) and propidium iodide (PI). FDA is a non-fluorescent molecule that can pass through the 

cell membrane and is only converted by live cells to highly fluorescent fluorescein. PI, on the 

contrary, cannot pass the membrane of healthy cells and only binds to the DNA of cells with a 

damaged membrane. With a fluorescent microscope, cells can therefore easily be identified as 

alive (green) or dead (red) (Figure 6 A).143–145 

An indirect method to measure cell viability is the measurement of the metabolic activity of 

cells via the conversion of resazurin. Resazurin is a non-fluorescent molecule, which can be 

metabolically converted by cells via mitochondrial reductase into strongly fluorescent resorufin. 

The amount of resorufin produced is measured by a fluorometric analysis, as the color changes 

from blue (resazurin) to pink (resorufin) (Figure 6 B). After calibration, the fluorescence 
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intensity can be nearly linearly connected to its concentration and therefore to the number of 

cells or, more precisely, the metabolic activity of cells.146–148 

 

Figure 6: Cell assays used in this work include the staining of live cells with FDA (green) and dead cells with PI 

(red) (A), measurement of the metabolic conversion of blue resazurin into pink resorufin (B), fluorescence 

microscope image of HUVEC cells with nucleus stained with DAPI (blue), actin filaments stained with Alexa488-

phalloidin (green) and anti-CD31 antibody coupled to Alexa594 (red) (C). Sketch of the components inside an 

enzyme-linked immunosorbent assay (ELISA) for the quantification of a detection protein, where the read-out is the 

intensity of a color change (D). 

Apart from the indication of being alive and having a metabolism, the morphology of cells is 

also an indicator of their functionality. As cellular structures are difficult to distinguish under 

the microscope, fluorescent markers are employed that bind to specific cellular structures 

(Figure 6 C). Three fluorescent markers are used in this work. Cell nuclei are stained with DAPI, 

a small fluorescent molecule that can pass through the cell membrane into the DNA and 

intercalate in the DNA strands. The actin filaments are stained by phalloidin, which is a toxin 

that binds and polymerizes with a high affinity to actin filaments. Phalloidin is in this work 

tagged with a green fluorescent marker. Endothelial cells are stained with an antibody against 

the cluster of differentiation 31 (CD-31), which is a cell adhesion protein expressed on the 

surface of endothelial cells, but not by fibroblasts or hepatic cells. In the next step, the primary 

antibody is labeled with a secondary antibody that contains a fluorescent marker.149–151  

While immunofluorescence stainings can localize antigens of interest, other methods are 

required to quantitatively measure them. Enzyme-linked immunosorbent assays (ELISA) can 

quantify certain antigens, in this case, human serum albumin, though the demobilization of the 

antigen on a surface combined with a colorimetric signal. While there are different ways an 

ELISA can be conducted, the sandwich method is used in this work and presented here (Figure 

 apture antibody

 ntigen

 etection

antibody

 eporter

antibody

 ubstrate

 esazurin  esoru in  

  

 luorescein 

diacetate

 ropidium iodide

    m



 

  15 

6 D). In this type of ELISA, the antigen of interest is caught between a capture and detection 

antibody and immobilized on the surface of a well plate. In the indirect sandwich ELISA used 

here, the detection antibody is complexed with an enzyme-linked reporter antibody. The 

activity of this linked enzyme, in this case a biotin-streptavidin complex, is measured by 

incubating it  ith the enzyme’s substrate. When the substrate binds to the enzyme, the reaction 

produces a signal, in most cases a color change that can be measured quantitatively by 

adsorption measurements. The intensity of color corresponds to the amount of antigen caught. 

While being more complex than direct ELISAs, sandwiching increases the sensitivity as two 

different antibodies bind to two different epitopes of the antigen.152–154 

 

3.4. Biomaterials for 3D Tissue Culture 

While cells have been grown on 2D surfaces since the beginning of cell culture, a transition into 

a 3D culture similar to the condition in the human body offers advantages for tissue models in 

research. In the body, most cells are anchored to an extracellular matrix (ECM) that provides 

physical support but also impacts cell differentiation, migration and gene expression. 

Mechanical properties such as elasticity, but also porosity and biofunctionality all play an 

important role in cellular behavior. These are in part intrinsic material properties, but are at 

times also tunable by varying the concentration of the material (Figure 7 A).155–159 

 

Figure 7: A variety of properties of a biomaterial govern its behavior in handling and cell culture (A). The morphology 

of cells greatly depends on the biofunctionality of the hydrogel or substrate, as seen for a 2D surface, an agarose 

hydrogel with no cell adhesion motifs and a collagen gel with cell adhesion motifs (B). Scale bar showing 500 µm and 

cells are stained green with FDA. Brown lines depict the polymer chains and green shapes depict cells. Chemical 

functional groups are represented as blue and orange shapes, while initiator and crosslinker systems are marked in 

yellow and red.  

For in vitro cell culture, various material classes exist as an alternative to the ECM, but hydrogels 

are most commonly used as they closely mimic the aqueous ECM. Hydrogels are 3D-polymer 

networks that contain large amounts of water of up to 99.9 % of their weight, which is 

advantageous for cell culture and nutrient transport. They can be harvested naturally or be 

synthesized in the laboratory. Natural hydrogels again vary between animal- and plant-derived 

materials. The advantage of animal-derived hydrogels over plant-based hydrogels is that they 
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offer native cell-binding ligands for cells to attach to, making them intrinsically biofunctional 

and cytocompatible. However, their availability is limited, they are at times complex to handle 

and have batch-to-batch variations50. Synthetic materials offer a very high control over the 

structure and mechanical properties, are both reproducible and customizable, but are not 

intrinsically cytocompatible and might need the additional inclusion of cell-adhesion 

motifs.50,160–164  

In this work, four natural hydrogels are the matrix for cell experiments. Those are the 

mammalian-derived fibrin, collagen and its derivative gelatin, and the plant-based agarose.  

Collagen is the most abundant protein in the extracellular matrix in animals. There are different 

types of collagens, of which most are fibrillar, including the bovine collagen I type used in this 

work. Collagen polymerizes at neutral pH-values and temperatures around 37 °C into a triple-

helix by hydrogen bonds and offers multiple cell adhesion sites, making it a popular scaffold 

material for tissue engineering. In 3D-bioprinting, however, its slow gelation kinetics can limit 

its application.165–169 

A thermally and chemically degraded derivative of collagen is gelatin161,169. It contains the same 

chemical and biological active sites as collagen but is not stable under cell culture conditions 

when no chemical modifications are made. While this hinders its application as a stand-alone 

matrix material, it can be added to other hydrogels to increase their porosity or to tailor the 

rheology.170–172 

Another natural hydrogel, in this case obtained from human blood, is fibrin.  Fibrin takes part 

in human blood clot formation and is formed by crosslinking the fibrous glycoprotein fibrinogen 

with thrombin. Fibrin naturally contains pro-angiogenic factors, which makes it a popular 

material for vascularization experiments.173–175 

Agarose is a plant-based polysaccharide gained from algae and seaweed. It is highly available, 

easy to handle and can be reversibly crosslinked by cooling it, therefore offering great 

processability with drop-based bioprinters and high cytocompatibility. However, it is rather 

inert to cells as it does not offer cell adhesion motifs (Figure 7 B).176–179  

3.5. Rheology of Hydrogels 

The rheological properties of hydrogels are of great importance for 3D-bioprinted tissue 

models both in their liquid and gelled state. In the liquid state, the shear or dynamic 

viscosity η of the hydrogel impacts the printability and the cell viability (→ Section 3.6). It 

describes how a fluid reacts to an external shear force and is defined as the quotient of shear 

stress τ and shear rate �̇� (Equation 1).180–183 

𝜂 (�̇�) =  
𝜏

�̇�
        (Equation 1) 

For Newtonian fluids such as water, no dependence of the viscosity on the shear rate is 

observed. In contrast, the shear viscosity of non-Newtonian fluids is dependent on the shear 

rate. If the viscosity increases with increasing shear rate, the material is classified as shear 

thickening, while it is a shear thinning material if the viscosity decreases. This dependence of 

the flow behavior can be described by the Power-law model or the Ostwald-de Waele relation, 

which links the shear stress and shear rate via a power law constant n and a consistency 

factor k (Equation 2).180–183 
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𝜏 = 𝑘 �̇�𝑛       (Equation 2) 

The dimensionless power law constant n describes the flow behavior, with n = 1 for Newtonian, 

n > 1 for shear thickening and n < 1 for shear thinning fluids. As water-based polymer 

solutions, hydrogels often exhibit a shear thinning behavior184–186. This behavior is desirable in 

bioprinting, as this implies low shear stress for cells during the print process (→ Section 3.6, 

Equation 7) and better printability while offering high shape fidelity post-printing186,187. Apart 

from the shear rate, the viscosity also depends on the temperature, which becomes especially 

predominant for thermally gelling hydrogels.180,188 

In practice, the viscosity can be measured with a rotational rheometer by shearing the fluid 

between two plates with increasing shear rates and measuring the effective shear stress. The 

slope of the viscosity curve over the shear rate directly shows the difference between a 

Newtonian (material A) and a shear thinning hydrogel (materials B, C) (Figure 8 A). The 

power law variables can be obtained by logarithmically plotting the viscosity over the shear 

rate (Figure 8 B), which changes Equation 2 to  

𝑙𝑜𝑔10(𝜂) = (𝑛 − 1)𝑙𝑜𝑔10(�̇�) +  𝑙𝑜𝑔10(𝑘).      (Equation 3) 

The y-intersection of the linear fit can then be used to calculate the consistency factor k, and 

the slope of the viscosity versus the shear rate is equal to n – 1.  

