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The goal of the research presented in this thesis is to develop new technologies for 
organ-on-chips to recapitulate the aerobic intestinal host – anaerobic microbiota 
interface on-chip. Technologies that are developed and presented here include 
sensors for relevant parameters as well as fabrication technologies to move towards 
high-throughput and automated systems. In this chapter, a brief description is given 
of the in vivo intestine and the challenges to accurately mimic this environment in an 
in vitro system. Lastly, the framework and outline of this thesis are presented. 

CHAPTER 1
Introduction and outline 
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1.1 The human gut and its microbiota 

The gastrointestinal tract is the passage way of the digestive system. It is a muscular tube that 

leads from the mouth to the anus and its main function is to digest food and absorb the nutrients 

into the blood. The elements of the gastrointestinal tract are (in order) the mouth, the 

esophagus, the stomach, the small intestine, the large intestine and the anus. The small intestine 

is the most important digestive organ and it is evolved to have a large absorptive surface (Figure 

1.1, left side). The small intestine is approximately 6 meters long and its wall is folded and 

consists of protruding villi and microvilli, all to enhance its absorptive capacitance. The large 

intestine is larger in diameter (7 cm, compared to the small intestine’s 2.5-4 cm), but shorter in 

length with its 1.5 meter. The main function of the large intestine is to move fecal material 

towards the anus and to reabsorb the remaining water, electrolytes and essential metabolites 

(vitamins and short chain fatty acids) produced by the commensal microbiota1.  

The human intestinal lumen of both the small and the large intestine contains tremendous 

amounts of bacteria, collectively known as the commensal microbiota. The exact number of 

bacteria in the intestinal microbiota is not exactly known, but it is estimated to be more than 

trillions (1012) of bacteria2–4. The gut has a unique physiology, namely a steep oxygen gradient. 

The adult human intestinal microbiota consists mainly of anaerobic bacteria5,6, while the 

intestinal epithelium cells do require oxygen to maintain viable. The luminal oxygen 

concentration affects the organization, development, and the dynamic nature of the 

microbiota7,8. The microbiota and epithelial cells are separated by a crucial physical barrier: 

the intestinal mucus layer9. 

The intestinal microbiota plays an essential role in the host’s health and disease10,11. A 

misbalance in the intestinal microbiota is thought to affect the host’s immune system and 

health12,13. Vice versa, there are indications that the host can affect the microbiota composition, 

i.e. the individual microbiota is modifiable6,10. Factors that are suspected to affect the 

microbiota are (among others14, see Chapter 2): age15, genetics16, diet17,18, body mass index 

(BMI)19 and the use of medicines20. However, there are numerous aspects not (fully) 

understood21, specifically the underlying mechanisms of the host-microbiota interactions10. The 

complexity and dynamics of these factors cause difficulties in studying these host-microbiota 

interactions. As a result, it is hard to draw definitive conclusions from in vivo studies. 

Furthermore, the complexity of the in vivo situation hampers the comparison between different 

studies. In vitro models provide a well-controlled environment that facilitates studying the effect 

of one specific factor or element.  
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1.2 Models for host-microbiota research 

The prime goal of biomedical research is to understand the mechanisms that underlie the 

processes and development in the human body, thereby gaining insights to understand and 

ultimately treat diseases. Physiological representative in vitro models are essential research tools 

for the discovery of new drug targets and drug development. Drug development is a slowly and 

costly process, mainly due to the high attrition rates in clinical trials22,23. More than 80% of the 

drug candidates fail in clinical testing (when the drug candidate is tested on human volunteers) 

by virtue of toxicity or a lack of efficacy22,24. Clinical studies are very costly and it would be 

beneficial to make the pre-clinical phase more predictive24,25. In this pre-clinical phase, the drug 

candidate is tested on in vitro (cell culture) and in vivo (animal) models26.  

In vivo animal models provide a complex model, which is crucial to study (longer-term) 

responses to an entire biological (host) system24,27. Animal studies are considered very valuable, 

but they are also thought to be not physiologically representative as they lack predictive 

value22,26–28. Moreover, animal studies are costly, labor-intensive and thereby inherently low-

throughput26. Lastly, their ethical impact should be carefully contemplated from both the 

perspective of humans and animals27–29.  

The two-dimensional (2D) in vitro models can overcome some of the issues of in vivo 

studies. They can achieve a higher throughput, they are relatively robust, the experimental 

conditions can be better controlled, and the use of human cells provides better species-specific 

results26. However, the most commonly known and used in vitro models, such as a petri dish or 

a Transwell system, are too simplified and do not resemble the in vivo microenvironment. The 

cells in these in vitro models tend to lose their tissue specific physiology, whereby the cell model 

loses its predictive value30,31. A more physiological representative in vitro (gut) model would be 

very valuable as a complementary model to the in vivo studies in the pre-clinical phase of drug 

development31,32.  

1.3 Organ-on-chips 

Organ-on-chips (OoCs) were developed to overcome the problems of in vivo and conventional 

in vitro models. OoCs are in vitro cell culture models that mimic organ-specific functions, 

physiology, and/or structures24,33. An OoC is a microfluidic device that typically contains two 

independently perfusable, parallel channels. In case of a gut-on-chip, such an OoC system 

consists of the gut lumen (top channel) and the endothelial lumen (bottom channel) (see Figure 

1.1, right side). Often, these channels are separated by a porous membrane that can mimic 

an organ-specific tissue-tissue interface when different cell types are cultured on both sides of 

the membrane33,34. The porous membrane provides a scaffold for both cell types to adhere to. 
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Due to the pores, the two cell types can communicate35,36. The porous membrane provides the 

option to study the permeability of a certain molecule through the tissue-tissue interface35. This 

is specifically of interest for gut-on-chips when studying the absorption of certain compounds 

or nutrients32. Please note that there are also OoCs with other designs, e.g. vessel-on-chip37, 

heart-on-chip38 or cartilage-on-chip39 systems. In this thesis, we use the definition of OoC for 

the two-channel configuration, as this design is in our opinion crucial for mimicking the 

intestinal barrier and for intestinal absorption studies. OoC systems also allow one to apply 

other cues33, such as mechanical stimulation (e.g. peristalsis-like movement, or shear stress29), 

electrical stimulation (e.g. in a heart-on-chip40) or spatiotemporal gradients of molecular 

compounds (e.g. growth factors or cytokines33,41) or molecules (e.g. oxygen42). Since the 

presentation of a lung-on-chip device in 201043, a variety of models of different organs have 

been developed, including organ systems as the blood-brain barrier44–46, the kidney47, the 

intestine29,48,49, and the liver50. OoCs are considered to be a promising alternative or 

complementary model to the conventional in vitro and animal models24,51. 

 

 

Figure 1.1: Schematic illustration of the concept of a host-microbiota-on-chip. Part of this image has been 
presented previously14.  

1.4 Host-microbiota-on-chip 

A physiologically relevant aerobic intestinal host-anaerobic microbiota (AHAM)-on-chip should 

enable the culture of all relevant cell types, which include the aerobic intestinal epithelium cells, 

the endothelial cells and the cells of the local intestinal immune system. Furthermore, the OoC 

should contain the intestinal mucus layer and the intestinal microbiota. A thorough overview of 

the various aspects that AHAM-on-chips should have, is discussed in detail in Chapter 2. Figure 

1.2 provides an overview of the elements of a host-microbiota-on-chip that are discussed in 

this thesis.  

The combination of the anaerobic and aerobic conditions on a small physical scale (Figure 

1.2) demands for a method to precisely measure the oxygen concentration on-chip. Oxygen 
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sensing in OoCs can provide valuable information as oxygen is a measure of cell activity, cell 

viability and it can also affect cell differentiation52. The intestinal epithelium is a vital barrier 

that protects the underlying tissue, but is also a major obstacle to overcome for drug delivery53. 

Studying the barrier formation or disruption in AHAM-on-chips can provide valuable 

information on potential permeable drug candidates, as well as help unravel the underlying 

mechanisms of diseases when the intestinal barrier malfunctions (e.g. in cystic fibrosis)53. 

Transepithelial/endothelial electrical resistance (TEER) measurements can monitor the tissue 

barrier quantitatively, continuously and non-invasively54.  

Nowadays, most OoC systems are labor-intensive, both in terms of production and usage. 

They require experience in both microfluidics and cell culturing and are therefore often 

challenging to use55,56. Microfluidic chips with integrated valves enable in vitro cell culture 

automation and parallelization, thereby increasing the experimental throughput57.  

1.5 Research aim 

The aim of this thesis is to develop a microfluidic chip that can sustain both the aerobic intestinal 

cells and the anaerobic microbiota. Furthermore, the chip should contain sensors to measure 

the intestinal barrier and the local oxygen concentration. Preferably, the OoCs are multiplexed 

to increase research throughput and both the fluid flow and sensor read-out are automated.  

1.6 Framework: the micro-gut project 

The micro-gut project is part of the NWO Building Blocks of Life grant awarded to Dr. Ir. Hans 

Bouwmeester (Wageningen University and Research (WUR)). The project aims to establish an 

in vitro OoC model that allows unraveling the functional dynamics between the human gut 

microbiota and intestinal inflammatory responses. The advanced microbiome-containing gut-

on-chip can be used to study fundamental interactions of drugs and food with the intestinal 

microbiota and the intestinal inflammatory system. 

