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Microfluidic devices  

This thesis focuses on the development, production and testing of four novel microfluidic systems in which different 

forms of living matter ranging from cells to organisms can be cultivated and investigated. Such systems are referred to 

in the literature as organ-on-chip systems. They typically find applications in research and development in the fields of 

pharmacy and biology. 

The order of the chapters in this work is derived from the order of growing complexity of the life forms that shall be 

cultivated in the systems. At first, a user-friendly new development of a fully dynamic fluidic system for cell layer 

cultivation with online monitoring of cell integrity for drug absorption studies is described This system was realized by 

methods of precision engineering. An artificial human hemicornea tissue model could be successfully transferred into 

the device. With the implemented electrodes and commercially available measurement electronics a successful long 

term validation of the cell culture barrier was possible.

Next, a system for with three-dimensional capillary structures for mimicking neuronal structures in the human brain is 

described. This system is fabricated by so called soft-lithographic approaches. Endothelia cells were successfully 

seeded into a fibrin matrix and injected into the device to form artificial blood vessels. Thirdly, a system for cultivation 

of Pancreatic cell islands forming fully functional mini organs represents a further increase in complexity. This system 

is completely made of transparent glass structured by femtosecond laser ablation. Combined with a special post-

treatment an excellent optical quality could be achieved. This enabled successful multi parametric examinations of 

the cell islets. The last system presented in this work allows to image the neuronal activities in the full brain of living 

zebrafish larva (Danio rerio). The required high optical quality could be realized with glass micro structuring processes 

already developed for the pancreas system. With a successful hydrodynamic immobilization, a real-time 3D-light-

sheet-imaging with single cell resolution was achieved.
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Abstract 

This thesis focuses on the development, production and testing of four 

novel microfluidic systems in which different forms of living matter ranging 

from cells to organisms can be cultivated and investigated. Such systems 

are referred to in the literature as organ-on-chip systems. They typically 

find applications in research and development in the fields of pharmacy 

and biology.  

The order of the chapters in this work is derived from the order of growing 

complexity of the life forms that shall be cultivated in the systems. At first, 

a user-friendly new development of a fully dynamic fluidic system for cell 

layer cultivation with online monitoring of cell integrity for drug absorption 

studies is described This system was realized by methods of precision 

engineering. An artificial human hemicornea tissue model could be 

successfully transferred into the device. With the implemented electrodes 

and commercially available measurement electronics a successful long 

term validation of the cell culture barrier was possible. 

Next, a system for with three-dimensional capillary structures for 

mimicking neuronal structures in the human brain is described. This system 

is fabricated by so called soft-lithographic approaches. Endothelia cells 

were successfully seeded into a fibrin matrix and injected into the device 

to form artificial blood vessels. Thirdly, a system for cultivation of 

Pancreatic cell islands forming fully functional mini organs represents a 

further increase in complexity. This system is completely made of 

transparent glass structured by femtosecond laser ablation. Combined 

with a special post-treatment an excellent optical quality could be 

achieved. This enabled successful multi parametric examinations of the cell 

islets. The last system presented in this work allows to image the neuronal 

activities in the full brain of living zebrafish larva (Danio rerio). The 

required high optical quality could be realized with glass micro structuring 

processes already developed for the pancreas system. With a successful 

hydrodynamic immobilization, a real-time 3D-light-sheet-imaging with 

single cell resolution was achieved. 
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Kurzfassung 

Diese Arbeit konzentriert sich auf die Entwicklung, Herstellung und 

Erprobung von vier neuartigen mikrofluidischen Systemen, in denen 

verschiedene Formen von Lebewesen von Zellen bis hin zu Organismen 

kultiviert und untersucht werden können. Solche Systeme werden in der 

Literatur als Organ-on-Chip-Systeme bezeichnet. Typischerweise finden sie 

Anwendungen in der Forschung und Entwicklung in den Fachbereichen 

Pharmazie und Biologie.  

Die Reihenfolge der Kapitel in dieser Arbeit ergibt sich aus der Reihenfolge 

der wachsenden Komplexität der Lebensformen, die in den Systemen 

kultiviert werden sollen. Zunächst wird eine anwenderfreundliche 

Neuentwicklung eines volldynamischen Strömungssystems für die 

Zellschichtkultivierung mit Online-Überwachung der Zellintegrität für 

Arzneimittelabsorptionsstudien beschrieben. Dieses System wurde mit 

Methoden der Feinmechanik realisiert. Ein künstliches menschliches 

Hämicornea-Gewebemodell konnte erfolgreich in das Gerät übertragen 

werden. Mit den eingesetzten Elektroden und der marktüblichen 

Messelektronik war eine erfolgreiche Langzeitvalidierung der 

Zellkulturbarriere möglich. 

Als nächstes wird ein System zur Bildung von dreidimensionalen 

Kapillarstrukturen beschrieben. Dieses System wird durch so genannte 

soft-lithographische Ansätze hergestellt. Endothelzellen wurden 

erfolgreich in eine Fibrinmatrix gesät und in das Gerät injiziert, um 

künstliche Blutgefäße zu bilden. Drittens wird ein System zur Untersuchung 

von Pankreaszellinseln vorgestellt, bei diesen Mini-Organen handelt es sich 

um eine weitere Steigerung der Komplexität. Das System besteht 

vollständig aus transparentem Glas, das durch Femtosekunden-

Laserablation strukturiert wurde. In Kombination mit einer speziellen 

Nachbehandlung konnte eine hervorragende optische Qualität erreicht 

werden. Dies ermöglichte erfolgreiche multiparametrische 

Untersuchungen der Zellinseln. Das letzte System, das in dieser Arbeit 

vorgestellt wird, ermöglicht es, die neuronalen Aktivitäten im gesamten 

Gehirn von lebenden Zebrafischlarve (Danio rerio) darzustellen. Die 

erforderliche hohe optische Qualität konnte mit bereits für das Pankreas-

System entwickelten Glasmikrostrukturierungsverfahren realisiert werden. 

Mit einer erfolgreichen hydrodynamischen Immobilisierung wurde ein 

Echtzeit-3D-Lichtblattaufnahme mit Einzelzellenauflösung erzielt. 
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1 Introduction 

One enormous obstacle during the development of new drugs and drug 

formulations is the early prediction of their effect in the later clinical 

studies. Since the assessment of safety and efficacy in clinical studies can 

only take place after years of research and billions of investments [1, 2], 

pre-clinical test models with high predictive power which can be used 

earlier in the drug development process are desperately needed. However, 

conventional pre-clinical test models using static cell culture test systems 

with human cell lines and animal experiments lack reliability [3–7]. The 

former can relatively closely mimic the cell interactions in humans but 

cannot adequately represent physiological conditions. The latter has the 

advantage of mimicing a fully functional physiological system, but results 

cannot be directly transferred to humans. As a consequence, highly potent 

drug candidates may get falsely rejected at early stages of development 

while potentially harmful candidates are identified much too late. In 

addition, the usage of animal experiments raises ethical concerns; as a 

consequence, the restrictions on their use will continue to grow. The 

European Union fully banned animal testing for the cosmetic industry, and 

restricted their use for the chemical and pharmaceutical industry. Most 

likely, restrictions on animal testing will grow until a full ban is reached in 

the near future, making the urgent need for alternatives obvious [8]. 

In this context, research groups all around the world began working on 

novel microfluidic cell culture models as alternatives to conventional pre-

clinical drug test models. Their reduced scale allows precise dynamic 

manipulation of temperature and mass transport which offers advanced 

functions compared to previously used static test procedures. The porous 

membranes made of polypropylene (PP) or polycarbonate (PC) already 

used in static cell culture test providing surfaces for cell seeding, were in a 
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first step integrated into systems which supply a dynamic circulation of 

nutrient solutions. This represents the birth of the Organ On Chips (OOC) 

[5, 9, 10]. The initial development of OOC can be dated back to the last 

century. However, during the last decade OOC research conducted by 

research groups all around the globe has increased rapidly. In contrast to 

static tests, OOCs allow for dynamic micro flow conditions around the cell 

culture, providing a shear stress on the cells similarly to in vivo conditions 

[11]. Thus, using the same cell lines as in static ICC tests, it is now possible 

to grow a cell structure which can map the body's own structure much 

more closely. Furthermore, OCCs permit precise control of not only 

mechanical stress applied to the cell culture through the variation of mass 

flow inside the chip but also chemical stimuli via injection into the nutrient 

solution, optical stimuli can be introduced using light emitting diodes 

inside the device or integrated optical waveguides. Electrical stimuli can be 

induced directly through electrodes integrated into the OOC. All of these 

new possible stimuli allow for a better understanding of cell reactions and 

offer new insights into state-of-the-art pharmaceutical research [3, 5, 7, 

10, 12–16]. 

Membrane-based OOC systems are mainly used for toxicological 

investigations of chemical substances and absorption studies [16–19]. In 

toxicological investigations, the effect of exposure time and dose of 

chemical substances on the integrated cell culture is of particular interest. 

In absorption studies, the rate of absorption of a chemical substance is of 

main interest. For this purpose, a medium enriched with the chemical 

substance is brought into contact with a layer of cells on the OCC 

membrane and its concentration is measured on the other side of this cell 

layer [19–21].  

One of the first OOC presented in a scientific publication was a lung on chip 

[22], designed for drug screening and toxicology applications. It contained 

three parallel channels of which only the middle one was equipped with a 

membrane, which subdivides it into donor and acceptor regions. 

Epithelium cells were seeded on one side of the membrane and 

endothelium cells on the other side. The outer two channels were exposed 

to a fluctuating air pressure in order to mechanically stress the membrane 

in the middle channel. This helped to mimic the in-vivo stress induced to 

the cells inside the alveoli while breathing. In the following, more and 

more organ models were introduced into OOCs and described in the 
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scientific literature. The presentation of all these developments would go 

beyond the scope of this work, but the organs used in OOC research with 

the highest benefit for scientific discoveries are briefly presented in the 

following. The liver is one of the most important organs because of its high 

metabolism transfers of endogenous and exogenous substances to 

generate energy or transform chemical substances for excretion [23]. In 

addition to the body's own substances such as bile acids, drugs and toxins 

are also biochemically converted. The liver always increases the 

hydrophilicity. The higher water solubility allows, that unwanted 

substances can be excreted from the body via the gallbladder and 

intestines or kidneys and bladder. During the process of biochemical 

conversion, the toxicity of the substances can be significantly increased. A 

prominent example of these processes is methanol poisoning. Methanol is 

metabolized in the liver to formaldehyde and formic acid, which can both 

only be excreted very slowly by the kidneys. Formaldehyde can therefore 

be quickly enriched to a point with toxic effects. The identical problem can 

occur with applied drugs. 

The main function of the kidneys is the excretion of pollutants and 

degradation substances, which is why they are also of particular interest 

for OOC research. This is because waste materials and drugs get enriched 

inside the kidneys, which means that they are exposed to much higher 

dosages of these substances with potential toxic effects. A third organ of 

interest are the intestines, and one of the first cell cultures introduced into 

OOCs were cells from the intestinal wall. This is because most medications 

today are administered to the patient as tablets or suppositories and the 

intestinal wall represents the barrier that the active ingredients have to 

overcome to reach their site of action.  

At this early state of development, OOCs consisted often of a combination 

of glass as a carrier substrate and polydimethylsiloxane (PDMS), or a 

complete PDMS structure. Attached glass carriers allow a high resolution 

visual inspection using light microscopes. This made it possible to monitor 

the detachment or death of the cell cultures. Through the higher stiffness 

the attached glass made transport and handling more user friendly. The 

with channels, chambers and reservoirs structured material was in these 

cases still the PDMS. This is due the fact that PDMS is an excellent molding 

compound with high reproductively. For simple tasks the molds are often 

produced with machining techniques and therefore relatively cheap. Molds 
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can be fabricated using milling of polymers or metals [24]. Yet, this 

technique is limited by the precision of the cutting tools used to create the 

molds. Although the cutting tools can create undesirable run-out zones 

which disturb the fluid flow through the OOC. Sharp concave corners in the 

mold are therefore not possible. For more complex contours for the molds 

soft lithography is the most disseminated method. Soft lithography is a 

well-established fabrication route from the microtechnology for the 

fabrication of replicating structures. A mold is fabricated by spin coating a 

photoresist (most commonly used is a negative photo resist called SU-8) 

onto a substrate often consisting of silicon or glass wafers. The thickness 

and therefore the height of the later structures of the photoresist can be 

precisely adjusted by the viscosity of the photoresist and the spinning 

speed during coating. The photoresist is then structured by masked 

exposure to light and development. By placing several layers of structured 

photoresist on top of each other, 2.5D structures can be created with a 

high reproducibility. 2.5D means that the geometry is variable in all spatial 

directions, but an undercut is not possible. The presented lithographic 

production of a mold is time consuming and requires expensive 

equipment. A relatively new method to fabricate molds is 3D-printing, this 

method combines relatively low initial costs with high reproducibility and 

the absence of run-out zones. However, this manufacturing method has 

not yet become mature. 

PDMS and glass have a combination of high biocompatibility and low price. 

But the use of PDMS also has a few drawbacks. The material is highly 

absorbent and molecules from the media tend to diffuse into the PDMS. 

This can lead to a false concentration of chemical molecules [25–27]. 

Misleading results can occur or, even worse, in the case of absorption 

studies the amount of chemical molecules could drop under the limit of 

detection. The tendency of PDMS to absorb molecules may also lead to an 

insufficient nutrient supply for the cells and, thus, impacting important cell 

characteristics like cell viability or lowering the barrier forming abilities. 

This again can result in wrong interpretation of the measured drug 

absorption. 

Another discovery by early research groups was that the use of PDMS as a 

material for structuring microfluidic channels, allows oxygen exchange 

between the inner device and the surrounding environment. This can be 

beneficial because it can lead to a higher cell growth due to better oxygen 
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supply. When the device is cultivated inside an incubator a more stable pH 

buffering of the nutrient solution is another benefit. However, a drawback 

is that oxygen consumption of the cells, cannot be accurately measured. 

Which was highly relevant during the development of new OOCs, was the 

fact that most of the research groups had a biological or pharmaceutical 

and no engineering background. This delayed the introduction of new 

materials and manufacturing processes. Therefore, the research groups 

encountered restrictions with the beginning designs in the possibilities of 

analyzing their cell cultures during experiments. A widely used analysis 

method for cell integrity in the pharmaceutical research and development 

of drugs is the measurement of the electrical resistance of the cell culture. 

The measurement of transepithelial electrical resistance (TEER) and is 

already an established method in static cell culture models. It allows direct 

conclusions to be drawn about the barrier quality of the cell culture and 

thus offers the possibility not only of analyzing the influence of chemical 

substances on the cells but also of comparing cell lines with each other and 

with biopsy samples from the [25] human body [28–30]. However, the 

implementation of necessary electrodes inside the channels of the fluidic 

devices and the contacting with suitable measurement devices was 

unavailable for a long time. 

The PDMS outer walls used in OOCs did not allow a detailed study of the 

cell morphology because microscope objectives with high magnification 

require small working distance to the membrane. Without high optical 

resolution, the user was able to optically detect the detachment of cells 

from the membrane but it was not possible to draw conclusions about the 

exact change in morphology caused by the flow-related shear forces during 

operation. PDMS membranes had to be mechanically removed from the 

system in order to be examined with high-resolution microscopes. The 

removal consequently led to the destruction of the OOC. Furthermore, the 

optical properties of PDMS also have a negative effect on the imaging 

quality. Under light excitation PDMS can produce fluorescence, creating 

exceedingly high levels of background noise in many cell culture analysis 

methods that rely on fluorescence measurements [31]. This is the reason 

why this otherwise widely used method for the detection of morphological 

structure, cell activity and viability is unsuitable for OOCs with PDMS 

structures. 
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Despite the initial technical limitations mentioned above, the potential of 

the OOC systems quickly became apparent [32–34]. The possibility to 

mimic in vivo shear stress with the dynamic flow of media, that can be 

adjusted to the requirements of the cells, became a large step towards 

developing a more realistic physiological morphology and creating in vivo-

like barrier properties. The use of OOCs resulted in measurements that 

show a higher resistance against permeation of drug molecules and higher 

transepithelial electrical resistance, more similar to in vivo values [35]. In 

addition, the possibility to dilute the media mimics in vivo conditions much 

better than standard static cell culture models and lead to better 

prediction of cell and drug interactions [36, 37]. These were the main 

reasons why OOCs were increasingly accepted by scientists in 

pharmaceutical research. The development of OOCs was pushed forward 

on two fronts: Pharmaceutical research groups pushed the development of 

new cell cultures and cell culture composites from several cell types, so-

called 3D structures. The aim for these groups is to map the cell structures 

present in the human body ever more accurately. On the other front, 

engineering research groups are focused on avoiding the difficulties 

associated with PDMS and on the integration of sensors and the further 

improvement of analytical methods. 

The recognition of the drawbacks associated with PDMS led to the 

development of new OOC devices which are either made purely out of 

glass or of polymers like polymethylmethacrylat (PMMA), polypropylene 

(PP) and polycarbonate (PC). More recently, technical polymers were 

introduced in the construction of OOCs, like Cycloolefin-Copolymere (COC) 

and Cyclo Olefin Polymer (COP). These materials have lower biological 

interaction than the materials mentioned above which are suspected of 

acting on tissues like hormones [38]. All these new materials eliminate 

drawbacks of the use of PDMS, but the structuring processes for these 

alternative materials are more complex and associated with much higher 

costs. Systems created from the new polymers are most commonly 

injection molded to achieve the desired structures [39]. This shaping 

method is linked to high initial costs for the required molds which are only 

justified for large volume production. Glass is in most cases isotropically 

structured by wet etching, which requires a masking technique to protect 

specific areas from attack by the etching solvent [40, 41]. The masking is 

done using gold on top of a layer of chrome between the glass wafer and 
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the gold plating for better adhesion. Polymer based photoresists are then 

coated on top and photolithography structured, the pattern of the 

photoresist is transferred to the gold and chrome masking by etching the 

gold and the to the chrome adhesive layer. After these two processes the 

masking photo resist is stripped with acetone. Now the mask is successfully 

transferred from the mask to the photo resist to the gold and chrome 

plating. Allowing the glass is to be ready for the structuring process. Glass 

will be etched isentropic when exposed to hydrofluoric acid [42]. This has 

to be considered when the mask design is fabricated, since under etching 

will occur. The etch rate is relatively low and located in the area of 0.5-

1.0 µm/min, depending on temperature and concentration. This long 

structuring process and the need for expensive reagents, materials and 

equipment increases the production costs.  

To overcome those financial challenges for small scale production of glass 

OOCs, new fabrication methods and materials have been introduced. One 

of those is hot embossing, a method suitable for the structuring of 

polymers and also glass [43, 44]. For this method, a structured steel tool is 

pressed against the OOC material which is backed by a tool on the 

opposite side. Ultrasound applied to the sonotrode causes the material to 

vibrate Increased friction in the are of direct contact with the steel tool 

leads to a rise in temperature which reaches the melting point of the OOC 

material. The tool is pushed into the substrate, leaving a negative imprint 

from the tool. For cooling the ultrasound stops and the tool will be pulled 

out the substrate after the material solitudes, leaving the negative form 

imprinted from the tool [45]. 

A further structuring method for small scale OOC fabrication introduced 

recently is laser engraving. Polymers can relatively easy be ablated by CO2 

Lasers [46, 47]. However, CO2 laser engraving is not easy to use for glass 

substrates [48]: Short pulses from CO2 lasers have too little energy, 

therefore longer pulses are required to introduce enough energy into the 

glass to vaporize it. This results in an uneven rise in temperature of the 

glass and with it internal stresses. These stresses can lead to unpredictable 

chipping or a very uneven distribution of high surface roughness. The high 

and uneven surface roughness reduces the optical quality to a minimum. 

Making optical access via high resolution microscopes impossible. More 

energetic laser systems with shorter pulses can directly solve this problem. 

Femtosecond laser systems provide short pulses of highly energetic laser 
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light, leading to non-linear absorption in the otherwise transparent glass 

material. Material inside the focal voxel gets directly vaporized [49, 50]. 

Surrounding material encounter almost no thermal effects since the heat 

conduction is very slow compared to the duration of a laser pulse. 

Microfabrication laser systems use regular computerized numerical control 

(CNC) to move the laser beam over the work piece. The laser spot 

pathways for the desired channels are programmed into the CNC whereby 

the laser directly engraves them into the chip. Only one chip at a time can 

be fabricated this way, which is not very cost effective. But using this 

technique design changes can be brought into the experimental stage 

rather fast and with relatively low initial costs. More conventional CNC 

driven fabrication methods are mills. When equipped with precise axis and 

suitable tools, these are well capable to structure polymers with a high 

enough resolution and freedom of movement [45, 51]. However, all these 

production routes are rather time consuming and therefore only suitable 

for rather small fabrication numbers. 