In contrast to pure solids like metals and ceramics, or pure liquids like water, hydrogels 

always exhibit both an elastic and plastic behavior under deformation, which is called 

viscoelasticity. This is caused by the breaking of crosslinks within the hydrogel, entanglement 

release or the unfolding of proteins even in the gelled state189,190. The viscoelasticity of 

hydrogels is described by the complex shear modulus G*, which is dependent on the elastic 

component G’ and the viscous component G’’ (Equation 4). 

𝐺∗ =  𝐺′ + 𝑖𝐺′′         (Equation 4) 

Both the elastic and the viscous component are linked by the phase angle δ (Equation 5).  

tan(𝛿) =  
𝐺′′

𝐺′
         (Equation 5) 

For phase angles greater than 45°, the viscous component is greater and the material behaves 

predominantly as a liquid. The gelation of hydrogels can therefore be monitored with a 

rheometer by measuring the change in the viscous and elastic component of the shear modulus 

over time after crosslinking for materials such as fibrin and collagen, or over temperature for 

gelatin and agarose.180–183 

In the experimental set-up, the hydrogel is between two parallel plates that apply oscillatory 

shear stress with a certain amplitude as well as frequency over a decreasing temperature 

(Figure 8 C). The gelation point is indicated by the crossover point bet een G’ and G’’, where 

the phase angle equals 45°. At even lower temperatures, the gelation is completed and the phase 

angle goes towards 0°, meaning the gel has a dominating elastic component.184,185,188 

Once the hydrogel is fully crosslinked, the shear modulus becomes important for stability as 

well as for cellular behavior. The shear modulus for hydrogels is rather low and depends on the 

gel concentration as well as the type of crosslinking184. This ranges between pascal to kilopascal, 

which is similar to native soft tissue186,189,191. Hydrogels exhibit a linear viscoelastic region when 
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placed under strain up to a critical point (Figure 8 D). This region also depends on the degree 

of crosslinking, as a higher crosslinking degree increases the length of the linear region as well 

as shifting it to higher moduli184. At higher strains, the modulus decreases and the materials 

either break (for highly elastic materials) or become liquid again (for more viscous 

materials)184,185. 

 

Figure 8: Shear viscosity plotted on a linear scale (A) and as a double-logarithmic plot with y-intersection marked 

for the calculation of the consistency factor k and the slope of the curve representing n – 1 for the determination 

of the flow exponent according to the power law (B). The measurement of the gelation of a thermally gelling 

hydrogel is shown for the measurement of the elastic modulus G’, viscous modulus G’’ and phase angle δ over a 

decreasing temperature (C). Different concentrations, but also types of polymers have different shear moduli and 

different maximum strains (D).  

 

3.6. Drop-on-Demand Bioprinting 

3D-bioprinting is defined as the additive manufacturing of living structures containing layers of 

living materials to generate functional tissues or organs163,176. Modern bioprinters can be 

categorized into extrusion-based, light-based, and drop-based technologies, which deposit 

material layer-wise, line-wise or point-wise92,176,192. While many bioprinters have the same 

working principle as conventional 3D-printers, they differ from conventional bioprinters 

because of the so-called bioink that is printed. A bioink is “a  ormulation of cells that is suitable 

to be processed by an automated bio abrication technology”193. It can therefore contain either 

only loose cells in suspension194–196, cell agglomerates197,198 or cells encapsulated in a matrix 

material161,199. To obtain more complex and structurally stable materials and to mimic the 

extracellular matrix of the human body, many users use a matrix material, which is usually a 

hydrogel (→ Section 3.4)200,201. Bioprinting makes high demands on the bioink properties: the 
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ink has to be adapted in rheology and crosslinking characteristics to the print system and be 

mechanically stable post-printing, while at the same time offering good cytocompatibility and 

biological properties for cells to grow in. This also implies that they can be handled at 

physiological temperatures and pH values with no cytotoxic solvents or components. The print 

process should also not harm the cells by high shear stress, UV light exposure or prolonged air 

exposure. These biological and technical aspects contradict each other at times.161,171,192 

The most popular bioprinting technology is extrusion-based bioprinting, where the bioink is 

extruded in a continuous line through a dispensing head similar to conventional Fused Filament 

Fabrication. To enable extrusion and to prevent material from flowing out of the nozzle, rather 

viscous bioinks in the range of 20 – 9,000 mPas are required92,202. This viscosity results in a high 

shape fidelity post-printing and good resolution of 100 – 500 µm, but can also impact cell 

viability due to the high stress that cells experience during extrusion and the low porosity of 

the resulting matrix91,96,203. Light-based stereolithography printing is also available for 

bioprinting, with the same working principle as described in section 3.1. The advantages of 

light-based bioprinters are the large volumes that are structured in a short time as well as their 

high resolution of 25 - 50 µm in xy-direction, which can be reduced to the single micrometer 

range for Two-Photon-Polymerization91,204,205. However, material classes are limited to bioinks 

that can be crosslinked via light, which requires the addition of a photoinitiator, chemical 

modifications to natural hydrogels or synthesis of synthetic materials. Furthermore, the 

exposure of a focused laser light can impact the viability of cells206–208. The newly developed 

method of volumetric bioprinting reduces the exposure time to light in the near-UV spectrum 

and dramatically increases print times, though at the cost of resolution209–211. A rather diverse 

class of bioprinters are drop-based approaches, which can be based on inkjet technology, laser-

induced forward transfer, acoustic bioprinting or microvalve-based bioprinting212,213. All of 

these methods require low viscous bioinks in the range of 1 – 300 mPas92,202, have high cell 

viabilities and a print resolution around 100 – 500 µm depending on the method and 

material87,202,214.  

All of the presented bioprinters have advantages and disadvantages and are not always suitable 

for a planned tissue model. On chip, laser-based bioprinting is not feasible, while Two-Photon-

Polymerization would require too long to completely fill a tissue chamber206. Extrusion-based 

bioprinters are less suited for printing on microfluidic chips. As they deposit material in a 

continuous line, very small and discontinuous structures are hard to obtain. Furthermore, a very 

precise height control is required, as the tip of the extrusion system is very close to the substrate.  

Drop-based approaches are however suitable, as they are contactless methods that move with 

a certain distance of various millimeters over the substrate. Of this class of printers, microvalve-

based systems offer a good print resolution, a broader material variety than inkjet and a more 

stable process compared to acoustic-based bioprinting. For these reasons, the printer used in 

this work is a microvalve-based Drop-on-Demand (DoD) bioprinter. This printer dispenses 

single drops of a bioink via the opening of an electromagnetically controlled valve. The bioink 

is stored within a reservoir that can be heated and cooled. To dispense the drops, the reservoir 

is under pressurized air (Figure 9 A)95,212,215. 
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Figure 9: Sketch of the print head of a microvalve-based Drop-on-Demand bioprinter with critical components labeled 

(A). Parameters that affect the print resolution and performance include printer settings such as temperature, valve 

opening time and print pressure, the bioink properties such as rheology and surface tension, and the print model 

such as contact angle and flight length (B). The ideal drop shape in flight is round, though print mistakes like satellite 

drops, splashing or nozzle clogging can occur (C). Scale bar showing 500 µm.   

