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Abstract 

The human body employs a tube-like system called blood vessels for transporting molecules 

such as oxygen or cells. These pipes are lined with endothelial cells that are phenotypically 

different and thus very heterogenous. Due to its important role in maintaining homeostasis, 

every organ and tissue is heavily relying on thorough vascularization. Thus, with intravenous 

drug administration every target within the human body can be reached effectively. The gold 

standard in drug development is still animal experiments. However, besides ethical reasons, 

species to species differences can lead to unnecessary clinical trials or failure of clinical 

transition due to false negative results within the animal experiments. Microfluidics allow for 

overcoming this difference by utilizing human and even patient-derived cells while also saving 

resources due to miniaturization. Channels and compartments can be imprinted into 

biocompatible polymers such as poly(dimethylsiloxane) (PDMS), thus spatial confined co-

culture is possible in 2D and even 3D. Additionally, mechanical and chemical stimuli can be 

applied on demand and very parallelized, which makes it all together a strong tool in drug 

discovery. Thus, we developed a microfluidic platform that utilizes primary endothelial cells as 

a tool to mimic the human blood vessel system. To emulate in-vivo conditions as accurately as 

possible, the vascular heterogeneity was exploited. Both human arterial (HUAECs) and venous 

cells (HUVECs) were integrated in our system together with flow cultivation in 3D and 

pericytes to form a biologically relevant barrier. Due to the on-chip generated human 

microvasculature being perfusable, the device can be used for a wide range of applications in 

fundamental and applied sciences as we could show with molecule permeation, bead perfusion, 

and studying T cell trafficking across the endothelial barrier. Also, the microfluidic platform 

allows for varying the perivascular space by fine tuning the extracellular matrix (here: fibrin), 

where the microvasculature forms over time. Thus, the vasculature can be exposed to important 

extravascular cues, e.g., different cells or molecules, and their impact on vascular development 

can thereby be investigated. By embedding pre-polarized macrophages within our extracellular 

matrix, we could show distinct influences of the polarization state onto network and sprout 

formation. This successful realization of an on-chip microvasculature model is a first step to 

address further crucial questions in vascular biology and can be employed to understand 

endothelial‐immune crosstalk better in the future.  
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Zusammenfassung 

Der menschliche Körper nutzt ein röhrenartiges System, das sogenannte Blutgefässsystem, in 

dem Moleküle wie Sauerstoff oder Zellen transportiert werden. Diese Rohre sind mit 

Endothelzellen ausgekleidet, die phänotypisch unterschiedlich und schliesslich sehr heterogen 

sind. Aufgrund der wichtigen Rolle in der Homöostase im menschlichen Körper ist jedes Organ 

und Gewebe sorgfältig vaskularisiert. Daher kann mittels intravenöser 

Medikamentenverabreichung jegliches Ziel im Körper effektiv erreicht werden. Der derzeitige 

Goldstandard in der Medikamentenentwicklung ist das Durchführen von Tierversuchen. Neben 

den ethischen Bedenken können Unterschiede zwischen Spezien zu unnötigen Klinischen 

Studien oder zum verfrühten Scheitern eines Medikamentes aufgrund falsch negativer Resultate 

im Tierversuch führen. Mikrofluidik kann diese Diskrepanz umgehen, da primäre und sogar 

vom Patienten stammende Zellen verwendet und gleichzeitig Ressourcen aufgrund von 

Miniaturisierung eingespart werden können. Kanäle und Bereiche können in biokompatible 

Polymere wie beispielsweise Poly(dimethylsiloxan) (PDMS) geformt werden, womit räumlich 

begrenzte Ko-Kultivierung in 2 bzw. 3D ermöglicht werden kann. Zusätzlich können 

physikalische und chemische Stimuli je nach Bedarf angewandt und parallelisiert werden, was 

mikrofluidische Plattformen vielversprechende Werkzeuge in der Medikamentenentwicklung 

werden lässt. Daher haben wir einen Chip entwickelt, der primäre Endothelzellen enthält, um 

das menschliche Blutgefässsystem zu imitieren. Die vaskuläre Heterogenität wurde ausgenutzt, 

um in vivo Konditionen so akkurat wie möglich zu repräsentieren. Sowohl arterielle (HUAECs) 

also auch venöse (HUVECs) Zellen wurden mit Fluss und Perizyten in 3D in unserem System 

kultiviert, um eine biologisch relevante Barriere zu bilden. Da die Blutkapillaren durchgängig 

sind, kann diese Plattform für sehr viele Anwendungen in der Grundlagen- und angewandten 

Forschung relevant sein. Das konnten wir durch Molekülpermeation, Kügelchenperfusion und 

T-Zellextravasation beweisen. Zusätzlich ermöglicht der mikrofluidische Chip die Variierung 

des extravaskulären Bereichs durch die Anpassung der extrazellulären Matrix (hier Fibrin), in 

der sich die Blutkapillaren über die Zeit bilden. Durch Integration unterschiedlicher Zellen und 

Moleküle kann das Endothel extravaskulären Einflüssen ausgesetzt und deren Auswirkungen 

auf die Blutgefässbildung evaluiert werden. Indem wir präpolarisierte Makrophagen in unsere 

extrazelluläre Matrix integriert haben, konnten wir den Einfluss des Polarisationsstatus auf das 

Kapillarnetzwerk und Gefässneubildung ausmachen. Die erfolgreiche Ausbildung eines 

Kapillarnetzwerks in unserer Plattform ist der erste Schritt, um wichtige Fragen in der 

Gefässbiologie zu beantworten und damit in der Zukunft die Interaktion zwischen dem 

Endothel und Immunzellen besser verstehen zu können.  



4 

 

Table of Contents 

Abstract .......................................................................................................................................... 2 

Zusammenfassung......................................................................................................................... 3 

Chapter 1: Introduction ............................................................................................................... 6 

1.1 The human vasculature ......................................................................................................... 6 

1.2 Endothelial‐immune crosstalk .............................................................................................. 9 

1.3 Microfluidic tool development ........................................................................................... 11 

1.4 Current efforts recapitulate the human endothelial barrier .............................................. 14 

1.5 Scope of the thesis .............................................................................................................. 16 

1.6 References ........................................................................................................................... 18 

Chapter 2: Heterogeneous, Self-Assembled and Perfusable Microvasculature-on-chip 

for Modelling T cell Trafficking ............................................................................................... 26 

2.1 Contributions ....................................................................................................................... 26 

2.2 Abstract ................................................................................................................................ 27 

2.3 Introduction ......................................................................................................................... 28 

2.4 Results.................................................................................................................................. 30 

Microfluidic Device .............................................................................................................. 30 

Peristaltic Flow and Preferential Association of Pericytes drive Formation of Perfusable 

Microvasculature Network.................................................................................................... 31 

Characterization of the network ........................................................................................... 33 

Perfusability and barrier functionality ................................................................................. 34 

T cell adhesion and extravasation in dependency of barrier properties ............................. 36 

2.5 Conclusion ........................................................................................................................... 39 

2.6 Materials and Methods ....................................................................................................... 40 

2.7 Acknowledgements ............................................................................................................. 44 

2.8 References ........................................................................................................................... 44 

2.9 Supporting Information ...................................................................................................... 49 

Chapter 3: Paracrine VEGF secretion by polarized perivascular macrophages can 

induce self-assembled capillary formation and angiogenesis on-chip ................................ 51 

3.1 Contributions ....................................................................................................................... 51 

3.2 Abstract ................................................................................................................................ 52 

3.3 Introduction ......................................................................................................................... 53 

3.4 Results.................................................................................................................................. 54 

Different vascular ramification in dependency of macrophage polarization state ............ 54 



5 

 

Paracrine signaling from macrophages enable angiogenesis .............................................. 56 

Flow enhances sprouting while maintaining the angiogenic trend of macrophages ......... 58 

Phenotypical angiogenic proteins can be associated with differences in sprout lengths .. 61 

3.5 Conclusion ........................................................................................................................... 65 

3.6 Materials and Methods ....................................................................................................... 65 

3.7 References ........................................................................................................................... 70 

3.8 Supporting Information ...................................................................................................... 74 

Chapter 4: Conclusion and Outlook ........................................................................................ 76 

4.1 Materials and Methods ....................................................................................................... 80 

4.2 References ........................................................................................................................... 80 

Acknowledgment ......................................................................................................................... 81 

 

  



6 

 

1 
Introduction 

1.1 The human vasculature 

Within the human body, a hollow tube system is established to transport cells and molecules 

and thereby maintain homeostasis. The transporting network is lined with endothelial cells, a 

heterogenous cell population that is responsible for specific tasks such as vascular barrier 

maintenance as can be seen in the blood brain barrier1,2,3. It is a closed circuit, with the heart 

pumping oxygen containing and nutritious blood into the arteries, which feeds into the arterioles 

that lead into the capillary bed to exchange gases, nutrients and cells4,5. The diameter is ranging 

from around 0.1 (arterioles) to over 20 mm (aorta), while the capillaries are just a couple of 

micrometers wide. To close the loop, oxygen depleted blood leaves the capillaries and feeds 

into the venules and finally reaches the veins, with diameters of around 5 mm6. While arteries 

are surrounded by smooth muscle cells, veins rather use valves to transport blood, and 

capillaries need pericytes for barrier and blood flow sustainability7. Arterial and venous cells 

experience different flow rates as well. Arterial endothelial cells are exposed to 5 -20 cm/sec, 

while measured venous blood flow velocities are low as 1-7 cm/sec8. One of the reasons why 

arteries are thicker and more flexible than veins is to withstand higher blood pressures. On the 

other hand, this allows for transporting larger amounts of blood over a long period within the 

veins9. Because of venous and arterial derived endothelial cell types executing different tasks 

and being exposed to different environments, phenotypical differences can be observed, that 

can be used for distinction10. For example, during embryonic development specific patterning 

of endothelial precursor cells determine the later vascular fate. These endothelial precursor 

cells, so called angioblasts, are assembling into a primitive vascular plexus, where no 

arteriovenous differentiation has been made yet11. Within these blood islands, cells start to 

express certain proteins on their surface, that lead to patterning of the plexus. A very prominent 

protein pair is the EphB4/ephrin-B2 expression system. Ephrin type-B receptor 4 (EphB4) is a 
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receptor, that binds to ligands such as ephrin-B2, which is a transmembrane protein. Due to 

complementary EphB4/ephrin-B2 expression preliminarily arteries and veins are differentiated 

and defined within the plexus. Later, the plexus remodels in arterial areas (ephrin-B2 positive 

cells), venous regions (EphB4 positive cells) with capillaries in between both. This vascular 

morphogenesis is called vascuologenesis12,13. Disruption and defects within this highly complex 

system is fatal and leads to prenatal death14.  

Figure 1.1 Structure of the human blood vessel system The inner lumen of the vasculature 

is covered with a heterogenous cell population: arteries are narrowing down in diameter and 

feed into a tree-shape like network – the capillary system – where most of the exchange between 

the surrounding tissue and the blood is taking place. Waste products such as CO2 are carried 

back via the venous channel system. Despite the arteriovenous differences, the endothelium is 

distinct depending on the surrounding tissue. There are two processes to generate blood vessels 

in vivo: vasculogenesis and angiogenesis. (Adapted with permission from Springer Nature, 

Copyright 201121). 
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Within the adult human, another process is utilized to guarantee proper and thorough 

vascularization of a tissue in both health and disease. This process is called angiogenesis15. 

While vascuologenesis is starting from angioblasts, fully differentiated endothelial cells are the 

key cells in angiogenesis, independent on arterial or venous origin. This process is initiated in 

case of e.g., lack of sufficient nutrient and gas supply3. A prominent case, where angiogenesis 

plays a crucial role, is tumor progression. After for example mutation introduction, cells get 

malignant and proliferate continuously. That overgrowth requires space and an increase in 

nutrient exchange with the vasculature. At a certain stage, already existing vasculature cannot 

support continuous cancer growth anymore. Thus, the angiogenic switch is initiated, where 

cancer cells and cancer associated cells start to secrete angiogenic compounds to attract blood 

vessels growing towards them. Growth factors, that induce and enhance endothelial cell 

proliferation, survival, and migration are continuously secreted into the extracellular space and 

thereby generating a declining gradient towards the endothelium16,17. The most potent protein, 

that can stimulate blood vessel growth, is vascular endothelial growth factor (VEGF). 

Endothelial cells are reacting to it by expressing corresponding receptors, that induce 

intracellular signaling cascades (vascular endothelial growth factor receptor family)18. Tiny 

vascular sprouts start to branch off the original endothelium and grow towards the target. This 

endothelial extension can be divided into two phenotypically different categories: a so-called 

tip cell, that is followed by several stalk cells, which constantly proliferate19. These two cell 

types can be discriminated by different protein expression profiles, e.g., NOTCH 1 being only 

active in the stalk cells19. When two vessels meet next to or within the target tissue, they merge, 

expand in inner diameter, and close the vascular circuit again (anastomosis)20 (Fig. 1.1).  

But not just in cancer propagation, vascularization plays a crucial part. Tissue regeneration is 

an emerging field, where damaged tissue is replaced and repaired22. If the human body fails in 

vascularizing a tissue after transplantation, the transplant gets necrotic, and regeneration will 

fail23. Inspired by in vivo vascularization processes both angiogenesis and vasculogenesis, 

scientists are currently developing tissue replicates that are both heterogenous but also able to 

connect with already existing vasculature in the body24. This requires mechanical and chemical 

properties of the scaffold which have an influence in angiogenesis promotion within the already 

existing vascular bed in vivo25,26. An approach is the in vitro vasculature generation within a 

scaffold before transplantation27. Vasculogenesis-like tissue templates utilize endothelial 

(precursor) cells within a fibrin matrix28. Fibrin is a hydrogel that develops with thrombin (a 

serinprotease) cleaving fibrinogen monomers. These monomers reassemble into fibrin fibers 

and form the final fibrin hydrogel29. One of the properties of fibrin-based hydrogels is the 
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induction of microcirculation formation in endothelial cells28. Upon embedment, endothelial 

cells such as human umbilical vein endothelial cells (HUVECs) start rearranging into a network 

(vasculogenesis-like self-assembly). This makes it a very promising tool to vascularize complex 

tissues in vivo and in vitro30,31,32,33,34,35.  

1.2 Endothelial‐immune crosstalk 

Besides successful interconnection between the old and new endothelium and endothelial tissue 

infiltration via angiogenesis, transplant rejection is still at stake. The human blood mainly 

consists of red blood cells, while a tiny fraction (4.5 to 11.0 × 109/l) is white blood cells36. These 

white blood cells are responsible to recognize and fight off diseases such as infections or even 

cancer. Roughly, granulocytes (neutrophils, eosinophils, and basophils), monocytes, and 

lymphocytes (T cells and B cells) are different types of leucocytes37. Upon self- and endothelial 

activation, these cells are able to adhere to the endothelium, crawl along a vessel, and finally 

extravasate into the perivascular space (Fig. 1.2). Consequent to antigen recognition, certain 

cascades within the immune cells get initiated that lead to clearance of the infected tissue38,39. 

If especially T cells recognize a transplanted graft as foreign, an immunological response is 

initiated with resulting in transplant rejection despite stable vascularization40. While in 

transplant biology graft phagocytosis is not desired, it holds a strong potential in cancer therapy. 

Genetically modified T cells, so called Chimeric Antigen Receptor T cells (CAR T cells), are 

an FDA approved cancer treatment. There, specific T cell adherence and extravasation is 

necessary to facilitate cancer cell lysis41,42. However, this treatment comes with a lot of severe 

side effects on the vasculature such as blood-brain barrier disruption or unwanted endothelial 

activation43,44,45. To control and evaluate such undesired side effects, understanding interactions 

between the endothelium and immune cells upfront is necessary. Currently, animal models are 

utilized to estimate potential benefits and side effects of a drug before clinical trials. For 

example, a model organism to study blood vessel development is zebrafish46. However, despite 

expenses and ethical concerns, species to species differences in drug responses can lead to false 

positive results and unnecessary clinical studies or failure of clinical transition due to false 

negative results within the animal experiments47. Hence, development of new more human-like 

in vitro tools is pending. This tool needs to emulate the human endothelium, while allowing for 

T cell perfusion and extravasation. CAR T cells then can be optimized to selectively extravasate 

across the endothelial barrier before clinical trials, thus side effects are kept minimal. However, 

this requires not just intravascular manipulation and modification capabilities, but also 

extravascular changes can help understanding immune-endothelium interactions better. 
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Figure 1.2 Endothelial-immune cell crosstalk A T cells are white blood cells, that traffic 

throughout the blood vessels within the blood stream. In times of inflammation the endothelium 

starts to express certain adhesion molecules, onto which the activated T cells get captured, roll, 

arrest and finally extravasate into the perivascular space. (Adapted with permission from 

Springer Nature, Copyright 200738). B Macrophages are immune cells, that are either residing 

within the tissue or evolve with monocytes transmigrating across the vascular barrier and 

differentiating into macrophages. These phagocytic cells are very heterogenous and get 

polarized in dependency to the cues they are exposed to. They execute important functions in 

both health and disease (Adapted with permission from Springer Nature, Copyright 201849).  