The shift to produce OOCs from more inert materials made the 

implementation of more complex combinations of different cell types for 

more in vivo accurate cell morphology possible. Therefore, the trend is 

that human cell lines increasingly replace animal cell lines in pre-clinical 

testing, resulting in better prediction of clinical performance. An important 

goal of OOC development is to depict more than one organ in a single 

system; these multi-organ systems are referred to as Multi Organ Chip, 

Human on Chip or Body on Chip [17, 52–55]. The rationale behind this 

development is that organs influence each other and their interactions 

have a very strong influence on the concentration and composition of 

drugs and other active ingredients of interest. The liver in particular 

metabolizes active substances to completely different chemical 

compounds, many of which can have a strong toxic effect on other organs 

[52]. This is the reason why the liver is the first organ that has been 

combined with other organoids on a single chip [36, 56, 57]. In order to be 

able to better represent the human organism with all communication 

channels and interactions in its entirety, the extension to all organs is 

necessary. In addition to a simulated blood circulation [58], this requires 

for example realistic pathways for waste discharge. Devices that integrate 

these features are therefore very complex in design, require complex cell 

cultures and remain until now as nothing but a vision.  
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While these novel complex systems are not easy to produce and hardly 

directly usable in life science research, simpler systems available on the 

commercial market are usually designed for a broad variety of experiments 

and less suitable for highly specialized research tasks in pharmacy [39, 59]. 

The majority of OOC systems for absorption studies are hitherto not 

designed to accommodate filter inserts which are used to cultivate well-

established cell culture models. In contrast, commercial systems like Quasi 

Vivo® which allows the integration of commercially available insert 

systems or tissue slices [59], lack further functional elements like sensors 

for TEER measurements.  

In this dissertation, different OOC systems each tailored to a specific 

current pharmaceutical and biological research question will be described. 

These range from drug uptake through barrier-forming cell cultures to 

research into diabetes and neuronal diseases as well as behavioral and 

addiction research. These systems are realized employing methods offered 

by microtechnology, like micro milling, soft lithography, and femtosecond 

laser ablation processes. They provide the potential for answering 

previously unanswered questions in pharmaceutical research. Particular 

attention was paid to the integration of the chips into a functional overall 

system with high user-friendliness. The development of the systems was 

based on advanced production methods, in particular digital fabrication 

techniques and simulations of microfluidic conditions and electrical field 

distribution during measurement methodology for design verification. 

After various iterations the design is further developed to a stage, where a 

first prototype is manufactured. After production, the prototype is put into 

operation. The obtained scientific results and the experience reports of the 

end users are collected and form the basis for revising the device. This 

iterative process is continued until a fully functioning system is developed. 

However, the quantities of systems produced are usually very small. This 

method requires a close working relationship and a high exchange of ideas 

between engineers and users.  

To overcome the drawbacks of commercially available OOCs the 

DynaMiTES was developed as a novel device that is first presented in this 

thesis. DynaMiTES is an acronym for Dynamic Micro Tissue Engineering 

System and was conceived as a user friendly device for drug absorption 

studies [60–62]. In its development it was required to be easily integrated 

into lab environments for pharmaceutical research. This implies that the 
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standard cell culture inserts used for static absorption studies must be able 

to be introduced into the dynamic environment of the device. In 

combination with a large variety of analytical possibilities, this aspect 

makes the DynaMiTES a novel development in the field of OOCs. The 

inserted cultures mark the lowest in this theses presented biological 

complexity. 

Starting with the DynaMiTES, the devices introduced in the following 

chapters increase in complexity. Chapter 0 introduces structures 

embedded in devices called Neuro-PDMS. Two different approaches of 

Neuro-PDMS based on low cost OOCs for cell structures which represent 

different parts of the human brain are presented and discussed. The key 

features of these devices are the photolithographically structured molds. 

Photolithography allows the production of geometries which cannot be 

produced with machining techniques. The PDMS structures presented in 

Chapter 0 depict a further step towards a more organism based OOC with 

integrated capillary vessels which replace the channels used in ordinary 

OOCs [58]. This advancement enables the potential replacement of 

nutrient solutions by a whole blood equivalent. It is a necessary step 

towards multi organ chips and includes complex interactions of different 

cell organoids. Further developments of this platform represents a novel 

approach for biological engineering of OOCs and drug absorption studies. 

Another step up in complexity, Chapter 4 introduces the Micro Perifusion 

System (MiPS), an OOC that can be used to study cell islets from the 

pancreas in great detail [63]. These islets are also called islets of 

Langerhans and represent a complex formation of different cell types that 

form a fully functional mini organ with an identical behavior to a complete 

pancreas. Placed inside the MiPS, multi parametric real time surveillance of 

these islets can be performed under dynamic stimuli conditions, resulting 

in novel discoveries in the field of diabetes research. The development of 

the MiPS was possible thanks to the use of a new combination of laser 

structuring of borosilicate glass and thermal post treatment. 

The next step of increasing complexity from an organ is towards a whole 

organism. In Chapter 5, a microfluidic chip is described which was designed 

and fabricated with the aim of closely monitoring and studying an entire 

organism. This chip, called NeuroExaminer has the purpose of 

hydrodynamically adjusting the orientation of, and then fixating a zebra 
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fish larva. It can then be used to inject neuronal active chemical stimuli 

into the liquid surrounding of the larva and precisely supply them to the 

organism. This feature allows for precise monitoring of the neuronal 

reaction of the larva to the exposure to chemical stimuli in real time using 

a light sheet microscope with high enough resolution to image the activity 

of individual neurons. This means that the device is required to have 

excellent optical properties for the demanding fluorescence imaging and 

that it needs to be able to be integrated into the light sheet microscope 

setup. 
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2 DynaMiTES 

Conventional safety and efficacy test models such as animal experiments 

or static in vitro cell culture models do not permit the reliable prediction of 

drug candidate performance in clinical tests. Even though a number of cell 

culture models are available, the static test conditions insufficiently 

emulates the in vivo situation. A novel microfluidic cell culture platform, 

called Dynamic Micro Tissue Engineering System (DynaMiTES), was 

designed to allow real-time analysis of the permeation of drugs through 

barrier forming tissues under dynamic conditions combined with 

monitoring the transepithelial electrical resistance by integrated 

electrodes. Cell culture inserts with different tissues pre-cultivated with 

established protocols can be integrated and exposed to well controlled 

dynamic micro flow conditions. This results in a controlled exposure of the 

cells with tested drugs, drug formulations and shear forces. With these 

qualities the new system can provide more relevant information than 

state-of-the art static models. The formation of the electrical fields 

between the electrode pairs during TEER-measurement has been 

simulated with COMSOL Multiphysics and successfully improved through 

geometric adjustment of the electrodes. Flow and mixing behavior inside 

the channel structures was simulated and analyzed using finite element 

method (FEM) based on ANSYS FLUENT. As a first in vitro model, a three-

dimensional hemicornea construct consisting of human keratocytes (HCK-

Ca) and epithelial cells (HCE-T) was tested to evaluate the functionality and 

cell compatibility of this new organ on chip test platform. 

 

Parts of this chapter are based on and quote these publications: 

Hinkel S., Mattern K., Dietzel A., Reichl S., Müller-Goymann C. C. (2019) Parametric investigation of static 

and dynamic cell culture conditions and their impact on hCMEC/D3 barrier properties, International Journal 

of Pharmaceutics, DOI: 10.1016/j.ijpharm.2019.05.074. 

Mattern, K., Beißner, N., Reichl, S., Dietzel, A. (2017) DynaMiTES - A dynamic cell culture platform for in 

vitro drug testing PART 1 - Engineering of microfluidic system and technical simulations, European Journal 

of Pharmaceutics and Biopharmaceutics. advance article online, DOI: 10.1016/j.ejpb.2017.04.022. 

Beißner, N., Mattern, K., Dietzel, A. Reichl, S., (2017) DynaMiTES - A dynamic cell culture platform for in 

vitro drug testing PART 2 - Ocular DynaMiTES for drug absorption studies of the anterior eye, European 

Journal of Pharmaceutics and Biopharmaceutics. advance article online, DOI: 10.1016/j.ejpb.2017.03.021. 
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2.1 Introduction 

A prerequisite for the intended effect of drugs is reaching the targeted 

location in the body. The active ingredients can experience a multitude of 

barriers outside and inside the human body before they reach the target. 

For the treatment of a disease within the eye, for example, an ointment or 

tincture for application to the cornea of the eye is preferred over an 

intraocular application for which a cannula penetrates the cornea of the 

patient, through which the active substances are released. Of course, it 

must be ensured that the active agents of the ointment or tincture also 

overcome the cornea of the eye and are present within the eye in a 

concentration sufficient for healing. The in-vivo transport cannot be 

represented by a static system, but rather a complex dynamic system with 

concentration gradients of the active substance between the outside and 

the inside of the eye, strongly influenced by blinking, tear formation and by 

the body's own exchange of the intraocular fluid in the anterior chamber 

of the eye and vitreous. In order to investigate the effect of new drugs in 

an environment that can mimic the in vivo situation, it is necessary to 

develop a system that maps the dynamic conditions and volumes 

resembles the cell structure of the cornea and enables precise control and 

monitoring. 

Features of the new Dynamic Micro Tissue Engineering System 

(DynaMiTES) is that both acceptor and donor volumes are fully dynamically 

accessible. Thereby, it is possible to inject a dilution rate of the drug 

through the donor volume and pull samples out of the acceptor volume at 

any time and simultaneously replace the extracted volume. The system can 

be equipped with cell culture inserts, which can be seeded with various cell 

lines in a monolayer or in a 3D fashion. Although a strong request for 

already in use cell culture inserts was posed. The most commonly used 

ones are the inserts of the company Transwell®, but it should be possible 

to relatively easy exchange these to other commonly used insert types if 

requested. For easier guidance of the circulating nutrient solution, the cells 

are not colonized on the inner side of the insert membrane, as is usually 

the case, but on the outer lower side. This results in a flat surface which 

can be exposed to an even flow velocity profile over the whole surface of 

the cell culture. The cells are seeded and cultivated onto the insert outside 

the DynaMiTES, before the insert is transferred into the system. 
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The material choice has to take into account that besides a high 

biocompatibility it should include a high inertness and the possibility for 

visual inspection. The online validation of the barrier forming cell tissues 

should be done by TEER measurement, therefore electrodes of a suitable 

design and material have to be introduced into the OOC design. The whole 

device should be able to operate inside an incubator to keep temperature 

and pH changes to a minimum. The assembly before usage and the 

transfer from workbench to incubator increases the likelihood of 

mechanical stress, the design and material choice must minimize. All these 

features were never combined in a device before and mark the first step 

towards an easily customizable device for further applications in 

pharmaceutical research.  

2.2 Design of the DynaMiTES 

The goal was a design where cells transferred into the DynaMiTES can be 

pre-cultivated on the external side of commercial inserts e.g. Transwell® 

inserts outside the DynaMiTES with well-established protocols. 

The fluidic system should also take other kinds of commercial inserts, 

allowing the pharmaceutical operator to just modify a wide range of cell 

culture protocols to inverse cultivation, not requiring adjustment to one 

kind of insert. This means that basic parts of the DynaMiTES have to be 

exchangeable. In this way, a wide range of cell culture laboratories can 

easily adapt their static cell culture models to this dynamic system. After 

transferring the inverted cell culture into the DynaMiTES, the cells on the 

external side of the insert shall come in direct contact with the laminar 

fluid flow in the donor compartment (Figure 2.1, Figure 2.2 and Figure 2.4). 

The DynaMiTES shall further allow extracting sample volumes out of the 

inlet and outlet of the donor and from the acceptor compartment at any 

time during the experiment. 
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A 

 
B 

 
Figure 2.1: Schematic structure of the static test procedure in comparison 

to DynaMiTES. A The housing of the insert (green) separates the donor 

volume (dark blue) from the acceptor volume (light blue). The active 

ingredient can only enter the acceptor volume through the cell culture 

(purple), which is located on the inside of the membrane (red dotted line). 

B The DynaMiTES has the same parts, only the acceptor volume changes 

from inside to outside of the insert, the same applies to the cell culture. 

The red arrows mark inlet and outlet for dynamic operation of both 

volumes. 

To avoid the typical drawbacks of PDMS, the DynaMiTES is fabricated from 

polycarbonate (PC). PC was also chosen for its mechanical, chemical and 

thermal robustness [64], for allowing frequent sterilization, for 

biocompatibility and good cell growth and for transparency permitting 

visual or microscopic inspection. An important user request was optical 

transparency, which enables a review of the insert position during the 

experiment. Although it was desired that the operator would be able to 

inspect the cell layer with an inverse microscope. Additional benefits of PC 
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are the relatively low thermal conductivity, which permits high thermal 

stability inside the system when removed from the incubator. This of 

course results in higher cell viability throughout the experiment, especially 

when it is a requirement to remove a sample from the acceptor volume 

more often throughout the experiment, in which case it is needed to open 

and close the incubator more frequently. PC is also cheaper than aluminum 

or steel, allows much faster milling and reduces wear of the tools. To keep 

the overall costs per experiment relatively low, a multi-usage of the main 

components was highly desired. That implies that the main components 

must be resistant against solvents, corrosion, mechanical stress and 

autoclaving. Other components like seals of all kind may be replaced in 

between experiments. To avoid unnecessary costs per experiment and to 

reach a bigger group of researchers in the field of pharmacy the design 

shall be modular to allow fast adaption to new specific tasks. 

The DynaMiTES was designed as a three-layered modular system 

(Figure 2.2 A and B) with provisions to hold commercial cell culture inserts, 

integrated electrodes (Figure 2.3) for TEER measurements. They later allow 

comparison with results obtained in a commercial TEER set-up under static 

conditions. The DynaMiTES allows continuous TEER observation during 

permeation studies in contrast to static experiments which only permit 

singular measurements before and after the permeation experiment. The 

basic parts of the DynaMiTES are exchangeable, resulting in new 

challenges in the design and manufacturing process. Not only it was 

impossible to have a connection thread for the in- and outlet to extend 

over two modular pieces, which are screwed together. It was also 

necessary to adjust the manufacturing tolerances to higher precision to 

guarantee a fit between all the different parts. To enable the 

interchangeability of the different layers of different systems tighter 

tolerances for the milling have to be accepted although the use of sleeves 

for the microfluidic connection is essential. These sleeves hold the threads 

to screw in the fitting. If those were cut into the bottom and middle level it 

would have been impossible to interchange different bottom or middle 

levels with each other. Drawbacks of this design are the need to 

manufacture two additional pieces for each system, which must also be 

sealed to inhibit leakage. This also represents a reduction in handling 

comfort for the user, due to a longer assembly and preparation time. 
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A 

 
 

B 

 
Figure 2.2: A The complete DynaMiTES with a detached top level with 

the mounted optional motor driven mixer. B Exploded assembly 

drawing of the modular DynaMiTES. 

This continuous TEER measurement will be of great interest in the 

evaluation of the excipients influence on the epithelial barrier properties. 

Preservatives or permeation enhancers, for example, can increase drug 

absorption by weakening the epithelial barrier observable as a decrease in 
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TEER. With the DynaMiTES, the opportunity opens up to get real-time 

information of these effects improving the evaluation in pharmaceutical 

formulation development. 

 
Figure 2.3: The donor micro channel structure in the DynaMiTES with the 

inlet (in the upper left corner), fluid obstacles for flow homogenization 

(picture center) and the lower pair of TEER-electrodes (partially visible at 

the lower right hand part of the picture). 

For experiments with changing dilutions two fluids can be mixed before 

entering the system inlet. For a good TEER-measurement it is required that 

both electrode pairs and the cell culture insert are in perfect axial 

alignment. This implies that the lower electrode pair is located in the 

optical path when inspecting the cell culture. 
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Figure 2.4: 3D-drawing of microfluidic donor channel (green) with inlet 

(left) and outlet (right). The acceptor compartment (red) is separated from 

the donor by the cell culture insert with the membrane (grey) in direct 

contact with the flow in the donor channel. 

The bottom level comprises the donor compartment with microfluidic 

homogenization structures (Figure 2.2 and Figure 2.3), the insert level 

holds the different types of inserts and the top level closes the acceptor 

compartment and holds an optional motor driven mixer. With the purpose 

to achieve a homogeneous concentration of the active pharmaceutical 

ingredient (API) for reliable concentration measurements in the absorption 

experiments.  

The microfluidic channel in the donor compartment can mimic the natural 

convection and in vivo-like shear stress for the epithelial or endothelial 

cells. To avoid dead volumes, the insert level can differ slightly for different 

cell insert types. Access ports are provided to fit in sleeves made of 

corrosion resistant aluminum alloy for connecting the inlet and the outlet 

of the donor channel with pumps and reservoirs (Figure 2.2 B). The 

volumes of the acceptor and donor compartments were set to 1.6 mL and 

370 µL [65, 66], respectively, being almost identical to the volumes which 

are used in conventional static cultivation and substance testing 

experiments thereby allowing direct comparison of the results. 
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Exactly in the middle of the donor compartment, two concentric TEER 

electrodes made from stainless steel are positioned. The inner electrode is 

surrounded by a ring electrode (Figure 2.3). The top level holds the 

opposing upper electrode pair where the inner electrode has the shape of 

a ring around the shaft of the mixing rotor. Thus, both electrode pairs 

together provide the electric circuit for TEER-measurements. FEM (finite 

element method) simulations were performed for two different electrode 

geometries A and B (Figure 2.5). Both designs have two electrode pairs. 

Design A however consists of two equal pairs of ring electrodes, for Design 

B the lower pair was changed to a pin and ring electrode configuration 

(both shown in the middle of Figure 2.5). A practically homogeneous 

current penetrating the membrane was only achieved for design B which 

was utilized to obtain the subsequent results. 

 
Figure 2.5: 2D current density distributions at the plane of the cell culture 

membrane obtained by FEM simulations for a symmetric electrode design 

A (left side) and for an asymmetric design B (right side), both with sketches 

of the upper and lower electrode geometries. The dashed ochre circles 

mark the edges of the cell culture membrane. The lower electrode of 

design B is partially also visible in Figure 2.3. Outside the membrane there 

is no current (deep blue color) and for the case of design B the distribution 

within the dashed circle appears practically homogeneous. 

Permeation measurements require a homogeneous drug distribution 

inside the acceptor volume. Since the inverted cultivation locates the 

barrier forming epithelial cells on the donor side of the insert, it is possible 

to use a motor driven mixer in proximity of the membrane without the risk 

of damaging the cultivated cells (Figure 2.2). The transparency of PC also 

allows the individual adjustment of the mixer’s height to protect cells 
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seeded in the insert from harmful influences. The rotor is powered by a 

DC-motor; its speed is controlled by a pulse width modulation signal. If the 

active mixer is still considered too harmful to the cells it can be easily 

detached from the top level by the user without affecting other features. 

The active mixing of the acceptor volume can then be performed by 

placing the DynaMiTES onto a shaking plate. For sampling from the 

acceptor volume, an access port is provided at the front of the middle level 

which is sealed by a septum.  

The top level seals the acceptor compartment from the surrounding 

environment. Here, another access port is provided which is also sealed by 

a septum. Removal of the septum allows trapped air bubbles to escape 

from the acceptor fluid and with the septum in place it provides an 

alternative access for sample taking to investigate the drug concentration 

in the acceptor compartment. Substance sampling requires two 

connections, since the extracted volume has to be simultaneously replaced 

in order to keep conditions stable. The design of the sample extraction 

ports provides a dead volume of only 0.01 mL, which supports a precise 

dynamic measurement of the drug absorption through in vivo like diffusion 

distances. Manual extraction with microliter syringes as well as automated 

sampling is possible. 

2.3 Implementation of Ocular DynaMiTES 

As the cornea is a strong barrier for topically applied drugs, predictive in 

vitro cell culture models for the evaluation of bioavailability are of great 

interest. Unfortunately, precorneal drug concentration is in vivo 

continuously diminished by tear flow and static in vitro test systems are 

unable to mimic these physiological conditions. Therefore, common static 

corneal test systems may lead to unreliable results [65, 66]. 
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Figure 2.6: From left to right: cross-sectional morphology of the human 

cornea, classic hemicornea and the inverted hemicornea stained with 

haematoxylin and eosin. 

For this reason, a human hemicornea (HC) construct, which was already 

developed in 2011 and pre-validated in 2012 [65, 66], was chosen as first in 

vitro model to be adapted for substance testing within the DynaMiTES. The 

external pre-cultivation prior to transfer into the DynaMiTES was 

performed in conventional Transwell® inserts [65, 66]. This pre-cultivation 

led to three-dimensional cell cultures with tissue morphologies similar to 

the in vivo appearance of human cornea and the classic HC cultivated 

following Hahne et al. as shown in (Figure 2.6) [65, 66]. 