Three classes of factors influence the printability and print resolution of this bioprinter: The 

print settings, the properties of the bioink and the print model (Figure 9 B). By adjusting the 

opening time 𝑡𝑣𝑎𝑙𝑣𝑒 of the microvalve and the print pressure on the reservoir, the amount of 

bioink ejected can be directly controlled. With an increasing print pressure and valve opening 

time 𝑡𝑣𝑎𝑙𝑣𝑒, more material is deposited, while a larger nozzle radius 𝑟 also results in larger 

drops215,216. The set temperature impacts the result indirectly via the bioink, as the ink’s shear 

viscosity η is affected by temperature (→ Section 3.5). The viscosity of the ink decides if the 

material is even printable, as a wrong viscosity can lead to nozzle clogging, satellite formation 

or splashing of the bioink (Figure 9 C) and directly impacts the drop volume217,218. Together 

with the density ρ and the surface tension γ of the ink, which impacts drop formation and drop 

shape219, the dimensionless number of printability Z can be defined as218,220–222 

𝑍 =
(𝑟𝜌𝛾)

𝜂

1/2

.        (Equation 6) 

The higher limit of Z is given by the formation of satellite drops and is estimated to be around 

14217 – 20218,223, while the lower limit of around 1224 – 4217 is governed by the maximum 

printable viscosity of the bioink.  part  rom the hydrogel’s properties, the printability is also 

impacted by the cell density inside the bioink219. With increasing print resolution, the average 

shear stress τ̅ that cells experience during the print increases as well. This shear stress depends 

on the biomaterial’s rheology de ined by the consistency  actor k and the power law constant n 

(→ Section 3.5) and the print parameters that result in the drop volume 𝑉𝑑𝑟𝑜𝑝
95,96,225 and can 

be approximated as 
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τ̅ =
 1

2
k ∙ [

𝑉𝑑𝑟𝑜𝑝(
1

n
+3)

𝑟𝑣𝑎𝑙𝑣𝑒
3 ∙𝜋∙𝑡𝑣𝑎𝑙𝑣𝑒

]

𝑛

.          (Equation 7) 

As higher shear stresses of over a few kilopascals directly negatively affect cell viability and 

function95,203,225, a balance between print accuracy and cell-friendly shear conditions has to be 

found.  

In the last step, the print model settings have to be configured correctly. The slicing of the 

digital model has to correspond to the effective drop height and drop area. This drop volume 

and shape is dependent on both the bioink’s viscosity and on the contact angle of the gel on the 

surface for the first layer, as well as on the wetting properties of the bioink on the already gelled 

layer below from the second layer onwards. A high contact angle leads to rounder drops and 

therefore higher lateral resolution, but can also promote drop rebound and drop fusion. During 

the slicing process, this drop behavior has to be taken into account. Finally, the distance 

between the nozzle and the substrate has to be set correctly as well. If the distance is too large, 

the drops accelerate too much and bouncing as well as splashing can occur during the impact 

on the surface, while a too small distance can lead to drop bridging.218,226  
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4. Results 

4.1. Vascularization in Organs-on-a-Chip 

Organs-on-a-Chip (OOCs) have gained significant popularity in biomedical research in recent 

years. As a further development, the inclusion of vasculature into these models has become a 

particular area of investigation. Such models would not only enable the study of organ-specific 

responses to drugs or impulses, but also offer insights into biomimetic drug pharmacokinetics, 

toxicology assessments, and disease mechanisms. Consequently, numerous researchers have 

dedicated substantial efforts to develop innovative approaches for the inclusion of functional 

vasculature within microfluidic chip-based organ models. To benefit from the existing 

knowledge about vascularized OOCs for this doctoral thesis, the first step was a comprehensive 

literature review of existing publications in this area to discern strategies, materials and 

methodologies explored in this context1. This entailed a thorough examination spanning 

fabrication approaches, biomaterial selection, and cell culture methods. From this overview, a 

targeted choice of approach for the planned 3D-bioprinted and vascularized OOC model should 

become possible. 

In the first step of this review, three distinct types of approaches to vascularization could be 

identified and defined: Biosynthetic, biomimetic, and self-assembled vascular networks.  

The developed definition of biosynthetic OOCs includes devices that employ synthetic materials 

in the form of membranes, layers or channels to spatially organize and separate distinct cell 

types. These synthetic materials remain in the tissue model throughout the entire culture time. 

They compartmentalize cell types, but at the same time allow for cell-cell contact via pores or 

gaps (Figure 10 A). A major drawback of biosynthetic OOCs is the limited cell contact as well 

as the inclusion of synthetic materials, which strongly differ from the physiology of the human 

body. The restricted cell contact area might also result in undesired side effects as well as 

mechanical cues by the stiff synthetic material. In addition, cell type specific medium is often 

supplied directly onto each cell type in these models and not through the vasculature. While 

this approach carries practical advantages, especially when dealing with sensitive primary cell 

types, it fails to mimic the physiological nutrient and drug uptake through a tight 

endothelium20,227,228.  

Despite the mentioned drawbacks, biosynthetic OOCs have been used extensively and with wide 

success after their first presentation in 2010 by the group of Donald Ingber229. They presented 

a 2D-based approach, where a certain number of channels is separated by a porous membrane. 

A major advantage here is the possibility of mechanical stimulations e.g. for lung229–231, 

intestine232,233 or glomerulus234 models, or the integration of sensors for on-chip readouts235. 

These OOCs were already successful at the correct prediction of the metabolic conversion of 

certain drugs21,236 as well as in the identification of possible antivirals against SARS-CoV-2237, 

highlighting the potential of OOCs for pharmaceutical studies.  

The remaining limit of this approach is its confinement to a 2D environment as opposed to a 

3D, extracellular matrix (ECM) mimicking environment. This is overcome by microfluidic 

systems which have an arrangement of parallel channels with gaps in the channel walls for an 

interface between these channels. These devices have various endothelialized channels under 

perfusion that mimic the blood flow, while other channels are filled with a hydrogel containing 

cells that resemble the tissue model. They have already been employed for studies on cancer 

cell invasion and endothelial barrier function238–240 or in a complex blood-brain-barrier 

model241. 
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Figure 10: Classification of vascularized OOCs into biosynthetic (A), biomimetic (B) and self-assembled microvascular 

networks (C).  

The second defined type of vasculature inclusion are biomimetic OOCs, which try to free 

themselves from synthetic elements and manufacture the open lumen of vasculature in a 

hydrogel matrix by different means of casting or printing (Figure 10 B). These approaches are 

highly creative and include copying the tree leaf venation242–244, casting of a hydrogel around 

melt-spun sugar fibers245 or exploiting a typical print error (viscous fingering) in conventional 

printing246. Because of the variety of approaches, the shape of the resulting vasculature varies 

from round to rectangular and they range in size from a few micrometers up to millimeters. 

The first attempts at biomimetic vascularized OOCs drew inspiration from established 

microfabrication techniques. These approaches involve the creation of master molds, which 

serve as templates for the casting of hydrogels242,247–249. While offering a superior resolution 

down to a few micrometers as well as high control over the resulting shape, this method is 

limited in speed and complexity, as manual stacking of the individually casted layers is required. 

An uncomplicated and fast method consists of simply casting the hydrogels around rods250,251, 

wires252 or even fishing lines253. By use of concentric needles, this extends to multilayered 

vessels that include the native tri-layer composition of larger vessels with fibroblasts, smooth 

muscle cells and endothelial cells254. However, the complexity of the vascular network is 

strongly limited by the subsequent removal of the rods. In more intricate configurations, 

networks can also be produced by 3D-printing of agarose, but the need for subsequent removal 

remains255,256. When sacrificial materials are however used for 3D-bioprinting, the printer can 

unfold its full potential and produce highly branched, complex designs, combine multiple 

materials and even achieve multi-cellular layered networks. Possible materials here are 

gelatin33,56,257–260, Pluronic F-12798–100,261 or carbohydrate glass262. Multi-layered vessels with 

distinct cellular distribution have been printed with coaxial nozzle extrusion printing263,264 or 

by printing multiple layers in a drop-based approach56,265. In bioprinting of sacrificial materials, 

the resolution is a drawback, as the minimum vessel diameter starts at around 100 µm.  

The appeal of these biomimetic approaches lies in the absence of any synthetic materials or 

limited cell-cell contacts. However, it's important to note that they often entail labor-intensive 

processes and fall short of achieving the fine resolution required for replicating capillaries. 

In addition to the previously described engineering-based techniques, an alternative approach 

is to harness biological processes to create vascularized structures. This method leverages the 

self-organizing capabilities of cells and their natural behaviors to self-assemble into 

microvascular networks (µVN), mirroring the processes that occur in vivo (Figure 10 C). By 

providing the right conditions and cues, such as appropriate culture media, co-culture cell types 

and extracellular matrix components, endothelial cells (ECs) can spontaneously organize into 
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capillary-like structures53,266,267. While this approach may not provide the same level of 

engineering control as some of the other methods, it excels in replicating the intricacies of 

natural vasculature with in vivo-like barrier function without manual work.  

Translating this into OOCs, vascular networks can form when ECs are seeded in a suitable 

hydrogel lined by microfluidic channels on both sides. The hydrogel can have either a 

natural66,67,75,268–274 or synthetic275–277 origin. Similar to the previously presented approaches, 

different technologies and materials are employed for the fabrication of the channels. For 

example, parallel channels microfabricated in PDMS or other polymers269,270,274,278–280 as well as 

3D-printing of sacrificial materials has been presented271–273,281. These pre-fabricated channels 

can additionally be seeded by endothelial cells to connect to the µVN by anastomosis for their 

targeted perfusion. This process requires time though, as fully perfusable networks develop 

within 4 – 10 days depending on the size of the tissue model. In addition, a size limitation to 

several millimeters exists as necrosis would occur otherwise, with no control over the pathway 

of the vasculature. 