Regardless of immune cells circulating and being transported via the blood stream to the target, 

macrophages are phagocytic immune cells that are either stationed within the perivascular space 

or evolve with monocytes infiltration and further on differentiation48,49. Different polarization 

stages that differ on the environment they are exposed to (non-activated MΦ, activated M1 and 

M2) account for the heterogeneity of these immune cells50,51,52. Their specific secretome 

influences and shapes their environment such as the endothelium. While a tumor evolves within 

the extracellular space, macrophages are among the first immune cells that interact with the 

tumor and get activated. With M1 macrophages being more tumoricidal and damage orientated, 

M2 tend to promote tumor growth and facilitate tissue remodeling53. Inside the tumor 

microenvironment, the phenotypical macrophage heterogeneity (M1 and M2) is still present, 
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however tumor cells try to hijack macrophages and polarize them favorable to an M2 phenotype 

to e.g., being invisible for further on immune cell clearance by T cells. Again, this has potential 

for a possible cancer treatment (e.g., repolarization of tumor-associated macrophages (TAMs) 

within a tumor or inhibition of M2 TAMs with antibody-based immunotherapy) but can serve 

as a diagnostic tool as well (the more M2 macrophages, the poorer the prognosis)54,55,56,57,58.  

Thus, developing an in vitro platform, that can bring differently polarized macrophages in close 

proximity to endothelial cells would push cancer research forward, since macrophages gather 

around blood vessels and are double-edged swords in cancer biology (Fig. 1.2). 

1.3 Microfluidic tool development 

There are different approaches in developing an in vitro tool that can imitate the human blood 

vessel system with its complexity. As can be seen in fig. 1.3, methods such as bioprinting or 

laser degradation can generate tiny channels or predefine a complete acellular network within 

an extracellular matrix59. After endothelial cell seeding, full vessel coverage by an extracellular 

matrix is permitted; however, the capillary network formation is limited to the predesigned 

channel system. In-situ capillary formation cannot be emulated and thereby studied. Cellular 

influences by e.g., pericytes or macrophages are masked or artificially generated. Moreover, 

laser degradation and bioprinting are two methods, which are limited in compatible hydrogels 

due to the vessel generation protocol, e.g., laser degradation requires photosensitive 

hydrogels59. 

With improvements in photo- and soft lithography structure imprinting in the micrometer scale 

into biocompatible and transparent polymers such as poly(dimethylsiloxane) (PDMS) became 

feasible. This allows for biologically relevant compartmentalization while reducing required 

space and thus chemicals and cells to a necessary minimum60. Microfabrication is a method, 

with which customized in vitro tools can be developed for a wide range of applications in 

fundamental and applied sciences. Complex biological systems as can be found in vivo can be 

emulated and on demand adjustments in the settings to the application can be realized. For 

example, using different molecules, cells or applying certain mechanical stimuli is realizable, 

and thus communication between immune cells and blood vessels can be imitated61,62. And even 

more, patient-derived or rare cells can be used, cultivated and studied on-chip63. Using 

microfluidic tools hold the potential to reduce or even replace animal experiments by utilizing 

human/patient-derived cells and miniaturize a human body in a low-cost manner (organ-on-a-

chip)64,65,66. Furthermore, interconnecting multiple devices or several compartments localized 

on a single device, that are individually mimicking another organ, can recapitulate a whole body 
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(body-on-a-chip)67. 

A microfluidic platform can consist of a single or multiple PDMS layers, that are aligned 

together, and finally bond to a glass slide. In layer-by-layer softlithography, commonly two 

PDMS slaps with different and individual channel systems or compartments are separated with 

a porous PDMS membrane sandwiched in between. This can be used to compartmentalize 

different cell types in 2 but also 3D while simultaneously guaranteeing crosstalk and allowing 

cells being individually exposed to mechanical stimuli such as flow68. However, device 

fabrication comes with a time-consuming manufacturing process, that requires professional 

competence. Hence single layer microfabrication keeps device development and production 

simple while guaranteeing the same advantages as layer-by-layer softlithography.  

To generate human blood vessels on-chip, different methods are adapted. Commonly, 

endothelial cells are cultivated upon or within an extracellular matrix, mostly fibrin30, 

collagen69, or a mix70. One of the advantages of bioprinting was the full matrix coverage of the 

vessel. Devices with a large chamber together with guiding structures can facilitate single vessel 

growth, with assuring full extracellular matrix coverage. Needles or rods are placed into the 

guiding structures while the hydrogel is injected into the larger compartment71,72. After 

hydrogel polymerization, the rods and needles are pulled out gently to form channels, into 

which endothelial cells can be seeded and cultivated further on. The hydrogel can be customized 

with mixing desired cells and molecules off-chip into the liquidized hydrogel and on-chip 

vessels are accessible and perfusable via the channel openings.  

The most prominent and widely used vessel-on-a-chip devices consist of multiple channels 

lined next to each other with pillar arrays30,70,73, or phase guides74,75 as on-chip channel 

sectioning tools. When PDMS or a glass surface is kept hydrophobic, surface tension allows 

for confining complex and individually designed matrices as fibrin in one dedicated chamber 

while not leaking into neighboring channels and thereby keeping them empty76 as capillary 
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generation requires local extracellular matrix detention with additional neighboring channels 

allowing for sufficient media30,70, drug77,74,75 or cell30,72 perfusion.  

 

Figure 1.3 Microfabrication as a method to generate blood vessels on-chip Besides methods 

such as bioprinting or laser degradation, microfabrication is a promising method to grow and 

study human blood vessels in the micrometer scale. There are several techniques, that enable 

either spatial confinement of an extracellular matrix with utilizing on-chip pillars or phase 

guides or generating a hollow channel for further on cell seeding by pulling a rod or a needle 

out of a hydrogel. (Adapted with permission from Springer Nature, Copyright 202259 and 

201730 and 201971, Adapted with permission from MDPI, Copyright 202075). 

Generally, two well-established methods to build a human blood vessel system on-chip are 

currently employed: vasculogenesis-like self-assembly and angiogenesis are presently used 

techniques in tissue regeneration to vascularize complex tissues such as organoids and in organ-

on-a-chip78. When endothelial cells are embedded into fibrin, they self-align into a perfusable 

network and in-situ capillary formation is induced (vasculogenesis-like self-assembly)30. This 

requires mesenchymal stromal/stem cells in close proximity or even co-embedment to facilitate 

vascular remodeling by secreting certain matrix proteins (especially Collagen I) and other 

factors to thereby induce endothelial cell lumen formation28. In the angiogenic approach, two 

side channels with a matrix in between is necessary. While one channel hosts the endothelial 

cells, the channel on the other side is utilized to perfuse the hydrogel with potentially (anti-) 

angiogenic molecules. Since the hydrogel is porous but also dense, a gradient towards the 

endothelial cells is generated. Again, to guarantee a perfusable final network, addition of 

fibroblasts in an additional channel30 or e.g., as a spheroid69 within the hydrogel, is necessary. 

Different scientific questions can be answered by either method. For example, when studying 
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the angiogenic inhibitory or enhancing capabilities of a drug, angiogenesis-on-chip is utilized, 

while a self-assembled network has been employed in studying cell extravasation. 

1.4 Current efforts recapitulate the human endothelial barrier 

Mostly HUVECs as endothelial cells are embedded into fibrin together with fibroblasts as a 

necessity to induce self-assembled on-chip capillary and sprout formation. However, when 

taking a closer look into a capillary bed, key cell types are pericytes that are residing on the 

microvasculature, where they regulate blood flow and maintain capillary homeostasis79,80,81,82. 

Since they are playing a crucial role in vascular barrier maintenance, e.g., the blood brain 

barrier, attempts have been made to combine them with endothelial cells on-chip to mimic a 

proper endothelial barrier. Pericyte integration, however, turned out to be more challenging 

than anticipated83. In vasculogenesis-like approaches endothelial reassembly together with 

pericytes was just possible in the presence of fibroblasts of different sources34 or astrocytes31, 

cells that are also part of the blood-brain-barrier80. Pericytes-only hosting hydrogels didn’t lead 

to perfusable microvasculature83. The simplest approach to have pericytes residing on a blood 

vessel, is generating a hollow channel within a hydrogel. Firstly, the gel surface is covered with 

pericytes, onto which then endothelial cells are seeded and cultivated84. Nonetheless, crucial 

cellular involvement of pericytes in vascular development such as vasculogenesis cannot be 

emulated with this approach85. Co-seeding of HUVECs with pericytes besides a fibrin matrix 

supported sprout formation, but also required an adjacent fibroblast-containing channel86. 

Vascular barrier maturation and functionality on-chip requires not just an endothelial-pericyte 

co-culture, but also shear stress application as flow having a regulatory influence on the barrier 

as well87,88,89. In addition, previous research has demonstrated that an angiogenic response in 

the endothelium can be triggered by the application of shear forces90 and that other functions 

of the endothelium are dependent on shear forces91,92,93,94,95 as well. For example, Notch 

signaling in endothelial cells is different when being exposed to shear stress, which results in 

differences in barrier properties96,97. However, most of the reported vessel-on-a-chip protocols 

do not include flow application in their cultivation protocols, thus potentially measuring false 

permeation due to a not well-established biological barrier. 

During an inflammation the endothelium gets activated, certain adhesion proteins for immune 

cells are expressed on the surface such as intercellular adhesion molecule 1 (ICAM-1) and 

chemokine and cytokine secretion is upregulated38,98,99,100. The barrier starts to locally loosen 

up and white blood cells adhere, role and extravasate into the target tissue. Thus, studying and 

imitating endothelial-immune cell crosstalk on-chip requires a biologically tunable vascular 
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barrier on-chip in addition to a perfusable microcirculatory system. Focusing on T cells, 

researchers have perfused endothelial containing microfluidic devices with primary T cells. 

Either an endothelial-tumor co-culture or attracting T cells chemotactically across the 

endothelial barrier into a collagen hydrogel was utilized to acquire T cell extravasation101,102. 

In both cases, the vessel was activated and inflamed as was verified with ICAM-1 expression 

on the endothelium. However, those publications study T cell migration across rather large 

vessels than a complex tree-shaped capillary network as can be found in vivo. Additionally, 

crucial cells such as pericytes are also not part of the reported on-chip endothelial barrier, 

although they are executing important barrier functionalities on the capillaries as could be 

shown by Török et al.103. 

The pericyte-endothelium interaction can be manipulated by macrophages that are residing 

within the perivascular niche104,105,106 and thus can play an important role in the barrier 

functionality. Also, a T cell response can be enhanced or prohibited by macrophages in 

dependency of their phenotype107,108. Additionally, previous research could prove that 

differently polarized macrophages have distinct influences on the vasculature, such as M2 

macrophages are more angiogenic than M1 activated ones with secreting VEGF or other pro-

angiogenic proteins50,109,110. Researchers have embedded macrophages on-chip with endothelial 

cells111,112,113 or have perfused their microfluidic devices with monocytes114 to study 

extravasation, that potentially can lead to further macrophage differentiation within the 

extravascular space. Even more complex tissues such as organoids cultivated on-chip have 

utilized macrophage integration to emphasize on the possibility to study immune cell 

behavior115. However, all these studies lack the phenotypical differentiation and possible 

divergent influences on the tissue, here the vasculature. With single-cell gel droplet 

microfluidics different polarization states of macrophages have been analyzed individually116 

but not within an endothelial environment. 

All in all, this indicates the requirement of developing a microfluidic platform, that guarantees 

a proper vascular barrier formation with all necessary cell types and factors being implemented 

such as pericytes and flow to better understand communication and interaction between immune 

and endothelial cells in the future for e.g., developing promising immunotherapeutics. 
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1.5 Scope of the thesis 

The goal of this thesis is the development of a microfluidic platform, that can emulate the human 

vasculature for permeation, perfusion and transmigration studies as can be found in vivo. 

The developed and optimized device consists of three different channels: one larger chamber 

(1000 µm wide) and two adjacent channels (300 µm wide), that are separated through a pillar 

array (50 µm distance between the pillars). The central chamber is necessary for confining the 

fibrin hydrogel and hence observing vascular self-assembly or angiogenesis. Manipulation of 

the hydrogel is possible by either adjusting the cellular or molecular content of the hydrogel via 

a side channel or upfront during the embedment. Continuous flow is applied via the two side 

channels, which contain either endothelial cells (HUAECs, HUVECs respectively) or is used 

as a media channel or to generate a gradient over the hydrogel. 

In chapter 2 we will prove with our microfluidic platform and cultivation protocol that arterial 

cells (HUAECs) are able to induce capillary formation with and without HUVECs, together 

with pericytes only. Thus, closing the paradigm of incompatibility of pericytes together with 

HUVECs in self-assembled blood vessel formation. Thereby development of a complete and 

heterogenous, biologically relevant endothelial barrier is possible that we will use to study T 

cell extravasation in dependency to the activation state of the endothelium.  

In chapter 3 network cultivation optimization will allow for generating perivascular 

macrophages. Furthermore, the particular impact of differently polarized macrophages on 

capillary and angiogenic sprout formation is studied with respect to distinct phenotypical 

differences in the secretome. Thus, responsible molecular cues will be evaluated and correlated 

to on-chip vascular responses in this chapter.  

Subsequently, this device might have the ability to answer pending questions in fundamental 

and applied immunology and vascular biology in the future (Fig. 1.4). 
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Figure 1.4 Scope of this thesis Development of 3-channel microfluidic device, on which the 

human microvasculature can be emulated with a proper barrier to study immune cell 

extravasation and perivascular macrophages, as will be presented in chapter 2 and 3, 

respectively. 
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2.2 Abstract 

Cell trafficking through the vasculature is important for many physiological processes and 

during disease progression. For example, during the inflammatory response T cells arrest, 

adhere to the endothelium, and subsequently extravasate and infiltrate the inflamed tissue. This 

is also relevant for evaluating novel cell therapies such as CAR-T therapy, where trafficking of 

T cells is important. We developed a platform to mimic a biologically functional human 

arteriole-venule microcirculation system, consisting of pericytes, arterial and venous primary 

endothelial cells embedded within a hydrogel, which self-assembles into a perfusable, 

heterogenous microvasculature. Integrating arterial and venous endothelial cells with pericytes 

that support the formation of a functional endothelial barrier, our device shows a preferential 

association of pericytes with arterial endothelial cells. Additionally, the application of 

physiologically relevant flow was shown to be critical in the formation of a perfusable 

microcirculatory network. Biological functionality was demonstrated using an inflammation 

model, where significantly higher expression of cytokines, chemokines, and adhesion 

molecules was observed under tumor necrosis factor alpha (TNF-α) treatment. Accordingly, T 

cell adherence and transendothelial migration significantly increased under the immune 

activated state. Taken together, our platform allows for generating a perfusable 

microvasculature that resembles an in vivo barrier for developing potential immunotherapies. 
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2.3 Introduction 

Vascularization plays an essential role in homeostasis, embryonic development and growth. 

Nutrients such as oxygen, signaling molecules and circulating cells are transported between 

tissues and organs by this branched, tree-like tubular network1,2. Healthy tissue strongly 

depends on a functional, dense and tight network that functions as a barrier but also enables 

selective permeation of nutrients and cells into the surrounding tissue. New blood vessel 

formation is essential to cure injuries and lesions, but is also involved in diseases such as cancer 

where tumor growth is tied to enhanced vascularization3,4. On the other hand, thorough 

vascularization enables drug administration or immune cell infiltration for clearance of the solid 

tumor5. Thus, understanding the mechanisms regulating vessel permeability in health and 

disease can be beneficial for drug development6. 

In the human body, new blood vessels are formed by several processes, depending on factors 

such as signaling molecules or cells within the perivascular space. For example, during 

embryonic development endothelial precursor cells differentiate into endothelial cells and form 

a primitive, perfusable vascular plexus. This process is called vasculogenesis7,8,9. In the adult, 

a process named angiogenesis is utilized to generate new capillaries. Paracrine signaling of 

certain factors such as vascular endothelial growth factor (VEGF) attracts adjacent endothelial 

cells that migrate along an angiogenic gradient to build new capillaries2,3,9. Tiny sprouts emerge 

and eventually fuse and thereby expanding the existing network (anastomosis)10. In vitro assays 

are inspired by and utilizing these processes to form and mimic the human microvasculature.  