The inverted HC was exposed to materials used in the DynaMiTES for the 

intended experimental time of three hours and cell viability was then 

investigated using 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra 

zolium bromide (MTT) dye reaction. Samples (disks with a diameter of 

10 mm and a thickness of 1 mm) of each material (aluminum, V2A steel, 

PC) were placed beneath the Transwell® insert in standard cell culture 

plates at the well bottom to ensure direct contact to the Krebs-Ringer 

buffer (KRB) but not to the cells. As a positive control, KRB without the 

material sample and a brass sample with potentially negative effect of 

copper to the cells as a reference were included in the evaluation. Three 

hours of MTT dye reaction were followed by an overnight cell lysis for the 

extraction of the violet dye. The UV absorption measured at 570 nm was 

used for the evaluation of cell viability, which was calculated relatively to 

the absorption of KRB. As all values lie between 120 % and 80 %, the 

experiment revealed no harming effects for all tested materials 

(Figure 2.7). The slight increase in cell viability with aluminum might result 
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from stimulating effect on cell metabolism or proliferation as it has already 

been shown for cell growth on other aluminum compounds [67]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Cell viability of inverted hemicornea after three hours of 

exposure to indicated materials (1 to 5) and after three hours in the fully 

assembled DynaMiTES (6). Mean values and standard deviations obtained 

from 6-8 iterations are plotted. 

The material samples were also exposed to KRB in the absence of cells for 

the duration of three months after which no corrosive effects could be 

detected visually. Additionally, cell viability of the inverted HC in the fully 

assembled DynaMiTES over three hours was evaluated similarly to exclude 

any eventual harming potential of screws, seals or material combinations 

which also revealed no significant tendency to lower cell viability 

(Figure 2.7). 

As the low gas permeability through the PC could potentially lead to 

insufficient pH adjustment of the nutrient solution within the DynaMiTES, 

only KRB in which the pH value is independent from gas exchange was 

used. In dynamic cultivation experiments of future studies, problems from 

low gas exchange can be avoided by pH adjustment of the cell culture 

n = 6-8 
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medium before entering the system or by employing CO2 independent 

media.  

In the DynaMiTES the acceptor compartment is separated from the donor 

compartment by the Transwell® membrane bearing the cell cultures. The 

surface of the membrane is 1.12 cm², which is close to the corneal surface 

area of an adult human. To achieve more in vivo-like conditions, a dynamic 

fluid flow was applied to the donor compartment. The tear volume flows 

can be divided into two different phases. The first phase after application 

of the drug is called the “initial rapid elimination”. It is characterized by a 
volume flow of 0.023 µL·s-1 [68]. After 5-7 min this phase is followed by a 

slower elimination, the “basal phase”, with a tear volume flow of 0.01 µL·s-

1 [68, 69]. This means that the fractional turnover rate inside the eye is in 

the first phase 0.0033 s-1, followed by a slower phase with only 0.0014 s-1 

[70]. Translated to the DynaMiTES with a donor volume of 370 µL, the 

initial volume flow has to be 1.22 µL·s-1 first and has to be reduced to the 

basal phase with a volume flow of 0.52 µL·s-1. At laminar flow the shear 

stress τ [Pa] at the membrane surface depends on the volume flow inside 
the donor microchannel V [m³·s-1] as τ = V ̇·3η/(2Acs·hc) [71], where η 
[Pa·s] is the viscosity of the fluid, hc [m] the height of the donor 

microchannel, and Acs [m²] the area of the channel cross section [71]. 

Volume flows of 1.22 µL·s-1 and 0.52 µL·s-1 will lead to a shear stresses of 

8.49·10-5 Pa and 3.62·10-5 Pa, respectively, clearly below levels occurring 

in vivo during a blink of the eye with up to 15 Pa [72]. For studying the 

permeation of certain drugs and the influence of shear stress all areas of 

the cultured tissue need to be exposed to equal drug concentrations and 

flow velocities within the donor compartment. For this reason, FEM 

simulations (FLUENT computational fluid dynamics 16.1, ANSYS) with 

volume flows were carried out using material parameters of water at a 

temperature of 37 °C, which are practically equal to those of nutrient 

solutions. Flow velocities occurring at half of the donor channel height 

were investigated and resulting distributions are displayed in Figure 2.8 to 

Figure 2.10. In Figure 2.10 A and B line profiles across the center of the 

membrane are shown which allow for a quantitative comparison. Further, 

the behavior of the flow front from an injected drug loaded nutrient 

traveling through the donor channel was studied by introducing a second 

liquid phase of identical fluid properties in transient simulations. This drug 

loaded phase is assumed to fill only the upper half of the inlet thereby 
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reducing the consumption of costly drugs at places where they cannot 

reach the cells by diffusional transport. The resulting concentrations of the 

drug loaded fluid at the plane in direct contact with the cells were 

investigated and the distributions are given in Figure 2.8 and Figure 2.9. In 

Figure 2.10 line profiles across the center of the membrane are shown 

which allow for a quantitative comparison. 

A 

 

B 

 
Figure 2.8: A Flow velocity distribution at a depth of 500 µm (= distance 

from the membrane) at a volume flow of 2.46 µL·s-1 obtained by FEM 

simulation. Dashed red circles mark the position of the cell culture 

membrane. The red line indicates where a velocity line profile (Figure 2.10 

A) was obtained. B Distribution of the concentration of the inserted drug 

loaded fluid (injected red phase) at depth zero (in direct contact to the 

membrane) at a volume flow of 2.46 µL·s-1 obtained by transient FEM 

simulation. The unloaded fluid (red colored) appears to reach depth zero 

only outside the cell culture membrane area (marked by dashed red circle) 

when the drug loaded fluid front passes through the donor compartment. 

The red line indicates where a phase distribution (Figure 2.10 B) was 

obtained. 

At volume flows up to 2.46 µL·s-1 (twice the initial phase flow rate) an 

even exposure to flow induced shear stress (Figure 2.8) and to drug 

molecules are observed. However, simulations with largely increased 

volume flows of 100 mL·s-1 (which would generate shear stress to the cells 

typically occurring during eye blinking) showed, that asymmetric flows can 

develop from smallest channel asymmetries [62]. Inhomogeneous flows 

inevitably also lead to inhomogeneous drug concentrations below the 

membrane. In order to avoid asymmetric flows and to develop a more 

versatile fluidic device we equipped the inlet with passive flow 
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homogenization structures (also seen in Figure 2.3 and Figure 2.4) 

consisting of cascaded obstacles [73]. These lead to a better symmetry and 

homogenization of flow velocities even at high injected volume flows 

(shown in Figure 2.8 B and Figure 2.9 B).  

A 

 

B 

 

Figure 2.9: A Flow velocity distribution at a depth of 500 µm (= distance 

from the membrane) at a volume flow of 100 mL·s-1 obtained by FEM 

simulation, with passive homogenization structures. The red line indicates 

where a velocity line profile (Figure 2.10 A) was obtained. B The dashed 

red circle marks the position of the cell culture membrane. Concentration 

profile of the inserted drug (injected red phase in the formerly blue phase 

filled donor) at a depth of 0 µm (= distance from the membrane) at a 

volume flow of 100 mLs-1 obtained by FEM simulation, with passive 

homogenization structures. The red line indicates where a phase 

distribution (Figure 2.10 B) was obtained. The dashed red circle marks the 

position of the cell culture membrane. 
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Figure 2.10: A Cross sectional velocity line profiles across the membrane 

center. The data points are obtained from the distribution shown in 

Figure 2.8 A and Figure 2.9 A, compared to channel geometry without 

passive homogenization structures under same flow conditions. The 

position variable Y runs between donor channel edges (at 0 and at 

15 mm, also shown in the lower left corner of Figure 2.8 A to Figure 2.9 

B). The square shaped data points are obtained from an FEM simulation 

at same conditions but without passive homogenization structures. B 

Cross sectional concentration line profiles across the membrane center. 

The data points are obtained from the distribution shown in Figure 2.8 B 

and Figure 2.9 B, again compared to channel geometry without passive 

homogenization structures under same flow conditions. The position 

variable Y runs between donor channel edges (at 0 and at 15 mm, also 

shown in the lower left corner of Figure 2.8 A to Figure 2.9 B). The 

square shaped data points are obtained from an FEM simulation at same 

conditions but without passive homogenization structures. 

Through the implementation of the passive homogenization structures the 

distributions of flow velocities and of transient drug concentrations 

become practically symmetric and homogeneous even at high volume 

flows underneath the membrane (Figure 2.8 to Figure 2.10). In Figure 2.8 

and Figure 2.9 quantitative velocity and concentration distributions are 

given which demonstrate the effectiveness of flow homogenization 

structures. In the simulations asymmetries occur at high velocities due to 

small asymmetries in the finite element mesh whereas in reality 

asymmetries can easily develop as smallest geometric imperfections 

introduced in the micro channel fabrication. At lower volume flows these 

passive flow homogenization structures provide neither an advantage nor 

a disadvantage compared to the channel without these structures but they 

help providing a homogeneous and well defined concentration gradient 

across the membrane from donor to acceptor of a wide range of volume 

flows [62]. 

2.4 Experimental Evaluation of the Ocular DynaMiTES 

Verification tests were conducted with the inverted HC construct at a KRB 

volume flow of 0.52 µL·s-1 representing basal flow levels with a slight 

shear stress on the inverted HC. An epithelial TEER-measurement 
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electronics from World Precision Instruments (EVOM®) was connected to 

the electrodes (variant B as sketched in Figure 2.5), whereby the outer 

electrodes were connected to an AC square wave current with ±10 µA at 

12.5 Hz [74]. At this frequency, charging effects on the cell layer and the 

electrodes can be avoided [29], thus minimizing damaging effects, which 

are more likely when a DC current is applied. With the remaining inner 

electrodes, the voltage was measured. For comparison a second HC 

construct was measured under static conditions in the commercial 

EndOhm® chamber (World Precision Instruments). The TEER-values of both 

cultures measured at identical time intervals with the same EVOM® are 

shown in Figure 2.11.  

 
Figure 2.11: 14 Course of the TEER for inverted hemicornea under dynamic 

conditions inside the DynaMiTES (blue squares with and red dots without 

offset correction) and under static conditions inside a commercial 

EndOhm® chamber (green triangles). 

The measured TEER values inside the DynaMiTES are higher than the TEER-

values in the EndOhm® chamber because of larger distances between the 

electrodes. For an offset correction, we measured the TEER-value disparity 

between the EndOhm® chamber and the DynaMiTES, both without cell 

cultures. The difference amounts 150 Ω·cm² and was subtracted from the 
measured TEER-values (Figure 2.11). Both measurements first show a 
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similar decreasing trend of TEER over time reaching a stabilized value after 

30 minutes at dynamic flow conditions for DynaMiTES but continuing to 

decrease in static conditions in the EndOhm® chamber. This trend indicates 

not functional barrier properties of the cell culture, which result in a not in-

vivo like high permeation of applied APIs. 

 
Figure 2.12: Permeated amount of sodium fluorescein over 180 minutes 

under dynamic conditions inside the DynaMiTES mean values and standard 

deviations obtained from 4 iterations are plotted. 

As a proof of concept the amount of permeated sodium fluorescein over 

time was measured to obtain a second experimental parameter for the 

tissue barrier properties. For this purpose, a sodium fluorescein solution 

(250 µg/mL in KRB) was pumped through the donor compartment with the 

basal flow rate of 0.52 µL·s-1. Over the course of 180 minutes the 

concentration of the fluorescent dye was measured in the acceptor 

compartment by sampling at 10, 20, 30, 50, 70, 90, 120, 150 and 

180 minutes. The samples were analyzed with a fluorescence micro plate 

reader from Tecan (Männedorf, Switzerland) at an excitation wavelength 

of 485 nm and an emission wave length of 535 nm. From the linear ascent 

of the obtained curve (Figure 2.12) the permeation coefficient was 

calculated as described in the literature [65, 66]. This value (2.80 * 10-7 ± 

0.76 * 10-7 cm·s-1) was similar to the published values of the classic HC. 
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Therefore, we were able to show, that, on the one hand, barrier properties 

do not seem to be diminished by the DynaMiTES setup and furthermore, 

drug absorption can be investigated easily in the new platform.  

2.5 Further design improvements 

The DynaMiTES has been continuously refined in order to address these 

far-reaching research objectives (Chapter 2.1). The main design presented 

in Chapter 2.2 has remained largely unchanged. However, in order to 

extend the range of applications, the DynaMiTES middle plane was 

enlarged to create enough space for a new insert type, the so-called 

Grainer® insert. The higher sidewalls of this insert type made it necessary 

to access the donor compartment from the top level rather from the side 

of the insert level (see Figure 2.13). The donor access ports are closed by 

self-sealing septa and can be punctured by cannulas through a center hole 

in the donor access locks. 
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B 

 
 

Figure 2.13: CAD-Sketch of the two used insert types. Left Transwell®, right 

Grainer® insert. A side view, B isometric view. 

Therefore, all top levels now have two physical access ports for sampling, 

which can also be used to create a circulation inside the acceptor volume if 

needed. This addition made the active mixer included in the original design 

obsolete. Since the simulations (see Figure 2.8-Figure 2.10) did not show 

the need for a passive mixer inside the channel structure of the donor at 

flow velocities below 100 mL·s-1 [62], these structures were also removed. 

A further design improvement for the DynaMiTES could allow films of 

keratin seeded with cells to be screwed into the insert level and thus 

dynamically stressed by the microfluidic flow conditions. 
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Figure 2.14: A isometric exploded CAD-sketch, from top to bottom: upper 

sealing ring (black), screw ring out of Delrin®(grey), lower sealing ring 

(black), keratin film (red) and new Dynamites insert level (transparent). B 

detailed sectional view of the assembled level. 
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After several months of intensive use, the aluminum centering pins of the 

original DynaMiTES design showed increasing signs of corrosion, and the 

associated expansion of the material caused problems during assembly 

and disassembly of the system layers. The centering either didn’t fit in the 
drillings of the top or bottom level, or worst expanded during the 

experimental phase inside of the holes and made a disassembly without 

additional use of mechanical force impossible. For this reason, a new 

centering structure was milled directly into the PC (see Figure 2.15 A-C). 

This new design eliminates the need for centering pins and the user can 

only assemble the system in such a way that the planes have the correct 

spatial orientation and the electrode connections are in the correct 

position. In this new design, the newly designed electrodes (see Figure 2.5) 

are made of V4A stainless steel compared to standard streel alloys and 

V2A stainless steel that was used previously. This update increases tool 

wear during production, but that is offset by the much longer service life of 

the electrodes. The electrical connection is now performed by a three wire 

female connector (M5 Gerätesteckverbinder gerade Buchse, Stecker 

Express, Enstingen, Germany), of which only two wires are occupied. 

A 
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B 

 
C 

 
Figure 2.15: For a better overview, only one part of the CAD-sketches was 

named at a time, screws and sealing rings are not shown. It shows the 

Grainer® and Transwell® insert levels in comparison with all the newly 
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implemented features. A isometric exploded, B exploded side view. C Later 

version of the DynaMiTES with the new insert level for Grainer® inserts 

(right). Improved mounting out of PC, electrode material and shape and 

new electrical and physical connections to the acceptor volume  

The innovations described above enabled the implementation of an 

additional cell model: a blood-brain barrier model (hCMEC/D3). The 

updated design of the DynaMiTES made it possible to conduct studies 

aimed at improving the barrier properties of these cells  under dynamic 

flow conditions [60]. 
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3 Neuro-PDMS-system 

Two different approaches of organ on chip models will be discussed that 

are supposed to represent parts of neuronal networks and the supplying 

vascular system. The intended applications of the two systems differ 

strongly but they are all made from by mold casting from PDMS. This 

material, which was avoided in the previously discussed systems for 

reasons of molecule adsorption and auto fluorescence, has sometimes 

even advantageous properties like suitability for simple replication, very 

good biocompatibility and gas permeability. The cell lines to be used in 

these systems have increased demands for the last two points. The here 

presented devices are made by soft lithographic molding techniques, also 

because concave edges inside the mold are required, which are otherwise 

difficult to obtain. This is for instance impossible by regular milling due to 

the use of rotating tools. This concept was further developed by the use of 

advanced techniques of two photon polymerization for the fabrication of 

3D master structures. First, a system for the cultivation of endothelial cells 

for the formation of capillary vessels for in vivo like supply of cell cultures 

with nutrients will be described. Second, this approach has been further 

developed for studies on drug absorption.  
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3.1 Introduction 

This chapter deals with organ on chip models that are supposed to 

represent parts of neuronal systems and their supply structures [75, 76]. 

The tasks of the two to be discussed systems differ strongly from each 

other. However, both were manufactured from PDMS.  

This material, which was avoided in the previous systems for various 

reasons, has some important advantages for the following applications. 

These a simple reproduction of the systems to very good biocompatibility 

and oxygen permeability. The cell lines used in the systems have increased 

requirements in the last two points, which is why this choice of material 

was made. Starting with a system for the cultivation of endothelial cells for 

the formation of capillary vessels for an optimized supply of cell cultures 

with nutrients, this approach was further used for studies on drug 

absorption. All molds are structured via photolithography processes, which 

offer more possible contours and smaller structures then conventional 

machining processes. 

A challenge for organ on chip systems, which contain organoids, is to 

optimally supply them with nutrients. With smaller one-dimensional cell 

layers, the supply of nutrients to maintain viability may still be relatively 

easy, but this changes with increasing size and complexity of the cell 

models and culminates in a multi organoid network. Approaches to 

address this challenge include the use of artificial blood, which is able to 

supply several different cell lines simultaneously [58]. Instead of buffer 

solution, which are optimized for one cell line. This approach, makes it 

necessary to completely line the inner channels with endothelial cells, as 

otherwise thrombi would form. These may clog the channels which 

obstruct or even prevent the supply of nutrients to the cells. If one needs 

channels lined with endothelial cells anyway, another step would be to get 

the endothelial cells to develop their own capillaries for the nutrient supply 

of the organoid models. The concept foresees to seed endothelial cells into 

a fibrin gel. From this liquid-permeable structure the cells are supported. 

The cells then act in vivo as if they were injured and independently 

network to form vascular structures in the surrounding tissue, 

reconnecting to the blood supply of the organism and thus supplying it 

with nutrients. As a result, the design is optimized rather to optimally 
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absorb and safely position the fibrin gel and not to map the microvascular 

structures themselves [77, 78].  

It is also possible to use the microvascular structures for other purposes 

than only for the nutrient supply of cell cultures. It is also conceivable to 

use the system to investigate the permeation of active substances through 

the endothelial cell wall. This question is of particular interest with regard 

to the tight junctions of the blood-brain barrier. These tight junctions 

between the individual endothelial cells ensure that a transition to the 

neurons is not possible for the majority of the substances dissolved in the 

blood. This property is absolutely necessary for survival, but it also 

prevents the highly potent active substances against neuronal diseases 

from reaching the intended target in the brain. In order to analyze the 

transfer of active substances dissolved in the blood through the blood-

brain barrier, the described system can be used by comparing the active 

substance concentration gradient between incoming and outgoing nutrient 

solutions. This is possible because in the course of cell growth the fibrin gel 

is completely lined with endothelial cells from the outside and there is no 

possibility for the nutrient solutions to flow through the fibrin gel directly. 

An even more advanced approach is the additional seeding of neurons into 

the fibrin gel [79]. This would also enable the user to analyze the effects of 

the active substances on the neurons. 

As already mentioned, neurons are extremely sensitive to a wide variety of 

substances and therefore place higher demands on biocompatibility of the 

materials used. In such systems, the combination of glass as carrier 

substrate and PDMS with embossed channel structures is therefore often 

used. This combination also enables the individual analysis of a neuron. 

3.2 Chip design 

In cooperation with Tobias Hasenberg from the company TissUse GmbH, a 

first chip was developed in the size of a microscope slide with external 

dimensions of 76 x 26 mm (Figure 3.1). The shape of structures to be filled 

with fibrin consisted of two individual rows of columns with a distance of 

600 µm to each other, the columns with a cross-section of a hexagon with 

an edge length of 50 µm are located at a distance of 200 µm from each 

other. The soft lithographic replication makes it necessary to produce the 

negative form with the aid of photolithography. In the case of 
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micromachining by a milling cutter, these dimensions could also be 

produced, but the corners of the hexagon would necessarily assume the 

geometry of the rotating tool. The functional principle of fibrin loading 

prevents this, as a defined and sharp-edged corner is required to shape the 

fibrin gel in a defined shape due to its surface tension. This makes it 

possible. That the gel is between the posts in direct contact with the 

nutrient solution during later application. 

 
Figure 3.1: CAD-design of the chip. Blue marks the outline of the channels, 

red, the outlines of the hexagon shaped posts to hold the fibrin gel in 

place. 