These systems have been especially used to mimic the physiological function of the blood-brain-

barrier67,274,278 or tumor behavior268–270,282. Furthermore, the method of self-assembled µVN can 

also serve as a vascular platform for the combination with other cell types. In this case, 

microfluidic chips that have an open-top setup or that can be opened after the development of 

a robust vascular network are employed. Once this vascular network has matured, epithelial 

cells can for example be seeded either directly on top280 or placed in a transwell configuration75 

to facilitate the fabrication of ocular retina or lung tissue, respectively. This method generally 

allows contacting of vascular beds with tissue-specific cell types for studies of barriers and 

interfaces of the stroma with parenchymal cells.  

With the design of the vasculature for a tissue model selected, the selection of cell types, 

especially of ECs as the basic cell type in vasculature, became a key question. Independently on 

Interim conclusion and application of findings to this work: 

Upon these findings of the literature review, the identified approaches were evaluated for 

their suitability considering the capabilities o  the institute’s e isting printers and 

fabrication technology. In the first step, biosynthetic OOCs were discarded because of the 

unphysiological cell separation as well as the potential impact of the synthetic material. 

Biomimetic approaches are compatible with the existing printers, enable direct cell-cell 

contact in an ECM-like 3D-matrix and offer a high freedom of design. Nevertheless, a 

notable constraint emerges from the limited resolution of the available printers, which 

would result in relatively large vessels of several hundred micrometers. Considering the 

typical dimensions of microfluidic chambers, which typically range from 1 to 2 mm1, the 

intention to print vascular networks would end in a single, considerably large channel 

with limited available space for the precise positioning of tissue-specific cells. Such an 

outcome would be neither practically advantageous nor scientifically compelling. Self-

assembled µVN stand out as a more biologically authentic alternative, as they lead to fine 

and branched networks, which would provide a more realistic representation of 

physiological conditions. Furthermore, these networks can readily develop around printed 

structures comprised of tissue-specific cells and bioinks. Consequently, they emerged as 

the preferred choice of vascular network fabrication for this work.  
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the chosen architecture for vascularized OOCs, a significant majority of studies (> 70 %) have 

chosen human umbilical vein endothelial cells (HUVEC) due to their availability. However, 

there are instances where researchers have opted for tissue-specific endothelial cells capable of 

mimicking the distinct morphological characteristics integral to the functionality of a specific 

organ21,106,249,280. Furthermore, the configuration of co-culture systems has demonstrated the 

great influence of additional cells on the formation and functionality of vascular networks. This 

influence stems from the secretion of bioactive factors by various cell types within the co-

culture, which play a pivotal role in network formation283–285. As a result, a substantial portion 

of the analyzed studies, approximately half, have relied on co-culture methodologies to achieve 

their desired outcomes in the context of vascular network development. 

 

In terms of material selection for the fabrication of microfluidic chips, the majority of 

approaches have traditionally utilized polydimethylsiloxane (PDMS) as the primary chip 

material. PDMS, however, has a high absorbance of small molecules, which could potentially 

affect the accuracy of metabolic assessments286,287. Only a small portion of the monitored studies 

has explored alternative materials such as polystyrene (PS)66,67,268,282, which exhibits a reduced 

small molecule absorption. However, it's important to note that PS also has limitations, 

including lower gas diffusivity and challenges associated with manual processing in a laboratory 

setting288–290. A single study stands out for 3D-printing of the microfluidic chip in 

polycaprolactone, which has a significantly reduced protein absorption compared to PDMS33. 

 

 
4.2. Prototyping of Microfluidic Chips via DLP-Printing 

Designs of microfluidic chips for Organs-on-a-Chip are always tailored to the specific 

requirements of the tissue model. For the tissue model planned in this project, the chip design 

was a key aspect that would require many iterations to reach a final and suitable design for the 

envisioned process. To facilitate prototyping and not to rely on the costly and time-consuming 

process of soft-lithography, a 3D-DLP-print process of microfluidic chips had to be developed. 

This entailed the selection of a suitable printer, adaptations to the process as well as a selection 

of suitable materials2.  

The first step regarded the transparency of prints. To achieve transparency, diffuse light 

scattering from surface roughness or on bulk defects has to be reduced. This can be realized by 

Interim conclusion and application of findings to this work: 

Considering these findings, HUVEC were chosen as endothelial cells for this project based 

on their availability as well as promising results regarding self-assembled µVN in 

literature. Human dermal fibroblasts (HDF) were selected as stabilizing co-culture cells.  

Interim conclusion and application of findings to this work: 

These observations underline the significance of both microfluidic chip fabrication and 

material selection, which have to be adapted to the specific requirements of the tissue 

model design. Given the cost-intensive nature of PDMS and soft-lithography, along with 

the need to design a microfluidic chip with a tissue chamber accessible to 3D-bioprinting 

that is sealable post-printing, an alternative approach had to be developed.  
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ensuring a very smooth build plate and a smooth surface of the resin vat, which makes changes 

to the hardware of a commercial DLP printer necessary. The printer’s build plate was exchanged 

for a highly polished and hardened steel plate to ensure a nanometer-smooth surface on the 

bottom, and a coated glass plate replaced the resin vat. These two changes removed scattering 

defects in prints and led to fully transparent parts as seen in photographs of printed petri dishes 

and surface topography scans (Figure 11). 

 

Figure 11: Hardware changes to the commercial DLP printer (A) reduce the present rough surfaces by replacing the 

build plate and resin vat with very smooth surfaces (B), which lead to transparency in prints (C). Confocal laser 

scanning images of the topography of the prints show a reduced number of scratches, defects and a generally lower 

height variation (D). Scale bar showing 500 µm. Figure adapted from Fritschen et al.2. 

The other main factor influencing both transparency and cytocompatibility is the choice of resin 

material. For this work, three materials were tested regarding their suitability for printing and 

cell culture applications. The first selection was a commercial material o  ered by the printer’s 

manufacturer (PlasCLEAR), the second one a polyethylene glycol diacrylate mixed with a 

photoinitiator (PEG-1), and the third had an additional photosensitizer mixed in (PEG-2) for 

potentially better print resolution. The selection was based on previous studies that describe 

the general cytocompatibility and/or printability of the materials76,84,291–294. 

All three resins used in this work contain a photoinitiator that starts a radical polymerization 

process. As remaining free radicals, initiator residues or uncured monomer components impact 

both transparency and cytocompatibility, a post-printing treatment procedure had to be 

developed. To remove these residues, different solvents for an overnight solvent extraction (air, 

water, isopropanol) and different UV exposure times (0, 4 and 8 hours) after extraction were 

tested. The success of these steps regarding cellular response and transparency was monitored 

via a resazurin assay (Figure 12 A), UV/VIS photospectroscopy (Figure 12 B), morphology as 

well as fluorescence imaging of cells cultivated on prints (Figure 12 C). 
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Figure 12: Influence of post-treatment procedure on cytocompatibility as tested by resazurin conversion of L929 cells 

cultivated with prints (A). Transparency was measured by UV/VIS photospectroscopy of prints (B) and both cell 

morphology and imaging quality were determined by immunofluorescence microscopy of HUVEC cells cultured on 

prints, with nuclei stained in blue and actin filaments in green (C). Scale bar showing 50 µm. Raman spectroscopy on 

resins as well as prints with different post-treatment procedures with key peaks marked with orange lines (D). The 

peak at 1470 cm-1 corresponds to the -CH2 deformation mode. The peak at 1410 cm-1 corresponds to the aliphatic 

C=C stretch, while the peaks at 1040 and 1140 cm-1 are the C-C stretching and various C-O-C modes. Graph data was 

determined for n = 3 showing the mean with error bars as the standard error of mean. For UV/VIS spectroscopy, 100 

measurements per line and for Raman spectroscopy 3 measurements per sample were conducted for a total of 9 

measurements per line. Figure adapted from Fritschen et al.2. 

For the commercial resin PlasCLEAR, the solvent was decisive for cytocompatibility, with 

isopropanol extraction leading to the highest cell metabolic activity. In addition, a prolonged 

UV exposure time of 8 hours further increased cell activity (Figure 12 A1). The PEG-DA-based 

resins showed improved cytocompatibility as well as transparency for longer UV exposure times, 

too, but this was independent of the solvent type (Figure 12 A2, A3). While PlasCLEAR parts 

do become cytocompatible through post-treatment and both cellular attachment as well as 

spreading can be observed, certain resin components remain that fully absorb light at 

wavelengths below 400 nm (Figure 12 B1, C1). This is a disadvantage as blue fluorescence dyes 

with excitation wavelengths below 400 nm, such as DAPI, are no longer available for imaging. 

PEG-DA-based resins are an alternative here, as they become fully transparent after post-

treatment with high cytocompatibility and good cell attachment (Figure 12 B2, B3, C2, C3). 