For example, microfluidics-based 3D microphysiological systems emulate cellular composition 

and compartmentalization during vessel formation and enable the generation of in vivo-like 

microvasculature that can be used for cellular and molecular studies on vascular permeability 

under physiologically relevant conditions11,12,13. These systems can be classified into two broad 

categories. The first type utilizes the self-assembly approach inspired by the conditions under 

which vasculogenesis occurs in vivo, while the second one mimics the angiogenesis process. 

The microfluidic device for both systems consists of a hydrogel inside a large chamber that is 

flanked by channels that is laden with cells14, drugs15, angiogenic growth factors or other 

compounds16. Either predefined structures on the microfluidic device such as pillars are utilized 

to spatially separate the hydrogel17 or hollow channels inside a hydrogel connect the outside 

world with the microvasculature18. Variations in extracellular matrix (ECM) composition and 

cell lines have been made to measure mechanical19,20 or chemical stimuli21 on the endothelial 

cells or cellular interactions with e.g. cancer cells14. Collagen22 and fibrin23 are among the most 
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common hydrogels, the latter being of special relevance since it promotes self-assembly of the 

microvasculature from endothelial cells embedded in the hydrogel and recruitment of 

mesenchymal cells such as fibroblasts from adjacent channel into the network (vasculogenesis-

like self-assembly)17,24,25,26,18. In the angiogenesis-emulating setup, potential angiogenic 

compounds are embedded within or perfused across an extracellular matrix to induce the 

migration and invasion of endothelial sprouts emerging from one of the side channels into the 

matrix16,27,28. Both techniques are capable in vascularizing complex tissue such as spheroids29,30 

and organoids31,32,33. However, besides their strong advantages, the currently existing 

microfluidics-based systems have important drawbacks. For example, the integration of mural 

cells such as pericytes34,35,36, which play important structural and functional roles in supporting 

the endothelial barrier, in on-chip formed microvessels has been challenging so far in both 

angiogenic and vasculogenic context. Pericytes are mural cells that complement the barrier 

function of the microvasculature by residing on an endothelial branch and help them to 

withstand high shear rates34,35,36. Attempts have been made to incorporate pericytes into the 

endothelial network by either choosing different cell lines37 or having fibroblasts residing in 

close proximity38. However, embedding pericytes only together with endothelial cells have 

been shown to generate a non-perfusable microvasculature39. Additionally, reducing the 

endothelial cell diversity down to one type does not correctly reflect human physiology that 

involves an interplay between arterial and venous endothelial cells40,1.  

In order to closely emulate pathophysiological processes in the vasculature, the microfluidics-

based systems should also include other relevant cellular components such as immune cells. T 

cells are a major component of the adaptive immune system that circulate in blood and help the 

body to fight against infections and cancer. They can adhere on the endothelial side and when 

triggered by signaling molecules such as tumor necrosis factor alpha (TNF-α) they transmigrate 

across the cell barrier (extravasation) to clear off inflammations41,42,43. Cytotoxic T cells are a 

subpopulation of T cells that is capable of clearing off cancerous tissue by releasing lytic 

granules after recognition of an antigen on the surface of the target cell44. Tumors try to escape 

a T cell attack by manipulating their surroundings, for example hijacking macrophages that then 

help inhibition of T cell infiltration45. Reanimating or genetically modifying patients' T cells is 

a promising approach to treat cancer46,47. However, side effects are so far severe, for example 

increased blood-brain barrier permeability or multifocal vascular distruption48. Thus, deeper 

knowledge of the mechanisms mediating interactions between T cells and the endothelial 

barrier is needed before conducting clinical trials to guarantee a successful and safe cell-based 

immunotherapy. Previous studies have tried either to introduce T cells into a multilayered 



30 

 

endothelial-tumor co-culture49 or attract T cells chemotactically across the endothelial barrier 

into a collagen hydrogel50. Both approaches were able to generate an inflamed endothelium as 

verified by endothelial expression of intercellular adhesion molecule 1 (ICAM-1) which is 

necessary for T cell recruitment from the blood stream. However, both papers worked with 

larger vessels than those present in diseased tissue such as tumors, where vasculature represents 

a complex tree-shaped network spanning throughout the whole tissue. Additionally, these on-

chip vasculature models were missing crucial factors such as integration of pericytes. 

Our device can form a perfusable vasculogenesis-like capillary network of both multiple 

endothelial cell lines and pericytes simultaneously to build a total vascular barrier as it can be 

found in vivo. It is capable of mimicking the endothelial barrier in inflamed and healthy 

conditions very accurately and supports primary T cell extravasation across the endothelial 

monolayers in the newly formed vascular network in dependency to the activation state of the 

endothelium. Together, this holds potential for the development of new, personalized cell-based 

immunotherapeutics (Fig. 2.1A).  

 

2.4 Results 

Microfluidic Device 

We used polydimethylsiloxane (PDMS) for manufacturing the microfluidic device due to its 

biocompatibility and transparency51. The microfluidic device consists of three parallel channels 

separated by arrays of micropillars (Figure 2.1, Figure SI2.1). The central channel allows for 

spatial confinement of a fibrin matrix, into which human umbilical artery endothelial cells 

(HUAECs), human umbilical vein endothelial cells (HUVECs) and human placental pericytes 

(hPC-PL) are embedded in a defined ratio (in the following referred to as AVP: HUAECs, 

HUVECs, pericytes). PDMS surface hydrophobicity and the micropillar arrays confine the 

matrix hydrogel precursor to the central channel by surface tension52.  

HUAECs and HUVECs were also seeded in the arteriole and venule channels respectively, so 

that they fully cover the gel-channel interface and connect with the developing 

microvasculature to form arteriole- and venule-like vessels. These outer channels are used for 

constant media perfusion after cell attachment, interconnection and for further studies on 

permeation and T cell perfusion. Figure 2.1C displays the workflow for network formation, the 

co-cultivation between the endothelial cells and the pericytes, and T cell perfusion. 
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Figure 2.1 Schematic illustration of the microvasculature and microfluidic device. A Blood 

vessel form a tight network with capillaries connecting larger vessels namely arterioles and 

venules with pericytes residing on them. T cells circulate in blood vessels and extravasate into 

the perivascular space upon being activated and the endothelial activation state such as ICAM-

1 expression is present. B The microfluidic device consists of 3 parallel channels, that are 

spatially separated by micropillars. Embedding different endothelial cells inside a fibrin matrix 

allows for heterogeneous vasculogenesis-like capillary formation with pericytes residing on the 

microvasculature. C Schematic workflow for the formation of the microvasculature. After 6 

days with a media change on day 3, the network is fully formed and stable. Thus, T cell 

introduction is feasible on day 7. 

 

Peristaltic Flow and Preferential Association of Pericytes drive Formation of Perfusable 

Microvasculature Network  

We characterized various conditions for the formation of the microvasculature in the presence 

of pericytes. We seeded HUAECs and HUVECs into the main channel (AV), each endothelial 

cell line with pericytes alone (AP, VP), as well as a 1:1 mixture of HUAECs, HUVECs together 

with hPC-PLs (AVP). For all three conditions, we compared static culture, where medium in 

the arteriole and venule channels was changed every 48 hours, with perfusion culture, where a 

constant peristaltic flow of medium at a flow rate of 60 µl/h was applied to the arteriole and 

venule channels. For both static and perfusion conditions, the medium was spiked with VEGF 

(50 ng/mL) in the first 2 days before reverting to the normal concentration of 5 ng/mL for the 

next 4 days. 

As can be seen in Fig. 2.2A, HUVECs alone do not form vascular networks with pericytes 

under static cultivation (VP), though flow cultivation leads to small vessel sprouts emerging 

from the side channels. On the other hand, HUAECs in the presence of hPC-PL (AP) were able 
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to form a visible network, with vessel density increasing when cultivated under flow (Fig. 

2.2A). Interestingly, when both arterial and venous endothelial cells are introduced with 

pericytes (AVP) in the hydrogel, HUVECs participated in the self-organization process in the 

presence of HUAECs, resulting in the formation of a network comprised of both endothelial 

cell types. In this case, flow application also leads to a denser network than the static culture 

condition. This suggests that there may be a preferential interaction between hPC-PLs and 

HUAECs that drives the process of self-organization of all endothelial cell types into a vascular 

network.  

When hPC-PLs were left out and only HUAECs and HUVECs were embedded into the 

hydrogel, no network formation was visible despite continuous application of peristaltic flow 

(AV). However, vessel sprouts started to emerge from the gel-channel interface over time 

(indicated by black arrows in Fig. 2.2D). Applying flow in the arteriole and venule channels 

applies hydrostatic pressure which generates interstitial flow across the central hydrogel 

channel. Evidence have shown that this interstitial flow is a key driver of neovascular sprout 

formation53. These sprouts emerging from the gel-channel are also visible in the AVP devices, 

though they eventually fuse with and thereby become part of the microvasculature in the central 

gel channel. Thus, we can conclude that both peristaltic flow and pericytes are necessary drivers 

in forming a continuous network connecting the arteriole channel to the venule channel, 

allowing the perfusion of cells and other reagents from one channel to the other. We continued 

our experiments with a co-culture of HUAECs, HUVECs and hPC-PLs in the hydrogel, 

cultured under flow conditions (Fig. 2.2A). 

Interestingly, we also observed that applying varying flow profiles in the arteriole and venule 

channels can affect the morphology of the microvascular network. In in vivo circulation, blood 

flows from the heart through arteries to the arterioles where it enters the capillaries, then passes 

through and joins the flow back to the heart in venules and veins, i.e., the arteriole and venule 

have a counterflow profile. Parallel or counterflow in the side channels can induce distinct 

interstitial flow profiles within the hydrogel channel (Figure SI2.2A), which may influence the 

morphology of the microvasculature formed within. We observed that when applying this 

counterflow profile in the arteriole and venule channels, the resulting microvasculature in the 

ECM hydrogel consists of microvessels visibly more perpendicular to the side channels, 

compared to those formed under a parallel flow profile where the microvessels tend to align 

with the direction of flow (Figure SI2.2B).  
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Figure 2.2 Heterogeneous capillary network evolves over time in dependency of flow and 

pericytes. A Devices with different endothelial cell combinations and pericytes were set up and 

cultivated under flow or under static conditions. Network formation was observed after fixation 

and immunostaining on day 6. B Fluorescent micrographs of side channels filled with HUAECs 

and HUVECs respectively and zoom into the central chamber. Immunofluorescence staining 

for VE-cadherin (VE-cad, green) proofs vascular barrier functionality. NG2 staining shows 

pericytes residing on the microvessels (red). C Overview of the central channel depicting 

HUVECs (yellow) and HUAECs (green). Zoom into the central chamber (pericytes: red). Cross 

section of a vessel. D With (AVP) and without (AV) pericytes containing devices were set up. 

Bright field images were taken over time. When embedding only endothelial cells (AV) into 

the hydrogel and observing it over time, no continuous network was formed but small vessel 

sprouts started to migrate into the hydrogel over time (black arrows). E Immunofluorescence 

staining for Collagen IV expression is higher, when pericytes (AVP) are present in comparison 

to AV (The graph depicts fluorescence intensities over a region of interest (ROI) *** P < 0.001, 

N=2 for each condition, n=5).  

 

Characterization of the network 

Next, we examined the expression of vascular endothelial cadherin (VE-cadherin), an adhesion 

protein expressed in both HUVECs and HUAECs54 that is indispensable for proper vascular 

development and intercellular adhesion, thereby promoting the formation of a restrictive 

endothelial barrier. Immunostaining of microvasculature formed with HUAECs and red 

fluorescence protein (RFP) expressing HUVECs allows for discrimination between HUAECs 

and HUVECs while visualizing protein expression (e.g., VE-cad). VE-cadherin is present along 

the entire vessel indicating a proper endothelial barrier (Figure 2.2B). In addition, we visualized 

the hPC-PLs residing on the vessels by immunostaining with anti-human neuron-glial antigen 

2 (NG2). By utilizing green fluorescence protein overexpressing HUAECs (GFP HUAECs), 

we could show the heterogeneity of the formed network (Fig. 2.2C). A maximum intensity 

projection with a NG2 staining emphasizes on the pericytes being part of the network and shows 
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the perfusability of the vessels that can be seen in the cross section in Fig. 2.2C. The measured 

diameter is about 50 µm. With 60 µl/h as flow rate, 50 µm as diameter and taking the width of 

the central chamber as an approximation of a capillary length, this leads to wall shear stress of 

about 9 to 10 dyn/cm2. In comparison, the wall shear stress in the outer channel is lower than 1 

dyn/cm2. This wall shear stress represents in vivo wall shear stress within capillaries55. 

It is known, that the interaction between pericytes and endothelial cells can stimulate 

extracellular matrix (ECM) remodeling and assembly56. Secretion of collagen IV were 

examined in devices containing all three cell types (AVP) and only endothelial cells (AV), both 

cultured in flow conditions. Comparing the collagen IV immunostaining between AV co-

culture and the AVP microvasculature, a significant difference was observed in both the 

fluorescence intensity as well as the formation of visible networks in the AVP culture (Fig. 

2.2E). This confirms the interaction between endothelial cells and pericytes and suggests that 

the extra collagen secreted by pericytes is necessary to remodel the basement membrane matrix 

to support the formation of a vascular network. 

During embryonic development, thus vasculogenesis, angioblasts assemble in a vascular plexus 

and distinct EphB4/ephrin-B2 expression patterns arterial and venous regions (EphB4 venous, 

ephrin-B2 arterial). While venous progenitors express EphB4, arterial progenitors are 

expressing ephrin-B2. This leads to rearrangement of the vascular plexus. After remodeling, 

veins and arteries are separated with the capillary system in between57,58. Thus, our initial 

thought was that HUAECs and HUVECs would first reassemble into arterial and venous 

regions before forming a network due to distinct EphB4/ephrin-B2 signaling. However, the 

developed network has no patterned regions (arterial and venous cells cannot be found in just 

one area) but is rather quite heterogeneous. That indicates that the endothelial cells don’t 

rearrange but rather merge at the spot of embedment inside the hydrogel independent of 

endothelial phenotype. Thus, we conducted an off-chip EphB4/ephrin-B2 immunostaining to 

verify that both endothelial cells are expressing EphB4 and ephrin-B2 and therefore no 

reassembly, but random anastomosis is taking place. As can be seen in Fig. SI2.3, both 

HUAECs and HUVECs are positive for the expression of EphB4 and ephrin-B2. 

 

Perfusability and barrier functionality 

The microvasculature in the central channel is perfusable and accessible from the arteriole and 

venous channels via anastomosis with vessel sprouts from the gel-channel interface (Fig. 2.2D). 

1 µm fluorescently labeled polystyrene beads were used to examine the perfusability of this 

microcirculation. In both microvasculature consisting of HUAECs and pericytes (AP), or 
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HUAECs, HUVECs and pericytes (AVP) cultured under flow, beads introduced into the venous 

channel were observed to be traversing across a well-developed microvasculature across to the 

arteriole channel (Fig. 2.3A and supplementary videos SI1-SI6) without entering the 

perivascular space. The AVP microvasculature reveals a large number of interconnections and 

branches. In contrast, although the AP and AVP systems developed a network-like structure 

under static conditions, the vessel sprouts formed at the gel-channel interface do not anastomose 

with the vasculature lumen within the hydrogel, thus the microvasculature is not perfusable 

through the arteriole and venule channels. This is observed through the visible accumulation of 

beads at the gel-channel interface that cannot traverse through the hydrogel. For the VP system 

cultured under static condition, no beads were observed to enter the central hydrogel channel 

as no capillaries are formed. While few capillary structures were able to form in the same system 

under flow condition, these microvessels do not traverse the entire width of the hydrogel and 

often form in blunt ends. This was visualized by beads flowing into the hydrogel following 

vessel-like structures but accumulate in a large lumen within the hydrogel. (Fig. 2.3A and Video 

SI1-SI6).  