3.3 Microfabrication 

700 µm thick Borofloat® glass wafers from SCHOTT were used as the 

carrier substrate for the production of the molds based on the 

photosensitive negative photoresist SU-8. The wafer surface was cleaned 

of particles and organic adhesions with the spray processor (Fairchild 

Convac, Neuenstadt, Germany) in a four-step cleaning program: 1) a 

600 kPa high pressure distillate water jet for 60 sec, speed 5500 rpm and 

acceleration 200 rpm/s², 2) a mixture of H2SO4 + H2O2 for 120 sec, speed 

500 rpm, acceleration 200 rpm/s², 3) a rinse with H2SO4 + H2O2 for 90 sec, 

speed 500 rpm, acceleration 200 rpm/s², and finally 4) a dry centrifugal 

screen for 15 sec, speed 550 rpm and acceleration 200 rpm/s². In addition, 

a rinsing step with distilled water was carried out, followed by a dry 

centrifugal step. For dehydration the wafer was placed directly on a 

hotplate with a temperature of 120 °C for 30 min. After this step the 

surface was manually blown off with nitrogen and the transferred to the 

spin coater. 4 ml of SU-8 2005 was carefully placed onto the middle of the 
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with 500 rpm spinning wafer. SU-8 excess was centrifuged by a spinning 

speed of 3000 rpm for 30 sec. For levelling of the SU-8 the wafers were 

placed on aluminum dishes, covered by glass petri dishes and the placed 

on a hotplate with a temperature of 50 °C. After leveling, the glass petri 

dishes were removed and the temperature was raised to 95 °C with a ramp 

of 37 % and left for 5 min at the end temperature. Photoresist residues on 

the underside of the wafers were wiped off with cleanroom wipes soaked 

in acetone. The mask aligner (EVG 620, EV Group, St. Florian am Inn, 

Austria) was used for flood-exposure with a power density of 100 mJ/cm² 

and a mask blank. The post-exposure-bake was done with a start 

temperature of 65 °C and raised with a 37 % ramp to 35 °C and left at this 

end temperature for additional 5 min. For the targeted thickness of the SU-

8 mold of 100 µm the coating was carried out with 4 ml of SU-8 2050 with 

a spinning speed of 300 rpm for 10 sec and then accelerated with 

300 rpm/s to 1400 rpm, where it stayed for 30 sec. Leveling was done as 

described earlier only with a longer duration of 30 min. Drying was done by 

65 °C for 7 min, during this step with the glass petri dish cover. Then 

without cover and a ramp of 37 % the temperature was raised to 95 °C and 

stayed at this value for further 30 min. Before transfer to the mask aligner, 

the resist residues were removed as described earlier. Exposure was done 

with the designed mask and a power density of 260 mJ/cm². This post-

exposure-bake began with 65 °C for 1 min and the raised with a 37 % ramp 

to 95 °C where it remained for further 10 min. The wafers were developed 

in cyclopentanon for 70 sec and in MR-Dev 600 for 7 min and later rinsed 

in MR-Dev 600 for 90 sec and isopropanol for 30 sec and then spin-dried. 

The layer thickness of the SU-8 2050 was checked at the wafer with the 

least amount of stress cracks with the Dektak 8 styli from Veeco Metrology 

Group, Plainview, USA at five places of each system located at each corner 

and in the center. The average thickness of the first mold was 96,168 µm, 

the thickness of mold two was 97,336 µm. Both molds were therefore less 

than 4 µm different from the desired thickness and therefore well suited 

for further processing. 

3.4 Evaluation 

The final molding of the systems with PDMS as well as the experimental 

evaluation of the systems was carried out exclusively by the cooperation 

partner TissUse GmbH, which in the course of the possible patentability of 
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the systems kept its results partly strictly confidential. Only a fluorescence 

image was therefore passed on. The picture shows a self-growing capillary 

vessel made of endothelial cells. 

 
 

Figure 3.2: Fluorescence image of green glowing endothelial cells in fibrin 

gel. The first fine vascular structures are already forming [58]. The posts 

are outlined red for better visibility. 

This is the proof of principle, in further experiments much more complex 

three-dimensional structures were bred. These results were kept 

confidential for a long time, since they were highly relevant for the 

upcoming human on chip development of the company and were only 

recently published [58]. 

As a summary of the results can be said that the fibrin gels were 

successfully injected into the chip. The embedded endothelial cells and 

stromal cells formed a vascular network into the microfluidic platform. 
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Perfusion for two weeks without interfering with the embedded cells could 

be accomplished. And the incorporated network remained stable in serum- 

and supplement-depleted growth medium, which made the platform 

attractive for drug development and tissue engineering [58]. 

3.5 Redesign for absorption studies 

The efforts of new systems for absorption studies of the blood-brain 

barriers are going in the direction that the OOC is designed in such a way 

that the endothelial cells that form the blood vessels and line the inside 

find the same conditions as possible in the capillaries inside the human 

brain. Some research groups follow the concept that fine channels must be 

produced in order to force the endothelial cells into a correspondingly 

narrow shape [80]. This poses a high challenge both from the point of view 

of microfabrication and from the point of view of the end application. The 

concept of further development was based on the following basic idea: If 

the microfabrication of OOCs, which makes the blood-brain barrier so 

difficult to produce, why not leave the formation of capillary vessels 

entirely in the hands of the endothelial cells? After formation of the 

capillary vessels the active substance to be tested can be pumped through 

them. By knowing the concentration of the active substance inside the 

media injected and measuring it after it has left the vessels, direct 

conclusions can be drawn about the absorption. TEER-electrodes or 

fluorescence measurements would have to be used for further analysis of 

the cell integrity.  

The systems therefore only have the task of supplying the endothelial cells 

with nutrients and offer a gas exchange in the best possible way while 

keeping the pH value and temperature of the medium as constant as 

possible and fixing the fibrin gel locally in the desired channels over the 

entire experiment time. For this task, a new variation of geometry of the 

posts was introduce to reduce the possibility of spikes in tension on the 

edges of the hexagon, which resulted in cracks of the SU-8 master (see 

Figure 3.3). To achieve that the fibrin channels will be completely loaded 

with gel further design variations have to be tested to find the longest 

possible channel with the maximum distance between each post before 

the surface tension of the gel is too low to keep it inside its channel 

structure. Both the hexagon shape and circle post diameter are 100 µm. 
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The channel length was set to 6 and 10 mm, as shown in Figure 3.4 the 

fibrin channels can be accessed through ports at each end of the channel. 

Therefore, the resulting loading lengths can be 3, 5, 6 and 10 mm 

depending if the user choses one or both ports. The post distances were 

set to 200, 300, 400 and 500 µm. 

A 
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B 

 

Figure 3.3: A SU-8 master of the whole chip. B Detailed view of SU-8 

master with a view of the hexagon structured posts with stress cracks 

after post exposure bake on the sharp edges. 

The design concept (Figure 3.4) for the new task consists of a central main 

chamber with two fluidic inlets from left and right. To the above and below 

of the main chamber are the channels for receiving the fibringel, into 

which the endothelial cells can be sown. Both fibrin channels have access 

from the round ports left and right. Below the lower and above the upper 

fibrin channel are the secondary chambers, each with a fluidic access. 
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Figure 3.4: Top view of the CAD-Design of one chip. All media in- and 

outlets are provided with labyrinth style sealing to prevent glue from 

clogging the channels (orange outlines) when the cannulas are inserted for 

fluidic access. Channel outlines are displayed blue, posts for fixating the 

fibrin gel (green) are displayed red. Ports for fibrin gel injection are marked 

with a purple outline. 

The concept of operation is as follows: The fibrin channels are each filled 

via the two connections (black hatching Figure 3.5). The entire system is 

then flooded with medium. The cells are to be sown both in the fibrin gel 

and freely in the main channel. At the beginning of the growth phase, the 

fluidic exchange of medium is to take place solely through the two inflows 

of the main channel (light blue arrows mark the fluidic flow Figure 3.5 A). 

After a fixed cell layer on the outer surface of the main channel is 

established, the flow is diverted so that the fluidic connections of the main 

channel are both used for the inflow for minimizing a concentration 

gradient of the injected substance. The fluid will then be guided through 

the vascular structures and leave the system through the upper and lower 

outlets (light blue arrows mark the fluidic flow Figure 3.5 B). The fibrin gel 

remains permeable to the nutrient solution until a closed layer of epithelial 

cells has formed. However, connecting channels should have formed from 

endothelial cells, which connect the main chambers with the secondary 

chambers. From this point on, the system is available for absorption 
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experiments. As can be seen in the Figure 5.4, the systems are completely 

closed after molding and bonding. The fluidic connection is only made by 

the end user, this is to avoid contamination by germs, which could 

otherwise endanger the cell cultures. 

A 

 
B 

 
Figure 3.5: Sketch of the functional principle. Dark blue lines mark the 

outer geometry, the posts are marked in red, the channels filled with fibrin 

gel are hatched in black and are filled via the circles at the ends. Fluidic 

flow directions are indicated by the light blue arrows. 
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3.6 Microfabrication 

The glass/Su-8 molds for the systems were manufactured as described in 

Chapter 3.3. A two-component PDMS was used for molding. PDMS (Sylgard 

Silicone elastomer 184, Dow Corning, Wiesbaden) and hardener (Sylgard 

185 Curing agent 185, Dow Corning, Wiesbaden) were carefully manually 

mixed inside a regular plastic cup with a plastic spoon in a 10:1 ratio. To 

remove air bubbles from the material the mixture is degassed by vacuum 

up to 30 Pa in a barrel etcher (Barrel Etcher, Plasma Technology Barrel 

Etcher, Herrenberg). The wafer was finally poured over with the PDMS on 

an aluminum tray as a protection against overflow and cured for 4 hours at 

70 °C on a hotplate (Präzitherm, Störk Tronik, Stuttgart). The PDMS mass 

can then be removed from the wafer with tweezers and separated with a 

scalpel. In order to obtain sealed systems, the PDMS blanks were bonded 

to microscopic slides (Microscope Slides, IDL GmbH & Co KG, Nidderau) as 

a carrier substrate. For this purpose, both the PDMS blank and the slide 

were first subjected to an O2 plasma treatment in the barrel etcher in 

order to achieve surface activation. Then the slide was wetted with 

ethanol and the PDMS blank was applied. The ethanol film allows the blank 

to be aligned with the slide and the bonding process is initiated only after 

the slide has degased. A further advantage of this method is that the 

systems after the O2 plasma and soaking in ethanol have a low germ load. 

The evaporation was again done on an aluminum tray on top the hotplate 

for 4 h at 40 °C.  
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A 

 
B 

 
Figure 3.6: A 4”-glasswafer with SU-8 mold. B Casted, removed from the 

mold and bend PDMS layer. 



Chapter 3 

 

56 

 

3.7 Functional Test 

The first hurdle for commissioning the systems, was filling them with fibrin 

gel. After microfabrication, the systems were handed over to the Institute 

of Pharmaceutical Technology, where they were finally to be used. After 

the systems were made accessible to the fluidic outside world, the fibrin 

ports were opened with a biopsy skin punch (Biopsy Punch, KAI 

Corporation, Tokyo) with a diameter of 1 mm and then the fibrin gel was 

injected into the system with a pipette. Although the interaction of PDMS 

and pipette tip was self-sealing and the overpressure caused by the 

injection could escape through the fluidic accesses, the system could not 

be successfully filled. 

Regrettably, the trials were adjusted accordingly, mainly due to a time 

bottleneck in the pharmaceutical end-use. It can be assumed that by 

reapplying an O2 plasma, surface activation could have avoided the filling 

problem [58]. 

 

 

 

 

 

 

 

 

 

 

 



 

57 

 

4 MiPS 

Microfluidic perifusion systems (MiPS) are suited to perform 

multiparametric measurement with small amounts of tissue. Such 

microphysiolgical characterization is particularly valuable in research on 

the stimulus-secretion-coupling of pancreatic islets. Pancreatic islets are 

fully functional competent mini-organs. To enable the simultaneous 

measurement of fluorescence and oxygen consumption we designed a 

microfluidic perfusion system from borosilicate glass by 3D femtosecond 

laser ablation. The retention of islets was accomplished by wells in which 

the islets were immobilized by gravitational forces. The characteristics of 

flow and shear force in the microchannels and wells were simulated and 

compared with the measured exchange of the perfusion media. The 

distribution of latex beads, min6 cell pseudo islets and isolated mouse 

islets in the MIPS was characterized in dependence of the flow rate and the 

well depth. During experiments simultaneous measurements of oxygen 

consumption, NAD(P)H autofluorescence, cytosolic Ca2+ concentration by 

Fura-2 fluorescence and insulin secretion by isolated mouse islets was 

possible. This enables a more precise insight into the metabolic changes 

underlying the regulation of insulin secretion. 

 

 

 

 

Parts of this chapter are based on and quote these publication: 

Mattern, K., Schulze, T., Früh, E., Hecht, L., Rustenbeck, I., Dietzel, A. (2017) A 3D microfluidic perfusion 

system made from glass for multiparametric analysis of stimulus-secretion coupling in pancreatic islets. 

Biomedical Microdevices 19 (3), 47., DOI: 10.1007/s10544-017-0186-z  
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4.1 Introduction 

Isolated pancreas islets (islets of Langerhans) from mice are spheroids 

representing the endocrine part of the pancreas and are fully-fledged mini 

organs. Therefore, islets are particularly suitable for bottom-up OOC 

implementations with microfluidic perfusion systems (MiPS) [81–83]. 

Pancreas islets consist of different cell types, mainly alpha and beta cells 

and function as a "fuel sensor" organ. Consequently, the secretion of 

insulin from beta cells and glucagon from alpha cells is mainly regulated by 

fuel stimuli [84]. Stimulation of insulin secretion by high glucose requires 

the metabolic breakdown of glucose.8 Mitochondrial metabolism is 

therefore of crucial importance. In the beta cell, the "trigger path" 

describes the process by which the closing of KATP channels in the plasma 

membrane [85, 86] and the resulting depolarization via voltage-dependent 

Ca2+ channels [87], leads to Ca2+ influx and Ca2+-triggered exocytosis of 

the insulin-containing granules [88]. 

In addition to this pathway, one or more signals amplify the exocytosis of 

insulin granules. The name "amplifying pathway" has become established 

for this signaling because it does not increase insulin secretion if the 

plasma membrane is not depolarized [84]. Despite considerable research 

activities still, no generally accepted model of the "amplifying pathway" 

exists. There is experimental evidence that the export of cancer cycle 

metabolites from the mitochondrial matrix to the cytosol (cataplerosis) is 

important [89–91], but the exact nature is not yet known. In this respect, 

multiparametric experiments are particularly valuable as they can combine 

energy metabolism parameters with other parameters related to island 

function to limit the number of potential candidates [92–94]. In this 

perspective, oxygen consumption rate (OCR) measurement will provide 

valuable information [34, 83, 95, 96]. 

In addition, the low tissue requirement of microfluidic OOC technology is a 

particular advantage in island research. The isolation of pancreatic islets 

from exocrine pancreatic tissue is time-consuming and results in only small 

amounts of islets [91]. The time required to digest collagenase and 

subsequently recover the isolated islets must be kept as short as possible 

to maintain functional integrity. It is therefore difficult to increase the islet 

yield of one pancreas. The approach of using insulin-secreting cell lines 
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that offer an abundance of cells seems to pose as many questions as it 

answers [97]. OOC technology can help overcome these problems by 

reducing the demands on primary tissue amounts per experiment [98]. 

Other MiPS have already been developed for the study of island 

physiology. [98, 99] Islands have been detected and cultivated in MiPS with 

simple well structures [94], retaining walls [99] and more complex 

structures such as nozzle structures with bypass channels [93] or arrays 

[31, 32]. So far not all requirements, such as small number of required 

islands, high optical quality and high chemical inertness, have been met by 

one of the reported designs by adding OCR to multiparametric 

measurements. The biggest challenges for the desired design are: 1. 

targeted and stable positioning of the island while quickly balancing the 

microenvironment of the island and the extracellular space of the island 

with microchannel injected perifusion media [81]. 2. microchannel 

geometries that provide a clear front of the injected fluid, i.e. allow step 

function stimulation of the islets. 3. high-resolution fluorescence 

measurements with UV excitation [100, 101]. 4. no gas permeability of the 

microchannel material to make the oxygen consumption of islands 

measurable.  

Most of the in literature described systems are made by soft lithographic 

structuring of PDMS [31, 32, 93, 94, 98, 99, 102]. Making it difficult to 

measure oxygen consumption. In addition, PDMS exhibits 

autofluorescence that affects the fluorescence imaging of compounds that 

require UV excitation, such as the intracellular Ca2+ indicator Fura-2 or the 

endogenous metabolites FAD, NADH and NADPH [103, 104]. These 

disadvantages of PDMS are the reason why this study used borosilicate 

glass, which has no gas permeability and low autofluorescence but 

requires a sophisticated glass microstructuring process. Microstructured 

glass has recently been used for the cultivation of Langerhans Islands [98]. 

In this process, a glass wafer is coated with a combination of chrome and 

gold, the chrome layer provides better adhesion on the wafer. A suitable 

photoresist is then applied to the gold surface and photolithographically 

structured. This allows the structures to be copied from the photoresist to 

the metal film. After stripping the photoresist, the glass wafer can be 

etched by a hydrofluoric acid solution. Over time, the etching solution 

continues to corrode the glass with isotropic behavior. The etching rate 

depends on the concentration of hydrofluoric acid and the temperature. 



MiPS 

 

60 

 

After etching is completed, the wafer must be carefully rinsed and the 

gold/chrome film has to be stripped. After that the wafer is ready for the 

thermal bonding process. The entire process is easily scalable and offers a 

relatively simple and cost-effective way of producing microfluidic glass 

components. 

Maskless femtosecond laser ablation offers a more versatile technology for 

prototyping 3D glass structures in microsystems and is also applicable to 

OOC [105, 106]. In this study an OOC device made of borosilicate glass by 

femtosecond laser ablation is presented. Where a high-energy laser beam 

vaporizes the solid glass in the femtosecond range. Due to the rapid 

expansion, additional material that is not in the direct absorption volume 

also be ejected. The chip design consists of a 3D structured micronchannel 

network with depressions (wells) for holding islets at predefined positions 

during perfusion experiments. The system described in the following 

chapter enables real-time measurement of oxygen consumption in 

combination with sensitive fluorescence microscopy to measure 

metabolism parameters and insulin secretion activity. 

4.2 Design of a first prototype chip 

As already described, the most important innovation should be wells that 

automatically traps and hold the cell islands in place for the entire duration 

of the experiment. A system with a hydrodynamic type of immobilization is 

already described in the literature [84, 107].  

 
Figure 4.1 Channel structure with flow profiles and for cell islets (white 

spheres) immobilization with funnel shaped cross-flow channels [107]. 
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Its construction consists of a main channel with a meander-shaped course. 

As an bypass of a meander, smaller cross-flow channels with a thinner 

cross-section and a funnel-shaped entrance are formed into the structure 

(Figure 4.1). If cell islands are injected into the system and a fluid flow is 

applied to the main channel, the cell islands are washed through the 

meander structure if no free cross-flow channels are available. When a cell 

island reaches a cross-flow channel, it is automatically flushed into this 

channel. This is because the cross-flow channel has a smaller diameter, 

which results in a higher fluid flow that draws the cell island into the 

funnel. There, the cell island blocks the cross-flow channel so that each 

additional cell island simply flows past until it reaches an unoccupied cross-

flow channel. This system works best when the shape variation of the 

objects to be captured is relatively small. This is not the case for primary 

pancreatic islets but for artificially generated cell islets. These so-called 

min6 pseudo-islands are reformed from previously dissolved cell islands. 

One of its advantages is a smaller deviation in size and shape. Even though 

their insulin release is comparable, however it is uncertain that these 

islands have the same properties as the primary cells also interact with 

each other and with the environment [108]. For this reason, it was decided 

to stick to primary pancreatic cell islets of mice. Therefore, funnel-shaped 

traps may not be suitable. Wells in the channels seem to be more suitable 

for trapping. The idea is that the cell islands are injected within the system, 

through the fluid flow of the nutrient solution and cell islands are 

hydrodynamically deflected into the different channels, the parabolic flow 

profile will ensure that the cell islands are in the middle of the channel 

above the wells when they will hit them. Gravitational forces cause the cell 

islands to sink to the bottom of the well, where they are immobilized for 

the following experiment. The key question was to determine the optimum 

well depth. The deeper the well, the less flow the islets will experience, 

which can have a positive effect on shear-sensitive cell islands and on the 

immobilization. Disadvantage of the deeper depressions is less convection 

and a longer diffusion distance for the test substances. In order to find the 

optimal solution, the channels were equipped with wells of different 

depths. In the direction of flow, the depths of the wells began at 50 µm 

and continued with 100 µm, 150 µm, 200 µm, 300 µm, 400 µm and 

500 µm. The following empirical investigation of the optimal well depth 

was necessary, since numerical simulation tools were not available for 

representing the reaction of a solid to a fluidic environment. 
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The OOC design foresees eight parallel channels in which µm-scaled wells 

can hold pancreas islets for multiparametric measurements in island 

microphysiology (Figure 4.2 A). Rapid exchange between the microchannel 

and the well by convection and diffusion transport is essential for dynamic 

tests. Smaller dimensions would accelerate diffusion transport, but also 

increase the risk of clogging by the islands. Because the MiPS is 

constructed of gas-impermeable glass with dimensions comparable to a 

typical microscopic slide. This allows the measurement of oxygen 

consumption (OCR) between the oxygen sensor spots at the inlet and 

outlet (Figure 4.2 A). The consumption can be determined directly from 

the difference between the oxygen concentrations of the two sensor spots 

measured with fluorescence. The background for this modular design 

consisting of three chips is the possibility of quickly replacing individual 

elements in the event of malfunction. The low autofluorescence of 

BOROFLOAT glass enables high-resolution imaging of intracellular signals. 

The measurement method for all desired parameters is fluorescence. 