The project is a collaboration between the departments Toxicology and Microbiology of 

the WUR and the BIOS Lab on a chip group of the University of Twente (UT). The PhD student 

at the Toxicology department (WUR) aims to develop host cell models to closely mimic the 

intestine and the intestinal immune system/response. Another PhD student at the Microbiology 

department (WUR) aims to develop a microbiota model and a mucus layer model. The third 

PhD student aims to develop a microfluidic cell culture system in which the microbiota and 

intestinal cells can be combined. The latter is presented in this thesis and was conducted 

primarily in the BIOS Lab on a Chip group at the MESA+ Institute of Nanotechnology and 

Technical Medical Centre of the University of Twente. The presented work is also confirming 
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the design philosophy of the translational organ-on-chip platform supported by the non-profit 

organization human organ and disease model technologies (hDMT)58.   

 

 

Figure 1.2: Schematic illustration of an AHAM-on-chip, as aimed by the research presented in this thesis. 
The separate subjects of the chip are indicated with the corresponding chapter in which they are 
discussed. Part of this image has been presented previously14. WUR = Wageningen University and 
Research. 

1.7 Thesis outline  

This thesis presents research focused on the development of an AHAM-on-chip system. The 

thesis is divided into two sections: A) Sensors for OoCs and B) Fabrication methods for OoC 

systems. The thesis outline is illustrated in Figure 1.2. Chapter 2 provides background 

information to construct a common ground of knowledge for the development of AHAM 

research, as well as an overview of AHAM-on-chip systems and challenges ahead for the 

development of AHAM-on-chips.  

Section A contains three chapters describing the fabrication and characterization of 

sensors, relevant for all OoC systems, but specifically for AHAM-on-chips. Chapter 3 presents 

a novel method to integrate electrodes in an OoC for measuring the barrier function using 

TEER. The electrode integration method allows multiplexing both the number of electrodes and 

the number of OoCs in one device. Chapter 4 shows a versatile method to fabricate and 

integrate optical oxygen sensors in OoCs. In Chapter 5, a miniaturized amperometric 
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electrochemical oxygen sensor is presented and characterized. The sensor (dimensions and 

materials) is tuned to fit in an OoC.  

Section B contains two chapters presenting research that aims to obtain higher throughput 

and automated cell culture in OoCs. Chapter 6 presents a systematic characterization of 

cleanroom-free fabricated macro valves. The valves facilitate automated fluid handling and the 

range of dimensions are specifically tuned for OoC applications. Chapter 7 presents several 

multiplexed OoC devices with integrated macro valves that are compatible with a fluidic circuit 

board (FCB), with the goal of obtaining an automated and high throughput OoC system.  

Finally, Chapter 8 concludes this thesis with a summary of the presented results and several 

ideas for future research are suggested.  
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CHAPTER 2
Organ-on-chip technology for 

aerobic intestinal host- 
anaerobic microbiota research 

The aerobic intestinal host – anaerobic microbiota (AHAM) interface is an important 
tissue barrier in our intestine where the microbiota resides in close proximity and in 
symbiosis with ourselves: the host. A disturbance in this delicate balance between 
our cells and the commensal microorganisms is associated with effects on the host’s 
health and/or the microbiota. These host-microbiota interactions are believed to be 
influenced by several factors, which hampers the study of the effect of a single 
element exclusively. Organ-on-chips (OoCs), microengineered in vitro cell culture 
models, aim to mimic the physiologically relevant microenvironment of organs. 
These OoCs can be used to mimic the AHAM interface and study the 
host-microbiota interactions in a well-controlled environment. In this chapter, we 
summarize existing models for (components of) the AHAM interface and provide an 
overview of four different AHAM-on-chip systems. Furthermore, we defined 
challenges that need to be taken in consideration when designing or using an 
AHAM-on-chip, such as the importance of oxygen modulation, sensors and choice 
of chip material. It is essential to achieve a balance between the accuracy of 
representing the in vivo interface and the (technical) attainability of the in vitro 
AHAM-on-chip. The technological and biological aspects make an AHAM-on-chip 
extremely complex, which emphasizes the need for a multi-disciplinary team. We 
believe that standardization and higher throughput systems are crucial to accelerate 
the development of OoC technology.

This chapter is adapted from: 
E.G.B.M. Bossink, L.I. Segerink & M. Odijk (2021). "Organ-on-chip technology for aerobic 
intestinal host-anaerobic microbiota research", Organs-on-a-Chip, 4, 100013.



 

 

28  

 

Chapter 2 
 

 

 

 

 

 

 

 

 

 

 

  



 

 

29 

 

Organ-on-chip technology for aerobic host – anaerobic microbiota research  
 

C
ha

pt
er

 2
 

2.1 Modeling the aerobic intestinal host-anaerobic 
microbiota interface  

In the human intestine, the commensal microbiota resides adjacent and in symbiosis with the 

host; our intestinal tissue1. The intestinal host-microbiota interface is an essential element of the 

gastrointestinal (GI) tract and the microbiota has several functions and benefits for the host’s 

health. A misbalanced microbiota, also called a microbial dysbiosis, is associated with effects 

on the host’s health2,3. There are strong indications vice versa that an affected health creates a 

misbalance in the commensal microbiota2. There is still a major lack of understanding in the 

mechanisms that underlie these intestinal host-microbiota interactions4. An accurate in vitro 

model can be used as a valuable tool to study the host-microbiota interactions under a well-

controlled environment, essential for understanding and unraveling the underlying 

mechanisms. However, it is not trivial to obtain such in vitro model. The commensal microbiota 

resides under anaerobic conditions in the intestine, while the intestinal epithelial cells do require 

oxygen, resulting in a steep oxygen gradient along the radial axis of the intestine. It is crucial, 

but challenging, to reproduce this gradient to accurately mimic the in vivo host-microbiota 

interface5.  
Research directed at an in vitro system that aims to model the aerobic intestinal host – 

anaerobic microbiota (AHAM) interface can have a legion of perspectives and backgrounds, 

due to the complexity and numerous aspects of the interface, and possible methods to model 

the interface. The aim of this review chapter is to provide an overview of the most commonly 

used microfluidic organ-on-chips (OoCs) to model the AHAM interface using a method of 

oxygen modulation and address its challenges. Due to all the biological and technical 

challenges, we expect that the readers of this chapter have divergent backgrounds. This chapter 

aims to create a common ground of knowledge for biologists and engineers, but is written from 

an engineer’s point of view. This review chapter is divided into clear sections to facilitate the 

process of finding information about the topic of interest for the reader.  

Section 2.2.1 provides background information about the intestine, the commensal 

microbiota, and the interactions between the two. Subsequently in Section 2.2.2, we will discuss 

the currently available in vivo and in vitro models to simulate the host, and microbiota 

separately and combined and we elaborate on the existence and benefits of OoCs. In Section 

2.3, four different OoC systems are discussed in which this AHAM interface is modeled. In 

Section 2.4, we describe the future challenges and aspects to take into account when designing 

or using an AHAM-on-chip. We discuss the importance of oxygen concentration management, 

chip materials, shear stress and several other factors. Section 2.5 provides a concluding 

paragraph. 
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2.2 Background 

2.2.1 Intestinal host-microbiota interface structure and function 

2.2.1.1 Host: Small and large intestine 
The intestinal host-microbiota interface is an essential element of the GI tract. The GI tract is a 

continuous muscular tube that goes from mouth to anus in the body; its main function is to 

digest food and absorb the digested fragments into the blood. The small intestine is the most 

important digestive organ of the body, consisting of three consecutive parts: the duodenum, 

jejunum and ileum. With its 6 meter length, it is the longest part of the GI tract and it has a 

diameter ranging from 2.5 to 4 cm. By its length, folds, villi and microvilli, the small intestine is 

evolved in order to have a large surface area, which all amplify the absorptive capacitance6. 

The small intestinal villi are fingerlike projections of approximately 0.5 to 1.5 mm long7. In the 

large intestine, consecutive to the small intestine, are no folds or villi present, as most nutrient 

are absorbed before they reach the large intestine. The large intestine, also called the colon, is 

shorter in length than the small intestine (1.5 m length), but larger in diameter (hence large 

intestine). The architecture of the large intestine is adapted to its main function: moving fecal 

material towards the anus and eliminating it (defecation). The large intestine also reabsorbs the 

remaining water and electrolytes and harvests the vitamins synthesized and nutritious 

metabolites (short chain fatty acids) produced by the commensal microbiota (Section 2.2.1.2)6. 
The intestinal epithelium consists of four cell lineages: absorptive enterocytes, mucus-

secreting Goblet cells, antibacterial peptide-secreting Paneth cells, and hormone-secreting 

enteroendocrine cells8 (Figure 2.1). The epithelium of the small intestinal villus consists 

predominantly (90%)9 of enterocytes, which are endowed with microvilli. Amongst the 

enterocytes reside Goblet cells producing the protein MUC2 mucin, forming a loose and 

permeable mucus layer, which facilitates the small intestine’s main function; the absorption of 

nutrients. The number of Goblet cells is much higher in the colon compared to the small 

intestine, creating a thick and dense mucus layer6, which eases the passage of feces and 

protects the epithelium cells from the mechanical stress this passage causes10. It also functions 

as an extra defense wall against the resident microbiota, which is much more abundant in the 

colon compared to the small intestine6. At the base of the crypts (also called the crypts of 