 

 

 

We characterized the permeability of the vessels by perfusing fluorescently labeled dextran 

through the microvasculature and determined the permeability coefficient59. The observed 

permeability coefficient of 6 x 10-7 cm/s is within the reported range for endothelial barrier 

characterizations17 (Fig. 2.3B). Vessel permeability also increased to 8 x 10-7 cm/s upon 

exposure to tumor necrosis factor alpha (TNF-α), a cytokine, that is secreted by e.g., 

macrophages to alert other immune cells upon sensing an infection. Endothelial cells start to 

Figure 2.3 The microvasculature consists 

of a proper barrier and is perfusable A 

The devices were perfused with 1 µm 

fluorescent polystyrene beads via the 

HUVEC hosting channel. Traversing beads 

are indicated by green lines. B Dextran was 

perfused from one channel to the other and 

fluorescence was measured over time for 

treated (TNF-α +) / untreated (TNF-α - ) 

AVP vessels (here visible in red), (Total 

Image acquisition time: 240 seconds, N=2 

for each condition, n=5, ** P < 0.01). 
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loosen their tight junctions so that immune cells can extravasate out of the blood stream to the 

infection site60. 

 

T cell adhesion and extravasation in dependency of barrier properties 

One of the main functions of blood vessels is the transport of circulating cells. Under healthy 

conditions the endothelium maintains a barrier for cells. In case of inflammations, however, 

inflammatory cytokines increase the permeability, and the endothelial cells express adhesion 

molecules for immune cells to attach and transmigrate into the perivascular space towards the 

diseased tissue6. Here we use T cells, which are part of the adaptive immune system, to monitor 

the process of transmigration. The initial adhesion to the activated microvasculature is 

facilitated via ICAM-1/CD54 expression on the endothelial side, with the T cells expressing 

the corresponding ligand (CD11a/CD18, LFA1) during inflammation41. We induced the 

inflamed state by addition of TNF-𝛼 and confirmed the enhanced ICAM-1 expression by 

immunohistochemistry. As can be seen in Fig. 2.4A, ICAM-1 is present along the vessels after 

TNF-α exposure in contrast to the untreated vessels.  

Upon activation by TNF-α, other cytokines are secreted by endothelial cells to activate and 

guide the immune cells towards the targeted tissue61–63. To analyze these cytokines, we 

collected the outflow of our devices of both the side channels and the central, hydrogel-filled 

channel, for both the TNF-𝛼-treated (TNF-𝛼 +) and untreated (TNF-𝛼 -) microvasculature. 

Immunoassays targeting the following immune-cell attracting chemokines and cytokines were 

performed62: chemokine (C-C motif) ligand 2 (MCP-1), chemokine (C-X-C motif) ligand 1 

(CINC-1), C-X-C motif chemokine 5 (ENA-78), C-X-C motif chemokine ligand 10 (CRG2), 

Granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage colony-

stimulating factor (M-CSF), Chemokine (C-C motif) ligand 5 (RANTES), Chemokine (C-X-C 

motif) ligand 2 (CINC-3), Granulocyte colony-stimulating factor (G-CSF), Interleukin 8 

(CXCL8)62, 64. 

Indeed, the secretion levels of many chemokines and cytokines are significantly upregulated 

for TNF-α treated vessels, compared to untreated ones (Fig. 2.4E). Especially, CXCL8, CINC-

1, M-CSF and MIG are significantly higher expressed as in the control (TNF-α -) in the 

supernatants from the central channel (gel) and the side channels. CXCL-8 is almost 25-fold 

higher secreted in TNF-α +. Within the gel measurements CXCL-8 expression rose from around 

2000 pg/ml in the control (TNF-α - gel) to over 5500 pg/ml. A similar trend is visible for CINC-
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1 expression. CXCL-8 and CINC-1 are chemokines/cytokines that are upregulated when a 

tissue is inflamed to attract neutrophils out of the blood stream towards the targeted tissue65, 66. 

M-CSF attracts monocytes, which then differentiate into macrophages after transmigrating out 

of the blood67. Here, we could measure an 8-fold increase in the side channels and around 3-

fold in the gel. Interestingly, MIG is a chemokine that is secreted for T cell attraction and 

activation in terms of inflammation68 and measured concentrations are significantly different 

when comparing TNF-α treated with untreated devices. In summary, an inflammation could be 

induced that lead to a leakier barrier and the upregulation of signaling molecules relevant for 

immune cell adhesion.  

Next, we introduced interleukin 2 (IL-2) activated primary T cells into TNF-α treated and 

untreated microvasculature via one of the side channels. After two hours of on-chip incubation, 

T cells that did not attach and extravasate were flushed out. During live imaging and perfusion, 

we were able to visualize the capture, arrest and extravasation process of T cells (stained in red 

with CellTracker™ Deep Red, Fig. 2.4B, video SI7). Also, tracking individual cells through 

the capillary allows for calculating T cell flow velocities. With approximately 100 µm/s T cells 

are trafficking though the vessels. In vivo, T cells travel when TNF-𝛼 was added with about 

200 µm/s55. Fig. 2.4C shows an example of a T cell that adheres and then gets close to the 

endothelial cells. While other T cells are still wandering through the capillaries, it adheres to 

the endothelial wall and starts to transmigrate into the perivascular space after 30 minutes. The 

cross-sectional views of the vessel depict the moment of extravasation and the movement away 

from the blood vessel (Fig. 2.4B). We observed this extravasation for a significant higher 

amount of T cells in inflamed (TNF-𝛼 +) than for non-inflamed (TNF-𝛼 -) microvasculature. 

While less than 10% of the T cells stayed within the network, around 20% of all T cells adhered 

and could transmigrate into the perivascular space (Fig. 2.4C). We believe that this process 

resembles the biological process and hence, the different stages of T cell extravasation during 

inflammation as can be found in vivo. It is not induced by leakages of the vessel or shear forces 

due to the flow. To confirm this hypothesis, we conducted an inhibition assay by incubating the 

T cells with human antibodies against the lymphocyte function-associated antigen 1 (LFA1) 

that is necessary for immune-endothelial interactions and P-selectin glycoprotein ligand 1 

(PSGL-1), which is the ligand to another endothelial adhesion molecule, namely P-selectin41. 

Indeed, the inhibition assay showed less T cell adherence compared to the positive control 

(TNF-α +) (Fig. 2.4D, Fig. SI2.4). The observed number of cells showing adhesion and 

transmigration was similar to the negative control (i.e., healthy microvasculature). The ratio of 

adhesion/transmigration decreased again to below 10%.  
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Figure 2.4 T cells extravasate out of the lumen into the perivascular space when the 

endothelium is activated during an inflammation A ICAM-1 expression in the endothelium 

with and without TNF-α treatment, determined by immunostaining with human anti-ICAM-1. 

The graph depicts the fluorescence intensity per selected region of interest, ROI (* P < 0.05, 

N=1 for each condition, n=6). B IL-2 activated primary T cells were introduced to observe T 

cell adhesion, crawling and extravasation across the endothelial barrier (green and yellow: ECs, 

red: T cells). The white line indicates the movement of a T cell over 30 min, see also video 

SI7). The dashed line indicates cross section in the bottom micrographs. C Number of T cells 

after an overnight incubation for TNF-α -treated and untreated vessels (N = 6 and 8, **** P < 

0.0001). D Ratio of T cell adherence over transmigration for TNF-α-treated and untreated 

vessels, and for TNF-α-treated vessels where T cells, that were incubated with human 

antibodies against PSGL-1 and LFA1, were introduced (anti-PSGL-1 and anti-LFA1, 

respectively) (N = 11 and N = 4, * P < 0.05, **** P < 0.0001). E Analysis of selected cytokines 

and chemokines in the cell culture supernatant, collected during the whole TNF-α treatment 

from the side channels (top) and the central channel (bottom), compared to controls without 

TNF-α treatment (N=8, * P > 0.05 and *** P > 0.001). 
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2.5 Conclusion 

In summary, we successfully developed and characterized a microfluidic platform that 

recapitulates the human blood circulatory system. By using different endothelial cell lines and 

pericytes inside a fibrin-based matrix, a heterogeneous, perfusable microvasculature could be 

generated. We confirmed that combining pericytes with HUVECs did not lead to a proper 

network as previously shown by Haase et al39. However, by introducing arterial endothelial 

cells into our platform, a perfusable vascular network could be achieved. These channels were 

not accessible to the outer environment when being cultivated statically. However, when 

applying flow, endothelial cells in the outer channels started to migrate and anastomose with 

the network. Thus, lumens that were open and perfusable could be formed. We confirmed this 

with introducing fluorescently labeled beads and studied them traversing. Being able to form a 

complete microcirculation network with an intact endothelial barrier opens the possibilities for 

a broad range of biological and chemical applications. With pericytes in combination with 

arterial cells and constant flow application, perfusability is guaranteed and proper barrier 

formation that allows for immunological applications such as T cell extravasation studies is 

achieved. Previous publications have studied the transmigration across the endothelium of 

immune cells such as T cells, however, these devices are mainly focusing on larger vessels than 

the tinny capillaries49. We could show that with our setup we are able to visualize T cell 

extravasation across a capillary network as it can be found in vivo. Adhesion, rolling and 

transmigration through the endothelium could be observed during live imaging. Additionally, 

our vessel-on-a-chip platform is biologically functional thus enabling its application as a 

physiologically relevant in vitro disease model. When our devices were exposed to TNF-α, 

upregulation of inflammatory proteins could be measured that indicated a change in barrier 

functionality, immune cell recruitment and interaction. Since immune cell therapies such as 

Chimeric antigen receptor T cells (CAR T cells) are rapidly emerging, interaction between the 

endothelium and immune cells gets more and more important. With our platform, we are able 

to not only observe T cell extravasation in dependency of the immune activation state of the 

endothelium, but also verify T cell recruitment through analysis of cytokine and chemokine 

secretion by the endothelium. This process could be inhibited by blocking the corresponding 

ligands LFA1 and PSGL-1 on the T cells before on-chip introduction. In the future, we are 

aiming at increasing the complexity of both the hydrogel and the immunological application 

such as perfusion of CAR T cells, monocytes or neutrophils. 
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2.6 Materials and Methods 

Chip fabrication 

A standard 4 inch silicon wafer (Si-Mat) was dehydrated for 10 min at 200 °C and after cooling 

down, it was spin coated with SU-8 2050 at 3250 rpm for 30 s. The photoresist layer was soft 

baked for 180 s at 65 °C and for 360 s at 95 °C before it was exposed to 160 mJ cm−2 at 365 

nm through a transparency photomask (Micro Lithography Services) on an MA 6 mask aligner 

(Süss MicroTec). After a post-exposure bake for 60 s at 65 °C and for 360 s at 95 °C, the wafer 

was developed using mr-Dev 600 developer for 5 min. The resulting feature height of the mold 

was 100 μm. As a final step, the wafer was placed in a 1H,1H,2H,2H-

perfluorodecyltrichlorosilane atmosphere for 12 h at 100 mbar. This surface treatment 

facilitated the release of the PDMS cast from the wafer surface. 

To fabricate the PDMS part of the microfluidic chip, the oligomer and curing agent were mixed 

together at a ratio of 10:1 and degassed afterwards. All inlets and outlets were punched with a 

1 mm outer diameter biopsy puncher (Miltex). A #1.5 cover glass (Novoglas) was plasma 

activated with the cut PDMS parts in a PDC-32G plasma cleaner from Harrick Plasma at 50 W 

for 40 s and brought in close contact to have closed channels. Afterwards PDMS chips were 

put inside an 80 °C oven for at least 24 h to recover hydrophobicity. 

 

Cell Culture 

HUVECs, HUAECs and hPC-PLs up to passage number 8 were cultivated  to 90% confluency 

in endothelial growth medium (EGM-2, Lonza) and pericyte growth medium (Promocell), 

respectively, at 37 °C, 95% humidity and 5% CO2. The cells were mixed in a ratio of 15:15:1 

with both endothelial cells being 300000 per type per hydrogel. In AP and VP systems, we used 

twice the amount of endothelial cells as for the AVP systems to be comparable. 10 mg/ml 

fibrinogen from human plasma (Merck) and 0.15 U/ml aprotinin (Merck) were premixed. After 

detaching all cell types with 0.05% trypsin-EDTA (Gibco) and counting, the cells were mixed 

to achieve the right amount per chip per hydrogel. The cells were pelleted down at 500 rcf and 

the supernatant was aspirated. The cell pellet was resuspended in 10 µl fibrinogen-aprotinin 

mix. Thrombin from human plasma (Merck) was diluted to 10 U/ml in high EGM-2 (50 ng/ml 

VEGF, Peprotech) and added to a final concentration of 1 U/ml. 10 µl of the cell hydrogel mix 

was immediately injected into the central compartment of the device and polymerized for 15 

minutes in an incubation chamber at 37 °C. Afterwards both side channels were coated by 

injecting 10 µL of a fibronectin-collagen type I mixture (0.1 mg/ml fibronectin from human 
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plasma (Merck) and 50 µg/ml collagen type I (Corning) in serum-free endothelial base medium 

(EBM, Lonza)) into each side channel. The chip was incubated at 37 °C overnight.  

Afterwards, the channels were washed with EGM-2 and both HUAECs and HUVECs were 

seeded into the respective side channels at a cell density of 1000000 cells/ml (high EGM-2). To 

make sure that the cells are attached especially at the interface towards the central chamber, the 

device was tilted 90° or 270° for at least 2 hours, before seeding the other endothelial cell line. 

 

Flow application 

A reservoir with high EGM-2 for 2 days, followed by normal EGM-2 for the other 4 days was 

connected to the chips. The chips were constantly perfused with a peristaltic pump (Ismatec® 

IPC-N, Cole Palmer) at a flow rate of 60 µl/h. The same flow rate was also constantly applied 

during TNF-α (50 ng/ml in EGM-2, Thermo Fisher) treatment as well as when T cells were 

supplied. In static experiments we exchanged the tips residing on the in- and outlet every 48 h 

to replenish media. 

 

T cell perfusion and live imaging 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood of healthy human 

donors (Blutspendezentrum SRK beider Basel, Universitätspital Basel) via Lymphoprep 

(Stemcell Technologies). Human CD4+ and CD8+ T cells were extracted by magnetic negative 

selection using an EasySep Human Pan T Cell Isolation kit (STEMCELL Technologies). 

Primary T cells were cultured in XVivo-15 medium (Lonza) with 5% fetal bovine serum (FBS) 

and 50 µM 2-mercaptoethanol with freshly added 200 IU of recombinant human IL-2 

(Peprotech), 100 µg/mL Normocin (Invivogen). On the day of thawing and magnetic selection, 

T cells were activated with anti-CD3/anti-CD28 Dynabeads (Thermo Fisher). After 3 days, 

beads were magnetically removed and cells were cultured for up to 7 more days before used in 

the experiments. 

For the final activation 100 ng/ml interleukin-2 was added. T cells were pre-stained with 

CellTracker™ Deep Red (Thermo Fisher) according to the provided protocol. 1000000 cells/ml 

were flushed into one side channel, incubated for an hour before chips were reconnected to the 

pumps for overnight perfusion. After paraformaldehyde fixation (see below), leftover cells were 

imaged counted on-chip utilizing Imaris and ImageJ. 
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T cells were flushed in through one endothelial cell channel and placed back onto the 

microscope (Zeiss LSM 980). Z stacks were acquired at 37° Celsius, 5% CO2 and 95% 

humidity on multiple spots over the whole time period of 40 minutes. 

 

Immunohistochemistry 

Cells were fixed by addition of 4% paraformaldehyde (PFA, Thermo Fisher) for 30 minutes, 

followed by a PBS (-/-) (Gibco) wash. 0.2% triton-x (Merck) in PBS (-/-) for 30 minutes was 

utilized to permeabilize the cells. Another PBS (-/-) washing step was applied before blocking 

with 5% bovine serum albumin (BSA, Merck) and 0.1% triton-x for at least 1 hour. Depending 

on the staining either already conjugated antibodies or primary antibodies (1:100 dilution in 

PBS, 1.5% BSA, 0.1% triton-X) were injected into the devices and incubated overnight at 4°C. 

After three washing steps with the antibody dilution buffer, secondary antibodies (1:500 

dilution in PBS (-/-), 1.5% BSA, 0.1% triton-X) were supplied for one hour at room 

temperature. Before imaging, DAPI (NucBlue 1:1000 dilution in PBS (-/-), Thermo Fisher) was 

added for 30 minutes into the devices and three times washed with PBS (-/-). 