Borofloat33, a glass type from SCHOTT meets the requirements for low 

oxygen permeation and good cell compatibility.  

In addition to real-time measurement of intracellular calcium levels and 

insulin secretion, this system allows simultaneous measurement of 

NAD(P)H autofluorescence and OCR to monitor mitochondrial function. An 

essential prerequisite for reliable measurements is that the islets remain 

precisely at position and intact. The system was characterized with regard 

to the island distribution (see Figure 4.5) as a function of pump capacities, 

flow velocities and flow dynamics. 
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4.3 Microfabrication 
A 

  

B 

 

Figure 4.2: A Exploded view of the MIPS design with all components. B 

MIPS middle section after all production steps.  

As shown in Figure 4.2 A, the microfluidic system is composed of three 

individual devices. Two systems for receiving the oxygen sensors and a 

middle section with the channels and microwells. This makes the design 

modular and allows the main unit or a single oxygen sensor to be replaced 

without affecting the other units. 

Glass halves hold either the upper or the lower half of the channels; 

together they form the microfluidic chip. The inlet channel is divided in a 

three-stage cascade into smaller channels finally to a cross-section of 

500 µm x 500 µm. For empirical investigation of the well dimensions, 

which provide some protection of the islands from shear stress by the 

medium flow but still allow a sufficiently rapid exchange of the 

microenvironment volume, wells with increasing depth (50 µm, 100 µm, 

150 µm, 200 µm, 300 µm, 400 µm and 500 µm) were milled into the 

bottom of the lower halves of the microchannels. In total the design needs 

structures at nine different depths including external fluid connection 

areas at a depth of 600 µm. Only the oxygen sensors require a structuring 

of the upper and lower sides of the halves. These structuring variations 

cannot be generated with mask-based lithographic approaches. Therefore, 

the 3D structuring substrates with a versatile laser workstation 

(Microstruct-C by 3D-Micromac with Pharos femtosecond laser by Light 

Conversion, Vilnius, Lithuania) at the fundamental wavelength of 1030 nm 

was performed. With no undercut, our OOC can be considered as a 2.5D 

design, but undercuts can also be produced with adapted bonding 
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processes. The system structure (with AutoCAD 2015 as dxf file, Figure 4.3 

A) was imported into the laser control software (MicroMMI from 3D-

Micromac, Chemnitz, Germany) and split into laser processing layers of 

50 µm height (Figure 4.3B).  

A 

 

B 

 

Figure 4.3: A Auto-CAD 2015 view of all nine different layer designs of the 

lower system half. B View of the same file sliced and filled in the MicroMMI 

software. 

The laser source generates a Gaussian beam profile and the areas to be 

removed were filled with marking vectors according to a suitable laser 

scanning strategy to minimize the roughness of the ablated surface. In the 

present case, the surfaces were filled with four sets of parallel marking 

vectors at a distance of 8 µm between the lines from a distance of 8 µm 

from the desired contour edge. Each of these sets was rotated 30° from 

the previous one. The laser was operated at a repetition rate of 100 kHz 

and emitted pulses of 227 fs with an energy of 78.98 µJ. The beam was 

scanned over the substrate surface at 750 mm/s and focused with an F-

theta lens with a focal length of 100 mm. These parameters led to an 

ablation depth of approx. 25 µm. To achieve the necessary depth, laser 

ablation of each layer was repeated once. For every layer the z-position 

was decreased by 50 µm. 

A B 
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Figure 4.4: A Steep channel walls with debris from the ablation process. B 

Channel section after wet cleaning procedure before the bonding process. 

After ablation, the system halves were cleaned in an ultrasonic bath filled 

with ethanol for 15 minutes, then immersed in a solution of 45 ml H2O, 

100 ml H3PO4 and 30 ml HF for 2.5 minutes and then subjected to a four-

stage program in a spray processor unit (Fairchild Convac, Neuenstadt, 

Germany). These steps were: 1) a 600 kPa high pressure distilled water 

spray for 60 sec, spin speed 5500 rpm and spin acceleration of 200 rpm/s², 

2) a mixture of H2SO4 + H2O2 for 120 sec, spin speed 500 rpm, spin 

acceleration of 200 rpm/s², 3) a rinse with H2SO4 + H2O2 for 90 sec, spin 

speed 500 rpm, spin acceleration of 200 rpm/s², and finally 4) a dry spin 

screen for 15 sec, spin speed 550 rps and spin acceleration of 200 rpm/s². 

In addition, a rinsing step with distilled water was performed, followed by 

a dry spin step before the system halves were transferred to the mask 

aligner (EVG 620, EV Group, St. Florian am Inn, Austria) for lateral 

adjustment. The pre-bonding force was applied manually. For the final 

thermal bonding in a muffle furnace, the temperature was set to 620 °C for 

6 h, while a force of 4 kN was evenly applied to the entire 4" wafer surface. 

Laser ablation and heat treatment during bonding led to a surface 

roughness within the microchannels and wells of Ra=3.25 µm (measured 

with a Dektak 8 styli from Veeco Metrology Group, Plainview, USA 

according to DIN EN ISO 4288). Roughness can be influenced by modifying 

ablation parameters and by decreased heat treatment to adjust cell 

adhesion.  

Well depths were measured by confocal microscopy (MultiFileAnalyzer 

1.3.1.120 from Keyence) and compared to the target values in Figure 4.5. 

Five line profiles with equal spacing of 20 µm were used for each well 
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depth to determine the real depth. The mean values and standard 

deviations from these five measurements are recorded. 

 
Figure 4.5: Plotted deviation with SEM of the different well bottom depths. 

For external connection to the pumps and reservoirs the main channel was 

extended with a connection area for inlets and outlets. These have a depth 

of 600 µm, a width of 1.6 mm and a length of 4 mm. They were used to 

accommodate needles (Sterican, B. Braun Melsungen, Melsungen, 

Germany) measuring 0.3 mm x 12 mm, which were then bonded and 

sealed with Silicone Rubber Compound (RS Components GmbH, 

Mörfelden-Walldorf, Germany).  

4.4 Experimental Evaluation 

Pancreas islets were isolated from the pancreas of NMRI mice (12-16 

weeks old, fed ad libitum) using a collagenase digestion technique and 

hand-picked under a stereomicroscope.35 Freshly isolated islands were 

used immediately for most experiments. If cultured islands were required, 

freshly isolated islands were cultured for up to 2 days in cell culture 

medium RPMI-1640 with 10 % foetal calf serum (10 mM glucose until 

attachment, then 5 mM glucose). The animal care was monitored by the 

state authority (LAVES, Lower Saxony, Germany) and complies with current 

EU regulations. 
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Insulin-secreting min6 cells (kindly provided by Jun-Ichi Miyazaki) were 

cultured in DMEM medium (high glucose, 4.5 g/l) supplemented with 

200 mM L-glutamine, 10 % FBS and penicillin/streptomycin in a humidified 

atmosphere of 95 % air and 5 % CO2 at 37 °C. Min6 pseudo-islands were 

produced by culturing min6 cells under the same conditions as described. 

In order to avoid cell adhesion to the surface of the plastic and to promote 

the formation of cell aggregates, Petri dishes were used for suspension cell 

culture. After 8 - 10 days of cell culture, min6 pseudo-islands were 

harvested. 

The oxygen consumption of the cell islands is measured by fluorescence. 

But not of a certain cell island, but of the circulating nutrient solution. The 

calculated difference in O2 concentration between inflow and outflow can 

only occur through the metabolism of the cells as long as the diffusion of 

CO2 or O2 between the system and the environment can be neglected. 

Both values to be measured are directly related to the secretion of insulin, 

a reaction of cells to glucose or potassium chloride exposure. For the 

secretion process, the cell islands have to increase their activity, therefore 

the metabolism increases, which means that the cells burn more oxygen. 

The standard method for measuring glucose secretion is the ELISA test 

(enzyme linked immunosorbent assay), with which various antigens can be 

measured. Disadvantages of this measurement are the high costs and the 

fact that it is necessary to take samples of the nutrient solution from the 

experiments, which are later tested for the desired components. This 

means that the results are not available in real time, which is considered as 

a necessary feature of the MiPS. 

For the measurement of NAD(P)H autofluorescence and fluorescence 

washing kinetics, the microfluidic perifusion system was placed on the 

table of an upright Orthoplan epifluorescence microscope (Leitz, Wetzlar, 

Germany). The microscope stage was motorized (Märzhäuser, Wetzlar, 

Germany) and controlled by µManager (Open Source Microscopy 

Software, Vale lab at UCSF, San Francisco, CA, USA). Fluorescence was 

excited with a 75 W xenon lamp using the following filter combinations 

(from Omega Optical, Brattleboro, VT, USA): excitation 366 ± 15 nm 

bandpass, dichroic separation 405 nm, emission 450 ± 32 nm bandpass. 

The images were taken with a cooled CCD camera (CoolSNAP HQ, 

Photometrics, Tucson, AZ, USA). The imaging system was controlled by the 

µManager software and the images were analyzed using plug-ins from the 
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open source program ImageJ (National Institutes of Health, Bethesda, MD, 

USA). The location of the islands at the bottom of the well required the use 

of a lens with low magnification and large working distance (Zeiss Fluar 

10x, 0.5 N.A.). For the measurement of the cytosolic Ca2+ concentration 

([Ca2+]i) freshly isolated islands were incubated in cancer ring medium 

(5 mM glucose) with Fura-2 LeakRes (Austin, TX, USA) in a concentration of 

2 µM at 37 °C for 45 min. Islets were then inserted into the OOC device on 

the microscope table and screened with a cancer wrestling medium. 

Fluorescence (excitation at 340 or 380 nm, dichroic separation at 400 nm, 

emission >470 nm) was recorded with a cooled CCD camera (TILL 

Photonics, Munich, Germany) and evaluated with Fucal software (TILL 

Photonics). The insulin content of the fractional effluent was determined 

offline by ELISA (Mercodia, Uppsala, Sweden) as described [109]. 

The inflow and outflow of the perifusion chamber took place via 

miniaturized oxygen sensors (Pst3 sensors and Fibox4 meters, PreSens, 

Regensburg, Germany), which are embedded in the OOC. The OOC with 

the integrated sensors was placed on the microscope stage. The difference 

between the sensors divided by the number of islands resulted in the 

oxygen consumption rate (OCR) [97, 105]. In order to obtain stable 

recordings, about 50 islands were necessary. The pump output was set to 

40 µl/min. OCR was measured parallel to NAD(P)H autofluorescence at 

37 °C or fura-2 fluorescence at 32 °C. 

To predict the microenvironment conditions for the cell islands in the 

wells, flows within the MiPS for different pump rates of 40, 120, 240, 480 

and 960 µl/min were simulated. If the cross-section of the channels is 

assumed to be round due to laser ablation and the associated oblique side 

walls, the Reynolds numbers can be calculated approximately. In the given 

volume flows they range from 2.39 to 57.36. The values are thus far below 

the limit value of 2300 and a completely laminar flow is to be expected. 

The aim was to find suitable depths for wells in which the islands with 

mean diameters of approx. 150 µm are sufficiently protected against shear 

stresses from the flow in the branch, but good exchange of media with the 

nutrient solution is still guaranteed. Laminar currents develop from the 

inlet via the branches to the wells at lower speeds. The fluid above the well 

position showed almost the same velocities as the other parts of a branch 

channel, while velocities decreased towards the bottom of the well 

(Figure 4.6 B).  
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A 

 

B 

 
C 

 

D 

 
 

Figure 4.6: Flow and shear stress simulations at 37 °C. A Streamlines 

indicating the velocity distribution inside the whole system with a flow 

rate of 40 µl/min. It shows the drop in velocity in the branched 

channels, which is required for the sedimentation of the cell islands into 

the wells. At the same time, the high flow velocity at the entrance 

prevents the cell islands from sticking to the channel wall. B Detailed 

view of the velocity distribution inside a part of a single channel with 

well depths from 100 to 300 µm with a volume flow rate of 40 µl/min 

indicating vortex formation beginning at a well depths of 300 µm, C wall 

shear stress distribution inside the whole system at the maximum flow 

rate of 960 µl/min, D detailed view of a single 50 µm deep well bottom 

with a flow rate of 960 µl/min, indicating the maximum shear forces the 

cell islets will encounter. 

Simulations show that the wall shear stress at the bottom of a 50 µm deep 

bore reaches values of 2.6 Pa to 5.2 Pa at a volume flow of 960 µl/min in 

the absence of an island. This is the highest volume flow used in later 

experiments. Shear stress in the arterial bloodstream was estimated at 0-

5 Pa, with large arteries typically exposed to 2-4 Pa. In general, 



MiPS 

 

70 

 

physiologically relevant shear stress is considered in the range of 0.1-2.0 Pa 

[37-40]. In holes deeper than 150 µm, the shear stress was very low at the 

lower values of 0.003 Pa and less. Therefore, the distance between the 

channel bottom and the top of the island should not be less than 50 µm, 

with 150 µm being an ideal distance. Taking into account the size 

distribution of the pancreas islets, a value of 150 µm can be considered 

typical for medium-sized islands. Thus, a well depth of 300 µm provides 

sufficient protection against shear stresses.  

Based on this result, the media exchange in the island microenvironment 

was characterized using 3D models with a depth of 300 µm and the 

adjacent channel sections of 1 mm length. (Figure 4.7). The displacement 

of fluid phase 1 (blue) by fluid phase 2 (red) was simulated, both phases 

having the characteristic properties of water at 37 °C at time step of 3 

seconds. Phase 2 was injected with a sharp front and gradually displaced 

fluid phase 1. 

A 
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Figure 4.7: Simulation of medium exchange in a well of 300 μm depth at 
37 °C. A Three-dimensional view of the displacement of fluid phase 1 

(blue) by fluid phase 2 (red) 60 s after fluid phase 2 had entered the 

MiPS at a pump rate of 40 μl/min. B, C, D Orthogonal projection showing 

the progression of this process at points 30 s, 60 s and 120 s, 

respectively. E, F, G Orthogonal projection showing the formation of 

backflow vortices at the right side of the well wall after 465 s at 

40 μl/min, 315 s at 120 μl/min, and 165 s at 240 μl/min, respectively. 

The flow simulation (Figure 4.7) shows that the mixing of the two phases 

remained low, i.e. the concentration gradient between the two phases 

remained steep, even if phase 2 has progressed to the well bottom. This is 

an important prerequisite for achieving a step function similar stimulation 

of the islets. For all volume flows, the simulation shows a somewhat faster 

washing out in the center of the well as a result of slip-free conditions on 

the walls (Figure 4.7 C). To simulate the media exchange on the island 

surface, we defined the island microenvironment as the volume from the 

well bottom to a height of 250 µm (an upper value for the diameter of the 

islands). This definition included all possible positions of the island in the 

well. 
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Figure 4.8: Simulated of the medium exchange at the islet surface. Shown 

is the displacement of the volume fraction of fluid phase 1 by fluid phase 2 

for varied of the flow rates. It is assumed that an islet of 250 µm diameter 

is situated in a well of 300 µm depth. The data are the average of 27 

measuring points evenly distributed in the volume around the islet. The 

decrease at 40 µl/min with the exchange kinetics compares with 

Figure 4.7. 

The dependence of the media exchange in the island microenvironment at 

the different flow rates was simulated by averaging the changes at 27 

evenly distributed points in this volume (Figure 4.8). Overall, the decrease 

in the volume fraction of the liquid phase 1 was exponential, with a 

significant deviation from the monoexponential decrease at high flow 

rates. The bulges reflect the formation of backflow vortices at the back of 

the wells in combination with the distribution of measurement points 

(Figure 4.7D-F).  

At all flow rates the displacement of phase 1 began after 21 s. At a flow 

rate of 40 µL/min 50 % displacement after another 15 s and 90 % 

displacement after 314 s were achieved. For the flow rate of 120 µl/min 

these values were 15 s and 99 s and for the flow rate of 240 µl/min 15 s 

and 51 s. 
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The simulation shown in Figure 4.7 considered the transport of the two 

phases only by convective transport and not by diffusion. The contribution 

of diffusion transport can be discussed with the Einstein-Smoluchowki 

relationship (4.1). x̅  = √2Dt  (4.1) 

Where x ̅ represents the average distance of the molecules during time t 
and D represents the diffusion coefficient. In a water-filled system in which 

a phase with a higher glucose content is injected into the flow (all at 37 °C), 

a diffusion coefficient of 9 x 10-10 m2/s [110, 111]. 

At a well depth of 300 µm as diffusion length, a diffusion time of 100 s 

results. For cell culture medium instead of water, the diffusion coefficient 

decreases to 5.9 x 10-10 m2/s, resulting in a diffusion time of 153 s. It can 

therefore be assumed that convection transport plays the dominant role 

for t much below 100 s and values for t > 600 s are therefore not given in 

Figure 4.8. There are therefore two different types of media exchange. 

Until about one minute after reaching the edge of the well, the first mode 

prevails, which is controlled by rapid convection exchange. The efficiency 

of this mode increases with the flow velocity. Thereafter, a second mode 

dominates, in which diffusion leads to an exchange of media even at the 

corners of the well, where the flow is almost negligible. The time of 

transition between the two regimes depends on the well depth according 

to equation (4.1). 

In order to verify the speed of media exchange inside the wells from the 

obtained simulations also in experiments, the OOC system was completely 

filled with an aqueous solution of quinine, a highly fluorescent compound. 

The OOC system was then rinsed with pure water and the resulting 

decrease in fluorescence intensity at the wells of 100, 300 and 500 µm 

depth was measured with a fluorescence microscope. After a delay time, 

which primarily depends on the distance between the well and the 

medium inlet, but of course also on the flow rate, the fluorescence 

intensity began to decrease (Figure 4.9 A). 

Initially, fluorescence decreased almost exponentially with half-lives 

between 0.2 and 2.5 minutes, depending on well depth and pump rate. At 

40 µl/min it took 2.5 min to halve the fluorescence intensity in a 500 µm 

well. In the same well, pump rates of 240 µl/min and 960 µl/min led to a 
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decrease in fluorescence intensity with half-lives of 1.1 min and 0.18 min, 

respectively. In all pump rates, a linear relationship between well depth 

and half-life of fluorescence intensity was observed in the investigated 

area (Figure 4.9 B). 

The mechanisms of media exchange are dominated by the two different 

effects of convection and diffusion. Thus, the exchange over time can be 

divided into two modes, as predicted in the simulations. Overall, these 

data show that all pump capacities tested are capable of replacing the well 

volume with fresh media. In combination with shear simulation data and 

assuming an average island diameter of 150 µm, a well depth of 200 µm is 

sufficient for stable positioning and fast enough media exchange. However, 

at low pumping rates, in wells with a depth of more than 300 µm, in which 

the exchange of media was more dependent on diffusion, the nutrient 

supply may decrease. These results confirm our simulation data and give 

good reasons to choose a bore with a depth of 300 µm, especially for 

pump capacities above 240 µm/min. 

A 
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Figure 4.9: Medium exchange in MiPS wells as characterized by the wash-

out kinetics of a fluorescent compound. A The microfluidic perfusion 

system was filled with Krebs-Ringer medium containing 310 μM quinine. 

Washout with quinine free Krebs- Ringermedium was conducted at pump 

rates of 40 μl/min, 240 μl/min and 960 μl/min. Fluorescence 
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measurements were done in one channel in wells with a depth of 100 μm 
(red), 300 μm (blue) and 500 μm (yellow). The fluorescence intensity 

before wash-out depended on well depth. B Same data as in A, the 

measured half-life time of fluorescence intensity is plotted against the 

pump rates. Note the nearly linear decrease in half-life time between 

40 μl/min and 240 μl/min. C The inset of B shows the dependence on the 

well depth at various pump rates. 

It was desired that the system be loaded with pancreatic islets that are 

transported via a fluid stream traps where the islets are immobilized for 

the duration of the experiment. This has two advantages: First, the user 

does not need to select and manually place each cell island, which could 

lead to cell-damaging due to high mechanical stress during charging or 

insufficient nutrient supply. The charging time will be shortened with the 

MiPS. Second, immobilization of the cell islets, which is necessary because 

the microscopic table automatically positions the trapped islands under 

the objective of the microscope for fluorescence measurement. 

The processes of initial colonization and distribution of the islets over the 

wells and the subsequent stable localization were characterized at 

different flow rates (Figure 4.10). In a first step, latex beads of similar 

diameter (100 µm) and density (1.01 mg/ml) to islets (Figure 4.10 A and B) 

were loaded from the OOC inlet and pumped through the system to mimic 

islets transport, settling and resulting distribution (Figure 4.10). In the 

experiments, the pump rates were increased at intervals and the beads 

counted at the end of each interval (Figure 4.10 C). At 40 µl/min the beads 

showed a wide distribution between depressions of 50 µm and 200 µm 

depth. The increase of the pump rate up to 240 µl/min led to a narrower 

bead distribution and a shift to deposition in deeper wells. By increasing 

the pump rate, the beads were further concentrated in the 300 µm wells. 