Lieberkühn) reside both the enteroendocrine cells and the Paneth cells, which are part of the 

intestines immune defense as they secrete antibacterial peptides to protect the intestinal 

epithelium, especially in the small intestine to compensate for the more permeable mucus 

layer6,9. The stem cells located in the intestinal crypts divide and their daughter cells migrate up 

as they differentiate into the aforementioned specialized cell types9. The exact amount of days 

it takes the entire intestinal epithelium to renew is ambiguous and its estimation depends on 
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the used methodology. It is estimated to be between one and five days6,9,11–15, indicating the 

high turnover rate of epithelial cells. Intestinal epithelial cells are polarized, both structurally 

and functionally, and their basal side faces the underlying basal membrane and the lamina 

propria. The lamina propria is a highly vascularized layer of mucosal tissue consisting of 

stromal cells (myofibroblasts) in which immune cells, such as B cells (specifically IgA-producing 

plasma cells), T cells, dendritic cells and macrophages reside6,8. The immunological defense in 

the gut is specialized to make the discrimination between pathogens and the commensal 

bacteria. Peyer’s patches (PPs) are organized lymphatic structures, a critical element in the 

immune system of the gut, located mostly in the last part of the small intestine (ilium). The PPs 

reside under specialized epithelium, the follicle-associated epithelium (FAE), which contains 

microfold (M) cells. These M-cells are specialized to transport luminal antigens and bacteria 

towards the immune cells in the underlying PP, which then will activate or inhibit an immune 

response8,16. Deeper in the intestinal wall, two perpendicular (circular and longitudinal) aligned  

 

 

Figure 2.1: Schematic illustration of the small intestine (left) and the large intestine (right). The small 
intestine is illustrated with its fingerlike projections, the intestinal villi, and the intestinal crypts in between 
the villi. The intestinal epithelium consists of different cell types and atop of the villi, a permeable mucus 
layer is present. The epithelium and mucus layer forms a barrier between the intestinal lumen containing 
the anaerobic commensal microbiota on the apical side and the blood vessels on the basal side. In the 
colon (right), the more abundantly present Goblet cells produce a thicker mucus layer consisting of a 
dense inner mucus layer, and an outer mucus layer in which the commensal microbiota resides. In both 
organs, a steep oxygen gradient along the radial axis is present, providing the appropriate environment 
for both the anaerobic commensal microbiota and the aerobic blood vessel side. Inspiration for the 
images is obtained from various sources2,6,8–10. 
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muscle layers are located, which allow ring and sleeve contractions of the intestinal wall, 

described as peristalsis. Peristalsis helps to mix the luminal content and moves it forward in the 

GI tract6,17. 

In conclusion, although the small and the large intestine may have their resemblances, 

they are also two completely different organs in both their anatomy, physiology, mucus layer 

and luminal environment, as schematically illustrated in Figure 2.1. 

2.2.1.2 Microbiota 
The human intestinal lumen contains tremendous amounts of bacteria, collectively known as 

the commensal microbiota. In this review chapter, we define the microbiota as a community 

that includes, besides the bacteria, also other living organisms of the small intestine such as 

fungi, protozoa and archaea3. The microbiota is sometimes also called the microbiome, but 

the latter is also used to specify the collection of genes that are found in that microbiota or in 

those microbial communities18. There is no consensus on the exact definition of microbiome 

among researches, but a recent, specific definition is given by Berg et al.3. They define the 

microbiome as the microbiota (bacteria, archaea, fungi, protists and algae) together with the 

‘theatre of activity’, which include microbial structural elements (such as proteins and lipids), 

microbial metabolites/signal molecules and surrounding environmental conditions. To this 

date, the majority of the research on the microbiota is bacteria-centric2. The exact number of 

bacteria the microbiota counts is unknown and a point of controversy and formerly thought to 

be more than 100 trillion bacteria, outnumbering the human cells by a ratio of 10:16,19,20. 

Currently, this ratio is revised and estimated at a 1:1 ratio20.  

Infant guts were thought to be sterile in the uterus, though recent findings challenge this as 

they provide indications of bacterial presence in the fetal environment during a full-term 

pregnancy21. After birth, the gut microbiota composition develops (influenced by many factors, 

such as mode of delivery and feeding method as illustrated in Figure 2.2) and established within 

three years into an adult-like complexity22. The adult human intestinal microbiota consists 

primarily of obligate anaerobic bacteria, mainly bacteria that belong to the phyla of Firmicutes 

and Bacteroidetes1,2,22,23. Also, but in lower abundance, the microbiota consists of bacteria from 

the phyla Actinobacteria, Proteobacteria and Verrucomicrobia1,22. More than 1000 species are 

identified to be present in the human intestinal microbiota, and one person carries at least 160 

species23. The amount of bacteria and bacterial composition depends on the location in the GI 

tract22,24. Additionally, the individual gut microbiota is modifiable and depends on several 

factors2,22. Due to the interindividual variations, it is not possible to provide an accurate 

definition of the precise composition of a healthy human microbiota22, which also hinders 

microbiota research25. Besides the temporal and spatial dynamic part of the microbiota, 
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researchers have suggested and defined a ‘core microbiota’, which appears to remain fairly 

constant3,26.    
The intestinal microbiota plays a crucial role in the host’s health and disease22,27. The gut 

microbiota has a number of important functions such as modulating the host’s immune 

response and prevention of GI tract infection, as some bacteria can produce anti-inflammatory 

factors27. Bacteria in the microbiota also aid in the digestion of indigestible fibers to metabolites 

(e.g. short chain fatty acids) that provide energy for the host tissue but also act as signaling 

molecules which may be beneficial for the host’s health25. The bacteria in the colon are also 

involved in the production of vitamins, such as vitamin K or B, essential for the human 

host2,6,27,28.   

2.2.1.3 Host-microbiota interactions 
There are strong indications that the commensal intestinal microbiota influences the host’s 

health2. A misbalance in the microbiota is associated with effects on the host’s immune system 

and health3,29, and vice versa there are indications that the host on its turn can affect the 

microbiota (composition)2,22. Although the line between an eubiosis (‘healthy microbiota’) and 

a dysbiosis (‘unhealthy microbiota’) still remains undetermined3. In this review chapter, we use 

the word ‘dysbiosis’ to indicate a misbalanced microbiota, resulting in a pathogenic microbiota. 

There is a wide range of interactions between the host and the microbiota suspected to affect 

one another and there are numerous aspects not (fully) understood26. Especially, there is still a 

lack of understanding in the underlying mechanisms of these interactions22. We summarized 

and visualized the presumptive host-microbiota effects or interactions in a simplified 

representation (Figure 2.2). One can imagine that the complexity and dynamics of all these 

effects cause difficulties in studying the host-microbiota interactions and hampers the 

establishment of a good model or study. This complicates the controllability of different studies 

and makes it incredibly difficult to compare different studies. For more in-depth information 

about specific interactions, one could consult the references included in Figure 2.2. 

2.2.1.4 Host-microbiota physiological interface  
The intestinal mucus layer is a crucial, physical barrier between the host’s epithelial cells and 

its microbiota. The mucus layer differs tremendously between the small and large intestine (see 

Figure 2.1 and Section 2.2.1.1)10,30. The intestinal microbiota in the gut lumen consists mainly 

of obligatory anaerobic bacteria, while the intestinal epithelium cells do require oxygen to 

maintain viable. The unique physiology in the gut, a steep oxygen gradient (Figure 2.1), is a 

result of a combination of factors including the arrangement of the intestinal tissue and 

vasculature with countercurrent shunts (a direct exchange of oxygen from the arterial blood 

xxxoxxxxx 
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Figure 2.2: Illustration of several factors that presumably mediate host-microbiota interactions, 
emphasizing the complexity of this host-microbiota interface. This complexity hampers the study of the 
effect of one particular factor, as there are many factors, which are also regularly interconnected. The 
figure demonstrates thereby the need of a model that allows the study of host-microbiota interactions in 
a well-controlled environment. For more information, one could consult the references included in the 
figure: Reyman, 2019 31; O’Toole, 2015 32; Goodrich, 2016 33; Gubert, 2020 34; Molina-Torres, 2019 35; 
Fetissov, 2016 36; Zoetendal, 2014 25; Salonen, 2014 18; Haro, 2016 37; Mach, 2017 38; Deschasaux, 
2018 39; Org, 2016 40; Vermuri, 2018 41; Round, 2009 19; Elson, 2012 42; Zimmermann-Kogadeeva, 
2019 43; Becattini, 2016 44.  

 

supply to the venules), which results in low oxygen concentration at the villus tip45. Also, the 

fluctuating blood perfusion throughout the day and the metabolic activities of the host’s cells 
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and microbiota affect the oxygen gradient45,46. It is suggested that in an infant gut the 

metabolism by aerobic or facultative anaerobic bacteria on the luminal surfaces gradually 

increases the oxygen gradient steepness inwards over time46,47. The commensal bacteria 

(facultative and strictly anaerobic) also arrange in the gut lumen according to this oxygen 

gradient46,48. The outer mucus layer is less dense and functions as a niche and a source of 

nutrients for the (less strictly anaerobic) bacteria from the microbiota10. Studies indicate that 

these less strictly anaerobic bacteria consume the host-derived oxygen actively and 

consequently contribute to the steep oxygen gradient45. The gut luminal oxygen concentration 

affects the organization, development, and the dynamic nature of the intestinal microbiota and 

physiology46,49.  
To conclude, there are strong indications that disturbances in the gut microbiota affect the 

host, and vice versa. We provided an overview of the in vivo situation and also described the 

tremendous complexity of the host-microbiota interactions. In order to study (the underlying 

mechanisms of) these interactions, we emphasize the need for a representative model that 

allows both controllability of internal and external factors (Figure 2.2) and the accurate 

microphysiological environment (Figure 2.1).  