 

Antibody Label Distributor 

Anti-human NG2/MCSP  Alexa Fluor® 647 Abcam 

Anti-human collagen IV  Alexa Fluor® 647 Thermo Fisher Scientific 

Anti-human ephrin-B2  Alexa Fluor® 488 Santa Cruz 

Biotechnology 

Anti-human EphB4  Alexa Fluor® 647 Santa Cruz 

Biotechnology 

Anti-human ICAM-

1/CD54  

Alexa Fluor® 647 Novus Biologicals 

Anti-human VE-

cadherin/CD144  

Alexa Fluor® 488 Thermo Fisher Scientific 

 

Permeability Coefficient Calculations 

A solution of 10 kDa Cascade Blue Dextran (Thermo Fisher) in EGM-2 with a concentration 

of 50 ng/ml in media was prepared. Devices were placed inside an incubation chamber (37°, 

95% humidity, 5% CO2) on a Nikon Ti2 spinning disk (Yokogawa) confocal microscope and 
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the dextran solution was introduced via one side channel. By closing the corresponding outlet 

of this introductory channel, the dextran solution is forced into the microvasculature to get into 

the other side channel. Over a time frame of Δt = 240s several z stacks were taken. The z-stacks 

were processed using ImageJ: Firstly, maximum intensity images were generated and 

binarization lead to 2D projections. The intensities at different time points (It0 and It1) were 

measured inside and outside of the vessels with ImageJ (IV and IVO). Tissue area (VTissue) 

and the perimeter (AVessel), which was measured with ImageJ too, to obtain the permeability 

coefficient (P) formula as well59: 

𝑃 =
(𝐼𝑉𝑂

𝑡1 − 𝐼𝑉𝑂
𝑡0 )

(𝐼𝑉
𝑡0 − 𝐼𝑉𝑂

𝑡0 )𝛥𝑡

𝑉𝑇𝑖𝑠𝑠𝑢𝑒

𝐴𝑉𝑒𝑠𝑠𝑒𝑙
 

 

Inhibition Assay 

Primary T cells were stained with CellTracker™ Deep Red according to the manufacturer 

protocol (Invitrogen). Then anti-human PSGL-1/CD162 Alexa Fluor® 647 (R&D Systems) and 

anti-human CD11a PerCP/Cyanine5.5 (Biolegend) in 1:100 dilution was added to the T cells 

and incubated for 2 hours at 37° Celsius, 5% CO2 and 95% humidity. After washing away 

unbound antibodies with PBS (-/-), T cells were put back into cultivation media (s. T cell 

perfusion) to achieve a final concentration of 1000000 cells/ml. Normal T cell perfusion and 

counting was conducted (s. T cell perfusion). 

 

Luminex® bead-based immunoassay for cytokine and chemokine measurements 

Cell culture supernatants were collected during the TNF-α treatment. Supernatants from non-

treated devices were used as a negative control. A personalized Luminex® (Bio-Techne 

Corporation) panel was designed and used according to the manufacturer’s protocol. The 

resulting well plate was measured with MAGPIX® (Luminex). 

 

COMSOL® simulation 

The Laminar Flow module of COMSOL® Multiphysics v5.5 was used to estimate the flow 

profile inside the microfluidic device. The Navier-Stokes equation was solved in the side 

channels (i.e., the regions with free flow), while the fluid flow through the hydrogel was 

modelled using Darcy's law (porosity of 0.474 and permeability of 1.99e-14 m2). The boundary 

conditions were the normal inflow velocity for the pressurized inlets, while the outlets were 
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open to the atmosphere. The modelling was limited to the two-dimensional space, using 

243,124 triangular elements to represent the simulation domain. 
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2.9 Supporting Information 

 

Figure SI2.1 Image of the microfluidic device The microfluidic platform consists of three 

different channels that allow for compartmentalization and spatial confinement of different cell 

types within an ECM. 

 

 

Figure SI2.2 Influence of different flow profiles on capillary formation A COMSOL® 

simulation was conducted to visualize streamlines within the hydrogel in dependency of 

different flow directions in the outer two channels (parallel vs. counterflow).  B Bright field 

pictures were taken at day 1 and day 4. As can be seen in the region of interest the capillaries 

have formed as proposed by the COMSOL® simulation. 
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Figure SI2.3 HUAECs and HUVECs are expressing EpB4 and ephrin-B2 During 

development arterial and venous cells can be discriminated due to EphB4 (vein) and ephrin-B2 

(artery) signaling. Immunostaining could show that this does not apply to fully differentiated 

endothelial cells e.g. HUAECs or HUVECs (scale bar: 50 µm). 
 

 

Figure SI2.4 T cell inhibition assay T cells were prestained with CellTracker™ Deep Red and 

incubated with human anti-PSGL-1 and anti-LFA to inhibit T cell adherence onto the 

vasculature. After on-chip introduction and incubation, devices were put back on flow 

overnight. On the next day, cells were fixed and imaged. With ImageJ leftover T cells could be 

quantified(scale bar: 100 µm). 

 

  



51 

 

3 
Paracrine VEGF secretion by polarized perivascular macrophages can 

induce self-assembled capillary formation and angiogenesis on-chip 
 

Elisabeth Hirth
1
, Claudius Dietsche

1
, Mario A. Saucedo-Espinosa

1
, Wuji Cao

1
, Edo Kapetanovic

1
, 

Danilo Ritz
2
, Sai Reddy

1 
and Petra S. Dittrich

1
 

 

1Department of Biosystems Science and Engineering, ETH Zurich, 4058, Basel, Switzerland 

2Biozentrum University of Basel, Spitalstrasse 41, 4056 Basel, Switzerland 

 

 

3.1 Contributions 

Elisabeth Hirth designed and executed all experiments, Claudius Dietsche analyzed the 

immunoassays and wrote the Matlab script for analysis, Mario A. Saucedo-Espinosa wrote the 

R script to analyze and visualize the data, Wuji Cao helped with executing the vasculogenesis 

experiments, Edo Kapetanovic Sai Reddy provided PBMCs and immune cell expertise, Danilo 

Ritz measured all the samples at the proteomics facility and helped understanding the data. 

Petra S. Dittrich conceptualized the study, and wrote the manuscript together with Elisabeth 

Hirth. 

  



52 

 

3.2 Abstract 

Macrophages are a heterogenous innate immune cell population that is residing close to the 

endothelium. Macrophage-endothelium crosstalk is important within processes such as 

angiogenesis or vasculogenesis. Here, we use a microfluidic vascular model system to study 

the influence of macrophages on vascular endothelial cells. Our microfluidic platform facilitates 

the co-culture of multiple endothelial cell types, which form a proper biologically functional 

barrier as it can be found in vivo. We show that angiogenesis and capillary information is 

induced by macrophage-derived VEGF and 3D cell cultivation. Within polarized macrophages 

– M1 and M2 – especially M2 macrophages had the strongest effect on vascular development, 

with longest measured sprout lengths and VEGF secretion levels on-chip. Additionally, 

utilizing mass spectrometry for secretome analysis allowed us determining other important 

factors secreted by macrophages, which potentially are responsible for on-chip endothelial 

responses such as angiogenesis. With our workflow we could show that proteins such as 

WARS1 and MMP9 are both secreted by macrophages, and also have (anti-)angiogenic 

properties. Thus, our microfluidic platform enables getting a deep insight into the endothelial-

macrophage crosstalk.   
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3.3 Introduction 

Blood vessels spanning throughout the whole body are responsible for maintaining 

homoeostasis1,2,3. When homeostasis is disturbed during an injury or disease, the endothelium 

needs to react. Neighboring endothelial cells initiate proliferation and tiny branches, so-called 

sprouts, start to invade the tissue while following the gradient with tip cells leading the way 

(angiogenesis)4. For this process, certain cells in the affected tissue initiate the secretion of 

molecules, thus generating a gradient with the highest concentration being at the diseased site, 

that help endothelial cells to survive and guide them towards the tissue5,6,7,8. After sprouts have 

emerged, cells such as macrophages get closer to the tips and guide them towards the target, 

where multiple branches meet to generate a new perfusable network (anastomosis)2,3,9. Despite 

navigating the newly developing endothelium and helping to anastomose, macrophages are a 

heterogeneous immune cell population that executes further tasks9,10. They are residing in the 

perivascular space or evolve by monocytes infiltrating the target tissue and differentiate. 

Altered environments prime the macrophages distinctly and polarize them towards a certain 

phenotype with the quiescent state being MΦ. Upon exposure to a polarizing agent e.g., 

lipopolysaccharides, signaling cascades within MΦs get initiated that lead roughly to a more 

pro-inflammatory (M1) or wound healing (M2) phenotype with a distinct secretome11,12,13,14. 

Thus, understanding the macrophage activation state can be of importance because it can have 

an influence on angiogenesis as well6,11,13,15. For example in cancer, a higher amount of M2 

macrophages helps avoiding both clearance by other immune cells and enhancing angiogenesis. 

Thus, hijacking macrophages and changing the polarization state is a survival strategy. On the 

other hand, better knowledge on macrophage characteristics can also be seen as a potential 

treatment method11,16. Thus, developing an in vitro platform that facilitates contiguous co-

culture of endothelial cells with macrophages is necessary. 

When studying the differential influences of cells such as macrophages on angiogenesis, 

vascular endothelial growth factor (VEGF) is the most prominent protein to initiate and enable 

angiogenesis17,18,19. However, with emerging fields such as extracellular vesicle analysis the 

process gets more and more complex20. Utilizing immunoassays facilitates protein detection in 

the pg/ml range and is very robust when analyzing differences in VEGF secretion levels21. 

However, a disadvantage is the unbiased and non-discovery driven approach, that masks 

potential angiogenic compounds and reduces the complexity to a bare minimum. This is 

possible with mass spectrometry. Mass spectrometry not just enables simultaneously multiple 

protein detection in complex matrices such as cell culture supernatant in the ng range, but also 

requires no upfront labeling22. Thus, mass spectrometry was the method of choice to not just 
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characterize the different activation states, but also to correlate and thereby better understand 

the angiogenic capabilities of macrophages23.  

In recent years, new technologies have emerged to mimic the human vasculature. Among them, 

the use of microfluidic platforms is particularly beneficial as it provides a scaffold for the 3D 

growth of vessels while additional microchannels serving as artificial arteries and veins 

delivering fluids towards the microvasculature. For example, a commonly used platform 

consists of a central chamber where the microvasculature forms in a hydrogel, and parallel side 

channels for supply or withdrawal of medium24, factors25,26 and immune cells27,28,29,30. These 

systems provide a powerful means to study e.g., fundamental cues of angiogenesis26,28, 

interactions of immune cells with the endothelium29,30,31, and diseased states of the blood 

vessels32. 

Here, we employ a microvasculature-on-chip to study the impact of macrophages and their 

secretome on angiogenesis. In contrast to previous approaches33,34,35, we take the polarization 

of the macrophages into consideration and the influence of different secretion patterns on 

sprouting and angiogenesis. Hence, our study introduces a valuable model system to explore 

the importance of immune cells on the vasculature. 

 

3.4 Results 

Different vascular ramification in dependency of macrophage polarization state 

The microvasculature is formed as described previously24,36 and slightly adjusted according to 

the needs in this study. Briefly, we manufactured a microfluidic device in 

poly(dimethylsiloxane) (PDMS) with a central compartment, where human umbilical vein 

endothelial cells (HUVECs), human umbilical artery endothelial cells (HUAECs), pericytes 

and macrophages are cocultured in a fibrin-based hydrogel. Side channels are separated through 

pillars that also enable hydrogel confinement during the initial filling process (Fig. 3.1A). After 

gel formation, HUVECs or HUAECs are introduced in the respective side channel. The 

microvasculature forms over 6 days with either changing VEGF depleted endothelial growth 

media (EGM-2) daily (static condition) or constant VEGF-free media perfusion at a flow rate 

of 60 µl/h (flow condition). 

The goal was to generate a capillary network with differently polarized macrophages residing 

within the perivascular space, in close proximity to the vessels. Here, we use two approaches 

to generate polarized macrophages differing in the initial cells of origin, which are either 
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peripheral blood mononuclear cells (PBMCs)37 or THP-1 cells38, a cancerous cell line, widely 

used to mimic monocytes.  

We first characterized non-polarized cells (referred to as M0 or T0, respectively, in the 

following) and polarized M1, M2 (or T1, T2) macrophages off-chip and optimized the protocol. 

When non-polarized macrophages are exposed to interleukin 4 (IL-4) and 13 (IL-13), they turn 

into M2 (or T2) macrophages. With adding interferon gamma (INFγ) and lipopolysaccharide 

(LPS) to non-polarized macrophages, they become M1 (or T1) macrophages14. We confirmed 

the different polarization states by analyzing selected secreted proteins38,39. PBMC-derived 

macrophages M1 as well as THP-1-derived macrophages T1 are secreting high levels of tumor 

necrosis factor α (TNF-α). T2 macrophages are secreting mostly interleukin-10 (IL-10), while 

we found elevated secretion levels of VEGF for PBMC-derived macrophages M1 and M2, 

while being the highest for M238 (Fig. 3.1B). 

Next, we introduced non-polarized and polarized macrophages on the chip into the hydrogel in 

the central compartment together with both endothelial cell lines and pericytes and observed 

the formation of the capillary network after 6 days (Fig. 3.1D). Here, we used VEGF-free 

medium as we hypothesize and could show within the primary macrophages that the polarized 

macrophages will and secrete the growth factor.  

In all cases, we could observe network formation and moreover, we could find perfusable 

vessel-like structures, as visualized in the cross-section view in figure 3.1E. Macrophages (here 

in red) reside in close proximity to the endothelial lumen.  

While unpolarized macrophages (M0 and T0, respectively) rather showed disconnected 

endothelial cells and thus a not very dense network, all polarized macrophages could induce 

endothelial connectivity and alignment. Thus, partial network formation was visible when 

macrophages were polarized off-chip and co-embedded with HUVECs, HUAECs and pericytes 

(Fig. 3.1D). If VEGF is added to the medium, the differences in the network formation were 

not visible anymore (Figure SI3.2). In our controls without macrophages (AVP) (Fig. 3.1C), 

the vascular network is formed as well, for VEGF-containing media (AVP+) clearly denser as 

for the VEGF-free medium (AVP-). These results confirm the importance of VEGF for 
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formation of the microvasculature and highlights that the growth factor could be provided 

through the media or through paracrine signaling of nearby residing macrophages.  

 

Figure 3.1 Vasculogenesis-like network formation in dependency of macrophage 

polarization state. A Graphical depiction of microfluidic setup. HUAECs, HUVECs, pericytes 

and differently polarized macrophages were embedded in a fibrin-based hydrogel. The right 

image depicts details of the design of the central compartment. B Analysis of selected secreted 

proteins for macrophages derived from PBMCs (denoted with M) or THP-1 (denoted with T) 

(N=3 (cell culture supernatant from 3 different experiments were pooled together and analyzed, 

n=25)). C Maximum intensity projections of fluorescence images of HUAECs (green), 

HUVECs (orange) and pericytes, once cultivated with (AVP +VEGF) and without VEGF (AVP 

-VEGF). D Fluorescence images of endothelial cells and pericytes, mixed with off-chip 

polarized macrophages (here stained with CellTracker™ Deep Red, scale bar: 50 µm). E Cross 

sections of selected blood vessels depicting macrophages near the vessel wall (scale bar: 50 

µm). 

 

Paracrine signaling from macrophages enable angiogenesis 

In adults, new capillary formation is mainly done via angiogenesis together with paracrine or 

autocrine signaling of VEGF and macrophage-endothelium crosstalk as well40,41. Based on 

these initial findings that the presence of polarized macrophages influences the 

microvasculature, we further investigated the impact on the formation of sprouts. Therefore, we 
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had to adjust the on-chip assay. With seeding one endothelial cell line (HUVEC or HUAEC) 

into one, while perfusing new VEGF-free media from the other channel and having a hydrogel 

in between with macrophages inside, angiogenic response in dependence of macrophages can 

be measured (Fig. 3.2A). Thereby, no artificial VEGF gradient across the hydrogel is generated 

and VEGF is solely secreted autocrine by the individual endothelial cell line or paracrine by the 

macrophages inside the hydrogel. After 6 days of cultivation with changing media daily, 

devices were imaged and sprout lengths in respect to the gel interface were measured.  

 

Figure 3.2 On-chip angiogenesis assay with differently polarized macrophages. A 

Graphical depiction of microfluidic setup. Shortly, HUAECs or HUVECs were seeded into one 

of the side channels, while differently polarized macrophages were embedded in a fibrin-based 

hydrogel. On day 6 cells were fixed with 4% paraformaldehyde (PFA) and imaged with a 

spinning disk confocal microscope (scale bar: 50 µm). B Maximum intensity projections of 

every device were generated, and sprout lengths were measured utilizing Nikon NIS-Elements 

Software (further details can be found in the SI). Statistical analysis was performed with 

GraphPad PRISM (N=3, ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001, 

one-way ANOVA). 