Loading the beads from the OOC outlet and reversing the flow direction 

showed that none of the pump rates could pass a bead through the 

500 µm bore (Figure 4.10 D). Wells of 500 µm depth represent an absolute 

trap for 100 µm latex beads, while wells of 300 µm depth are a sufficiently 

effective trap for pump rates relevant for physiological experiments (see 

below).  
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In a next step, min6 cell pseudo-islands were used instead of latex beads. 

min6 pseudo-islands showed a similar distribution as the latex beads 

depending on the pump rate (Figure 4.10 E). Unexpectedly, freshly isolated 

islands showed a completely different behavior. Most of them remained 

attached to the walls of the microchannels before they even reached the 

flat 50 µm wells. The increase of the pumping capacity up to 960 µl/min 

could not overcome the obvious adhesive behavior of these islets. When 

the isolated islets were cultured for 1 day in RPMI 1640 cell culture 

medium with 10 % FCS, a significant reduction of adhesion occurred. As 

with min6 pseudo-islets, a pump rate-dependent distribution pattern into 

the various wells was observed. For both min6-cell pseudo-islands and 

cultured mouse islands, sufficient retention was achieved through wells of 

300 µm depth at a flow rate of 120 µl/min, which can be considered the 

upper limit for oxygen consumption measurements. At such well depth, 

potentially harmful mechanical forces acting on the islands, by as shear 

stresses, will not occur (see above). 

A 

 

B 
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Figure 4.10: A 100 µm latex beads and a medium-sized (150 µm 

diameter) cultured mouse island B in a 300 µm well. The trapping of 

beads and islets through depressions with increasing depth was 

characterized by a variation of the pump rate between 40 µl/min and 

960 µl/min. C Latex beads were injected at the MiPS inlet and pumped 
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forward D or at the MiPS outlet and pumped in the opposite direction. 

Note the gradual change in the distribution pattern with increasing 

pump rates in C and the uniform settling of all beads in D Min6 cell 

pseudo-islands E and cultured mouse islands F were loaded at the 

entrance and pumped in forward direction. Similar to the distribution of 

the pearls, there was a gradual change in the distribution of islets and 

pseudo-islands. The values for each shaft depth are the sum of islets in 

all 8 channels. 

Since the endocrine pancreas serves as a fuel sensor organ that converts 

metabolic rates into hormone secretion rates, simultaneous 

multiparametric measurements of metabolism and secretion are of 

particular interest for the study of stimulus-secretion coupling. Until now, 

the Oxygen Consumption Rate (OCR) was not monitored in real-time 

multiparametric measurements. The determined insulin secretion rate 

(ISR), NAD(P)H autofluorescence and OCR in the MiPS at a pump rate of 

40 µl/min with a batch of 50 primary mouse islets will be further 

investigated (Figure 4.11).  

Stimulation of the islands with 30 mM glucose after initial perifusion with a 

basal (5 mM) glucose concentration showed a biphasic insulin secretion 

pattern. The peak of the first phase was reached 10 minutes after the 

medium change. After a short transient decrease, a strong increase 

followed in the second phase, which lasted until the glucose concentration 

in the medium was lowered to 5 mM again. The prestimulatory secretion 

rates were resumed after 30 minutes (Figure 4.11 B). 

For the NAD(P)H measurement using microfluormetry, 3 islets were 

selected which were located in three different wells (Figure 4.11 A). The 

fluorescence intensity of each island was recorded every 10 s, during this 

interval the programmable microscope stage switched between the 

positions of the different wells. NAD(P)H autofluorescence increased 

rapidly after increasing the glucose concentration and reached a plateau at 

about the same time (15 min) when the peak of the first secretion phase 

was reached. This plateau was maintained until the stimulating glucose 

concentration was washed out, after a short delay a slow decrease began, 

resuming to almost prestimulatory values after 60 min (Figure 4.11 B).  

The OCR increase in response to 30 mM glucose started simultaneously 

with the NAD(P)H increase, but only reached a maximum value after 
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30 min. Then a plateau with a slight oscillation remained until the glucose 

concentration was lowered to 5 mM again. The resulting decrease in OCR 

started later than the NAD(P)H decrease and was slower, after 60 min the 

pre-stimulatory value was not yet restored. 

These data show that even with the low pump rate, which was necessary 

to achieve a clear difference between the two oxygen sensors, the kinetics 

of secretion and metabolism could be well represented. Probably as a 

result of the laminar flow in the OOC system, which maintains a sharp front 

between the liquid phases (see Figure 4.7), the first and second phases of 

insulin secretion could be distinguished. After correcting the dead time of 

the flow between the wells and the fraction collector (for insulin secretion) 

and between the wells and the second oxygen sensor (for OCR), this OOC 

allows an exact comparison of the different kinetics. Interestingly, insulin 

secretion decreases much faster than the parameters of energy 

metabolism when the stimulating glucose concentration is washed out. 

These show a pronounced hysteresis when comparing their on-line kinetics 

with their off-kinetics. This observation supports the hypothesis that the 

metabolic enhancement of insulin secretion is regulated by the export of 

mitochondrial metabolites, but not by the mitochondrial energy 

metabolism [99]. 

A 
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Figure 4.11: Simultaneous measurement of NAD(P)H autofluorescence, 

oxygen consumption rate (OCR) and insulin secretion of primary mouse 

islets. A Two fused islets trapped in a well of 150 µm depth during the 

measurement. The distance from the well bottom is indicated by 

pseudocolours. B 50 isolated mouse islets contained in the MPS were 

perifused at a pump rate of 40 μl/min at 37 °C with Krebs-Ringer medium 

containing a basal (5 mM) glucose concentration. There was a lag time of 7 

min for the solution to reach islets and sensors after switching the medium 

reservoirs. From 40 min to 100 min glucose was raised to 30 mM, 

thereafter it was 5 mM until 160 min. NAD(P)H autofluorescence (blue 

trace) was measured in 3 different islets localized in different wells. Data 

are means ± SEM. The OCR (red trace) of the islets was calculated by 

measuring the oxygen concentration of the medium at the inlet and outlet 

of the MiPS. The efflux of the medium was conducted to a fraction 

collector and the insulin content of the fractions was determined by ELISA 

(open circles). The time of the OCR data was adjusted for the lag time 

between MiPS center and the downstream sensor, the time of the 

secretion rate was adjusted for the lag time between MiPS center and the 

outlet at the fraction collector. 
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It is known that increasing the cytosolic Ca2+ concentration is an 

indispensable signal for triggering the exocytosis of insulin granules. To test 

the suitability of the present OOC for UV-excited fluorescence 

measurements, the free cytosolic Ca2+ concentration ([Ca2+]i) of the islet 

cells was measured with the fluorescence indicator Fura-PE3/AM. Fura is 

the preferred indicator for the measurement of intact islands, as it is much 

easier to load into multi-cell aggregates than other fluorescent Ca2+ 

indicators such as Fluo-4, which are essentially limited to working with 

individual cells. 

A Fura-PE3-loaded islet was located in a well of 300 μm depth and 
perfused with 5 mM glucose (Figure 4.12). After raising the glucose 

concentration to 25 mM, [Ca2+]i slightly decreased for about 5 min and 

then abruptly increased, attaining a peak value after 3 min. [Ca2+]i levels 

remained elevated until the glucose concentration was lowered back to 

5 mM. Similar to the preceding experiment the OCR increase started at the 

same time as the [Ca2+]i increase but achieved a maximal value only after 

30 min. Upon wash-out of the stimulatory glucose concentration, a slow 

decrease set in. The kinetics of the OCR decrease were rather similar to 

that of the [Ca2+]i decrease, except for a moderate transient increase at 

the beginning. 
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Figure 4.12: Simultaneous measurement of [Ca2+]i, and oxygen 

consumption rate (OCR) of primary mouse islets. 50 isolated mouse islets 

contained in the OOC were perifused at a pump rate of 40 µl/min at 32 °C 

with Krebs-Ringer medium containing a basal (5 mM) glucose 

concentration. From 40 min to 85 min glucose was raised to 30 mM, 

thereafter it was 5 mM until 130 min. The Fura fluorescence ratio (blue 

trace) was measured in 1 islet. The OCR (red trace) of the islets was 

calculated by measuring the oxygen concentration of the medium at the 

inlet and outlet of the OOC. 

 

4.5 Design of an advanced MiPS chip 

The MiPS as described in Chapter 4.2 was a result of a successful 

cooperation between two different research branches: Designed as a first 

prototype, it provided valuable information about the best suited well 

depth, channel diameter, flow velocities, material choice and 

manufacturing process. It further allowed first measurements of the 

pancreatic islets activity. With these promising results, the next logical step 

was the development of a more advanced new system with even more 

features. 
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For this new version of the MiPS, a new partner joined the team, a group 

of researchers from the Institute of Semiconductor Technology (IHT) of the 

Technische Universität Braunschweig. Their research interest is to build a 

lensless microscope, which can be attached to the MiPS, so that both can 

be placed into an incubator together. The aim of adding a lensless 

microscope is to provide the user with visual data of the cell islets 

throughout an experiment. This aspect and other demands from the 

research group of the Institute of Pharmacology and Toxicology, required a 

couple of design changes. 

The use of Borofloat33 for the new MIPS design, which was also selected 

as the material of choice for the first MiPS, was a full success: it permitted 

collecting the desired measurements and allowed for a good visual 

inspection of the different wells. The manufacturing process by 

femtosecond laser ablation and the bonding of the system pieces can also 

be reused for the new version with only minor modifications. The channel 

width and height of 500 µm of the original MIPS was a good choice to 

prevent clogging from the injected cell islets and will therefore not be 

changed. Another geometry aspect which will remain unchanged is the 

well depth of 300 µm. 

A new request by researchers using MIPS was to enlarge the chip’s outer 
dimensions so that it matches the dimensions of a microscopic slide. This 

means that the whole system must fit in the larger area of 26x76 mm. The 

microfluidic design remained simple, it still consists of five parallel 

channels of the same length and cross section dimensions. In the updated 

MiPS design, the wells are located in the middle of each channel. Theses 

geometric parameters allow injected fluidic stimuli to reach each well at 

the same time, when the fluidic flow in all channels is equal. One 

important design choice either end of the new MiPS can be used as an inlet 

or outlet, this aspect minimizes errors during experiments by the user. The 

wells are positioned so that they are accessible with the microscopic 

objective, both from the top with a standard microscope, but also from the 

bottom with an inverse microscope. For optical access on both sides, 

correspondingly large areas of the chip must remain accessible so that it is 

possible to move the microscope objectives close enough to the chip with 

their small working distance due to their large magnification. This poses a 

challenge, as the microfluidic connection of the chip to the environment, 

such as pumps and reservoirs, must of course also be ensured. In order to 
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inject the cell-islets more easily into the device the connection ports were 

located on the upper surface of the microfluidic device. In contrast to this, 

the connectors of the previous version were placed on the chip sides. To 

connect these ports with the peripheral devices via a fitting, a mounting 

frame was added to the design. This frame basically serves two purposes: 

On the top it has threading suitable for including the fitting, on the bottom, 

it contains a grove for an o-ring sealing the frame with the microfluidic 

device. All these additions now reduce the free space accessible for the 

microscopic objective. 

In the new version extra channels which reach the wells from the 

longitudinal side of the chip, later only containing the optical fibers, were 

manufactured into the bottom of the chip. The optical fibers were 

introduced to better couple the excitation light for fluorescence 

measurement into the chip. Attached LEDs can then switch on for the 

moment of measurement to create the excitation light. This solution 

combines two positive aspects; firstly, only individual islands can be 

exposed to stimulation. This reduces the possible damage of the cells by 

irradiation [112]. In addition, the excitation and detection wavelength was 

previously emitted or received from the same direction. In the new setup, 

the two beam paths are always orthogonal to each other, which further 

reduces phototoxicity and enables better noise behavior of the images 

[113]. 

The thickness of the MIPS was reduced from 2200 µm (for the initial 

prototype) to 1200 µm, including 200 µm thick glass covers on top the 

channels and below the wells. This reduction in thickness is advantageous 

for fluorescence measurements and visual inspection of the system. One 

shortcoming of the new design is that the location of the primary sensor 

spot is not suitable to receive a signal for the oxygen consumption of a 

single islet. A solution to this problem would be to bring the sensor spot in 

direct contact to the cells and so that oxygen consumption can be 

measured directly. To be in close contact to the organoids, square pieces 

of sensor foil have to be cut and placed at the well bottom; alternatively 

the fluorescent layer applied to the sensors can be printed directly onto 

the well bottom [111]. Either way, the sensor material will not be able to 

survive the thermal bonding process, and a non-thermal bonding process 

would need to be used instead. Using two component epoxy glue to fix the 

sensor material seems to be a reasonable solution for this problem. 
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A 

 

 

B 

 

 

Figure 4.13: CAD-image of the microfluidic chip and most of the 

interfacing components: the two-piece frame, the ten fluidic fittings and 

microscopic inverse lens (A). The microfluidic chip comprises five 

parallel channels and micro wells, all with the same dimensions. Every 

second channel is slightly shifted to allow space for the microfluidic 

connections inside the frame. The orthogonally placed channels can 

accommodate the optical fibers (B). 
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Two options are considered for the construction of the shown system 

(Figure 4.13 A,B). First, the new system can be made of two 700 µm thick 

halves (Figure 4.14 A). Second, the same system can be made out of three 

wafers with different thicknesses (Figure 4.14 B).  

A 

 
B 

 
Figure 4.14: Sketch of two alternative wafer divisions to obtain a similar 

channel structure. The main channels with the well are drawn in light blue, 

they are 500 µm and 300 µm high in both designs. The channels for the 

optical fibers are shown in dark blue, they reach up to half the depth of the 

well in both designs. Panel A shows of the first design using two standard 

700 µm wafers. This results in a 450 µm deep channel for the optical fibers, 

open to the bottom. A 300 µm glass layer remains under the well. Panel B 

shows the second design where the structure is divided into three wafers. 

The uppermost has a thickness of 700 µm and carries the channel with the 

upper accesses. The middle wafer has a thickness of 300 µm and 

accommodates the entire depth of the wells and the 150 µm deep 

channels for the optical fibers from below. The system is closed at the 

bottom by a 200 µm wafer. 

The second option was dropped after mayor difficulties during thermal 

bonding of the wafers were encountered. The three Borofloat glass wafers, 

all purchased from PlanOptik (Plan Optik AG, Elsoff, Germany), shattered 

during the thermal bonding process. Damage symptoms suggested that it 

was caused by material failure through variations in the thermal expansion 

of the wafers. This assumption is supported by the fact that wafers of the 

same lot (with the same thickness) could be successfully bonded with each 

other and that the 300 µm wafer differed also in the hydrophility after the 

cleaning in H2SO4 + H2O2 for prebonding. This different material behavior 

can indicate a different material composition of the glass, which in turn 

would be accompanied by a different thermal expansion. This could lead to 
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stresses during cool down within the structures until their failure. Further 

explanation for the material failure could be different residual stresses of 

the wafers. Design A did not have the same issues, all wafers come from 

the same batch, reducing the chances of different material properties; and 

because all wafers have the same thickness, temperature distributes more 

evenly during the thermal bonding process. 

4.6 Microfabrication of the advanced MiPS chip 

The first challenge was that the Micro MMI software was simply unable to 

fill the contours of these large areas. During this conversion, the G code for 

the movement commands of the axes is generated. The paths to be 

traversed by the laser are created individually on the basis of the filling 

strategies. If the contours exceed a certain size or if the filling strategy is 

defined accordingly closely, the random access memory of the conversion 

computer is no longer sufficient to process the resulting amounts of data. 

To address this challenge, the layout was cut in five individual channels 

with varied output coordinates. 

The reduction of surface roughness for better cell islet loading and visual 

properties is achieved with two separate measures: First, the laser 

parameters are adjusted to a higher frequency but a lower pulse length 

and energy (see Table 4.1). Second, an additional thermal treatment step 

after bonding is implemented, in which the material reaches the glass 

transition temperature. This leads to a reflow and smoothens the inner 

surfaces, but also poses the risk of inducing a deviation from the desired 

geometry. 

Table 4.1: Parameter comparison 

Version Wavelength 

[nm] 

Frequency 

[kHz] 

Pulse 

width [fs] 

Pulse 

Energy 

[µJ] 

Established 1030 100 227 78.88 

Improved 1030 600 215 14.65 
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Table 4.2: Roughness comparison 

Version Ra [µm] Rz [µm] RSm [µm] 

Established 1.0668 8.0991 160.8731 

Improved 1.3077 6.7520 422.1579 

 

Table 4.3: Roughness after bonding and thermal post treatment 

Ra [µm] Rz [µm] RSm [µm] 

0.53 3.51 160.8731 

Not only the optical quality benefits from the reduction of roughness, it 

also supports the ability to inject the cell islets, if they are injected from 

the top, aided by gravitational forces without any fluidic flow. Because of 

the low surface roughness, the cell islets can no longer attach on the glass 

surface, resulting in a successful placement of the islets inside the micro 

wells after activation of fluidic flow which washes them from the glass 

surface. 

The thermal post treatment step follows the thermal bonding step 

involving the separated glass chips. It should be noted that small alignment 

errors from bonding can be eliminated in this step, yet it cannot replace 

the thermal bonding procedure to manufacture a sealed chip. In the 

thermal post treatment a 700 µm thick Borofloat glass wafer is used as a 

carrier substrate. After a manual blow off with nitrogen to remove 

potential particles, both sides of the wafer are coated with a 300 nm thick 

layer of gold using a sputtering unit (Laborsystem LS 440 S, Ardenne 

Anlagentechnik GmbH, Dresden). The gold layer on the upper side of the 

wafer serves the purpose of a sacrificial layer in between the glass device 

and the carrier substrate. The lower gold layer reduces bending of the 

carrier substrate during thermal treatment and therefore the glass device 

itself. 

Before thermal treatment the gold coated carrier substrate and the glass 

devices are dehydrated on a hotplate at a temperature of 120 °C for 5 min. 

After that, the device is ready for the post treatment inside the muffle 

furnace. The glass device is placed on a carrier wafer which is put on a 

silicon or ceramic wafer for protection. Thermal treatment begins and is 
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divided in three identical phases, each starts with a rise from room 

temperature up to 730 °C which is held for 60 min before it ends with a 

cooling back to room temperature. 

 

Figure 4.15: The advanced version of the MiPS with five parallel channels 

with a height and width of 500 µm and single wells with a depth of 

300 µm, complete with the connecting frame and fittings. 
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This process can potentially be further optimized in terms of time 

consumption and reduction in surface roughness. Nevertheless, it was 

successfully used to manufacture the updated MiPS design for laboratory 

experiments (Figure 4.15 and Figure 4.16). 

 

 

Figure 4.16: Further design enhancements and improvements have been 

incorporated into the system. Now both halves of the MiPS are laser 

machined on both sides. The upper half of the system has been provided 

with openings at the ends of each channel, which were manufactured from 

the top, while the upper part of the five channels were manufactured from 

the bottom. In the lower half of the system, the lower part of the channels 

and the micro wells were manufactured from above. Its underside was 

provided with the channels for the light wave conductors from below. 
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5 NeuroExaminer 

A microfluidic system for in vivo real-time analysis of neuronal activities in 

the entire brain of zebrafish larvae using light image microscopy is 

presented. Zebrafish larvae are a well-established model system for neuro 

activity imaging. In combination with microfluidic environments 

completely new experiments for neuronal disease and behavior become 

possible. To allow a fast experimentation with different larvae an 

automated hydro dynamic loading procedure is implemented. The larva 

can be reversibly immobilized without the use of anesthesia for light sheet 

imaging without harm. Neuromodulator chemical stimuli can be injected 

through a separate inlet and get flow-focused by fresh media and directly 

applied to the head of the fish larva. This reduces the consumption of very 

costly neuro active substances and although provides enough oxygenated 

media to keep the larva well supplied. The complex internal three-

dimensional structure was structured by femtosecond laser ablation in 

Borofloat glass. The system demands high inertness of the construction 

material for exact timed stimuli supply without dilution and low auto 

fluorescence behavior for best fluorescence imaging. 

 

 

 

 

 

 

 

 

 

The innovations presented in this chapter led to a patent application: 

Mattern, K., von Trotha, J., Köster, R. W., Dietzel, A. (2018) Mikrofluidik-Chip 3022-179 DE-1, DRN: 

2018092619075100DE 
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5.1 Introduction 

The zebrafish (Danio rerio) was the first vertebrate in which the neuronal 

activity of almost the entire brain could be successfully observed in real 

time. The brain, consisting of about 100,000 neurons, was completely 

scanned in vivo at a single cell resolution within about one second [114]. 

While classical neurophysiological studies focused mainly on isolated brain 

regions rarely containing more than 100 neurons, the latest combination of 

small brains, highly sensitive genetically encoded calcium indicators (GECIs) 

and modern imaging techniques now also enables non-invasive 

observation of neuronal circuits, interactions and manipulation by 

optogenetics [115, 116]. The possibility of observing the entire brain seems 

predestined to provide new and important insights from basic research to 

clinical neuroscience, since even simple behaviors often result from 

dynamic interactions of neuron groups distributed over different brain 

areas [117, 118]. 