2.2.2 Current in vitro and in vivo AHAM models  
An overview of the current host-microbiota models is illustrated in Figure 2.3. Models mimicking 

the intestinal host (left side Figure 2.3) or epithelial cell layer are widely acknowledged and 

used for pharmacological studies and research to the absorption of nutrients. The different 

intestinal models widely range in their accuracy and complexity of representing the in vivo 

situation. Relatively simple Transwell systems exist with a cell monolayer, but also complex in 

vivo (animal) models or advanced microfluidic OoC systems, which can even be used to study 

systemic effects.  

On the right side of Figure 2.3, we illustrated the models for the anaerobic intestinal 

microbiota. The bacteria, feces or defined communities can be cultured on plates, in 

conventional liquid medium culture flasks in an anaerobic chamber, in single or multistage 

continuous systems, and using germ-free (GF) animals, which all provide methods to study 

bacterial interactions all with their own advantages and shortcomings, depending on the 

complexity and controllability of the system.  

A difficult, but crucial challenge is to model the earlier described interface between 

intestinal host and microbiota, illustrated in the middle of Figure 2.3. All physical elements 

concerned in the interface should be included, besides intestinal cells with all its different cell 

types, the host’s immune system, mucus layer and notably the commensal microbiota. Here, 

we will shortly discuss the existing different approaches for modeling the interface between 

intestinal host and microbiota. The aim of this section is to provide a compressed overview of 
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the models, as extensive discussions of particular systems are already provided by others5,50,51. 

We recommend reading the referred reviews or experimental articles for more in-depth 

information on the specific topics.  

2.2.2.1 In vivo models   
In vivo models, animal models and studies in GF animals have proven to be a valuable model 

for studying host-microbe interactions26 and have given considerable insight in these 

interactions1,25. A crucial advantage of in vivo models is that they are complex and allow 

studying effects on the entire host system. Before human clinical trials begin, pre-clinical animal 

studies are still always performed as animal models still play a large role to obtain significant 

physiological results evaluating efficacy and safety52. Elzinga et al. provide a thorough review 

in which they summarized recent studies which addressed the host-microbe interactions by the 

use of colonization of GF animals with defined communities representative of the healthy 

human gut microbiota26.  

However, the concerns in using animal models are increasing. Animal studies used in 

human microbiota research are not physiologically representative25,28, they lack predictive 

value, are costly and labor-intensive and the ethical aspects related to experimentation using 

animal models also have to be taken into account53. The advantage of studying the systematic 

effect on the host is impaired by the complexity of the in vivo models, which causes difficulties 

in controllability while studying host-microbiota interactions, as explained in detail in Section 

2.2.126,54.  

2.2.2.2 In vitro models   
In vitro models allows one to culture cells in a controlled environment. For mimicking the 

intestinal host, there are different intestinal cell models (cell lines or cell types). The cell line 

‘Caco-2 cells’ (colorectal adenocarcinoma cells), are most often used as these are considered 

cost-effective and relatively easy to handle. Caco-2 cells can be differentiated into intestinal 

epithelial cell monolayers and they have been widely accepted and used as physiological 

models for transport studies and toxicity studies55. However, cell lines are immortal and often 

cancerous cells, and their homogeneity is not representative for a healthy intestine that consists 

of a variety of different cell types29. The discovery of the very promising induced pluripotent 

stem cells (iPSCs) more than 10 years ago, allowed matured cells to be reprogrammed into a 

pluripotent cell, whereafter they can be differentiated into several different cell types as 

desired56,57. However, the process of obtaining these iPSCs takes 20 to 30 days57,58, and the 

differentiation of the iPSCs into intestinal host cells also takes weeks to months depending on 

the cell type that is aimed for and the definition of a fully ‘differentiated’ cell59,60. This 

xxxxxxxxxxxxx 
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Figure 2.3: Schematic overview of the research field of host-microbiota interface models. At the left side, 
intestinal host models are illustrated. There are different cell models such as induced pluripotent stem 
cells (iPSCs), cell lines and primary cells. These cell models can be used in the in vivo or in vitro models 
like a Transwell system and a gut-on-chip. At the right side, the microbiota models are illustrated. Defined 
microbiota communities can be obtained by a bottom-up (combining single bacteria species) or top-down 
approach (using feces samples). These defined communities can be used in in vivo or in vitro models. In 
the middle of the figure, the models are shown that combine these host and microbiota components, in 
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order to study the host-microbiota interactions. For more information on each specific topic, one could 
consult the references included in the figure: Kostic, 2013 54; Elzinga, 2019 26; Park, 2017 51; May, 2017 
50; Von Martels, 2017 5; Pearce, 2018 29; Kim, 2020 61; Fofanova, pre-print 2019 62; Roeselers, 2013 63; 
Gjorevski, 2016 64; Bartfeld, 2016 65; Williamson, 2018 66; Ussing, 1951 67; Gibson, 1988 68; Molly, 
1994 69; Kim, 2012 70; Kasendra, 2018 71; Jalili, 2019 72; Shin, 2019 73; Marzoratti, 2014 74; Walsh, 
2018 75; Magnusdottir, 2018 76.   

 

differentiation process is not trivial and the differentiations still need to be validated77. The 

advantages of iPSCs are that there is no need to use embryonic cells, which faces ethical 

controversies57, and that iPSCs allow patient specific OoCs. Pearce et al. provide a clear 

overview of the different cell types used to model the intestine29.  
An accurate in vitro model of the gut microbiota will depend on the location in the GI tract 

to be mimicked, but could be based on the suggested and defined ‘core microbiota’3,26. Most 

studies focus on the microbiota in the large intestine, since fecal samples are easy to obtain22. 

However, fecal samples are not a good model for the small intestinal microbiota. In vitro gut 

fermentation models allow the culture of intestinal microbiota under controlled conditions. 

These in vitro gut fermentation models, which also can be referred to as gut luminal models, 

are extensively reviewed elsewhere78,79. The design and complexity of these models vary from 

relatively simple batch cultures to multistage continuous flow models. We will briefly discuss 

such a continuous multistage model, also called a chemostat, as this model is also used later 

in combination with a host model74. A chemostat strictly refers to continuously stirred tank 

reactors and not to (series of) batch systems or fed-batch systems80. Multistage models aim to 

simulate the different sections of the GI tract with its unique physiological environment. Several 

of these systems have been developed, from which the Simulator of the Human Intestinal 

Microbial Ecosystem (SHIME) is a well-known example69, which is an evolution of the system 

developed by MacFarlane and Gibson68,81. Using this SHIME system, microbiota communities 

can be composed by a top-down approach by inoculating human feces in these tracts69. Such 

chemostats can produce highly reproducible, stable and complex bacterial communities in vitro 

within approximately a month26,69,82. 
Transwell 
Transwell systems are often used as a tool for drug screening applications, as they can be highly 

automated by addressing the individual wells with automated liquid dispensing equipment, 

allowing high throughput testing30. The Transwell system can be adapted to enforce the oxygen 

gradient required for mimicry of the host-microbiota61,83. An in-house fabricated insert for the 

Transwell system has a gas-impermeable plug, which can isolate only the luminal compartment 

of the insert from the external atmosphere. This allowed them to create a steep oxygen gradient 

in the collagen hydrogel atop the membrane of the Transwell insert61.  
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Transwell studies are considered to be valuable in vitro models and controls for microfluidic 

systems. However, Transwell systems also have limitations inherent to the system30. 

Physiologically relevant cues, such as a controllable shear stress or peristaltic movement, are 

difficult to apply in a typical Transwell system84. Furthermore, cells on a traditional Transwell 

have a relatively high amount of ‘bulk’ cell medium, which causes dilution of factors secreted 

by the cells85,86. This dilution will cause reduced endogenous signals and molecular crosstalk 

between cells. Lastly, it is difficult to add the intestinal microbiota to the Transwell system and 

perform a long-term culture, as the bacteria can rapidly overgrow the cultured cells in a static 

culture51,84.  

Organoids 
Organoids are formed by culturing iPSCs or stem cells obtained by taking a biopsy, in a three-

dimensional (3D) matrix as a hydrogel. The cells self-organize and differentiate, resulting into 

a recapitulation of the real organ30,64,87. As organoids grow into a 3D sealed lumen, it might 

be that an oxygen gradient towards the organoid core is established, mimicking the in vivo 

situation more accurately than 2D cell lines65,88. The use of organoids for studying host-

microbiota interactions was extensively reviewed by Bartfeld65. A pioneer in the field of 

organoids is Clevers, who developed a method to create intestinal organoids from stem cells64. 