But in the end, all three materials enable the highly resolved fluorescence microscopy that is 

required for the analysis of tissue models. For PlasCLEAR, the effect of the post-treatments can 

be correlated to a reduction of reactive C=C bonds at 1410 cm-1 compared to the predominantly 

constant signal of -CH2 bonds of the cured acrylate backbone chain295 (Figure 12 D1). In the 

case of PEG-based polymers, an increase in C-C stretching vibrations as well as various C-O-C 

bond modes of the polymer chain at 1040 and 1140 cm-1 are taken as measures for an increasing 

degree of crosslinking compared to the constant -CH2 signal296,297 (Figure 12 D2, D3). 

With the suitability of DLP printing for cell applications proven, the next step was the fabrication 

of microfluidic chips. Since highly resolved features are required, a screening of print 

parameters was conducted to find correlations between printer settings and resolution as well 

as to identify significant parameters. As expected for photopolymerization, light intensity and 

exposure time at a certain slice thickness, and therefore the total energy input per volume, are 

decisive parameters. With appropriate parameters selected, all three resins performed well for 

positive features, and freestanding pillars with a high aspect ratio and only 50 µm in diameter 

were achieved (Figure 13 A). However, overcuring occurs for negative features with PEG-1, 

which limits the resolution to only 370 µm. For the other materials, holes with a width of around 

100 µm remain open (Figure 13 B). All the same, there is always a trade-off in quality if both 

positive and negative features such as pillars and holes or channels are required in the same 

part. Positive features need a larger energy input to ensure their stability, while negative 

features need lower energy inputs to prevent overcuring. This has to be considered for chip 

printing and the settings optimized accordingly. With both PlasCLEAR and PEG-2, it was 

possible to print microfluidic chips with distinct pillars of round shape with a diameter of 

250 µm within channels of 500 µm width and 300 µm height (Figure 13 C – E). However, it 

was not possible to fabricate microfluidic chips with PEG-1 due to the lower printability, 

especially with regards to negative features.  
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Figure 13: Height maps of freestanding positive (A) and negative (B) features show print resolution for all three 

resins. Scale bar showing 100 µm (A) and 200 µm (B). With PlasCLEAR, the print process is suitable for the fabrication 

of microfluidic chips containing microfluidic channels of 500 µm diameter, a tissue chamber as well as 250 µm wide 

pillars separating the tissue chamber from the channels (C, D). The edges are clearly visible and the height with 

300 µm as designed (E). Height scale bar ranging from 0 µm (red) to 300 µm (blue) for all height maps. Figure adapted 

from Fritschen et al.2. 
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Interim conclusion and application of findings to this work: 

The printed microfluidic chips in both PlasCLEAR and PEG-2 demonstrate the feasibility of 

DLP-printing of transparent and cytocompatible microfluidic chip prototypes for the 

envisioned 3D-bioprinted OOC. Regarding the material selection, PlasCLEAR offers the 

advantage that it is easy to print, as its print characteristics are tailored to the printer. 

However, it lacks transparency in the lower wavelength regime and limits fluorescence 

microscopy colors. PEG-2 on the other hand is fully transparent at all wavelengths of 

interest but is more challenging in printing. For prototyping in this work, PlasCLEAR was 

therefore favored due to its ease of handling. 
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4.3. Bioink Selection for 3D-Bioprinted HepG2 Islands 

With a working process for the microfluidic chip and a concept of the tissue model design, the 

next important step was the selection of the matrix material for the HepG2 cells. For the liver 

carcinoma model, HepG2 cells were selected because of their availability136,298–300 and as they 

are the most commonly used hepatoblastoma cell line for printed tissue and cancer drug 

models132,134,135,301–303. For these cells to achieve their full proliferation and functional potential, 

a suitable bioink had to be found that could both fulfil the requirements of good printability as 

well as cellular behavior3 (Figure 14).  

 

Figure 14: Relevant properties of possible bioinks for a DoD bioprinted liver carcinoma model for both the 3D-bioprint 

process as well as the post-printing 3D cell culture. Figure adapted from Fritschen et al.3. 

General physical, as well as chemical bioink properties such as microstructure, stiffness, 

diffusivity, and cell-matrix interaction sites impact the morphology, viability and functionality 

of cells. For a high-resolution Drop-on-Demand (DoD) bioprinting process, the rheology 

becomes important. These requirements are at times contradictory and limit the choice of 

materials. This choice was further limited to only thermally gelling bioinks, as crosslinking 

mechanisms that require the addition of a certain chemical are difficult to realize on chip. In 

addition, photocuring materials were excluded as both the exposure to near UV light and the 

photoinitiators themselves can impact cell viability187. In the end, three base materials – 

agarose, collagen and gelatin – as well as blends thereof were selected based on their proven 

processability by DoD bioprinters and suitability for cancer models33,259,304–306.  

Agarose (Ag) was selected as a simple, low-cost and very well-printable material even though 

it lacks cell adhesion motifs163,171,176,304. Collagen I (Col) has the advantage that it is the most 

abundant component in our extracellular matrix and highly cell compatible, but its slow 

gelation kinetics are a drawback in bioprinting169,264,307–309. While unstable under cell culture 

conditions, native gelatin (Gel) was chosen as an additive to improve both gelation kinetics and 

drop formation as well as to adjust the rheology310,311. The impact of different concentrations 

and blends of these hydrogels was studied for 7 variations that were selected after a pre-

screening of 15 variations. 

Shear viscosity measurements show that all selected hydrogels are generally suitable for DoD 

bioprinting202,215 as they either have a low viscosity (1 – 5 mPa*s for agarose) or are shear 

thinning (Figure 15 A). The shear-thinning behavior is caused by collagen186,312, which has a 
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dynamic viscosity ranging from 10 to below 100 mPa*s at 2.5 mg/ml concentration. This effect 

is enhanced in combination with agarose. This is probably also due to the onset of collagen 

fibrillogenesis during printing caused by the neutralized pH and elevated temperature of 

25 °C186, which is visible in the increasing complex shear modulus for all blends (Figure 15 B). 

As agarose and collagen have no temperature window in which they both remain liquid (Figure 

15 C), this effect cannot be prevented in blends. However, they remain processable if print times 

are kept short.  

 

Figure 15: Shear-viscosity measurements of seven bioinks show a Newtonian character for agarose gels, while other 

hydrogels are shear-thinning (A). In blends, the complex shear modulus increases over time (B), as no common 

fabrication windows is visible in the sol-gel transition temperature measurements (C). Further analysis includes SEM 

images of the microstructure of four hydrogels (D), the elastic shear modulus (E) and the diffusion of FITC-labeled 

BSA (F). Scale bar showing 20 µm. The diffusion coefficient D was calculated using Fick’s second law of diffusion and 

the distance of 50 % signal intensity d50 was obtained from microscopy images. Graph data was determined for n = 3 

showing the mean with error bars as the standard error of the mean. Figure adapted from Fritschen et al.3. 

After printing and gelation, not all tested hydrogels remained stable for 14 days under culture 

conditions. For example, 0.25Ag and 0.25Ag0.25Col3Gel did not withstand in culture, probably 

due to their low elastic shear modulus of only around 13 Pa, which corresponds to the very 

porous microstructure (Figure 15 D, E). While 0.25Col3Gel also exhibits a low shear modulus 

of 8 Pa, its stability increased over the course of days and it supported 14 days of culture. The 

blend of 0.50Ag0.25Col was discarded for further studies due to its low diffusion coefficient of 

FITC-BSA of only 6 µm2/s, which is limited by the dense polymer network (Figure 15 D, F). 
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Bovine serum albumin (BSA) is the most abundant component of cell culture media and 

relevant in nutrient transport313 and therefore a good model protein for the general nutrient 

transport through the material. If its transport is hindered by the gel, the nutrient supply to cells 

is not secured, making such hydrogels unsuitable for on-chip tissue models. For the other 

blends, the diffusion coefficient is lower than for the individual components, which can most 

likely be attributed to the higher total polymer content and therefore denser network. This also 

corresponds to the higher shear modulus.   

Next, cell experiments were conducted with the four promising candidates 0.50Ag, 0.25Col, 

0.25Ag0.25Col and 0.25Col3Gel. In all hydrogels, HepG2 cells exhibit round shapes and tend 

to agglomerate, with little amounts of cytosol and actin filaments visible around the nucleus 

(Figure 16 A). Cells embedded in agarose show a very round morphology due to a lack of cell 

adhesion motifs176,177, which could not be compensated by the addition of collagen as seen for 

0.25Ag0.25Col. For cells inside 0.25Col and 0.25Col3Gel, small protrusions and actin filaments 

become visible after three days of culture time, which increase to small networks and cell-cell 

contacts on day 14 as seen for cells with cytosol stained by CellTracker or fluorescein diacetate 

(FDA) (Figure 16 B, C). While the collagen fibers are well distributed inside their respective 

matrix material as seen for the collagen-reflectance images, HepG2 cells seem to be only 

embedded in the fibers and do not interact strongly. From the cellular perspective, pure collagen 

is therefore the most promising material. However, its printability and general handling during 

the bioprint process is a key aspect of the final material choice.   