Perhaps the biggest disadvantage of current in vivo calcium imaging 

techniques is that they cannot be performed on free-floating fish, but that 

the animal must be immobilized under the microscope [119]. This limits 

the number of behaviors that can be studied with this technique. 

Complementary to the high spatiotemporal resolution of light sheet 

microscopy, which makes it possible to observe the entire brain, 

microfluidic systems make it possible to present spatially precise chemical 

stimuli in the millisecond range [120–122]. 

Microfluidic systems are therefore excellent tools for presenting spatially 

and temporally precisely defined emotional stimuli, which in turn activate 

neuronal circuits in the reward and fear pathways of the zebra fish brain. It 

is expected that a combination of microfluidics and light sheet imaging 

techniques will provide fundamental insights into the neuronal circuits that 

underlie emotions and motivated behavior, and can ultimately contribute 

to novel treatments for neuropsychiatric diseases. In addition to the 

chemical exposure of zebrafish, such systems can be supplemented by a 

variety of stimuli such as flow stimuli, optical or electrical stimuli. 

Currently available preparation systems for the study of neuronal activities 

in zebrafish larvae use agarose to fix the larvae (Carl Zeiss AG, Oberkochen, 

Germany). After fixation, the larva is placed in a Petri dish filled with 
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medium for the duration of the light sheet microscopy. Such an approach 

leads to an almost unpredictable alignment of the larva with respect to all 

six degrees of freedom, which results in a time-consuming and lengthy 

calibration of the light sheet microscope. Agarose can also be seen as an 

optical diffuser that can adversely affect image quality and as a diffusion 

buffer for chemical stimuli. In addition, the Petri dish contains such a large 

volume of liquid that chemical irritation changes cannot be carried out 

with strong gradients and a high temporal resolution. In addition, this test 

setup inevitably consumes large quantities of cost-intensive chemicals. 

Furthermore, newly identified potential active substances are often only 

available in very small quantities as pure substances, which requires 

working in very small volumes and excludes test arrangements using large 

volumes. To overcome some of these disadvantages, other research 

groups have created microfluidic systems of polydimethylsiloxane (PDMS) 

in which the larvae can be immobilized with defined orientation in a 

specially shaped microchannel [122]. However, the choice of material for 

PDMS has two serious disadvantages. On the one hand, it exhibits a 

relatively high autofluorescence, which leads to strong background noise 

during imaging. On the other hand, PDMS tends to absorb chemical 

components, which leads to undefined chemical stimuli. 

Despite these shortcomings, however, microfluidic devices seem to be the 

ideal approach to generate changes in chemical (or rheological, optical, 

electrical, etc.) stimuli with sub-second time constants while supplying the 

larvae with a continuous stream of oxygen-containing media. In order to 

be suitable for light sheet microscopy, the device must also be made of a 

highly transparent material with high inertness to chemical stimuli. One 

group of materials that combines these advantages is optical glass. By 

selecting different types of glass, it is also possible to adapt the refractive 

index and the transmission range to a specific task. However, the micro-

fabrication of glass devices is much more difficult than that of PDMS, for 

which the well-known soft lithography technique (see Chapter 1) is 

established in many laboratories. Advanced femtosecond laser structuring 

techniques can be applied to overcome this challenge. With this 

technology we are able to produce virtually free three-dimensional shapes 

that are ideal for immobilizing zebra fish larvae at different stages of their 

development. 
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Figure 5.1: Schematic view of the experimental setup. Leica TCS SP8 Digital 

Light Sheet (DLS) microscope (Leica microsystems, Wetzlar, Germany) with 

microfluidic chip containing a fish larva. 

In the experimental setup used the light sheet for excitation is coupled 

from below (see Figure 5.1, blue beam). Either from one side only or in an 

automatic change between left and right. It penetrates the cover glass and 

continues its way through the outer liquid. Getting reflected on one of the 

two micro mirrors. After penetrating the outer wall of the microfluidic 

chip, the light sheet passes through the internal liquid and finally 

penetrates the fish brain. The fluorescence signal is emitted in all spatial 

directions, the upwardly emitted part (Figure 5.1 green, beam) of which is 

coupled into the immersion objective. 

5.2 Chip design 

The chip design should allow to inject various chemical stimuli in rapid 

alternation, which requires two inlets. A further separate and larger inlet it 
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provided for the loading of the fish larva. This inlet directly leads into a 

chamber and will be called fish sluice in the thesis. It has to be 

dimensioned so that the larva can align autonomously against the flow. 

The precise translational and rotational fixation of the larva should be as 

reproducible as possible, with a maximum contact surface between larva 

and the solid system walls. A large contact area should prevent injuries to 

the larva during the immobilization process, as should the incorporated 

bypass, for lowering the hydrodynamic pressure. For later automation, the 

chip should have a switchable bypass outlet separated from the outlet of 

the fixator. 

The chosen design (Figure 5.2 A and B) comprises a large number of 

individual elements which, in combination, allow a system with a high 

potential for system automation.  
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A 

 
B 

 
Figure 5.2: Design of the microfluidic system with description of individual 

components. A side view, B isometric view. 

The unanaesthetised fish larva is injected into the system during loading 

through the fish sluice (Figure 5.3 A-I-II). Through a constant inflow of 

freshly oxidized medium through the inlet channel, the larva is optimally 

supplied and will also automatically align itself with the head against the 

flow (Figure 5.3 B-I-II). If the flow rate through the medium inlet increases 

further, the larva is slowly pushed towards the outlet until it enters the fish 
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fixator tail first (Figure 5.3 C-D-I-II). From this point on, an equilibrium is 

present, the larva can no longer free itself from the fixator and blocks it, 

the resulting increase in pressure can drop over the bypass, so that the fish 

larva is not injured (Figure 5.3 E-I-II). Furthermore, the bypass allows a fast 

exchange of the chemical stimulus by the kinetics of the flow, as without 

bypass by the much slower diffusion. In order to not disturb the emitted 

fluorescent light, the bypass is located under the fish fixator. The design 

has currently only one stimulus inlet. More inlets and separate channels 

can be introduced into the microfluidic system in order to switch between 

two or more chemical stimuli quickly or to supply different regions of the 

fish larva with different stimuli. Due to the micro scale regime and the 

associated purely laminar flow, chemical stimuli can be transported to the 

larvae locally and temporally with a very high resolution. 

A 

 
B 

 
C 
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D 

 
E 

 
Figure 5.3: Sequence of sketches illustrating the loading cycle (side view, 

red arrows indicating the flow direction). A injection of the larva, B larva 

orientates against the flow, C the larva is pressed by the flow into the rear 

part of the system, D larva is pushed further backwards, thereby the caudal 

fin is introduced into the fixator, E by blocking the deflection of the caudal 

fin the larva is pressed further into the fixator by flow until it reaches the 

mechanical stop. 

All design elements presented can be varied in composition and form 

depending on the desired analysis method and larva development stage. 

After the experiment has been completed, the larvae can be flushed out of 

the system undamaged by reversing the flow and opening the fish lock. 

Glass used as construction material enables any remaining chemical 

substances to be removed from the system automatically and without 

residue by rinsing processes. If necessary, autoclaving can also be carried 

out without hesitation due to temperature robust material. 

5.3 Microfabrication of the chip 

Production by laser ablation was realized to parameters already defined 

for previous systems (see Chapter 0). The subsequent smoothing of the 
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systems by chemical and thermal post-treatment also remained 

unchanged. Only the starting material had a greater thickness for 

comprising the different dimensions and the associated larger duct width 

of the system. For the production 700 µm Borofloat wafers of the SCHOTT 

brand were used. 

 
Figure 5.4: Fourth version of the NeuroExaminer. In the background after 

thermal bonding, in the foreground with additional thermal smoothing. 

5.4 Experimental Evaluation 

The system enables a variety of possible test setups through design and 

material selection. The first experiments are to be carried out exclusively 

with chemical stimuli which are transported through the incorporated 

channel into the system and to the fish larvae in a targeted manner. In 

addition to the light sheet microscopy described above and the associated 

analysis of neuronal activities, the user has the analytical option of 

monitoring the heart rate as an additional reference for the organism's 

feedback on changes in the stimulus. Figure 5.5 shows two bright field 

images of the fish larva inside the fluidic device, captured with the Leica 
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SP8 DLS (Leica microsystems, Wetzlar, Germany). The heart shape is traced 

with a red line and filled with blue color.  

 
Figure 5.5: Heartbeat monitoring, captured from an immobilized larva 

inside the microfluidic system. 

With the information of the heart shape it is possible to directly deduce 

the heart beat rate (Figure 5.6). This allows a detection of tachycardia and 

bradycardia deviations from the normal heart beat rate and for example 

conclusions to the level of stress. For further information on the software 

used and its purposes, see [123, 124]. 

 
Figure 5.6: Heartbeat rate deduced from a video of a trapped larva inside 

the microfluidic device. Blue dots mark the peak of the heart contraction. 

Simulations were conducted to confirm these exact temporal, local 

concentration of chemical stimuli and media exchange. If not otherwise 

stated all the following transient simulations were performed with ANSYS 

17 with a step size of 0.5 s and 100 time steps, for both media the material 

values of liquid water with a temperature of 25 °C. The first step was to 

determine the flow behavior when medium is injected through each of the 
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two inlets (see Figure 5.7 A and B). This condition is of particular interest 

both for the positioning of the larva and for the maintenance of vital 

functions. Both variations of the boundary conditions show a sufficient 

media exchange around the larva, especially in the important area of the 

head, the in the design incorporated channel structures seem to be well 

dimensioned. 

A 

 
B 

 
Figure 5.7: Simulation of media exchange inside the microfluidic system. A 

injection of fresh media (red) from the upper inflow channel to replace the 

old media blue. B Injection of fresh media (red) from the lower inflow 

channel to replace the old media blue. Both images were rendered 10 s 

after injection. 

Furthermore, flow focusing effects occur with the implemented design 

when on both inlets a mass flow is applied, which reduces the 

consumption of stimuli (see Figure 5.8). If one compares the images of the 

simulation results from Figure 5.7 with Figure 5.8, it is noticeable that the 

fish sluice is not flooded with stimuli enriched medium. This reduces the 

consumption of stimuli and offers a faster exchange of media since the to 

be replaced volume is much smaller. Drawback of this configuration is that 

the not with stimuli enriched (blue) media pushes the media enriched 

media (red) through the bypass out of the system, with much of the 

stimulus not reaching the larva. This can be compensated by optimizing the 

inflow rations between both inlets (see Figure 5.8 A and B).  
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Figure 5.8: Simulation of media exchange inside the microfluidic system. 

Injection of non-stimuli enriched media (blue) from the upper inflow 

channel (inlet 1) with subsequent injection of media enriched media (red) 

through the lower inflow channel (inlet 2). Both images show the state 50 s 

after injection. A with a ratio of 1:1 and B with a ratio of 1:2 of the mass 

flow between inlet 1 and inlet 2. 

However, these simulations also show that a large part of the injected 

medium is led out of the system through the bypass without reaching the 

larva. The desired function of the bypass, which is supposed to protect the 

larvae from excessive hydrodynamic stress, becomes a challenge because 

of the reduced contact surface on the larva with the stimuli. To master this 

challenge, the bypass was taken out of the design concept. Simulations 

with this design change and the same parameters were conducted (see 

Figure 5.9). Due to the higher hydraulic resistance the media exchange 

does take longer, it is uncertain if the larva will be supplied with enough 

oxygen. Also, the change between chemical stimuli will take more time. At 

the moment there are no values given for the shear forces which the 

larvae can withstand undamaged, but it is noticeable that the simulations 

show the highest shear forces in the area where the gills of the larva are 

located (see Figure 5.9 B and C). This is a region with the finest capillary 

vessels, which are extremely sensitive to mechanical stress. 
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Figure 5.9: Simulation of media exchange inside the microfluidic system 

without a bypass. An injection of non-stimuli enriched media (blue) from 

the upper inflow channel (inlet 1) with subsequent injection of media 

enriched media (red) through the lower inflow channel (inlet 2) with a ratio 

of 1:1 50 s after injection. B resulting shear stress due to the fluidic flow 

demonstrated in A. C detailed view of the shear stress distribution on the 

larva surface. 

For an excellent image quality of the light sheet an exact calibration before 

image recording begins is necessary. In earlier investigations without a 

fluidic chip, the setup involved embedding the larvae in agarose to 

immobilize it. During calibration this agarose scattered the laser sheet to 

such an extent that it was visible under the microscope and the calibration 

could be carried out in it. With the highly transparent glass system, this is 

no longer the case. Only at the interfaces there is still minimal scattering, 

which is not sufficient to focus the light sheet in its full depth. An 

alternative is that the calibration can also be carried out in the fish larva. 

Never less, should this step be avoided, as it is quite imprecise and 
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potentially harmful to the fish larvae. A possible solution to this challenge 

is the integration of special structures into the system with which the light 

sheet can be made visible. The first problem is the position of these 

structures. They must inevitably take place on the same level as the region 

of interest inside the larva. The test setup within the microscope can only 

be moved back and forth by a few millimeters. In front of the fish fixator, 

the alignment chamber is integrated into the chip and thus does not offer 

any space for any further structures due to the minimized glass thickness. 

But there is still enough space behind the fish fixator, this is only 

interrupted by the outlet channel in the middle. Two solutions to relocate 

the outlet channel are shown in Figure 5.10.  

A 

 

B 

 
Figure 5.10 Alternative designs in which a continuous calibration structure 

is introduced into the chip (red square with blue outline). A shows a split 

channel. B shows a channel redirected downwards. Since the calibration is 

recorded from above, it is likely that this design variant allows better 

calibration. Both figures show the state after 50 s after the injection. 

The effect on the media exchange through the redirected outlet channel is 

simulated for further investigations, a negative effect is not visible 

(compare Figure 5.8 A with Figure 5.10 A and B). A material that scatters 

the light sheet like the agarose gel or a material that starts to fluoresce at 

the excitation wavelength would be suitable as a calibration substrate. 

Other potential optimizations are the faster and locally focused supply of 

chemical stimuli. Possibilities to optimize the injection of stimuli can be 

achieved by changing the geometry of the channel structure with the 

rearranged placement of the bypass (Figure 5.11 A) and possible 
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implementation of a flow focusing structure (Figure 5.11 B). The 

simulations show that the replacement of the bypass plays a decisive role 

to optimize stimuli supply to the larva and stimuli wastage by the system. 

Last could further reduced with the implementation of the flow focusing 

inlet structure. For comparison Figure 5.11 C shows the old setup with the 

same fluidic parameters. 

A 

 
 

B 

 

 

C 

 

 

Figure 5.11: Simulation of media exchange inside the microfluidic system. 

A Injection of non-stimuli enriched media (blue) from the upper inflow 

channel (inlet 1) with subsequent injection of media enriched media (red) 

through the lower inflow channel (inlet 2) with a ratio of 1:1, with the new 

bypass placement. B Same initial and boundary conditions, but with the old 

bypass placement. C Injection of non-stimuli enriched media (blue) from 

the upper inflow channel (inlet 1) with subsequent injection of media 

enriched media (red) through the left inflow channel (inlet 2). The inflow 

channel geometry marks a first real flow focus. 

After successful capture of the heartbeat, initial tests with the light sheet 

microscope were performed. First images show the desired image quality 
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after further optimization of post-processing for optimal smoothing of the 

surfaces roughened by laser processing (see Chapter 0) and now allow 

resolution in single cell size (see Figure 5.12). However, these high 

resolution images could only be acquired at small height ranges of 100 µm 

of the brain with a total height of 250 µm. The further the image plane 

deviate from the calibration plane, the blurrier the recorded images 

became. But since the calibration plane could be applied throughout the 

whole height of the brain, the assumption can be made that the required 

optical properties are well attained but unsuited for the used microscopic 

setup. Since the microscope scans the brain by moving the whole stage in 

z-direction blur due to refraction on the non-planar ceiling of the chip 

come more in affect. To obtain better image qualities throughout the 

whole brain height it requires a new calibration after 100 µm of travel. 

For a better visualization of the problem see the following Figure 5.13 A. 

The upper right section of the system is shown schematically. Due to the 

laser processing, the glass (dark blue) has a slant at the top. If now the light 

sheet couples laterally into the system (red lower line) a plane of light 

point sources is excited, for better visualization we consider in the 

following only one of it (green dot below left in the sketch). Orthogonal to 

the light sheet plane, the optimal (dashed line in dark green) beam path 

has no deviation from the actual beam path (continuous line in light 

green), which is due to the geometry of the system. If however a ray-path 

hits border surface between water (light blue) and glass (dark blue) not 

orthogonal, refraction comes up. From the boundary surface of water to 

glass, the ray path is deflected to the plummet (orange) and from glass to 

water to the plummet. There is a deviation of the optimal and actual beam 

path when hitting the lens plane (black dotted line) and thus a defocusing 

of the image. This effect can be counteracted with the calibration and thus 

focusing of the Light sheet. If, however, the light sheet plane is shifted with 

the lens plane in order to move the brain of the larva in the entire height, 

the length of the beam changes traveling through the glass of the 

microfluidic system. Thus the influence of refraction on focusing changes 

Figure 5.13 B. 
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Figure 5.12: Comparison of light sheet images of the complete head of 

zebrafish larvae. A Light sheet image in an early version of the microfluidic 

system. Individual nerve cells are already recognizable, but the recording 

quality is not yet sufficient for a complete analysis. B After a further 

improvement in the smoothing of the inner glass surfaces, an optimal 

representation of the brain can be seen. 
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Figure 5.13: A Sketch of the beam path of a point light source through 

the microfluidic system and the surrounding media. B Same light path 

with an additional higher located focal plane. Both focal and lens plane 

are always located in the same distance due to the construction of the 

light sheet setup. A change in the deviation between the ideal and 
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actual beam path is visible, a circumstance that cannot be eliminated by 

the initial calibration. 

 

5.5 Integration of the fluidic chip in a complete system 

Although the systems can already be loaded with larvae and positioned 

and analyzed under a light sheet microscope, this process is not yet 

automated and therefore requires a large number of manual steps. These 

are time-consuming, time-critical and prone to incorrect operation. The 

aim is to integrate the presented microfluidic system into an overall system 

(see Figure 5.14). This step is necessary for experiments involving several 

hundred larvae. The design provides a quick exchange of the chip in order 

to adapt the test setup quickly and easily to other questions and fish larvae 

stages without having to replace other elements of the system. All wearing 

parts (fluid connections, cover glass and sealing rings) can also be replaced 

to ensure a long service life for the entire system. A fluidic bowl was 

machined from solid aluminum, the threaded ring out of stainless steel and 

the two-piece adapter ring out of Teflon with a high degree of precision. 

After shaping, the surface of the fluidic bowl is anodized in black, which 

increases the surface strength and thus the resistance to mechanical 

stress. In addition, this surface coating reduces disturbing stray light during 

microscopy. The overall design can be regarded as two fluid systems, 

which, are strictly separated from each other. The already presented 

microfluidic system in the chip is connected to the peripherals such as 

pumps and reservoirs through the fluidic adapters and connections. This 

inner system is enclosed by an outer fluid system, which is enclosed in the 

fluidic bowl, but is accessible from above by the microscope objective. This 

enables immersion microscopy, i.e. microscopy in which the objective of 

the microscope is immersed in the outer fluid. By encapsulating the 

internal fluidic system, the surrounding fluid can also consist of oil or other 

liquid that would actually have a harmful effect on the fish larvae, but have 

an advantage of providing better images during microscopy. The excitation 

light can be coupled into the system from above as well as from below.  
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Figure 5.14: CAD exploded view of the entire system, the design allows the 

exchange of all wearing parts and adaptation of the fluidic chip to different 

larval stages. The setup is suitable for light and fluorescence microscopy, 

both with a non- and with an immersion objective (shown here with the 

light sheet attachment). 
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6 Conclusion 

The systems presented in this thesis form a solid basis for further OOC 

research and cooperation between engineers and scientists in the fields of 

pharmacy and biology. It has been shown that microtechnology is ideally 

positioned to meet specific requirements for scale, narrow tolerances and 

surface properties and thus to answer novel and highly complex questions 

in pharmacy and biology. Interdisciplinary work in particular enables us to 

identify and develop ever more far-reaching research opportunities. 

Manufacturing processes that are becoming faster and faster enable ever 

shorter times from the basic idea to the first prototype. The perfection of a 

system over several design iterations is thus possible in an 

unprecedentedly short period of time. However, special attention must be 

paid to good and regular communication between the different parties 

involved in the development. This is the only way to ensure that system 

development is steered in the right direction and to avoid the 

development of a system that includes a new and high-tech production 

process but is not used due to its inadequate manageability low user-

friendliness. 