However, it is difficult to investigate and access the lumen of the organoids, as it is entrapped 

in the organoid itself. The lumen cannot be accessed without physical disruption of the organoid 

barrier. To overcome this limitation, a very interesting concept is developed so-called basal-

in/apical-out organoids. These organoids with a reversed polarity allow adding the microbiota 

to the outside (apical) side of the host epithelial layer89. However, the possibility to measure the 

intestinal barrier function using electrodes (Section 2.4.3.3) is still limited since not both sides 

of the cell layer are accessible. Organoids cultured from primary cells can also be used as cell 

source for a two-dimensional (2D) in vitro model, such as an OoC. Culturing these cells from 

organoids on a chip is already shown for the small intestine and the colon71,90. Using these 

organoids as a cell source provides all intestinal epithelial cell types, and is claimed more 

physiological relevant compared to cancer-derived Caco-2 cells90. Organoids can also be used 

to be seeded in hydrogel scaffolds, which allow mimicking the crypt-villus 3D architecture of 

the intestinal epithelium91.  

2.2.2.3 Ex vivo models   
Ex vivo models are models in which the cells or tissue are typically taken from a biopsy and 

grown into/onto a certain system. These cells can be cultured in Transwell systems92, form 

organoids93 or enteroids (when consisting of only epithelial cells88), or be implemented in an 

OoC71. Another example of an ex vivo model is the Ussing chamber, which is a system originally 

designed by Ussing, in which resected tissue can be mounted to study ion transport through the 
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tissue67. The system can also be used to co-culture bacteria, but only for a limited period 

(<3h)51. The Ussing chamber can be modified to measure the oxygen concentration (e.g. to 

study the oxygen consumption rate), and it allows one to apply hypoxia to study the effect of 

the intestinal barrier94. This Ussing chamber and more ex vivo systems are reviewed in more 

detail by Roeselers et al.63, Park et al.51 and Pearce et al.29.  

2.2.2.4 In silico models   
Computational models, or in silico models, are widely used to predict results, help to design 

systems and give a guidance in forming hypotheses for laboratory research. Due to the 

complexity of the microbiota earlier described, in silico models can be of great use in 

microbiome research for forming hypotheses for experimental research. Magnusdottir et al. 

reviewed the in silico studies that have investigated metabolic dynamics of the gut 

microbiome76. Metabolic modeling is used to model the human gut microbiota, but also host-

microbiota interactions, extensively reviewed elsewhere95,96.  
Programs such as COMSOL Multiphysics®, a finite element simulation program that can 

be used in the design process of a system, can model and simulate scientific and engineering 

problems. For host-microbiota interface models, the oxygen concentration and distribution 

within a system are important factors, which can be modeled using COMSOL. Such program 

providing in silico models can be used as a design tool. Using the COMSOL software package, 

modeling the oxygen concentration in Transwell systems61, single channel 

poly(dimethoxysilane) (PDMS) chips75, or PDMS OoCs73 are already shown.  

2.2.3 Microfluidic organ-on-chips 
OoCs are defined as microfluidic cell culture devices engineered to model or mimic organ-

specific functions and/or structures97. The devices typically contain independently perfusable, 

parallel channels that are often separated by a porous membrane, allowing to culture different 

cell types on both sides of the membrane resulting in a complex, organ-specific, tissue-tissue 

interface98,99. OoC systems are considered to be a powerful alternative to conventional in vitro 

and animal models97,100.  
The typical OoC approach allows studying the interaction between multiple different types 

of cells and tissues, the effect of physical cues from their environment in an in vivo mimicking 

microenvironment, and the response of cells and tissues to different cues (molecular 

compounds e.g. cytokines and lipopolysaccharides)98. Over the last decade, a variety of OoC 

systems have been developed, including single organ systems as lung101,102, intestine70,72,103, 

blood-brain barrier104–106, and kidney107.  

The main disadvantage of all in vitro models, including OoCs, is that they lack a systematic 

component of the host. These models cannot provide a complete assessment of the response 



 

 

41 

 

Organ-on-chip technology for aerobic host – anaerobic microbiota research  
 

C
ha

pt
er

 2
 

or eventual toxicological side effects for pharmaceutical studies108. One of the newest 

developments in the OoC field is the so-called multi-organ-on-chip systems or human-body-

on-chip systems109. In these systems several separate OoCs are interconnected to be able to 

study the systematic response or simulate different specific interactions110–114; examples are the 

gut-brain axis or ADME (absorption, distribution, metabolism, and elimination) assays. Skardal 

et al. discussed the relevance of body-on-chip systems and reviewed them in a book chapter115.  

2.2.4 AHAM-on-chips 
The advantages of microfluidics can also help in physically modeling the AHAM interface. 

Known advantages of intestine-on-chips are the possibilities of applying a fluid flow, thereby 

creating a physiological shear stress to the cells. Applying a fluid flow is also essential to co-

culture bacteria with human cells, as in the conventional static models the bacteria within a day 

overgrow and contaminate the human cell culture84. Besides, it is believed that applying a 

mechanical deformation is beneficial for the differentiation process and villus formation70.  
Microfluidics also provide tools to modulate the oxygen concentration within the cell culture 

device. PDMS is a frequently used material for OoCs and has a high permeability for gasses, 

allowing oxygen modulation inside the PDMS chip75,116. As microfluidic devices contain small 

volume samples, oxygen modulation could be achieved relatively fast. Microfluidic devices can 

be made of materials with different diffusivity for oxygen, such as PDMS, 

poly(methylmethacrylate) (PMMA) or glass. Furthermore, there are materials of which the 

oxygen diffusivity can be modulated, such as a Parylene coating on PDMS117, or the material 

itself can function as a oxygen scavenger, such as a thiol-ene-epoxy called OSTEMER118.  

The gut-microbiota on-chip is a timely topic. In 2018, Bein et al. wrote an extensive review 

about microfluidic OoC models for the human intestine84. Trujillo-de Santiago et al. provided 

a very interesting review focused on gut-microbiota-on-chip, in which besides microfluidics also 

biomaterials and scaffolds are discussed119. However, in both reviews, oxygen modulation is 

not discussed in detail, whilst emulating the aerobic – anaerobic interface is crucial for studying 

the effect of the microbiota on the host and vice versa. Von Martels et al. reviewed in 2017 in 

vitro models (but not specifically microfluidic systems) of host-microbe interactions at the 

aerobic-anaerobic interface of the human intestine5. Recently, Marrero et al. provided a review 

with an overview of existing gut-on-chip systems, and a large part of this review is focusing on 

the integration of (bio)sensors to monitor various aspects120. In this review chapter, we will focus 

on host-microbiota microfluidic OoC systems that include a method of oxygen modulation, as 

the oxygen gradient is essential to obtain a physiological relevant model.  
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2.3 Current AHAM-on-chip systems 

To the best of our knowledge, four different systems or publication series of microfluidic AHAM-

on-chip models exist to date. We included only microfluidic systems in which both host and 

microbiota are cultured and in which oxygen modulation is intentionally modulated. This section 

provides a summary of these four models. Table 2.1 gives an overview comparing several 

important aspects of the systems. 

2.3.1 The Host-Microbiota Interaction (HMI™) module: a SHIME module 
connected to a gut-on-chip74 

The host-microbiota interaction (HMI) module presented by Marzorati et al. is a microfluidic 

gut-on-chip with two parallel chambers (one for the microbiome and one for the enterocytes, 

see Figure 2.4) which is connected to a SHIME module (for more information, Section 2.2.2.2). 

To verify if both anaerobic and aerobic conditions could be obtained in the device, the oxygen 

permeability of the membrane with artificial mucus layer was determined, without the cells 

and/or the microbiota. The oxygen concentrations at the outlet connections of both culture 

chambers were determined using a luminescent liquid dissolved oxygen (LDO) probe. Intestinal 

epithelial cells (Caco-2 cells) were co-cultured with the continuous flow of microbiota originating 

from a SHIME module. The outflow of the HMI module chambers was collected and analyzed 

xxx 

 

Figure 2.4: Schematic interpretation of a cross section of the HMI module. Briefly, the system consists of 
two chambers, a microbial chamber and a cell culture chamber separated by a membrane with a 200-
250 µm thick artificial mucus layer. The microbial chamber is continuously perfused with anaerobic 
medium from a SHIME module. At the bottom of the cell culture chamber, Caco-2 cells are cultured and 
the aerobic cell culture medium is replaced every 6 hours. Authors were contacted for height channels 
and material.   
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analyzed for bacteria composition. The microbiota adhered to the artificial mucus differed from 

the luminal microbiota. Furthermore, the response of the Caco-2 cells to the yeast fermentate 

(4 g/L) was monitored by measuring the production of inflammatory cytokines (interleukin-8, 

IL-8). The yeast fermentate is known to have anti-inflammatory properties and this is supported 

by a shown decrease in IL-8 secretion of the Caco-2 cells in the presence of yeast fermentate. 

The co-culture of cells and microbiota was sustained for 48 hours. Mazorati and colleagues 

mention that this co-culture time is sufficient. It takes on average 48 hours for an enterocyte to 

migrate from the crypts to the top of the villi in the human body. Thus, according to them, it is 

comparable to the in vivo situation, where the enterocytes are on average exposed to the 

microbiota for 48 hours. 

In the in vivo intestine, there is a continuous supply of oxygen and nutrients by the blood 

capillaries from the basal membrane side to the Caco-2 cells, which cannot be applied in the 

presented chip design. Furthermore, as the flow of the cell medium in the cell culture chamber 

was applied semi-continuously, the Caco-2 cells do not experience a continuous shear stress 

(further discussed in Section 2.4.3.2). Lastly, the chip design, which contains only a microbial 

and an epithelial chamber, hinders the possibility of several studies. These include studies to 

an immune response, the intestinal barrier function and the transport or absorption of 

molecules by the Caco-2 cells towards a blood vessel-mimicking compartment. The co-culture 

of endothelial cells with epithelial cells has been shown to be beneficial for the formation of 

villi-like structures and to enhance the barrier function and mucus production of the Caco-2 

cells71,121.   