 

Figure 16: Study of cell behavior inside the hydrogels. CLSM of HepG2 with stained nuclei (blue), actin filaments 

(magenta) and collagen I fibers (yellow) on day 7 show embedding of HepG2 in collagen matrix as well as little 

cytosol for cells in all materials (A). Cells exhibit small protrusions and even small networks in 0.25Col and 0.25Col3Gel, 

while remaining round when cultured in agarose-containing gels (B, C). Figure adapted from Fritschen et al.3. 
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For printability, three different properties are important – drop volume, the resulting drop 

diameter on the substrate as governed by the wettability and the general drop quality. These 

properties can be monitored both in flight as well as post-printing with different imaging 

technologies. As expected95,215, the drop volume is directly impacted by the print pressure 

(Figure 17 A). While most of the studied materials show a drop volume of around 200 nl when 

printed with a nozzle diameter of 300 µm, 0.25Col3Gel can achieve volumes of around 100 nl. 

When monitored on substrate, the lower drop volume of 0.25Col3Gel does not results in the 

lowest effective drop diameter, but quite the contrary, to a higher effective diameter than the 

other materials (Figure 17 B). This is caused by its better wettability, which reduces the 

effective print resolution due to drop spreading. For all materials, the contact angle is as 

expected lower on glass than on PDMS, leading to a smaller drop diameter (Figure 17 C, D). 

Overall, drop diameters of around 1000 µm are achievable on PDMS. However, the lowest 

printable print pressure is given by the limit where nozzle clogging or incomplete drop 

formation occurs. This minimum pressure is also dependent on the material’s viscosity and 

surface tension215,218 (→ Section 3.6), which is not exhausted in this work. Therefore, only print 

pressures where a reliable drop dispensing is achieved are shown. Apart from the drop diameter, 

the drop quality is also important for a tissue model on chip. The blend of agarose and collagen 

often ended in splashing and irregular drop shape, while pure agarose and collagen exhibited 

a very round and regular shape (Figure 17 E, F). Again, this is most likely caused by the onset 

of collagen fibrillogenesis inside the nozzle during print time. 

 

Figure 17: Monitoring of the materials’ printability shows that the drop volume depends on the applied print pressure 

and material (A), while the effective drop diameter depends on the substrate and the wetting properties of the 

printed material (B - D). The drop quality post-printing as monitored by microscopy (E, F) also has an impact on the 

effective resolution. Graph data was determined for 500 drops for the drop volume and n = 10 for the drop diameter 

showing the mean with error bars as the standard error of the mean. Figure adapted from Fritschen et al.3. 
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During bioprinting, cells exhibit shear stresses as well as waiting times and temperature 

gradients, which are often correlated to a loss in cell viability96,225. However, in the case of 

HepG2 cells in combination with our four materials, cell viability and proliferation are 

unaffected by the print process compared to a non-printed control group (Figure 18 A, B). This 

is probably due to the very low average shear stresses of below 1 kPa experienced by cells in 

these materials (Figure 18 C), which is much below the critical values reported in DoD 

bioprinting of 18 kPa for cancer cells225 or of 2 – 5 kPa for primary mesenchymal stem cells95. 

The slight decrease in viability over the course of 14 days can be explained by the agglomeration 

of HepG2 cells over time, which leads to the formation of necrotic cores (Figure 18 D). 

 

Figure 18: No significant effect of printing on cell viability (A) and proliferation (B) for HepG2 cells can be observed, 

as the average shear stress on cells within the printer’s nozzle is negligible with below 0.6 kPa (C). Viability was 

determined by FDA/PI staining and image analysis, where the formation of agglomerates with necrotic cores can be 

observed in a 0.5Ag gel over the course of 14 days (D). Graph data was determined for n = 3 showing the mean with 

error bars as the standard error of the mean. The error bars for (D) were calculated through error propagation of 

the standard error of the mean of the variables contained in equation 7. Figure adapted from Fritschen et al.3. 
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4.4. Automated Production of a Vascularized and 3D-Bioprinted OOC Model 

The final phase of this work involved the integration of the preliminary work on vascularization, 

microfluidic chip printing and Drop-on-Demand (DoD) bioprinting into the development of a 

fully 3D-bioprinted and vascularized Carcinoma-on-a-Chip model. Furthermore, to enhance the 

efficiency and provide insights into a potential translation to industry, an automated handling 

of the microfluidic chip via a robotic system was introduced (Figure 19).  

In the initial step, the design of the tissue model was considered with regard to the selection of 

cell types, cell combinations and biomaterials. Single carcinoma islets of HepG2 cells had to be 

precisely positioned  ithin the chip’s tissue chamber using DoD bioprinting (Figure 19 A). As 

a matrix material, low-concentrated agarose was chosen because of its good printability as well 

as cellular behavior (→ Section 4.3,3). Based on the thorough literature review of possible 

vascularization strategies suitable for 3D-bioprinting on chip (→ Section 4.1,1), HUVEC and 

HDF were embedded in a fibrin matrix at a ratio of 10:1 to assemble into microvascular 

networks (µVN). With this approach, direct cell-cell contact was possible and nutrient supply is 

regulated through the µVN.  

 

Figure 19: Envisioned 3D-bioprint process of HepG2 carcinoma islets surrounded by a microvascular network on a 

microfluidic chip (A). The tissue model is contained in a tissue chamber separated from the microchannels via pillars. 

Within the tissue chamber, HepG2 cells constituting carcinoma islets (B1) are embedded in a fibrin matrix, where a 

microvascular network is achieved during cultivation (B2). For this, a sealable microfluidic chip with a tissue chamber 

accessible by the bioprinter was developed (C). Handling of the microfluidic chip is automated via a robotic unit (D). 

Figure adapted from Fritschen et al.4. 

 icro 

vessels

 epG 

islets

                   

Tissue 
chamber

 icro 

channels

          

        
    

 icro luidic 

chip

                

 

              

Interim conclusion and application of findings to this work: 

Multiple materials have shown their potential as bioinks for a HepG2-based carcinoma 

OOC. Different materials and blends showed good printability, with no notable impact of 

the print process on cell viability of proliferation. For this work, agarose was chosen as a 

material for further studies, as it offers very good print resolution and quality combined 

with high cell viability and proliferation despite its lack of cell adhesion motifs. In 

addition, it is easy to handle and not too costly.  
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Next, a microfluidic chip suitable for the tissue model had to be designed and tested. In the 

prototyping phase, the presented 3D-DLP printing method was employed for chip fabrication 

(Section 4.2,2). Given the necessity for this chip to be filled via 3D-bioprinting, a design that 

contained an open central tissue chamber (Figure 20 A) was devised. After bioprinting, this 

chip could be sealed tightly with a printed and transparent lid (Figure 20 B).  

The general chip design was iteratively adapted while always containing two microchannels 

that pass a central tissue chamber on both sides and that later enable perfusion of the chip. 

After testing different variations, the central chamber was designed with a diameter of 3 mm. 

This size offers space for several cell islets as well as some tolerance in print accuracy, while 

being small enough for µVN to fully develop and support the tissue model without necrotic core 

formation. The tissue chamber is separated from the microchannels by two pillars that retain 

the hydrogel and prevent it from leaking into the channels before gelation. Once the prototyping 

phase was finished, a final design was translated to an industrial scale with partners by injection 

molding of a cyclic olefin polymer (COP). This material is advantageous for microfluidic chips 

due to its supreme optical qualities, biological inertness and processability by injection molding 

in large quantities314–316. As the injection molding process is different to 3D-printing, several 

adaptations to the design were made. The industrial chip design features three microfluidic 

components on a chip with the dimensions of commercial objective slides, making it compatible 

with commercial microscope systems. For easy connection to a perfusion system, Luer adapters 

were added at the end of the channels. The chip base is covered with an adhesive tape layer 

and can be sealed post-printing with a thin polymer coverslip (Figure 20 C). The coverslip’s 

thickness of 170 µm is adapted to the standard microscopy slide thickness for high-resolution 

microscopy. 

 

Figure 20: DLP prototype of a microfluidic chip with an open top that can be closed post-printing by a lid (A, B).  Final 

chip design of the injection molded industrial chip that contains three tissue chambers on a microscopy slide format 

with Luer connectors. The chip is sealed post-printing by a thin coverslip with a double-sided adhesive tape (C). Figure 

adapted from Fritschen et al.4. 