As can be seen in Fig. 3.2A, with no macrophages being present (CTRL), no sprout starts to 

emerge. As soon as either T0 or M0s are inside the hydrogel tiny sprouts start to emerge. When 

the macrophages are activated off-chip – M1, T1, M2 or T2 – endothelial migration into the 
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hydrogel is measurable with the largest sprouts being visible for T2 (Fig. 3.2B) in both 

HUAECs and HUVECs. T2 macrophages lead to a 4-fold increase in sprouts in comparison to 

CTRL and almost a 2-fold in increase in comparison to the unpolarized T0s. Both M1 and M2 

significantly induce long sprout formation in both endothelial cell lines with similar mean 

lengths of around 150 µm. The trends are not significantly different between HUAECs and 

HUVECs. Interestingly. T1 macrophages can also significantly induce angiogenesis in our 

setup with a mean sprout length of around 150 µm (Fig. 3.2B). 

 

Flow enhances sprouting while maintaining the angiogenic trend of macrophages 

Within the human body, the vasculature is constantly exposed to blood flow and as it has been 

shown by Galie et al., fluid shear stress can enhance sprouting42. Additionally, with flow 

application angiogenesis in both HUAECs and HUVECs can be measured simultaneously in 

dependency of different macrophages (Fig. 3.3A). Due to shear forces and continuous nutrient 

supply, generally the measured sprout lengths are larger compared to static cultivation. For 

example, T2 macrophages within the fibrin hydrogel induced HUVECs migrating over the 

whole width of the device (Fig. 3.3A).  

As for static conditions, we could again detect longer and branched sprouts for activated 

macrophages (M1, M2, T1 and T2) within the hydrogel. T2 macrophages enable endothelial 

migration across the whole width of the gel chamber with the sprout length almost reaching 600 

µm. Interestingly we could now induce angiogenesis in HUVECs and HUAECs when 

unpolarized macrophages (M0 and T0) were embedded inside the hydrogel with measured 

sprout lengths of around 100 µm, which indicates that the flow together with the 3D 

environment might have an influence on the macrophages within the hydrogel as well (Fig. 

3.3B).  
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Figure 3.3 On-chip angiogenesis assay with differently polarized macrophages and flow. 

A Graphical depiction of the microfluidic setup. Shortly, HUAECs and HUVECs were seeded 

into one of the side channels individually, while differently polarized macrophages were 

embedded in a fibrin-based hydrogel. B On day 6, cells were fixed with 4% PFA and imaged 

with a spinning disk confocal microscope (scale bar: 50 µm). Maximum intensity projections 

of every device were generated, and sprout lengths were measured utilizing Nikon NIS-

Elements Software. Statistical analysis was performed with GraphPad PRISM (N=3, ns: p > 

0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001). 

Measuring sprout lengths for unpolarized macrophages, while not detecting any VEGF 

secretion off-chip encouraged us to collect outflow after 24h and conduct a LUMINEX® 

immunoassay in VEGF-free media of chips containing macrophages inside the hydrogel and 

endothelial cells in the side channels. As a control, we used devices that only contained 

macrophages within the hydrogels and no endothelial cells in neither side channels. Thereby, 

VEGF secretion can be tracked back to macrophages and 2D (Fig. 3.1B) vs 3D cultivation can 

be compared (Fig. 3.4A).  

As can be seen in Fig. 3.4A, unpolarized macrophages (M0 and T0) are secreting VEGF on 

chip. Especially VEGF secreted by T0 macrophages is 2-fold higher than empty hydrogels 
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without endothelial cells in the side channels that were exposed to flow and VEGF-free media 

for 24h (B). We could detect similar VEGF concentrations for M1 and M2 macrophages on-

chip (Fig. 3.4B) as off-chip (Fig. 3.1B), which also corresponds to similar quantified on-chip 

sprout lengths. However, T1 and T2 macrophages are significantly higher in VEGF secretion, 

when being compared to off-chip cultivated macrophages. This might indicate an additional 

activation induction due to the gel environment43,44, which explains quantifiable sprout lengths 

for unpolarized macrophages and an angiogenic response in the presence of THP-1 derived T1 

and T2 macrophages. Notably, we measured the highest VEGF concentrations and sprout 

lengths for T2 macrophages (Fig. 3.4A). All in all, this shows that there is a significant influence 

of the 3D environment on the activation state, which leads to VEGF secretion. Additionally, it 

also indicates that this switch in VEGF secretion by macrophages can be correlated to elevated 

vascular sprouting. 

When endothelial cells are seeded into the side channels, generally the measured VEGF 

concentrations are higher (Fig. 3.4B) than in the on-chip monoculture (Fig. 3.4A). This 

indicates a vascular influence on measured VEGF in an autocrine manner. We could confirm 

this by measuring high VEGF concentrations in outflow from devices containing only 

endothelial cells in the side channels, while leaving the hydrogel empty (E). This might be due 

to shear-stress-induced VEGF expression in endothelial cells45. The measured VEGF 

concentration are highest for the T2 phenotypes, which correlates to the longest measured 

sprouts.  

To sum it up, this indicates that both endothelial cells and macrophages are contributing to the 

final VEGF amount. Thus, measured on-chip angiogenesis and sprout lengths can be correlated 

to both paracrine and autocrine cellular VEGF concentrations with 3D embedment seemingly 

having an influence on activation. 
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Figure 3.4 Immunoassay of collected outflow on day 1 to analyze on-chip VEGF secretion 

differences. A Macrophage-only hosting chips were set up and outflow was collected after 24h 

for a LUMINEX® immunoassay to measure on-chip VEGF secretion (N=4, outflow from 4 

different devices was mixed and processed for analysis). B On day 1, outflow during the 

angiogenesis flow experiments was collected and processed for a LUMINEX® immunoassay 

to measure phenotypical VEGF fluctuations (N=4, outflow from 4 different devices was mixed 

and processed for analysis. 

 

Phenotypical angiogenic proteins can be associated with differences in sprout lengths  

Summarizing the PBMC-derived macrophages, in both on- and off-chip immunoassays VEGF 

secretion could be detected within an VEGF-free environment. This led to the conclusion that 

on-chip measured angiogenesis within HUAECs and HUVECs might be due to paracrine VEGF 

secretion in polarized PBMC-derived macrophages (M1 and M2, respectively). Whereas for 

M0 macrophages no elevated VEGF secretion could be measured off-chip but on-chip, which 

indicates an activation of M0 macrophages due to the 3D environment. In the TPH-1 derived 

macrophages, it gets more complex. While on-chip increased VEGF secretion could be 

measured, off-chip VEGF secretion was not detectable. Thus, raising the question, whether 

VEGF is the only angiogenic protein secreted by notably polarized macrophages (T1 and T2, 

respectively), especially with T2 macrophages inducing the largest vascular sprouts on-chip. 

Thus, we took cell culture supernatant from the individual THP-1 derived macrophages and 

processed it for mass spectrometry analysis. The detected proteins were then compared with 

the online database UniProt (https://www.uniprot.org/) to assess their functionality. When 

proteins matched keywords such as “angiogenesis”, “positive influence on endothelial cell 

proliferation/migration” and so on (details can be found in the Materials and Methods) and had 

a -log10(qvalue) above 2, they were considered significant and indicated red in the volcano plot 
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(Fig. 3.5A). To verify that these cells are immune cells, all proteins that matched keywords such 

as “immune response” (details can be found in the Materials and Methods) with the same 

threshold requirements, were marked green in another volcano plot. When overlaying both 

plots, proteins that have a positive or negative influence on endothelial cells and are originating 

from immune cells, can be detected (purple). 

After the analysis, 3 proteins could be determined that were significantly different for T0 and 

T1 (Fig. 3.5A): Tryptophanyl-tRNA synthetase 1 (WARS1), Ring Finger Protein 213 

(RNF213) and signal transducer and activator of transcription 3 (STAT3). WARS1 and 

RNF213 are known to be upregulated when macrophages are exposed to LPS and INFγ46,47. 

While WARS1 is rather antiangiogenic48,49, both RNF213 and STAT3 are known to have a 

positive influence on angiogenesis and endothelial cell proliferation50,51. This combination and 

interplay between pro- and antiangiogenic proteins would explain, why the network formation 

and sprout lengths are significantly different between T1 and T0.  

In the volcano plots in Fig. 5B four proteins seem to be significantly different between T0 and 

T2 macrophages, with 3 being distinct for T2: again WARS1, ARS-interacting multifunctional 

protein 1 (AIMP1) and matrix metalloproteinase 9 (MMP9). AIMP1 can induce in low 

concentrations MMP 9 – mediated angiogenesis as can be seen here52,53. Both AIMP1 and 

MMP9 are significantly higher expressed in T2 macrophages than in T0. Thus, T2 macrophages 

can enhance network formation and angiogenesis in comparison to T0 macrophages. Analyzing 

the significant values (log2 fold change and -log10(qvalue)) for WARS1 between T1 and T2 

shows, that WARS1 is more significant for T1 than T2 (Fig. 3.5B). This demonstrates that 

WARS1 can be assigned rather to T1 than T2 macrophages. When comparing all significant 

proteins in the volcano plots between both activated macrophages (T1 and T2) almost all 

previously mentioned proteins (WARS1, STAT3, RNF213 (T1), and AIMP1(T2)) are again 

significant for their individual phenotype (Fig. 3.5B). All in all, potential vasculogenic and 

angiogenic capabilities of both T1 and T2 polarized macrophages seem to be an interplay 

between WARS1, RNF213, STAT 3 and AIMP1 and MMP9 respectively (Fig. 3.5F) together 

with flow and 3D embedment enhancing VEGF secretion. 

So far, macrophage-related secretion could be verified using a computational data analysis 

pipeline on the mass spectrometric data set. However, further on-chip estimation of the 

angiogenic and vasculogenic properties is still pending. To assess the angiogenic and 

vasculogenic properties of the proteins, recombinant WARS1 and MMP9, respectively were 
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embedded into the hydrogel (vasculogenesis-like self-assembly and angiogenesis assay with 

flow) or perfused via one of the side channels (static angiogenesis assay). 

MMP9 is a collagenase, which is known to be able to degrade extracellular matrix especially 

collagen54. As collagen I is part of the hydrogel, no sprouts but a lot of debris can be seen, 

especially between the pillars (indicated with purple arrows in Fig. 3.5C and D). Marked with 

red arrows is successful capillary formation despite enzymatic matrix degradation. When 

WARS1 is present in the hydrogel, there is a lot of matrix deterioration visible as well, however, 

no capillaries are formed (red arrows in Fig. 3.5C). WARS1 shows as expected no sprouting, 

independent on flow or static cultivation and endothelial cell type (Fig. 3.5D). Thus, summing 

it up, MMP9 can maintain capillary formation but is rather reshaping the extracellular matrix 

for developing sprouts, whereas WARS1 is limited in capillary formation and does not show 

any angiogenic properties, as reported previously46,48. When measuring again the outflow of 

the flow angiogenesis assay, VEGF concentrations in the WARS1 setup is below detection 

limit, which can be correlated with literature53 and no measurable sprout length. Within MMP9 

containing devices VEGF concentrations are slightly increased, however we expect a larger 

increase when AIMP1 would be present, as already mentioned before51,52 (Fig. 3.5E). To 

conclude, we could show that WARS1 and MMP9 is secreted by macrophages and have a 

positive or negative effect on endothelial cells as we could found with our data analysis 

workflow and on-chip embedment and constant hydrogel perfusion. Thereby, on-chip 

observation can be better explained and verified for THP-1 derived and polarized macrophages.  
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Figure 3.5 Processed volcano plots generated from cell culture supernatant from 

differentially polarized macrophages A Cell culture supernatant from unpolarized (T0) and 

polarized (T1, T2) macrophages was collected and processed for mass spectrometry. In red 

“angiogenesis”, “endothelial cell proliferation” matching proteins were labeled, while in green 

“immune” related proteins got visualized. When overlapping both plots, significant 

immunological and endothelial cell related proteins were detected (purple, threshold -

log10(qvalue) = 2, N=6). B Volcano plots for T0 vs T2 and T1 vs T2 (purple, threshold -

log10(qvalue) = 2, N=6). C Vasculogenesis-like self-assembly assay with MMP9 and WARS1 

within the hydrogel. D Angiogenesis assay for MMP9 and WARS1 being perfused via a side 

channel or within the hydrogel. E VEGF bead-based immunoassay of WARS1 and MMP9 

including flow angiogenesis assay (N=3, n=25). F Depiction of significant proteins, correlated 

to the distinct phenotype and their positive (red) and negative (blue) influence on 

vasculogenesis/angiogenesis. 
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3.5 Conclusion 

We report a microfluidic method to form a model for forming a vascular system and studying 

interaction with immune cells. More detailed, we co-cultured polarized macrophages with 

endothelial cells and pericytes and found differences in both vasculogenesis-like tube formation 

and angiogenesis in dependence to the activation state of (non-)primary macrophages. While 

M0 and T0 did hardly induce the formation of capillaries, activated (M1, T1 and particularly 

M2 and T2) macrophages initiated an endothelial network organization in a VEGF-free 

environment. This approach allows for generating perivascular macrophages and indicates that 

revascularization requires at least M1/T1, rather M2/T2 activated macrophages. As we 

measured off-chip, VEGF secretion in M1 and M2 macrophages can explain this result. This 

further on got verified with on-chip VEGF secretion analysis and on-chip angiogenesis. We 

could demonstrate with immunoassays on collected outflow that 3D cultivation and endothelial 

cell-derived VEGF also had an influence on both the activation state and potentially the 

measured sprout lengths. THP-1 derived macrophages are more complex. Here, an interplay 

between WARS1, RNF213, STAT 3, AIMP1 and MMP9 seem to be another reason for 

differences in vasculogenesis-like assembly and angiogenesis. Besides VEGF secretion being 

measurably high on-chip (with T2 being the highest), the influence of WARS1, RNF213, STAT 

3, AIMP1 and MMP9 plays potentially an important role in explaining the on-chip endothelial 

observations. Additionally, we could prove the endothelial stimulating effects of two important 

proteins, namely WARS1 and MMP9. However, on-chip secretion measurements of especially 

WARS1 and MMP9 similar to VEGF analysis of macrophages containing devices are necessary 

to verify this statement further, which we are aiming at conducting in the future.  

 

3.6 Materials and Methods 

Chip fabrication 

After dehydrating a 100 mm diameter silicon wafer (Si-Mat) SU-8 2050 was spin coated at 

3250 rpm for 30 s on the wafer. To achieve a height of 100 µm the photoresist layer was heated 

up to 65 °C for 180 s and to finalize the soft bake for 360 s at 95 °C. Afterwards it was exposed 

to 160 mJ cm−2 at 365 nm through a photomask with the corresponding chip design (Micro 

Lithography Services) on an MA 6 mask aligner (Süss MicroTec). Post-exposure bake was 

done for 60 s at 65 °C and for 360 s at 95 °C and developed using mr-Dev 600 developer for 5 

min. Thus a final height of 100 μm was achieved. To enhance detachment capabilities of the 

mold, the final wafer was exposed to 1H,1H,2H,2H-perfluorodecyltrichlorosilane for 12 h at 

100 mbar. 
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Then, oligomer and curing agent were mixed together (10:1 weight percentage) and desgassed 

before the PDMS pre-polymer was poured over the mold. After curation for at least 3 hours at 

80 °C, the individual chips were cut out and all inlets and outlets were opened with a 1 mm 

outer diameter biopsy puncher (Miltex). To bond a #1.5 cover glass (Novoglas) to the PDMS 

parts, both glass and PDMS parts were plasma activated inside a PDC-32G plasma cleaner from 

Harrick Plasma at 50 W for 40 s. Thereby closed channels with glass as a substrate could be 

generated. Hydrophobicity recovery is achieved by placing the final chips inside a 80 °C oven 

for at least 24 h. 

 

Cell culture 

Endothelial cells (RFP-HUVECs and GFP-HUAECs, Angioproteomie) were cultivated till 

90% confluency (maximum passage 8) before being detached with 0.05% Trypsin-EDTA 

(Gibco) in EGM-2 (Lonza). Human Placental Microvascular Pericytes (hPC-PLs, 

Angioproteomie) were used when having reached 90% confluency (maximum passage 10) in 

PGM-2 (Promocell). All cell experiments (both off- and on-chip) were performed at 37 °C, 

95% humidity and 5% CO2.  