2.3.2 The HuMiX system: perfusion of aerobic and anaerobic culture 
medium into a chip with oxygen impermeable sealing28,122 

The lab of Wilmes presented a series of publications using their HuMiX system, first presented 

by Shah et al in 201628 and more recently expanded by Greenhalgh et al.122. The HuMiX system 

consists of a stack of silicon sheets with gaskets, separated by porous membranes, creating 

three microchambers (see Figure 2.5). The bacteria and the epithelial cells are perfused with 

anaerobic and aerobic cell medium respectively, which provides the required oxygen gradient. 

The anaerobic medium is obtained by bubbling with nitrogen gas. The oxygen concentration 

during cell culture can be measured with integrated optical oxygen sensors (Presense) 

integrated in the chip.  

Caco-2 cells were seeded in the epithelial microchamber and 3 hours after seeding, a flow 

(25 µL/min) in the bacterial and perfusion chamber was applied122. Transepithelial electrical 

resistance (TEER) measurements, a measure for barrier integrity123, are performed during cell 

culture using integrated chopstick electrodes and a voltmeter. TEER values of Caco-2 cells 

xxxxxxx  
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Table 2.1: A summary and comparison of four AHAM-on-chip systems, all with different chip designs, cell  
(Illustrations are presented larger in Figure 2.4 – 2.7) 

* Authors were contacted for the height of the chip 
n 
The table continues on the next page.  

 Illustration of a cross section 
of the models 

Flow 
 

Shear stress (calculated 
using Van der Helm et 
al.124) 
1 dyne/cm2 = 100 mPa 

Mecha-
nical 
defor-
mation
?  

Cell types 
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M

I m
od

ul
e7

4
 

 

 

- Microbial channel: 6.5 
mL/min  
 
- Cell culture channel: 
medium was replaced 
every 6 hours with a 
flow of 2 mL/min  

Shear stress:  
- microbial channel = 
300 mPa (reported) 
Calculated*: 
- Microbial = 0.082 
mPa 
- Cell culture = 0.025 
mPa  

No  - Caco-2 
cells 

  

H
uM

ix
2

8,
1

22
 

 
 
 

 

- Bacterial channel: 25 
µL/min  
- Cell culture channel: 
no flow  
- Lower perfusion 
channel: 25 µL/min 

No flow directly on cell, 
so no shear stress on 
cells 

No - Caco-2 
cells 

 
- Primary 
CRC tumor 
colon tissue 
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e 
C
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p7

2
 

1 

 
1 

 
 

 
 
 

 
- Top channel: 60 µL/h 
- Bottom channel: 60 
µL/h 

 
 

Shear stress: Not 
reported 
Calculated:  
- Top = 3.3 mPa  
- Bottom = 3.3 mPa 

 
 
Yes 
10%, 
0.15 
Hz. 
(Not 
during 
co-
culture 
with 
bacte-
ria) 

- Caco-2 
cells 
- HIMECs 
immortalize
d 
endothelial 
cells  

 

 

Shear stress: Not 
reported 
Calculated:  
- Top = 0.092 mPa  
- Bottom = 1.86 mPa 

Human 
intestinal 
organoids, 
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resected 
tissue 
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O

I-
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-a
-c
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p7

3
 

 
 
 

 

- Top channel: 50 µL/h 
- Bottom channel: 50 
µL/h 

 

Shear stress: range in 
top channel = 0.003-
0.01 dyne/cm2 = 0.3 – 
1 mPa 
Calculated:  
- Top = 0.253 mPa  
- Bottom = 1.549 mPa 
 
 
 
 
 
 

Yes 
10% 
cell 
strain, 
0.15 
Hz. 

- Caco-
2BBE cells  
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culture parameters and methods of oxygen modulation.  
 

 

 Bacteria  Mucus layer Direct 
contact 
cells/ 
bacteria?  

Co-culture 
time cells + 
bacteria 

Method of 
oxygen 
modulation  

Sensors 

H
M

I m
od

ul
e 

- Lactobacillius  
rhamnosus GG 
(control)  
- Complex 
microbiota 
originated from 
SHIME  

Artificial 
mucus layer 

No 48 h - Anaerobic 
upper chamber 
with medium 
from the SHIME  
- Perfusion with 
aerobic medium 
in lower cell 
chamber 

- LDO oxygen 
probe 
(electrochemical) 
(Hach) at outlet 
connection of 
luminal side of 
module 

H
uM

ix
 

- Lactobacillius  
rhamnosus GG 
(control)  
- Bacteroides 
caccae 28 

 

Artificial 
mucus layer  

 

No 24 h  - Anaerobic 
medium 
perfusion in top 
channel: 
(obtained by 
continuously 
perfusion of the 
medium with 
dinitrogen gas) 
- Aerobic 
medium flow 
through bottom 
channel 

- Oxygen: (optical) 
(optodes, PreSense) 
integrated in chip.  
- TEER: via 
chopstick 
electrodes and 
voltmeter 
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te

st
in

e 
C

hi
p 

- Bacteriodes  
fragilis (obligate 
anaerobic)  
- Gut micro-
biota (from mice 
colonized with 
Hmb)  

Mucus 
produced by 
cells. Live 
staining with 
WGA-Alexa 
Fluor  

 
 

 
 
 
 

 
Yes 

 

 
 

 
 
 
 
 

5 days  

- Anaerobic box 
continuously 
perfused with a 
gaseous mixture 
of nitrogen with 
5% CO2  
- A flow of 
aerobic medium 
through bottom 
channel  

- Oxygen: (optical) 
sensors (PreSense) 
integrated in chip  

- Human stool 
samples from 
infants 

Produced by 
cells:  
-MUC2 
expression  
- Alcian blue 

No oxygen sensor 

A
O

I-
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-a
-c
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p 

-Bifido-bacterium 
adolescentis 
(obligate 
anaerobic) 
-Eubacterium 
hallii 
(obligate 
anaerobic) 

- MUC2 
expression   

 

Yes Up to 7 
days  

- Anoxic medium 
perfusion 
through top 
channel: 
(obtained by 
mixing 6.5 mM 
sodium sulfide to 
the culture 
medium) 
- Oxic medium 
perfusion 
through bottom 
channel.  

- Oxygen: (optical) 
platinum 
dendrimer-
encapsulated 
nanoparticles (Pt-
DENS) (Not during 
culture) 
- TEER: Ag/AgCl 
electrodes 
connected to an 
Ohm Meter 
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cultured in the device for 7 days were determined to be in the order of 1 kΩ∙cm2 28. The cells 

were cultured for 5-7 days whereafter the bacteria were inoculated for 30 minutes. The co-

culture of Caco-2 cells and bacteria was sustained for 24 or 48 hours. In 2016, the co-culture 

of immune cells (CD4+ T cells) with the bacteria was also shown28. The oxygen concentration 

during cell culture in the perfusion chamber was established to be 5.43%. In the microbial 

chamber the oxygen concentration is shown to be less than 0.8% of dissolved oxygen, which is 

sufficiently anaerobic as the in vivo oxygen concentration is approximately 0.88%28,46. This 

oxygen concentration allowed them to culture Bacteroides caccae, an obligate anaerobic 

bacteria in their chip28.  
 

 

Figure 2.5: Schematic interpretation of a cross section of the HuMiX system. Shortly, the system consists 
of three microchambers on top of each other, separated by a nano- and a microporous membrane. 
Anaerobic medium is flown through the top chamber, which contains an artificial mucus layer and 
anaerobic bacteria. Aerobic medium through the bottom chamber, providing oxygen and nutrients for 
the Caco-2 cells that are cultured in the middle chamber. 

 

In 2019, Greenhalgh expanded the HuMiX model as an in vitro model to study the 

interactions between diet fiber, probiotics and the host. Primary CRC (colorectal cancer)-derived 

epithelial cells were co-cultured with the bacteria Lactobacillus rhamnosus Gorbach-Goldin 

(LGG), a facultative anaerobic bacterium, which can live under both aerobic as anaerobic 

conditions. They studied the effect of a simulated prebiotic regimen: a situation with non-

digestible nutrients as dietary fiber. In response to a symbiotic (containing both probiotic and 

prebiotic treatment) regimen, the epithelial cells showed attenuated self-renewal capacity. 

Furthermore, this symbiotic treatment caused the downregulation of genes involved in 

procarcinogenic pathways and drug resistance122.  
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In the HuMiX model, there is no flow in the epithelial cell microchamber, which causes that 

the Caco-2 cells experience no direct shear stress (at their apical side) as there is only a fluid 

flow on the basal side of the cells. Also, endothelial cells were left out of consideration, which 

could be a limitation of the system, as the co-culture of epithelial and endothelial cells has 

shown to enhance the barrier tightness and production of mucus by Caco-2 cells71,121. Lastly, a 

possible disadvantage of the system is the physical separation of the microbiota and the 

intestinal cells by the nanoporous membrane coated with artificial mucus, which is unlike the in 

vivo situation (further discussed in Section 2.4.4.2). 