With a microfluidic chip designed and fabricated, the focus shifted to the aspect of on-chip DoD 

bioprinting. To assess the feasibility of the process, factors such as the general bioink 

characteristics, print resolution and the potential impact on cellular behavior were studied. The 

rheological characterization revealed that both hydrogels are suitable for bioprinting at low 

print pressures based on their viscosity202,215. Low-concentrated agarose has an intrinsic low 

viscosity, while fibrinogen exhibited a strong shear-thinning behavior (Figure 21 A) and 

becomes very liquid at higher shear rates as observed in literature, too312. Because of the low 

viscosity and resulting low print pressure, very small drops of just 27 nl could be printed with 

agarose when a small printer valve of 150 µm was used (Figure 21 B). This low volume is 

required for high-resolution bioprinting on chip. The final drop diameter post-printing depends 

on the wettability of the substrate215,218, and was around 850 µm for both the DLP-printed 
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prototypes as well as the COP molded chips (Figure 21 C). This diameter is large compared to 

other diameters of down to 200 µm achieved in literature87,215, which is most likely caused by 

the low viscosity of agarose, which reduces print resolution, and the good wettability of the 

substrate. However, the drop diameter, which governs the possible arrangement of the HepG2 

islets, is still small enough to print up to seven drops into the tissue chamber when considering 

the theory of circle packing in a circle317 and leaving a small tolerance of 15 %. 

 

Figure 21: Shear viscosity measurements show a strong shear thinning behavior for fibrinogen and a low viscosity for 

agarose (A). The resulting drop volumes in flight (B) are much larger for fibrinogen than for agarose due to a larger 

nozzle. The resulting drop diameter of agarose depends on the substrate and has no significant (ns) difference 

between DLP-prints and COP (C). No significant (ns) impact of printing is observed for the proliferation of HUVEC 

(D). The viability of HDF 14 hours post-printing (live stained with FDA in green, dead with PI in red, scale bar showing 

500 µm) is also high (E) due to the low average shear stress that cells exhibit in the nozzle (F). Graph data was 

determined for n = 3 (A, D, F), n = 40 for agarose and n = 150 for fibrinogen (B) and n = 20 (C) showing the mean 

with error bars as the standard error of the mean. Statistical significance was determined with a two-sample t-test. 

Figure adapted from Fritschen et al.4.  

The µVN-bioink of fibrinogen with HUVEC and HDF was processed with a larger microvalve of 

300 µm diameter, as no precision is required to fill the space between the HepG2 islets. The 

larger valve in combination with a low print pressure of 0.2 bar was assumed to offer favorable 

conditions for the handling of sensitive primary cells. This assumption was confirmed, as the 

proliferation of HUVEC is not impacted compared to a non-printed control group (Figure 21 D) 

and HDF also show a high post-printing viability (Figure 21 E). This observation corresponds 

to the low nozzle shear stress that all cells experience inside the nozzle during printing, which 

is below 1 kPa and therefore far below reported critical values for primary cells95,215 (Figure 

21 F).  
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To finally print the multi-material, multi-cellular tissue model on chip, two print heads were 

employed simultaneously. The HepG2 bioink is contained in a heated print head with the 

smaller microvalve, while the µVN bioink is cooled inside another print head with a larger 

nozzle. The microfluidic chip is placed on a temperature-controlled sample holder, which is 

necessary to initiate the gelation of agarose at temperatures below 20 °C (Figure 22 A). First, 

seven distinct drops of the HepG2 bioink are printed (Figure 22 B). Once gelation of agarose is 

achieved, the fibrinogen layer is applied on top. Crosslinking of fibrinogen is started by 

thrombin, which is contained in the previously printed drops of agarose. The print process is 

repeated three times to fill all three tissue chambers on chip before the chip is sealed and placed 

in the incubator for complete gelation (Figure 22 C). The complete print process required less 

than a minute and could be scaled up for high-throughput assays by an array of multiple print 

heads.  

 

Figure 22:  Printing of two bioinks is realized via two printheads that can be heated for the HepG2 bioink and cooled 

for the µVN bioink containing fibrinogen. The chip is placed on a temperature-controlled sample holder (A). Seven 

drops of the HepG2 bioink are printed first (B), followed by the µVN bioink. The chip is sealed afterwards (C). A robot 

equipped with a gripper (D) performs the manipulation and transport of the microfluidic chips (E). Figure adapted 

from Fritschen et al.4.   

Aside from the print process, the preparation and handling of the microfluidic chip was still a 

manual process. Recognizing the possible need for larger quantities of OOC systems, 

particularly for industrial or large-scale assay applications, this manual process is not only labor-

intensive but also susceptible to errors. To address this challenge, an automated manipulation 

and transport system was devised. This system utilizes a robotic platform equipped with a 

gripper, automating the chip handling process and improving efficiency (Figure 22 D). The 

robot system performs the chip delivery, lid removal, chip closure and chip storage. Different 

workstations were designed which contain the feed of fresh chips, a sample holder where the 

bioprinting takes place, a supply of the closing coverslip and a storage place for finished chips 

(Figure 22 E). Integrated cameras and ultrasonic sensors monitor the success of placing the 

chip as well as the removal of a protective cover foil over the adhesive tape. The integration of 
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this automated system is a step towards the industrial translation of complex OOCs, as manual 

steps are reduced.  

Having addressed the fundamental considerations related to printability and material selection, 

the remaining scientific question revolved around demonstrating the feasibility of self-

assembled µVN using the selected materials, culture conditions and in particular the designed 

microfluidic chip. Immunofluorescence images show that branched µVN develop throughout 

the whole chip within 14 days of culture (Figure 23 A).  

 

Figure 23: By culturing HUVEC and HDF in the fibrin bioink, finely branched microvascular networks self-assemble on-

chip over the course of 14 days, with CD-31 stained red (A). Scale bar showing 500 µm. With a steady vessel area 

percentage (B), the number of branches decreases over culture time (C), while the branch length and diameter 

increase over time (D, E). Immunofluorescence microscopy images show the highly branched network with various 

diameters (F), with HDF lining the vessel walls as indicated by white arrows (G). The networks show open lumen 

(white arrows) as shown for a z-projection image of a cross-section confocal microscopy image with the slice direction 

shown in the x- and y-plane as indicated by white lines (H). Endothelial cells stained red for CD31, cell nuclei stained 

with DAPI in blue and actin filaments stained green with phalloidin. Graph data was determined for n = 5. Statistical 

significance was determined with a two-sample t-test. Differences between days are marked as ns for not significant, 

** for p < 0.01, *** for p < 0.001. Figure adapted from Fritschen et al.4. 
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While the total vessel area does not vary significantly over the time of culture (Figure 23 B), 

the number of branches decreases to around 50 per mm2 (Figure 23 C), which corresponds to 

literature reports280,318,319. Similar to other reports on vasculogenesis in fibrin gels280,320,321, the 

vessel length (Figure 23 D) and diameter (Figure 23 E) increase during the formation of the 

µVN. The formed networks are finely branched with ranging diameters (Figure 23 F) and are 

supported by HDF lining the outside of the vessel walls (Figure 23 G), demonstrating the need 

for supporting cell types and their functionality for maintaining the stability of networks for 

prolonged times as reported before322–324. Furthermore, the networks are hollow inside and a 

lumen is visible in cross-sections of confocal microscopy images (Figure 23 H). 

The final point of this study was the fabrication of a DoD-bioprinted, vascularized liver 

Carcinoma-on-a-Chip. Immunofluorescence images show that the HepG2 islets can be printed 

at a high quality in a circular arrangement of seven drops with an even distribution of HepG2 

cells inside the drops (Figure 24 A). Within the drops, HepG2 cells proliferate strongly and 

form spheroid-like agglomerates within 14 days of culture on chip (Figure 24 B, C). 

 

Figure 24: Immunofluorescence images show that DoD-bioprinting is successful at placing the HepG2 bioink in a 

circular arrangement of seven drops with a homogeneous distribution of HepG2 within the drops (A). HepG2 cells 

proliferate and agglomerate between day 0 (B1) and day 14 (B2) to form spheroid-like structures (C). In the tri-

culture model, a vascular network forms throughout the chip around the HepG2 islets (D). The vascular networks 

grow above and around the HepG2 islets (E). Endothelial cells stained red for CD31, cell nuclei stained with DAPI in 

blue and actin filaments stained green with phalloidin. The production of human albumin is increased when HepG2 

cells are cultured with a surrounding µVN network compared to non-vascularized samples (F). Graph data was 

determined for n = 3 showing the mean with error bars as the standard error of the mean. Statistical significance 

was determined with a two-sample t-test. Differences between days are marked as * for p < 0.05 and ** for p < 0.01. 

Figure adapted from Fritschen et al.4. 

This behavior is typical for HepG2 cells cultured in 3D325,326 and has been reported for both 

cancerogenic and other hepatic cells, be it with hepatic cells alone18,327–330, in combination with 

vascular channels331–333 or with endothelia cells334,335. The HepG2 cells are retained within the 

drop of agarose, which is utilized in this work to form cell-spheroids directly on-chip instead of 
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placing pre-formed spheroids on-chip as is commonly done by other works47,269,270,336–340. This 

accelerates the fabrication process by removing the need to manually pre-fabricate spheroids.  