 

THP-1 cells were cultivated in RPMI-1640 (Merck), supplemented with 10% fetal bovine 

serum (Gibco) and 1x GlutaMAX (Gibco). When being confluent, 100 ng/ml phorbol 12 -

myristate 13-acetate (PMA) was added for 48 hours. After cell attachment, cells were polarized 

in serum-free low-glucose DMEM (Gibco) overnight with the following polarization agents: 

Polarization state Polarization agent 

T0 100 ng/ml PMA 

T1 1 µg/ml lipopolysaccharide (LPS) 

50 U/ml interferon gamma (IFN-γ) 

T2 50 ng/ml interleukin-4 (IL4) 

50 ng/ml interleukin-13 (IL-13) 

Peripheral blood mononuclear cells (PBMCs, ATCC and kindly provided by Edo Kapetanovic 

and Sai Reddy) were plated in Monocyte Attachment Medium (Promocell) for 1.5 h. After 

attachment, unbound cells were washed off and Macrophage Base Medium/M1-/or M2-

Macrophage Generation Medium (Promocell) was added for 6 days. Then, new medium (75% 

by volume) was added to the culture for 24 hours. Medium was changed to Macrophage Base 

Medium/M1-/or M2-Macrophage Generation Medium (Promocell) containing activation 

factors (see table below) for 48 hours: 
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Polarization state Polarization agent 

M0 Macrophage Base Medium with 2% human serum 

M1 1 µg/ml lipopolysaccharide (LPS) 

50 U/ml interferon gamma (IFN-γ) 

M2 50 ng/ml interleukin-4 (IL4) 

50 ng/ml interleukin-13 (IL-13) 

Both THP-1 and PBMC derived macrophages were detached as following. 30 minutes 

incubation with phosphate buffered saline (PBS, Merck) and 30 minutes incubation with 

TrypLE™ Express (Gibco). During the PBS incubation CellTracker™ Deep Red staining was 

performed according to the manufacturer’s protocol.  

 

On-chip vasculogenesis 

All endothelial cells and pericytes were mixed at a ratio of 1:1:15 (300,000 cells of each 

endothelial cell line per hydrogel). Macrophages (independent of THP-1 or PBMC derived) 

were added to the cell pellet at a concentration of 10,000 cells per chip. 6 mg/ml fibrinogen 

from human plasma (Merck), 0.15 U/ml aprotinin (Merck) and 0.2 mg/ml collagen Type I 

(Corning) was premixed (Mastermix). Thrombin from human plasma (Merck) was diluted to 

10 U/ml in EGM-2.  

The pellet was dissolved in the Mastermix and thrombin was added with achieving a final 

concentration of 1 U/ml. This prepolymer-cell mix was injected into the central compartment 

and polymerized for 15 minutes at 37 °C, 95% humidity and 5% CO2. Adjacent channels were 

coated with 0.1 mg/ml fibronectin overnight, so that HUAECs and HUVECs could be seeded 

and would adhere on the next day (1,000,000 cells/ml). 

After endothelial cell attachment in both channels, flow at a 60 µl/h was applied for 6 days 

using a peristaltic pump (Ismatec® IPC-N, Cole Palmer), while the first two days 50 ng/ml 

containing EGM-2 was used and on the other 4 days normal EGM-2. After fixation with 4% 

paraformaldehyde (PFA) and washing with PBS, chips were imaged with a spinning disc 

confocal microscope (Nikon). 

 

On-chip angiogenesis 

For angiogenesis studies, the same hydrogel was prepared except for diluting Thrombin to 10 

U/ml in VEGF-free EGM-2. The macrophage concentration was kept at the same cell 

concentration as during the vasculogenesis experiments. After gel polymerization and channel 

coating, HUAECs and HUVECs, respectively, were seeded into one or both side channels. To 
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make sure that the cells are attached especially on the gel interface, the device was tilted 90° or 

270° for at least 2 hours, before seeding the other endothelial cell line. VEGF depleted EGM-2 

media was used and changed daily or chips were pefused with VEGF-free media for 6 days at 

a flowrate of 60 µl/h.  

 

Luminex® Assays 

A bead-based panel for conducting an immunoassay was designed (Luminex®) and cell culture 

supernatant was collected to characterize the response of macrophages to their environment. 

IL-10, TNF-α and VEGF were the targets of interest. The immunoassay was performed 

according to the manufacturer’s protocol. For the readout a wide field microscope (Nikon) was 

used. The inserted filters were matched to the barcode of the beads and phycoerythrin (PE). The 

total area of each well was imaged. These images were processed and analyzed with an in-

house written MATLAB® code. 

 

Mass spectrometry 

Samples were TCA precipitated according to a protocol originally from Luis Sanchez 

(https://www.its.caltech.edu/~bjorker/TCA_ppt_protocol.pdf) as follows. One volume of TCA 

was added to every 4 volumes of sample, mixed by vortexing, incubated for 10 min at 4°C 

followed by collection of precipitate by centrifugation for 5 min at 23,000 g. Supernatant was 

discarded, pellets were washed twice with acetone precooled to -20°C and the washed pellets 

were incubated in the open tube for 2 min at RT to allow residual acetone to evaporate. Pellets 

were resuspended in 1% Sodium deoxycholate, 10mM TCEP, 100mM Tris, pH=8.5 by 

sonication. Samples were incubated for 10 min at 95°C, let cool down to RT followed by the 

addition of chloroacetamide at a final concentration of 15 mM. After an incubation of 30 min 

at 37°C, sequencing-grade modified trypsin (1/50, w/w; Promega, Madison, Wisconsin) was 

added and proteins were digested for 12 h at 37°C shaking at 300 rpm. Digests were acidified 

(pH<3) using TFA and desalted using iST cartridges (PreOmics, Martinsried, Germany) 

according to the manufacturer’s instructions. Peptides were dried under vacuum and stored at -

20°C. 

Dried peptides were resuspended in 0.1% aqueous formic acid and subjected to LC–MS/MS 

analysis using a Orbitrap Fusion Lumos Mass Spectrometer fitted with an EASY-nLC 1200 

(both Thermo Fisher Scientific) and a custom-made column heater set to 60°C. Peptides were 

resolved using a RP-HPLC column (75μm × 36cm) packed in-house with C18 resin (ReproSil-

Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH) at a flow rate of 0.2 μL/min. The following 
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gradient was used for peptide separation: from 5% B to 12% B over 5 min to 35% B over 65 

min to 50% B over 20 min to 95% B over 2 min followed by 18 min at 95% B. Buffer A was 

0.1% formic acid in water and buffer B was 80% acetonitrile, 0.1% formic acid in water.  

The mass spectrometer was operated in DDA mode with a cycle time of 3 seconds between 

master scans. Each master scan was acquired in the Orbitrap at a resolution of 240,000 FWHM 

(at 200 m/z) and a scan range from 375 to 1600 m/z followed by MS2 scans of the most intense 

precursors in the linear ion trap at “Rapid” scan rate with isolation width of the quadrupole set 

to 1.4 m/z. Maximum ion injection time was set to 50ms (MS1) and 35 ms (MS2) with an AGC 

target set to 1e6 and 1e4, respectively. Only peptides with charge state 2 – 5 were included in 

the analysis. Monoisotopic precursor selection (MIPS) was set to Peptide, and the Intensity 

Threshold was set to 5e3. Peptides were fragmented by HCD (Higher-energy collisional 

dissociation) with collision energy set to 35%, and one microscan was acquired for each 

spectrum. The dynamic exclusion duration was set to 30s. 

The acquired raw-files were imported into the Progenesis QI software (v2.0, Nonlinear 

Dynamics Limited), which was used to extract peptide precursor ion intensities across all 

samples applying the default parameters. The generated mgf-file was searched using MASCOT 

against a human database (containing 40744 forward and reverse protein sequences 

downloaded from Uniprot on 20220222) and 392 commonly observed contaminants using the 

following search criteria: full tryptic specificity was required; 3 missed cleavages were allowed; 

carbamidomethylation (C) was set as fixed modification; oxidation (M) and acetyl (Protein N-

term) were applied as variable modifications; mass tolerance of 10 ppm (precursor) and 0.6 Da 

(fragments). The database search results were filtered using the ion score to set the false 

discovery rate (FDR) to 1% on the peptide and protein level, respectively, based on the number 

of reverse protein sequence hits in the dataset. Quantitative analysis results from label-free 

quantification were processed using the SafeQuant R package v.2.3.2. (PMID:27345528, 

https://github.com/eahrne/SafeQuant/) to obtain protein relative abundances. This analysis 

included global data normalization by equalizing the total peak/reporter areas across all LC-MS 

runs, data imputation using the knn algorithm, summation of peak areas per protein and LC-

MS/MS run, followed by calculation of protein abundance ratios. Only isoform specific peptide 

ion signals were considered for quantification. To meet additional assumptions (normality and 

homoscedasticity) underlying the use of linear regression models and t-Tests, MS-intensity 

signals were transformed from the linear to the log-scale. The summarized protein expression 

values were used for statistical testing of between condition differentially abundant peptides. 

Here, empirical Bayes moderated t-Tests were applied, as implemented in the R/Bioconductor 
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limma package (http://bioconductor.org/packages/release/bioc/html/limma.html). The 

resulting per protein and condition comparison p-values were adjusted for multiple testing using 

the Benjamini-Hochberg method. 

 

Spectrum Analysis 

Proteins till the threshold of -log10(qvalue) = 2, which means that 1% of the sampling is 

random, were functionally correlated with the online database https://www.uniprot.org/. 

Keywords with positive influence on angiogenesis, endothelial cell proliferation and migration 

were considered as possibly interesting (as a keyword reference the entry list of VEGFA 

https://www.uniprot.org/uniprotkb/P15692/entry was used). Additionally, immune cell 

relevant proteins were investigated by again uniprot – dataset correlation, but using different 

keywords (“immune system”, “immune cell” and so on; keyword refence was Granulocyte-

macrophage colony-stimulating factor (GMCSF) 

https://www.uniprot.org/uniprotkb/P04141/entry). With a self-written R script, volcano plots 

were generated that could mark individual proteins and thereby double positive proteins could 

be determined. 

 

Image Analysis 

For quantifying the sprout length, z stacks were taken and a maximum intensity projection was 

conducted. With using the measure function of ImageJ, the sprouts were measured and 

quantified. 

 

3.7 References 

[1] Potente, M. & Mäkinen, T. Vascular heterogeneity and specialization in development 

and disease. Nat. Rev. Mol. Cell Biol. 18, 477–494 (2017). 

[2] Adams, R. H. & Alitalo, K. Molecular regulation of angiogenesis and 

lymphangiogenesis. Nat. Rev. Mol. Cell Biol. 8, 464–478 (2007). 

[3] Herbert, S. P. & Stainier, D. Y. R., Molecular control of endothelial cell behaviour during 

blood vessel morphogenesis. Nat. Rev. Mol. Cell Biol. 12, 551–564 (2011). 

[4] Carmeliet, P., Angiogenesis in life, disease and medicine. Nature 438, 932-936 (2005). 

[5] Cameliet, P. & Jain, R. K., Molecular mechanisms and clinical applications of 

angiogenesis. Nature 473, 298–307 (2011). 

[6] Weis, S. M. & Cheresh, D. A., Tumor angiogenesis: molecular pathways and therapeutic 

targets. Nat. Med. 17, 1359–1370 (2011). 

[7] De Palma, M., Biziato, D. & Petrova, T. V., Microenvironmental regulation of tumour 

angiogénesis. Nat. Rev. Cancer 17, 457–474 (2017). 

[8] Kreuger, J. & Phillipson, M., Targeting vascular and leukocyte communication in 

angiogenesis, inflammation and fibrosis. Nat. Rev. Drug Discov. 15, 125–142 (2016). 

https://www.uniprot.org/


71 

 

[9] Fantin, A., Vieira, J. M., Gestri, G., Denti, L., Schwarz, Q., Prykhozhij, S., Peri, F., 

Wilson, S. W. & Ruhrberg, C., Tissue macrophages act as cellular chaperones for 

vascular anastomosis downstream of VEGF-mediated endothelial tip cell induction. 

Blood 116(5), 829-40 (2010). 

[10] Ginhoux, F. & Jung, S., Monocytes and macrophages: developmental pathways and 

tissue homeostasis. Nat. Rev. Immunol. 14, 392–404 (2014). 

[11] DeNardo, D. G. & Ruffell, B., Macrophages as regulators of tumour immunity and 

immunotherapy. Nat. Rev. Immunol. 19, 369–382 (2019). 

[12] Lawrence, T. & Natoli, G. Transcriptional regulation of macrophage polarization: 

enabling diversity with identity. Nat. Rev. Immunol. 11, 750-761 (2011). 

[13] Mosser, D. M. & Edwards, J. P., Exploring the full spectrum of macrophage activation. 

Nat. Rev. Immunol. 8, 958–969 (2008). 

[14] Gordon, S., Alternative activation of macrophages. Nat. Rev. Immunol. 3, 23-35 (2003) 

[15] Lapenna, A., De Palma, M. & Lewis, C. E., Perivascular macrophages in health and 

disease. Nat. Rev. Immunol. 18, 689–702 (2018). 

[16] Xiang, X., Wang, J., Lu, D. & Xu, X., Targeting tumor-associated macrophages to 

synergize tumor immunotherapy. Sig. Transduct. Target Ther. 6, 75 (2021). 

[17] Ferrara, N., Gerber, H.-P. & LeCouter, J., The biology of VEGF and its receptors. Nat. 

Med. 9, 669–676 (2003). 

[18] Simons, M., Gordon, E. & Claesson-Welsh, L., Mechanisms and regulation of 

endothelial VEGF receptor signalling. Nat. Rev. Mol. Cell Biol. 17, 611–625 (2016). 

[19] Ferrara, N., VEGF and the quest for tumour angiogenesis factors. Nat. Rev. Cancer 2, 

795–803 (2002). 

[20] Feng, Q., Zhang, C. Lum, D., Druso, J. E., Blank, B., Wilson, K. F., Welm, A., Antonyak, 

M. A., & Cerione, R. A., A class of extracellular vesicles from breast cancer cells 

activates VEGF receptors and tumour angiogenesis. Nat. Commun. 8, 14450 (2017). 

[21] Saint-Sardos, A., Sart, S., Lippera, K., Brient-Litzler, E., Michelin, S., Amselem, G. & 

Baroud, C. N., High-Throughput Measurements of Intra-Cellular and Secreted Cytokine 

from Single Spheroids Using Anchored Microfluidic Droplets. Small 16(49), 2002303 

(2020) 

[22] Aebersold, R. & Mann, M., Mass-spectrometric exploration of proteome structure and 

function. Nature 537, 347–355 (2016). 

[23] Kugeratski, F. G., Atkinson, S. J., Neilson, L. J., Knight, J. R. P., Serneels, J., Juin, A., 

Ismail, S., Bryant, D. M., Markert, El K., Machesky, L. M., Mazzone, M., Sansom, O. J. 

& Zanivan, S., Hypoxic cancer–associated fibroblasts increase NCBP2-AS2/HIAR to 

promote endothelial sprouting through enhanced VEGF signaling. Sci. Signal. 12(567), 

eaan8247 (2019). 

[24] Campisi, M., Shin, Y., Osaki, T., Hajal, C., Chiono, V., Kamm, R. D., 3D self-organized 

microvascular model of the human blood-brain barrier with endothelial cells, pericytes 

and astrocytes. Biomaterials 180, 117-129 (2018). 

[25] Osaki, T., Sivathanu, V., Kamm, R. D., Vascularized microfluidic organ-chips for drug 

screening, disease models and tissue engineering. Curr. Opin. Biotechnol. 52, 116-123 

(2018). 

[26] van Duinen, V., Stam, W., Mulder, E., Famili, F., Reijerkerk, A., Vulto, P., Hankemeier, 

T., van Zonneveld, A. J., Robust and Scalable Angiogenesis Assay of Perfused 3D 

Human iPSC-Derived Endothelium for Anti-Angiogenic Drug Screening. Int. J. Mol. 

Sci. 21(13), 4804 (2020). 

[28] Mastrullo, V., Cathery, W., Velliou, E., Madeddu, P. & Campagnolo, P. Angiogenesis 

in Tissue Engineering: As Nature Intended? Front. Bioeng. Biotechnol. 8, 188 (2020). 

[29] Chernyavska, M. Hermans, C. K. J. C., Chan, C., Baumann, N., Roesner, T., Leusen, J. 

H. W., Valerius, T. & Verdurmen, W. P. R., Evaluation of immunotherapies improving 



72 

 

macrophage anti-tumor response using a microfluidic model. Organs-on-a-Chip 4, 

100019 (2022). 