2.3.3 The Intestine Chip: an oxygen permeable chip in an anaerobic 
box72 

Starting in 2012, the Wyss institute, a pioneer in the OoC field, presented a series of 

publications about their Intestine Chip or Gut Chip system70,72,125. The authors were the first to 

apply mechanical deformation simulating the peristaltic movement in their gut-on-chip70. To 

manipulate the oxygen concentration in their PDMS gut-on-chip (Figure 2.6), a so-called 

‘anaerobic box’ was used, which allows the co-culture of human intestinal cells with obligate 

anaerobic bacteria for 5 days72.  

After 7 days of cell culture on-chip under anaerobic conditions with flow and mechanical 

deformation, the Caco-2 cells differentiated into different cell types and the formation of villi 

was observed. Scanning electron microscopy (SEM) clearly indicated a continuous and dense 

mucus layer on top of the differentiated epithelium. After approximately 14 days of culturing, 

the peristalsis-like stretching was stopped, and the medium in the chip was replaced with 

antibiotic-free medium. Next, the microbiome (one obligate anaerobic bacteria Bacteroides 

fragilis, or a sample of a gut microbiome isolated from human feces) was introduced in the 

lumen of the upper channel, atop the mucus layer. Jalili et al. show that their system can 

generate an oxygen gradient over the endothelial-epithelial-microbiome interface and supports 

the co-culture of intestinal epithelial cells with the obligate anaerobic bacteria Bacteroides 

fragilis, which cannot grow when in an environment of 0.5% or higher concentration of 

oxygen72,126. Integrated optical sensors monitored the oxygen concentration in the chip and 

showed that the concentration was maintained below 1% during the co-culture with bacteria. 

Furthermore, in their co-culture with a complex human microbiome, abundances of obligate 

anaerobic bacteria are shown, with ratios of Fermicutes and Bacteriodetes (the most abundant 

bacterial phyla in the microbiota1,2,22) similar to human feces. Besides commonly used Caco-2 

cells as intestinal epithelial cells, primary cells derived from resected tissue were also cultured 

on-chip (in the design illustrated at the left side of Figure 2.6), as published previously71. The 

authors successfully co-cultured the primary cells with fresh patient-derived human stool 

samples from infants over 5 days without compromised barrier function.  
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Figure 2.6: Schematic interpretation of a cross section of the two Intestine Chips with oxygen modulation. 
Both PDMS chips consist of two parallel culture channels, separated by a porous PDMS membrane. Two 
vacuum chambers on both sides of the culture channels allow mechanical deformation during cell culture. 
Intestinal cells are cultured in the top channel, which will differentiate over time and produce a mucus 
layer on top of the cells. Endothelial cells are cultured in the bottom channel of the left sided chip, 
mimicking a blood vessel. The PDMS chip is placed in an in-house made anaerobic box, which imposed 
an oxygen gradient on the chip, allowing the co-culture of anaerobic bacteria atop the mucus layer. 

 

Under the condition of an anaerobic culture with complex microbiome, a lower 

permeability and thus a higher barrier function is reported, compared to an aerobic culture 

with complex microbiome. A paper published in 2016127 reports a decrease of barrier function 

of the endothelium-epithelium in the presence of a pathogenic bacteria. These two studies show 

that a commensal bacteria enhances the intestinal barrier function72, while a pathogenic 

bacteria decreases the barrier function127. This demonstrates that the presented AHAM-on-chip 

model is able to discriminate between the presence commensal or pathogenic bacteria.  

The system allows the study of the direct intracellular interactions between bacteria and 

human intestinal epithelium under controlled conditions. Contrary to the previously mentioned 

studies, this system has direct contact of the microbiome and the epithelial cells, instead of a 

separation by a porous membrane. The authors claim this is an important advantage of their 

model. However, this lack of physical separation between the bacteria and the epithelial cells 

may also contribute to the need to dilute the microbiome inoculum, to prevent bacteria from 

rapidly overgrowing the cells. The anaerobic box method has yielded impressive results, but 

requires a PDMS chip, which has its disadvantages, such as the absorption of small hydrophobic 

molecules128 and the leaching of PDMS oligomers in the cell culture medium129.  
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2.3.4 The Anoxic-Oxic Interface (AOI)-on-a-chip: an oxygen scavenger 
added to the luminal cell culture medium73 

The Anoxic-Oxic Interface (AOI)-on-a-chip presented by Shin et al. (Figure 2.7) has a similar 

design as the Intestine Chip (Section 2.3.3), but the authors apply a different strategy of oxygen 

modulation. By adding sodium sulfide as an oxygen scavenger to the cell culture medium for 

the top channel, an anaerobic top channel is created, even though the chip consists of the 

oxygen permeable material PDMS.  

In order to study the effect of the addition of the oxygen scavenger to the cell medium, a 

computational model using COMSOL Multiphysics was used, which shows that the anaerobic-

aerobic interface can be obtained when a villous epithelium is present on-chip. This 

computational model was validated by measuring the oxygen gradient using platinum 

dendrimer-encapsulated (Pt-DENs) nanoparticles. These nanoparticles catalyze Amplex Red 

(10-acetyl-3,7-dihydroxyphenoxazine) reagent into the fluorescent resorufin in the presence of 

oxygen, which could be visualized in 3D using a confocal microscope. A steep oxygen gradient 

is reported over the entire length of their chip with intestinal epithelium cells. The oxygen 

measurement was performed in a chip with intestinal villous epithelium, but it is not clear on 

which day this measurement is performed, how often during cell culture this is checked and if 

this oxygen gradient is also checked during co-culture with bacteria. A potential disadvantage 

of their oxygen modulation method is the sodium sulfide, which is proven to be cytotoxic for 

xxxxxx 

 

 

Figure 2.7: Schematic interpretation of a cross section of the Anoxic/Oxic Interface (AOI)-on-a-chip. The 
PDMS chip consists of two parallel culture channels, separated by a PDMS membrane, with two vacuum 
chambers on each side allowing mechanical deformation. Caco-2 cells are cultured in the top channel, 
which over time produce a mucus layer on top of the cells. The oxygen concentration is modulated by 
adding oxygen scavenger sodium sulfide to the cell medium for the top channel, allowing the culture of 
anaerobic bacteria atop the mucus layer. 
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glioblastoma cells130. Sodium sulfide can be used as an oxygen scavenger, but it precipitates 

via a redox reaction with oxygen to sulfur. Authors report that sodium sulfide (Na2S) is used, 

which should not be confused with sodium sulfite (Na2SO3), a commonly used oxygen 

scavenger. The effect of introducing the anaerobic medium with sodium sulfide was checked 

by Shin et al. who report no cell death induced by the sodium sulfide.  
First, Caco-2 cells were cultured in the top channel for 1 week under continuous flow and 

mechanical stimulation, whereafter the anaerobic medium was introduced in the top channel. 

After 48 hours of anaerobic-aerobic culture, the barrier integrity was determined by measuring 

the TEER (measured to be around 9 kΩ∙cm2), using silver/silver chloride (Ag/AgCl) electrodes 

connected to an Ohm meter. No effect of the sodium sulfide on the measured TEER was 

observed. After 72 hours of introducing the anaerobic medium, no cell death was induced, no 

compromised expression of ZO-1 was observed, and no decreased level of MUC2 protein 

expression was found compared to the aerobic control.  

The microfluidic device allowed them to co-culture human cells with anaerobic bacteria for 

7 days. Both the bacteria and the epithelial cells show to be viable after 7 days of culture under 

AOI conditions. Eubacterium halli (actually recently reclassified to Anaerobutyricum hallii.131) 

has no effect on the TEER, when comparing an AOI with only epithelial cells to an oxic chip with 

bacteria or an AOI with bacteria. The co-culture of epithelial cells with Bifidobacterium 

adolescentis under AOI conditions does increase the TEER compared to the oxic control with 

cells and bacteria. Adding an oxygen scavenger to an AOI-on-chip is an interesting method of 

achieving the necessary oxygen gradient. However, the reliability of this method as a function 

of time and position within the device during (co-)culture has yet to be experimentally confirmed. 

2.4 Future challenges 

For AHAM-on-chips to become generally available as the new golden standard for host-

microbiota interaction research, there are still challenges ahead. We believe there is not one 

perfect AHAM-on-chip, as we think the system should be adapted to suit the research question 

at hand. One should always be aware and careful about the impact of certain aspects (such as 

the material, membrane, method of oxygen modulation, channel dimensions, materials, and 

flowrates) on the obtained results. The aspects that might influence the outcome of the AHAM-

on-chip should carefully be addressed in the discussion. We believe it is highly valuable to have 

a multi-disciplinary team developing AHAM-on-chip systems, in order to cover all these 

biologically and engineering elements involved. 
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2.4.1 Oxygen management challenge 
Oxygen is an essential parameter in in vitro cell cultures in general as it is a measure of cellular 

activity, cell viability and it also affects cell differentiation. Therefore, there is a lot of interest in 

controlling the oxygen concentration in OoC devices132. The combination of anaerobic and 

aerobic conditions on such small physical scale (Figure 2.1) demands a method of precise 

oxygen management in the AHAM-on-chip. To be able to control or manage the oxygen 

concentration, it is key to precisely and accurately measure it in the microfluidic channels.  