In this tri-culture model, the vascular network develops throughout the chip and around the 

printed islets of HepG2 cells in agarose (Figure 24 D). Furthermore, the vascular networks do 

not only pass around the agarose islets but also grow above the islets (Figure 24 E). The 

addition of vasculature not only retains cell viability, but also leads to an increased production 

of human albumin by the cells compared to the non-vascularized control group, highlighting 

the improved functionality of cells when they are supported by µVN (Figure 24 F), which 

corresponds to findings of previous studies331,335. 

 

 

  

 

Interim conclusion: 

With this work, DoD bioprinting has demonstrated its capacity to generate complex OOCs 

that exhibit a multi-cellular and vascularized architecture enabled by the precise spatial 

arrangement of parenchymal and stromal cells. For the microfluidic chip development, 

DLP printing of prototypes served as a valuable method for testing and fine-tuning of 

designs. This iterative process ensured that the chips were tailored to the specific 

requirements of bioprinting technologies, facilitating a more precise integration of print 

heads and biomaterials. Furthermore, the successful formation of self-assembled µVN 

within a fibrin matrix provided the foundation for the integration of vasculature in the 

OOC, which can in turn support the growth and function of other cell types within the 

OOC. An exciting development was the spontaneous formation of spheroid-like structures 

by HepG2 cultured in nanoliter drops of agarose on chip. This eliminated the need to 

manually place pre-formed spheroids into the chip, simplifying the experimental 

workflow. In addition, the inclusion of vascular networks showed significant benefits in 

terms of enhancing cellular functions as shown for the production of human albumin. 

Finally, the potential for upscaling OOC production was addressed through two 

approaches. First, the adaptation of a chip design for industrial-scale fabrication enabled 

the fabrication of microfluidic chips compatible with 3D-bioprinting at a large scale. 

Second, the integration of a robotic system reduced the need for manual steps, enhancing 

efficiency and repeatability, which are crucial for industrial translation. These collective 

advancements represent a major step forward in the field of OOC technology, enabling 

the creation of more sophisticated and biologically faithful in vitro models for both basic 

research and large-throughput pharmaceutical applications. 
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5. Conclusion and Outlook 

This work addressed various aspects required to increase automation in the fabrication of 

vascularized Organs-on-a-Chip (OOC), which are required to translate these models into 

preclinical pharmaceutical research. Different aspects were studied individually and presented 

in four publications, concluding in a three-dimensional, vascularized and multicellular liver 

Carcinoma-on-a-Chip model which was fabricated using microvalve-based 3D-bioprinting and 

robotic handling. The objective was to determine whether 3D-bioprinting could enhance the 

fabrication process of OOCs with high complexity and vascularization without additional 

manual steps.  

 

In the first step, existing approaches to incorporate vascularization in OOC models were 

reviewed in detail and evaluated for their compatibility with the available Drop-on-Demand 

(DoD) bioprinter as well as for their suitability for a multicellular tissue model. The use of the 

intrinsic capability of endothelial cells to spontaneously form microvascular networks (µVN) 

was found to be the most biomimetic and appropriate approach to obtain a fine vascular 

network that supports parenchymal cells, as this method is compatible with DoD-bioprinting 

and applicable to different tissue model designs. Based on successful literature reports, human 

umbilical vein endothelial cells (HUVEC) were selected as endothelial cells, while human 

dermal fibroblasts (HDF) were chosen as stabilizing co-culture cells.  

 

Next, a fast and flexible method to fabricate microfluidic chip prototypes compatible with the 

DoD-bioprinting process was required. Based on promising literature reports on 3D-printed 

microfluidics, a commercial 3D-DLP-printer was modified and a print process as well as post-

process procedure were developed, which resulted in transparent and biocompatible 

components. With these adaptations and protocols, even small features such as freestanding 

pillars of only 50 µm in diameter or small microfluidic channels were possible  ith the printer’s 

resolution. These results demonstrate the suitability of DLP-printing for the prototyping of 

microfluidic chips that were required for this research.  

 

With an available method to fabricate microfluidic chips and a strategy to include a vascular 

network, an example tissue on-chip was the next step. For demonstration purposes, a three-

dimensional liver carcinoma model was selected based on the HepG2 cell line. To realize this 

model, a hydrogel that could be printed at high-resolution on-chip with the DoD-bioprinter had 

to be found, which would at the same time retain cellular function. A screening of three 

thermally gelling hydrogels (agarose, gelatin and collagen) and combinations thereof was 

performed and their suitability for the DoD-bioprinting process, compatibility with the selected 

cell line as well as their possible impact on cell viability or proliferation post-printing was 

assessed. While offering no cell adhesion motifs, agarose still supported cell growth and viability 

similar to collagen-containing blends and showed superior handling and printability. As it had 

no negative impact on the cells, it was preferred over blends containing collagen.  

 

In the final step, a final microfluidic chip design obtained from the printed prototypes was 

translated to an industrial fabrication step using a thermoplastic polymer and injection molding. 

A multi-material DoD-bioprint process was developed, which enabled the printing of the 

HepG2-containing bioink as well as a vasculogenesis bioink made HUVEC and HDF in fibrin 

directly onto the chip in a single-step process. To reduce the number of manual steps in printing, 

a robotic manipulation and transport system was implemented that performs steps such as chip 
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delivery, chip closure and chip storage. The final vascularized Carcinoma-on-a-Chip model 

comprised seven drops of HepG2 cells in agarose, which were surrounded by the vasculogenesis 

bioink. Within 14 days of cultivation, finely branched µVN developed throughout the whole 

tissue chamber that were stabilized by HDF and exhibited open and perfusable lumen. HepG2 

cells proliferated strongly inside their drops of agarose and formed spheroid-like structures. 

Their functionality was increased when supported by the µVN as seen in an increased protein 

level as shown for albumin.  

The results of this work highlight that 3D-bioprinting, especially in combination with robotics, 

can play an important role in the translation of complex, vascularized OOCs into industry and 

that these automated systems are not limited to simple structures. Furthermore, it has been 

shown that conventional 3D-printing is a powerful tool in the development phase of OOCs, 

offering a high degree of flexibility with high precision.  

 

The developed process has the potential to serve as a basis for further experiments and different 

research areas, as the whole platform – microfluidic chip and 3D-bioprinter – is adaptable to a 

variety of cell types, bioinks and even bioprinters. Due to its open top, the developed 

microfluidic chip is compatible with different non-contact bioprinters such as laser-induced 

forward transfer, acoustic or magnetic bioprinting31,94, or with extrusion-based systems if a 

small enough nozzle or needle is used87,89. Together with the presented DoD bioprint process, 

a wide variety of bioinks can be processed and tailored to the tissue model of choice. Based on 

this platform, further in-depth biological research is possible, for example on tissue drug 

response, the interaction between parenchymal cells and the vasculature, cancer cell migration, 

barrier function of the microvasculature or even for patient-specific models. Since the presented 

DoD-bioprinting process is associated with a low shear stress and short handling times, even 

primary cell types or iPSC-derived cells can be incorporated, as has already been shown for 

various cell types178,259,341,342. Furthermore, the developed microfluidic chip offers the capability 

to interconnect three distinct tissues on a single chip, making it ideally suited for the 

development of Body-on-a-Chip models. This potential opens up exciting opportunities for the 

creation of more comprehensive and integrated in vitro systems that can mimic the complex 

interactions between various tissues within the human body. These models could also be 

employed to study important organ-to-organ interactions of drug metabolites that may reveal 

secondary toxicities343–345. 

The observed spontaneous agglomeration of HepG2 cells opens another field of study, as this 

could be a method to replace the manual placement of spheroids with an on-chip spheroid 

formation process. This will require experiments with other carcinoma cell types to determine 

whether this behavior is specific to HepG2 cells or is also characteristic of other carcinoma cells. 

In addition, this research could be advanced by working towards the development of pre-

vascularized spheroids by mixing endothelial cells, carcinoma cells and potentially stabilizing 

co-culture cells within the islet bioink. By moving from agarose to a more bio-interactive 

material, it may be possible to monitor the formation of pre-vascularized spheroids, along with 

their angiogenesis and anastomosis with the µVN. 

In the context of clinical applications and pharmaceutical research, the small sample volume of 

only 3 µl per tissue chamber offers significant advantages when working with patient biopsies 

or with tissue samples of limited availability such as primary human hepatocytes346,347. Such 

considerations are important for the development of personalized medicine or for monitoring 

the effects of anticancer drugs on cancer patients. This monitoring could extend beyond the 
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response of just the cancer cells to the vasculature and other tissues, providing a comprehensive 

assessment of potential side effects. By integrating 3D-bioprinting and robotic automation, the 

need for trained personnel in the preparation of these OOCs can be significantly reduced. By 

simplifying the handling of these complex, yet more manageable and vascularized OOCs, their 

potential incorporation into hospital settings and pharmaceutical trials comes closer. The results 

presented here therefore have the potential to streamline and enhance the translation of OOC 

technology into real-world clinical and research applications. 
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