[30] Kim, H., Chung, H., Kim, J., Choi, D.-H., Shin, Y., Kang, Y. G., Kim, B.-M., Seo, S.-

U., Chung, S. & Seok, S. H., Macrophages‐Triggered Sequential Remodeling of 

Endothelium‐Interstitial Matrix to Form Pre‐Metastatic Niche in Microfluidic Tumor 

Microenvironment. Adv. Sci. (Weinh.) 6(11), 1900195 (2019). 

[31] Bai, J., Adriani, G., Dang, T.-M., Tu, T.-Y., Penny, H.-X. L., Wong, S.-C., Kamm, R. 

D. & Thiery, J. P., Contact-dependent carcinoma aggregate dispersion by M2a 

macrophages via ICAM-1 and β2 integrin interactions Oncotarget 6(28), 25295-307 

(2015). 

[32] Kim, S., Kim, W., Lim, S., Jeon, J. S., Vasculature-On-A-Chip for In Vitro Disease 

Models. Bioengineering (Basel) 4(1), 8 (2017). 

[33] Boussommier-Calleja, A., Atiyas, Y., Haase, K., Headley, M., Lewis, C & Kamm, R. 

D., The effects of monocytes on tumor cell extravasation in a 3D vascularized 

microfluidic model Biomaterials 198, 180-193 (2019). 

[34] Nikolaev, M., Mitrofanova, O., Broguiere, N., Geraldo, S., Dutta, D., Tabata, Y., Elci, 

B., Brandenberg, N., Kolotuev, I., Gjorevski, N., Clevers, H. & Lutolf, M. P., 

Homeostatic mini-intestines through scaffold-guided organoid morphogenesis. Nature 

585, 574-578 (2020). 

[35] Tiemeijer, B. M., Sweep, M. W. D., Sleeboom, J. J. F., Steps, K. J., van Sprang, J. F., 

De Almeida, P., Hammink, R., Kouwer, P. H. J., Smits, A. I. P. M. & Tel, J. Probing 

Single-Cell Macrophage Polarization and Heterogeneity Using Thermo-Reversible 

Hydrogels in Droplet-Based Microfluidics. Front. Bioeng. Biotechnol. 9, 715408 (2021). 

[36] Hirth, E., Cao, W., Kapetanovic, E., Dietsche, C., Fillipova, M., Reddy, S., Dittrich, P. 

S., Heterogeneous, Self-Assembled and Perfusable Microvasculature-on-chip for 

Modelling T cell Trafficking. In preparation (2022). 

[37] Varasteh, Z., Mohanta, S., Li, Y., Armbruster, N. L., Braeuer, M., Nekolla, S. G., 

Habenicht, A., Sager, H. B., Raes, G., Weber, W., Hernot, S. & Schwaiger, M., 

Targeting mannose receptor expression on macrophages in atherosclerotic plaques of 

apolipoprotein E-knockout mice using 68Ga-NOTA-anti-MMR nanobody: non-

invasive imaging of atherosclerotic plaques. EJNMMI Res. 9, 5 (2019). 

[38] Huang, X. Li, Y., Fu, M. & Xin, B., Polarizing Macrophages In Vitro. Macrophages. 

Methods in Molecular Biology, Humana Press, New York, NY. 1784, 119-126 (2018). 

[39] Yao, Y., Xu, X.-H. & Jin, L., Macrophage Polarization in Physiological and 

Pathological Pregnancy. Front. Immunol. 10, 792 (2019). 

[40] Liang, D., Chang, J. R., Chin, A. J., Smith, A., Kelly, C., Weinberg, E. S. & Ge, R., The 

role of vascular endothelial growth factor (VEGF) in vasculogenesis, angiogenesis, and 

hematopoiesis in zebrafish development Mech. Dev. 108(1-2), 29-43 (2001). 

[41] Wang, E. S., Teruya-Feldstein, J., Wu, Y., Zhu, Z., Targeting autocrine and paracrine 

VEGF receptor pathways inhibits human lymphoma xenografts in vivo. Blood, 104(9), 

2893-2902 (2004). 

[42] Galie, P. A., Nguyen, D.-H., T., Choi, C. K., Cohen, D. M., Janmey, P. A. & Chen, C. 

S. Fluid shear stress threshold regulates angiogenic sprouting Proc. Natl. Acad. Sci. 

U.S.A. 111(22), 7968-7973 (2014). 

[43] Delcassian D., Malecka, A. A., Opoku, D., Cabeza, V. P., Merry, C., Jackson, A. M. 

Primary human macrophages are polarized towards pro-inflammatory phenotypes in 

alginate hydrogels. bioRxiv 824391. 

[44] Sridharan, R., Cavanagh, B., Cameron, A. R., Kelly, D. J., O’Brien, F. J. Material 

stiffness influences the polarization state, function and migration mode of macrophages 

Acta Biomater. 89, 47-59 (2019). 



73 

 

[45] dela Paz, N. G., Walshe, T. E., Leach, L. L., Saint-Geniez, M. & D’Amore, P. A. Role 

of shear-stress-induced VEGF expression in endothelial cell survival J. Cell Sci. 125(4), 

831-843 (2012). 

[46] Nguyen, T. T. T., Yoon, H. K., Kim, Y. T., Choi, Y. H., Lee, W.-K. & Jin, M. 

Tryptophanyl-tRNA Synthetase 1 Signals Activate TREM-1 via TLR2 and TLR4. 

Biomolecules 10(9), 1283 (2020). 

[47] Sarkar, P. & Thirumurugan, K. New insights into TNFα/PTP1B and PPARγ pathway 

through RNF213- a link between inflammation, obesity, insulin resistance, and 

Moyamoya disease. Gene 771, 145340 (2021).  

[48] Paley, E. L., Paley, D. E., Merkulova-Rainon, T. & Subbarayan, P. R. Hypoxia 

Signature of Splice Forms of Tryptophanyl-tRNA Synthetase Marks Pancreatic Cancer 

Cells With Distinct Metastatic Abilities Pancreas 40(7), 1043-1056 (2011). 

[49] Jin M., Unique roles of tryptophanyl-tRNA synthetase in immune control and its 

therapeutic implications. Exp Mol Med., 51(1), 1-10 (2019).  

[50] Ohkubo, K., Sakai, Y., Inoue, H., Akamine, S., Ishizaki, Y., Matsushita, Y., Sanefuji, 

M., Torisu, H., Ihara, K., Sardiello, M. & Hara, T. Moyamoya disease susceptibility 

gene RNF213 links inflammatory and angiogenic signals in endothelial cells. Sci. Rep. 

5, 13191 (2015). 

[51] Chen, Z. & Han, Z. C. STAT3: a critical transcription activator in angiogenesis Med. 

Re. Rev. 28(2), 185-200 (2008). 

[52] Park, S. G., Kang, Y. S., Kim, Y. J., Lee, C. S., Ko, Y. G., Lee, W. J., Lee, K.-U., Yeom, 

Y. I. & Kim, S. Hormonal activity of AIMP1/p43 for glucose homeostasis Proc. Natl. 

Acad. Sci. U.S.A. 103(40), 14913-14918 (2006). 

[53] Park, S. G., Kang, Y. S., Ahn, Y. H., Lee, S. H., Kim, K. R., Kim, K. W., Koh, G. Y., 

Ko, Y. G., Kim, S., Dose-dependent Biphasic Activity of tRNA Synthetase-associating 

Factor, p43, in Angiogenesis. JBC 277(47), 45243–45248 (2002). 

[54] Yabluchanskiy A., Ma Y., Iyer R. P., Hall M. E., Lindsey M. L., Matrix 

metalloproteinase-9: Many shades of function in cardiovascular disease. Physiology 

(Bethesda). 28(6), 391-403 (2013). 
  



74 

 

3.8 Supporting Information  

 

 

Figure SI3.1 Calibration curve for further on macrophage secretome analysis. Standard 

curve in DMEM (THP-1 polarization media without polarization agents and PMA). 

 

Figure SI3.2 Vasculogenesis-like network formation in dependency of macrophage 

polarization state with VEGF containing media Normal VEGF (5 ng/ml) containing media 

was used during the whole perfusion experiment. Independent of the polarization state of the 

macrophages, microvasculature could form (orange: RFP HUVEC, green: GFP HUAEC, red: 

CellTracker® macrophages, scale bar: 50 µm). 
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Figure SI3.3 Image analysis to determine the sprout length of both HUAECs and 

HUVECs Firstly, maximum intensity projections were generated in Nikon NIS Elements 

software. Then, sprouts were measured accordingly within the same software (scale bar: 50 

µm). 

 

 

Figure SI3.4 Calibration curve for VEGF outflow assay VEGF standard curve in VEGF-

free endothelial cell media (LOD = 0.06 ng/ml). 
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4 
Conclusion and Outlook 

In this thesis, we presented a microfluidic platform that can emulate the human vasculature and 

can be used to study immune cell-endothelium interactions. Imprinting 3 channels with pillars 

as separating objects into a biocompatible polymer facilitated on-chip capillary generation 

while simultaneously mimicking the arteriole/venule. As we could show, pericytes are not able 

to induce capillary formation within HUVECs but HUAECs. Mixing both endothelial cell lines 

helped HUVECs to participate in the network formation. Thus, a heterogenous perfusable 

vascular microcirculatory network could be generated with proper biological barrier 

functionalities, that we furthermore used to study particle and molecule perfusion, and cell 

transmigration. Our optimized hydrogel embedment protocol allows for adjusting the 

extravascular space. Thus, we could successfully cultivate on-chip perivascular macrophages 

and observe vascular phenomena such as network density or sprouting capabilities in 

dependency to their initial polarization state. Moreover, we could prove that distinct factors 

within the secretome derived from macrophages besides VEGF might be responsible for 

inducing an on-chip endothelial response. 

In the future, we are aiming at adjusting and optimizing our platform further. A so far neglected 

complexity can be found within the T cell heterogeneity. In chapter 2, we were enriching CD4+ 

and CD8+ T cells off-chip. To better understand, which T cell type is emigrating across the 

endothelial barrier, better hydrogel accessibility is necessary. There are several methodologies, 

that can enable cell extraction out of an extracellular matrix such as fibrin. Sandwiching a 

porous polymer membrane (PDMS, polycarbonate (PC) and so on) in between the cell hosting 

PDMS layer and another PDMS layer containing a similar channel system, would leave the 

hydrogel intact while simultaneously measuring transmigrated particles, cells and so on. This 

would allow for collecting extravasated T cells, which would end up in the channel system 
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underneath, and understand the phenotype better with applying further analytical tools on the 

collected cells. Attempts so far have led to successfully fabricating PDMS-PC-PDMS hybrid 

devices by utilizing (3-aminopropyl)triethoxysilane (APTES) chemistry. Necessary surface 

hydrophobicity is assured, however surface fouling in the side channels have made cell 

cultivation in the side channels challenging. In the future, we are planning on establishing a 

fabrication protocol to switch from PC to a PDMS membrane to improve PC surface fouling 

and therefore increasing cell attachment. As an alternative development of a novel coating 

strategy of the PC membrane could facilitate future cellular adhesion as well. 

Another strategy to get access to the hydrogel is enzymatic on-chip digestion of the hydrogel 

after T cell perfusion with proteases such as the peptidase plasmin. Dissolution of the hydrogel 

would therefore make extravasated T cell isolation and further analysis possible. To enhance 

the success rate of gel extraction an “open-top” microfluidic device could improve the 

accessibility of the hydrogel. Alternatively, when using a thin PDMS layer instead of glass, the 

device can be cut open after capillary formation, which can facilitate gel extraction, dissolution 

and so on. This would open the path for new applications such as organoid vascularization or 

utilization of different techniques such as real time quantitative polymerase chain reaction after 

on-chip cell cultivation. Moreover, better understanding of the endothelial cells, pericytes and 

macrophages is thereby possible, too. However, it also requires certain optimizations in the 

handling protocol such as sterility maintenance during the whole cultivation process and 

prevention of hydrogel leakage through the chamber opening during injection. In the future, we 

are aiming at improving our microfluidic platform to enable analyzing on-chip cultivated cells 

off-chip. 

Previous studies have shown that macrophages can be phenotypically manipulated by e.g., 

tumor cells to secrete factors in favor of the tumor. This helps the tumor to avoid immune cell 

clearance and maintain its growth1,2,3,4,5. Essentially, we are aiming at combining a macrophage 

containing network with T cells introduction and thereby analyze, which phenotype is able to 

enhance T cell transmigration. And furthermore, with establishing a tumor-macrophage model 

in the future, we will be able to study T cell and potentially CAR-T cell extravasation across 

the endothelial barrier within a tumor environment. 

So far, exposing off-chip unpolarized macrophages to cell culture supernatant derived from 

MCF-7 cells that were either cultivated normoxically (N) or hypoxically (H), led to an increase 

of IL10 secretion in THP-1 derived macrophages (T-N and T-H, respectively, Fig. 4.1). This 

indicates a polarization towards a T2 phenotype, as we could show in the off-chip 

characterization of T2 macrophages in chapter 3. The same polarization response was visible, 
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when T0 macrophages were exposed to extracellular vesicles derived from normoxically (N-

EV) or hypoxically (H-EV) cultivated MCF-7 cells, as can be seen in T-NEV and T-HEV, 

respectively in Fig. 4.1. With our static angiogenesis assay, on-chip macrophage repolarization 

might be possible. Not only macrophages are thereby constantly exposed to potential tumor-

derived repolarization agents, but also the adjacent endothelium is subjected to a gradient of 

potential angiogenic proteins within the tumorous secretome (e.g., elevated VEGF levels within 

N, H, N-EV and H-EV in Fig. 4.1). In the future, we are aiming at increasing the complexity of 

our setup to facilitate understanding the crosstalk between tumor cells and macrophages better  

within a vascular environment. By acquiring on-chip endothelial sprouting induction and 

outflow analysis, similar to our previous results in chapter 3, on-chip repolarization in 

dependency to tumor cells will be measured.  

 

Figure 4.1 Immunoassay to visualize macrophage repolarization in dependency to tumor 

cells. Immunoassay of unpolarized macrophages being exposed to enriched cell culture 

supernatants and purified extracellular vesicles (N: normoxic cell culture supernatant, T: T0, 

M0: M0, H, hypoxic cell culture supernatant, N-EV or NEV: purified extracellular vesicles 

from hypoxic cell culture supernatant, H-EV or HEV: purified extracellular vesicles from 

hypoxic cell culture supernatant). 

 

Up till now, we could passively identify the phenotype by measuring the ramification, sprout 

length and on-chip VEGF secretion. With integrating a fluorescent protein after a surface 

protein, that is distinctly expressed for one phenotype (M1 or M2) within monocytes or THP-1 

cells, phenotypical changes can be monitored live, and the polarization state can be guaranteed 

till the end of an assay. Phenomena such as polarization due to hydrogel embedment can be 

thereby ex- or included. Hence, clear statements on the angiogenic capabilities can be made. 

Additionally, with a fluorescently labeled pericyte cell line, interactions between the 

endothelium, but especially the immune cells can be analyzed lively6. Thus, accessibility to 



79 

 

fluorescently labeled primary cells such as pericytes will enable understanding the interactions 

within the network better in the future.  

To conclude, the presented microfluidic platform together with the endothelial cell cultivation 

protocol is a versatile tool, that is adjustable for future (immunological) in vitro assays in both 

fundamental and applied sciences.  
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4.1 Materials and Methods 

MCF-7 cell culture supernatant preparation 

Flasks were coated with 0.1 mg/ml fibronectin (Merck). MCF-7 cells were seeded and cultured 

in low-glucose DMEM (Gibco), supplemented with 10% FBS. When confluent, medium was 

changed to high-glucose serum-free DMEM. For normoxia experiments cell culture supernatant 

was collected after 72 hours. For hypoxia experiments cells were cultivated for 48 hours 

normoxically. To induce hypoxia, cell culture flasks were spiked with 100 μM cobalt chloride 

and placed inside a BD GasPak™ EZ Pouch bag (BD) for 24 hours. The cell culture 

supernatants were further on upconcentrated using Vivaspin 20, 3,000 MWCO PES (Sartorius). 

The tubes were centrifuged for 4 hours at 6,000 g. Both normoxia and hypoxia cell culture 

supernatants were used after centrifuging at 500 rcf for 5 minutes and 20,000 rcf for 30 minutes.  

Extracellular vesicle purification 

MCF-7 derived cell culture supernatants (both hypoxic and normoxic) were collected and 

centrifuged for 5 minutes at 500 rcf and 20,000 rcf for 30 minutes. Final ultracentrifugation 

(Sorvall™, ThermoFisher) was done at 100,000 rcf for 2 hours to pellet the extracellular 

vesicles (EVs). For quality control dynamic light scattering (DLS, Zetasizer) was used. 
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