The DynaMiTES presented in Chapter 2 represents the first combination of 

support for established cell culture inserts, fully accessible dynamic 

acceptor and donor volumes and simultaneous real-time capable 

monitoring of the barrier integrity of the cells by means of TEER 

measurements. For the intended three-hour duration of experiments, cell 

viability is neither negatively affected by exposure to the OOC materials 

that were tested nor by the completely assembled DynaMiTES. Moreover, 

material testing revealed that no corrosion is caused by the buffer solution 

over a period of three months. Furthermore, the materials allow 

autoclaving with moist heat, which is another essential premise for 
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multiple uses. Therefore, the DynaMiTES can be considered suitable for 

cell experiments and robust enough to perform long, extensive scientific 

studies. The goal of achieving a homogeneous exposure of tissue to shear 

stress and homogeneous drug concentrations after injection could be 

confirmed by FEM flow simulations. Simulation of the current distribution 

revealed that integrated electrodes can provide practically homogeneous 

current exposure of the tissue. Reducing the need for additional 

equipment to successfully operate the DynaMiTES promotes the transfer 

of this new directly applicable OOC platform to other laboratories. This 

novel OOC is of interest for a variety of applications in the field of 

absorption studies. So far, cell cultures mapping the cornea and the rodent 

blood-brain barrier have been successfully integrated into this system [60]. 

An extension with a keratin film is about to be introduced. Implementation 

of other barrier forming structures such as the human nasal mucosa, a pig 

blood-brain barrier, an intestine model and the blood-retinal barrier will 

follow soon. The objective of a widely applicable system for absorption 

studies has thus been clearly achieved. 

The Neuro-PDMS systems (Chapter 0) were successfully used for the 

growth of three-dimensional structures from endothelial cells. The 

somewhat outdated technique of soft lithography therefore still has its 

right to be used in the research field of OOCs. Especially systems which are 

supposed to map smallest tissue structures are suitable for the use of 

PDMS as main material structured by soft lithography [58]. The high gas 

permeability of the material ensures that the tissue has a stable pH value 

and is sufficiently supplied with oxygen. The very high biocompatibility of 

PDMS is also a mayor contribution to optimal cell environment. The 

relatively high initial costs of manufacturing a photolithographically 

structured mask and the SU-8 master are offset by the low ongoing costs 

of manufacturing individual systems. The manufacturing process is 

therefore particularly suitable for a fixed design and high quantities. When 

the system’s dimensions are small enough, so that multiple systems fit 
onto one mask, soft lithography is also suitable for the rapid development 

of first prototypes with high design variations (see Chapter 3.5). 

Unfortunately, the systems could not be successfully transferred to be 

used in absorption studies of the blood-brain barrier due to time 

bottlenecks at the cooperation partners. Nevertheless, a particular 

advantage of this production technique is that molding of PDMS parts can 
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be carried out directly on the user's premises. The associated gain in time 

can then be used to simulate and characterize the system more precisely. 

Chapter 4 describes the successful introduction of three-dimensional 

structuring of optical glass using femtosecond based laser ablation with a 

system called MiPS. By using this advanced technique, for the first time a 

glass system was developed and manufactured that safely immobilizes 

pancreatic cell islands using a simple well construction. This system 

protects the cells from shear stress caused by the surrounding culture 

medium and it enables a sufficiently fast exchange of the test media. Its 

µm-scaled channels are able to maintain a clear front between media 

enriched with different stimuli, which is a prerequisite for the generation 

of square wave changes in the test conditions. The advantage of the use of 

glass as the MiPS building material which allows no oxygen permeation. 

Could be illustrated by simultaneous multiparametric measurements of 

isolated pancreatic islets that respond to a glucose change. In these 

experiments, the properties of MiPS provided valuable information by 

allowing the kinetic changes of the measured parameters to be compared. 

OOC systems such as the one presented are promising tools for 

accelerating research of pancreatic islet and their function in the human 

body. Glass as a material for MiPS has two advantages over PDMS: it has 

superior optical properties that allow fluorescence microscopy even with 

UV excitation, and is gas-impermeable, allowing measurements of oxygen 

consumption and uptake of other gaseous compounds. The experience 

that was gained when developing MiPS, including its production and 

simulation, led to the development of a new OOC with five parallel 

channels which enables five parallel experiments with individual islets. The 

new OOC features increased transparency achieved with a special thermal 

post-treatment of the glass, and a higher resolution for fluorescence 

measurements was also achieved Currently, islet experiments are using 

cells from mice and the use of the MiPS can dramatically reduce the 

number of mice required for these experiments. 

From a manufacturing point of view, the NeuroExaminer, presented in 

Chapter 5, represents an advancement of the MiPS. The adaption of the 

MiPS production parameters and the new development of the design 

resulted in a system which reached a development stage within a very 

short time, which already fulfils large parts of the requirements.  
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Previous systems for immobilizing fish larvae use either a complete or 

partial embedding of the fish larvae in an agarose gel. To date, only a few 

systems use fluidic fixators for this purpose, but these are either made of 

PDMS (with the disadvantages mentioned in Chapter 1), or only offer the 

possibility of aligning a larva along a single axis, not permitting its exact 

positioning in space. The NeuroExaminer presented here, is made entirely 

out of glass, permits exact positioning of the larva in space and is suitable 

for a wide range of experimental configurations. 

The NeuroExaminer is a microfluidic chip with a complex three-

dimensional structure that optimally encloses fish larvae and thus 

hydrodynamically fixes them in all spatial directions. First observation 

shows that after introducing a larva into the chip, it will align itself with the 

head facing towards the fluidic flow. By applying suction onto the outlet of 

the NeuroExaminer, the larva could be pulled slowly into the fixator. This 

was already accomplished manually with the use of a pipette and 

highlights that anesthetics are no longer required to fixate the larva, 

marking a reduction in time and costs per experiment and eliminating 

possible interference of the anesthetics with the chemical stimuli applied 

during the experiment. However, it is not yet possible to consistently 

introduce and fix the larva into the chip with a high reproducibility. This is 

largely due to the fact that at the present time all work steps are carried 

out manually using a pipette and are therefore subject to a large variation 

in quality. The integration of the NeuroExaminer into an overall system as 

shown in Figure 5.14 should significantly increase reproducibility of fixing 

the larva. At the same time, the chip has highly transparent optical 

properties for excellent imaging, enabling dynamic studies of fish larvae at 

various stages of development with a variety of chemical, mechanical and 

optical stimuli. Simulations showed that undiluted chemical stimuli can be 

applied to the larva, while simultaneously supporting it with oxygenated 

media. The assumption that a bypass structure would be needed to 

prevent the larva to get harmed by the strong fluidic flow and although 

allowing media exchange after the larva clogs the fixator structure was 

confirmed by simulations and the placement of the bypass channel could 

even be optimized with data obtained from transient fluid simulations. 

Thus, limiting factors of the previously mentioned older designs could be 

solved in the NeuroExaminer. Initial analyses indicate that the 

NeuroExaminer can detect the larva’s heartbeat without problems and can 
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thus provide the data for a complete analysis of the blood outflow phase of 

the heart (see Figure 5.5 and Figure 5.6). First light sheet photos of a 

fixated larva inside the NeuroExaminer already show single cell resolution 

of the larva’s brain. Initial tests for embedding a light sheet calibration 

structure and tests of other system components for embedding the 

microfluidic chip in the overall system also show that the development of 

the NeuroExaminer is well advanced.  

The manifold possibilities of microtechnology, of which CNC-supported 

micro-chipping technology, soft lithography and laser-supported 

microstructuring were presented in this thesis, must be considered with all 

advantages and disadvantages during the development of novel OOCs. 

Only by strict compliance to this rule of design theory it was possible to 

meet the requirements of end users. The result was that four distinct 

systems, which are not interchangeable with each other, were developed. 

Each of these devices marks a new development in the field off OOC which 

could successfully be transferred into the lab environments of 

pharmaceutical and biological research groups. 
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7 Outlook 

The scientific work carried out in this thesis can be considered a solid basis 

for further research in the field of OOCs. In the course of the research for 

this thesis, new, unplanned cooperations with various institutes in 

Brunswick and Berlin came about. These cooperations led to new scientific 

findings and the acquisition of third-party funds for further research of 

new manufacturing processes and OOC systems.  

During the research for the DynaMiTES (Chapter 2) it became clear how 

high the demand for an easy to use system for pharmaceutical research is. 

Further development of this system should be continued. Even though 

many components have already reached a high level of development, 

some teething problems still need to be solved. The most common 

problem is leakage, which occurs most frequently at the point where the 

channel and insert levels are in contact with the sleeves. One way to solve 

this problem would be to glue these levels together. However, this would 

also mean that the diminish the modularity of the DynaMiTES, so this step 

should be carefully considered and only undertaken if there is the certainty 

that the components no longer need to be modified. A further difficulty is 

that the installation of the inserts fitted with the blood-brain barrier cells 

causes these cells to die. The materials do not seem to have a negative 

effect on cell viability, so a probable explanation for the mortality is a 

pressure increase that can occur when the insert is pushed into the 

system. This pressure increase could cause the nutrient medium to be 

forced through the insert membrane and damage the cells. This 

phenomenon has so far only occurred for blood-brain barrier cells and not 

in the model that depicts the human cornea. Implementation of further 

barrier forming structures such as the human nasal mucosa, intestine, the 

blood-brain barrier and the blood-retinal barrier into the DynaMiTES will 

follow soon and should be pursued. For this task, the simplification of its 

design should be investigated to improve handling by inexperienced 

researchers. Material selection of the system and electrodes, channel and 

electrode geometry are established and requires no further modifications. 

The newest DynaMiTES design offers the possibility for an improved 
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dynamic acceptor compartment. Meaning that it is possible to either cycle 

or replace the nutrient solution inside the acceptor for long-term TEER-

measurements or dynamic absorption studies. This feature should be 

extensively tested in the future. To achieve a further increase in the 

functional range, custom made electronics should be added. These could 

cover two future aspects. First, the continuous recording of TEER-value or 

impedance spectroscopy, the latter provides more relevant information 

than TEER-measurements with the EVOM® [74], and permits freely set 

time steps by the user. Second, the with the TEER measurement 

synchronized controlling of separate pumps, allowing the user to program 

an in-vivo like dilution rate of the compound to be examined. Both aspects 

will allow users to use the DynaMiTES for automated high throughput 

screening. Future research can even involve networks built out of 

numerous DynaMiTES, where each system can be loaded with a different 

cell culture model. With suitable interconnections, various experiential 

multi-organ setups are feasible. Serially-connected DynaMiTES donor 

compartments could mimic the passage of a drug through consecutive 

parts of the human body for example within the gastrointestinal tract. 

Such as system would allow the investigation the entire region of drug 

absorption in the human body. For research regarding the metabolism of 

drugs and associated side effects, parallely-connected DynaMiTESs could 

be applied. For example, the metabolic function of the liver could be 

simulated by directly connecting the acceptor compartment of a hepatic 

DynaMiTES with the donor compartment of other DynaMiTESs. To 

evaluate cardiac side effects, a second system could be loaded with cardiac 

cells. The ultimate challenge will be the modeling of a complete human 

body out of various DynaMiTESs and the emulation of complex 

pharmacokinetic processes like absorption, metabolism, distribution and 

excretion. 

The Neuro-PDMS systems (Chapter 0) should be seen as a first step 

towards new research with companies and research groups that are not 

associated with TU-Braunschweig. Despite its high potential, the systems 

could only be analyzed or the results were passed on insufficiently. It 

would have been desirable for the system to have been tested more 

extensively within the TU Braunschweig. Also the fact that the contact 

broke off after production and delivery of the SU8 Master the contact to in 

Berlin based company is regrettable. However, in order not to discard the 
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knowledge gained during the production of the PDMS based OOC systems, 

a new attempt at cooperation was made. In cooperation with the Technical 

University Tampere in Finland the aim is further development of the 

existing systems. Microtechnical structuring remains the main component 

of the work at IMT, whereas cell cultivation is carried out in Finland 

afterwards.  

The together elaborated concept (Figure 7.1) envisions the direct 

cultivation of neurons in the new system. Contrary to previous applications 

of the Fibringels systems, the neurons are not embedded in gel, but rather 

freely seeded on the bottom of the system. The research goal of this 

system is to investigate multiple sclerosis. In this neuronal disease, the 

neurons’ myelin sheath responsible for electrical isolation of neurons is 
attacked. The possible course of the disease is diverse and therefore 

difficult to predict. Neither the exact reason for this disease nor a cure are 

known at this stage, which is why this disease is of great importance for 

science. In order to support this research, the system will be used to 

investigate whether it is possible to form artificial myelin sheaths around 

the nerve cells. For this task, it is exploited that the axons tend to orient 

themselves through the narrowest possible channels. This behavior allows 

the neurons to align themselves independently through the long and 

narrow channels. 

A 

 

B 

 
 

Figure 7.1: A Concept idea of the new master. Yellow marks the levelling 

layer, green the reservoir in which the neurons are to be sown, blue the 

reservoir where the axons are to extend through the red marked 

channels. Through different fill heights of media between the reservoirs 

a hydrostatic flow can be applied. B The detailed view allows a glimpse 

of the non-scale representation of the artificial myelin sheaths including 



Outlook 

 

122 

 

parallel channels for transmitting the electrical signals. 

Due to the channel size, the structure of the mold for the new system is a 

challenge for microtechnology, which cannot be met with the standard 

photolithographic manufacturing process: The channels for the axons and 

the artificial myelin sheaths are so small that two-photon direct printing 

methods must be used to shape them. The larger filling areas can however 

be produced using the regular photolithography manufacturing processes. 

An important aspect which must be taken into account at an early stage of 

development that is associated with the conspicuously small structures, 

are the forces occurring after the PDMS is fully cross-linked and detached 

from the mold. To ensure that the small structures do not detach from the 

substrate when the PDMS layer is removed, the adhesion between 

structure and substrate must be maximized. An initial roughening of the 

carrier substrate surface using femtosecond laser ablation, for example, 

would be suitable for this task. Additionally, the adhesion of the PDMS to 

the mold needs to be reduced. A coating of the entire form with Teflon 

would be suitable for this purpose. The combination of these highly-

developed manufacturing methods can create a system that enables novel 

insights into the mechanisms of neuronal signal transmission. From a 

microtechnical point of view, the envisioned system is based on 

established technology. Soft lithography is already widespread and is not 

expected to garner much attention in the international trade press. 

However, the use of two photon polymerization to produce the finest 

master form structures has the potential to create completely new 

applications in the production of OOC systems, which is why the 

envisioned approach should be continued in the future. 

The MiPS presented in Chapter 4 has successfully completed its prototype 

phase and is currently in the process of being brought to maturity, already 

offering new insights into the metabolism of pancreatic cell islands. This 

path should continue to be pursued. The latest version of the MiPS 

presented here is mature enough that one should think about transferring 

the chip into a new setup. So far the system was operated under a 

fluorescence microscope with external heating unit and peristaltic pump. A 

new idea is to convert the system suitable to be operated in an incubator. 

The Institute for Semiconductor Technology at the TU-Braunschweig has 

already started the development of a lensless microscope [125, 126]. This 
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makes it possible to significantly reduce the dimensions of the 

experimental setup, which is necessary for operation in an incubator. An 

additional improvement of the MiPS would be the installation of optical 

fibers in the chip. Using an appropriate LED and filter technology, 

fluorescence measurement with the lens-less microscope would then also 

be possible. Besides offering the possibility of long term investigations of 

metabolism behavior under optimal conditions with dynamic stimuli 

changes, this setup also drops the required costs of such experiments to an 

absolute minimum. This could enable many laboratories all around the 

world to perform these complex measurements and conducting more 

experiments by fixed financial resources.  

In addition, it should be verified if the newest developed version of then 

MiPS is suitable for growing and researching cancer islets. Regular cancer 

research is mostly conducted on a monolayer of cancerous cells. These 

however behave differently from cancerous tumors in the human body 

since all cells in the monolayer are in direct contact to the surrounding 

medium and the tested drug, while only the outer wall of a tumor is in 

contact to its surroundings. Because of this drawback, artificial tumors on a 

size scale similar to those of the islets of Langerhans have become more 

widely used in cancer research. But when these cancer islets are used to 

identify drug candidates that stop or limit cancer growth, it is still quite 

common to use static exposure to drugs and not a dynamic, more in-vivo 

like, dilution. A challenge that the MiPS has already mastered. 

In Chapter 5 manufacturing methods presented in the previous chapter 

was applied to new areas. Glass as a material has many desirable 

properties and it can be shaped and transformed in various ways. For 

these reasons it should be further investigated whether there are further 

application areas of glass in the field of micro technology. 

The NeuroExaminer system which is presented in Chaper 5 of this thesis is 

working as expected and can be used to fixate a larval fish in place. 

However, there is still potential for improvement. One initial goal is to 

increase the achievable image quality. So far, images of the larval brain 

have been taken at high resolution, resolving individual neurons. This is 

work that has not yet been published. Nevertheless, the actual goal is to 

improve the system to such an extent that the entire brain of the fish larva 

can be imaged at this recording quality. Different approaches can lead to 
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this goal; by dividing the NeuroExaminer along the longitudinal axis into 

two system halves, a channel cross section similar to a hexagon is formed 

by the laser process. The coupling of the stimulating laser over the side 

surfaces functions excellently, but the emitted radiation is scattered over 

the inclined glass surfaces of the channel top, which would explain the low 

imaging quality when the stage of the microscope is moved further than 

50 µm. Further explanations would be the high glass thickness on the 

upper side as well as the existing surface roughness. Of course, a 

combination of these influences is also possible. Furthermore, 

improvements in usability are of particular interest to the users of the 

system. This includes the integration of the system into an experimental 

setup consisting of pumps, reservoirs, a heating unit and a microscope. 

This would enable faster throughput of experiments with a more 

controlled environment and therefore a better quality of the measured 

results. Although it is of great importance to introduce a dynamic media 

and stimuli exchange. First to keep the larva inside the chip alive, second to 

accomplish more relevant experiments. The integration of structures for 

calibrating the light sheet would also be desirable, initial tests with 

fluorescent particles seem to be a step towards a solution. But further 

research with a higher dilution of the particles inside the matrix should be 

made. The analysis of the musculoskeletal system, i.e. the tail deflection of 

the fish larva, is a further aspect of current research into neuronal 

diseases. To allow the fish to be able to move his tail while fixated in the 

NeuroExaminer, a chamber behind the fish fixator must be incorporated 

into the system. From a manufacturing point of view, design changes do 

not pose a major challenge. The smoothing of the inner channel walls 

would probably not have to be continued to such an extreme degree as 

the described version of the NeuroExaminer, which is designed for light-

sheet imaging. It can be assumed, that the heat treatment would not be 

necessary or it can be reduced to only one passage. It should be noted, 

however, that a tail deflection is accompanied by a forward directed 

movement of the larva. Thus it needs to be examined how strong the flow 

of the medium surrounding the larva has to be in order to fix it 

permanently without damaging it, e.g. when it stops its swimming 

movements. Due to the high visual transparency, optical stimuli can also 

be transmitted to the larva in later experiments. In addition, mechanical 

stimuli through internal changes in flow conditions or external vibrations 
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are possible and offer possibilities to use the NeuroExaminer to answer 

more far-reaching questions. 

The new developments in OOC research that are presented in this thesis 

represent the initial steps for further research at the IMT. OOCs need to be 

developed further to answer more far-reaching questions in pharmacy and 

biology. It should also be continuously investigated whether the systems 

presented here can be transferred to new fields of research using only 

minor changes in their design. For example, in the Introduction (Chapter 1) 

it was mentioned that the chemical and cosmetics industry also have a 

high demand for new detection methods to assess the harmlessness of 

their products. OOCs are suitable for this task, opening up a completely 

new area of application for these devices. Of course, the research results 

of the used fabrication techniques obtained over the course of this work 

can be transferred to other applications in the field of microtechnology. It 

is likely that they can for example be used to overcome specific problems 

in the production of sensors, actuators or Micro-Electro-Mechanical 

Systems. 
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Microfluidic devices  

This thesis focuses on the development, production and testing of four novel microfluidic systems in which different 

forms of living matter ranging from cells to organisms can be cultivated and investigated. Such systems are referred to 

in the literature as organ-on-chip systems. They typically find applications in research and development in the fields of 

pharmacy and biology. 

The order of the chapters in this work is derived from the order of growing complexity of the life forms that shall be 

cultivated in the systems. At first, a user-friendly new development of a fully dynamic fluidic system for cell layer 

cultivation with online monitoring of cell integrity for drug absorption studies is described This system was realized by 

methods of precision engineering. An artificial human hemicornea tissue model could be successfully transferred into 

the device. With the implemented electrodes and commercially available measurement electronics a successful long 

term validation of the cell culture barrier was possible.

Next, a system for with three-dimensional capillary structures for mimicking neuronal structures in the human brain is 

described. This system is fabricated by so called soft-lithographic approaches. Endothelia cells were successfully 

seeded into a fibrin matrix and injected into the device to form artificial blood vessels. Thirdly, a system for cultivation 

of Pancreatic cell islands forming fully functional mini organs represents a further increase in complexity. This system 

is completely made of transparent glass structured by femtosecond laser ablation. Combined with a special post-

treatment an excellent optical quality could be achieved. This enabled successful multi parametric examinations of 

the cell islets. The last system presented in this work allows to image the neuronal activities in the full brain of living 

zebrafish larva (Danio rerio). The required high optical quality could be realized with glass micro structuring processes 

already developed for the pancreas system. With a successful hydrodynamic immobilization, a real-time 3D-light-

sheet-imaging with single cell resolution was achieved.
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