2.4.1.1 Oxygen sensors 
Oxygen sensing on-chip is vital to monitor the oxygen distribution within an OoC and has 

already been thoroughly reviewed132–134. Preferably, the oxygen concentration is measured 

inside the culture channel on-chip, along the channel and at different heights of the channel: 

at the site where the microbiota is cultured, the intestinal host cells, and optionally at the site 

where endothelial cells are cultured. The oxygen concentration should be monitored during the 

cell culture, as the oxygen consumption most likely will vary during culture.   
Generally, oxygen sensors are classified into two types: optical and electrochemical 

sensors. Optical oxygen sensors mostly rely on the principle of luminescence quenching by 

oxygen (Table 2.2, left side). A quenching material is illuminated with light of a certain 

wavelength to excite electrons from ground state to excited state. Decaying back to the ground 

state can occur via fluorescence or phosphorescence decay, processes that can be quenched 

by the presence of oxygen. As a result, the intensity and lifetime of the luminescence is reduced, 

proportional to the oxygen concentration. Electrochemical oxygen sensors or Clark-type 

electrodes are well-known electrochemical sensors that measure the dissolved oxygen 

concentration of a medium. The measurement is based on the reduction of oxygen at the 

platinum or gold working electrode (Table 2.2, right side). Both sensor classes have their own 

advantages and disadvantages for application in OoCs, summarized in Table 2.2. For more 

in-depth information, e.g. on sensor integration, one could consult the references132–134.  

2.4.1.2 Oxygen control  
When oxygen can be accurately monitored in the microfluidic device, one can consider the 

quest for oxygen control or management in an AHAM-on-chip. For AHAM-on-chips, one 

requires a steep oxygen gradient with both anaerobic and aerobic conditions within the cross 

section of the device, but it is also important to have a constant oxygen distribution over the 

entire length of the culture channels, to ensure consistent conditions within one chip. The oxygen 

concentration in a microfluidic device is affected by aspect such as the oxygen permeability of 

xxxxxxxx 
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Table 2.2: Oxygen sensors: the working principle, advantages and disadvantages of optical or 
electrochemical based oxygen sensors. 

Optical  Electrochemical  
 

 

 

 

 

+  - +  - 
Appearance of sensor is 
versatile (probe, patch, film, 
particles) 

Dye leakage (cytotoxicity) 
should be considered 

Well-known sensors: Robust 
and reliable measurement 
technique 

The sensor consumes 
oxygen at the WE 

Non-invasively or remotely: 
The sensor does not require 
to be in contact with the 
solution 

 No sophisticated 
instrumentation required  

An oxygen depletion 
layer will be formed 
(can be resolved by 
miniaturized 
electrodes) 

The sensor does not consume 
oxygen 

 Good sensitivity and response 
time 

 

Placement of 
electrodes: Direct 
contact required with 
liquid of interest 

Intensity based measuring: 
A simple setup (microscope 
with an appropriate filter and 
detector)  

Susceptible to:  
- Photobleaching 
- Changes in sensor 
position  
- Cultured cells can block 
light, changing during 
culture 
- Fluctuations in light 
source 
- Fluctuations in detector 
- Optical properties of 
sample 

Possibility to use electrodes for 
measuring different analytes 
(such as O2 or pH) or 
impedance spectroscopy for 
measuring barrier function 
(TEER) 

Stability over longer 
culture periods is not 
shown (yet)  

Life time based measuring:  Miniaturization:  
Overcomes most of the 
problems of intensity 
measurements state above 

Requires specialized 
(expensive) equipment 

Oxygen depletion layer 
resolved 

Very small currents: 
requiring sensitive 
meters and shielding 

  

the material of the device; the oxygen concentration of air around the device; the oxygen 

concentration of the medium introduced in the device; the flow rate through device and last but 

not least, the oxygen consumption rate of cells and microbiota. 
All four systems in Section 2.3 followed a unique approach to modulate the oxygen 

concentration in their AHAM-on-chip system. The gas permeability of PDMS can be used to 

enforce an oxygen concentration or gradient in the microfluidic device75,116. This property is 
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utilized by Jalili et al, who place the OoCs in an anaerobic box, enforcing anaerobic conditions 

in the top channel72. Another method is the addition of an oxygen scavenger73, continuous 

perfusion of the cell medium with nitrogen122 or using the (anaerobic) outflow of a SHIME 

system28. However, all of these methods do not allow for spatial control of the oxygen in the 

microfluidic channel. These methods in combination with a cell medium flow and oxygen 

consumption intuitively result in spatial and temporal differences in the oxygen distribution on-

chip. Walsh et al. present an interesting approach where they use microfluidics as a valuable 

tool to modulate or manage the spatial oxygen concentration75. 

The spatial and temporal fluctuations in oxygen concentration should be measured and by 

using automated feedback, the method of oxygen control should be adapted to adjust the 

oxygen concentration on-chip. Feedback control is a big field in engineering. The most common 

and simple controller is a proportional-integral-derivative PID controller, which controls the 

error of the measured value with the aimed value of a specific parameter (e.g. the oxygen 

concentration). The so-called three-term control is proportional (P) to the error, accounts for the 

past values of the error (the Integral term, I), and the estimation for the future trend (the 

Derivative term, D)135. 

Ideally, we would combine a method of measuring the oxygen concentration and 

modulating oxygen concentration with both spatial and temporal control. This could be 

achieved for example by having an oxygen permeable matrix with extra channels next to the 

culture channels, which could be used to precisely tune the oxygen control depending on the 

feedback from the oxygen sensors. 

2.4.2 Design and fabrication challenges 
When designing and fabricating an AHAM-on-chip, factors such as material of the OoC, the 

possible/required fabrication method, the required OoC dimensions, all depend on each other. 

The chosen method of oxygen management will also play an important aspect in these choices 

in the design/material (or vice versa). For the best choice of device material for the AHAM-on-

chip, one should consider, besides the oxygen permeability, other aspects, such as the 

biocompatibility, the required fabrication techniques and its (dimension) limitations, the 

hydrophobicity/hydrophilicity, the possibility to integrate sensors, valves and membranes, and 

the ability to allow automated high-throughput manufacturing.  

2.4.2.1 Material  
The material of the OoC should be biocompatible, a contextual concept; as the most suitable 

material for a device to culture bone cells is not suitable for mimicking the intestine. The ideal 

material should resemble the extracellular matrix (ECM) of the intestine, including properties 

xxxx 
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Table 2.3: Important aspects of potential materials for AHAM-on-chips. 

 PDMS 
poly(dimethyl-
siloxane) 

PMMA 
poly(methyl-
methacrylate) 

PS 
polystyrene 

PC 
poly-carbonate 

Glass OSTE 
A thiol-ene 
polymer118 

Oxygen 
diffusion 
coefficient 
(cm2/s)  

3.4 x 10-5  
(high)133 *  

2.7 x 10-8 
(low)133 

2.3 x 10-7  
(medium)133 

8.0 x 10-8 
(low)133 

~ x 10-9 
(very low)136 

Oxygen 
scavenger 
118  

Absorption 
issues?  

Yes, small 
hydrophobic 
molecules128 

No  
(Compared to 
PDMS137) 

No (same 
material as 
conventional 
culture flasks) 

Unreported*** No  Un-
reported 
*** 

Possible 
fabrication 
methods 

- Soft 
lithography cast 
on SU8, 
micromilled or 
3D printed mold 
- Laser cutting 

- Micromilling 
- Injection 
molding  
- Laser cutting 

- Micromilling 
- Injection 
molding 
- Laser cutting 

- Micromilling 
- Laser cutting 

- Dry etching 
- Powder 
blasting 

Casting in 
micro-
milled or 
3D printed 
mold 

Possibility for 
automated 
fabrication?  

No  Yes Yes Yes  No  Un-
reported 
*** 

Possibility to 
implement 
membranes?  

 

- PDMS 
membrane: 
Oxygen plasma 
(simple) 
- PC or PET 
membrane:  
PDMS/toluene 
glue138 
(expertise)  

- PC or PET 
membrane: 
Thermal or 
chemical 
solvent 
bonding 
(expertise) 
- PDMS 
membrane: 
Chemical 
bonding 
APTES/ 
GLYMO139 
(expertise) 

- PC or PET 
membrane: 
Thermal or 
chemical 
solvent bonding 
(expertise) 

- PC or PET 
membrane: 
Thermal or 
chemical 
solvent bonding 
(expertise) 
- PDMS 
membrane:  
Chemical 
bonding APTES/ 
GLYMO139 
(expertise) 

PDMS 
membrane: 
Oxygen 
plasma 
(simple) 

Covalently 
linked to 
other 
surfaces 

Pressure 
sensitive tape 

Pressure 
sensitive tape 

Pressure 
sensitive tape 

Pressure 
sensitive tape 

  

Elastic? ** Yes No No No No No 
Surface 
modification 
for cell 
adhesion. 
(hydro-
phobicity 
limits cell 
adhesion) 

- Requires 
plasma 
treatment for 
hydrophilicity 
- Collagen, 
fibronectin or 
matrigel 
coatings 

Unreported *** - Requires 
plasma 
treatment for 
hydrophilicity 
- Can be coated 
with collagen or 
fibronectin 

- On PC 
membranes, 
cell culture 
possible after 
fibronectin, 
collagen or 
gelatin coating 

- Sharp 
edges could 
harm the 
cells 
- Can be 
coated with 
collagen, 
fibronectin 
and gelatin 

- Cells 
were 
cultured 
on coated 
glass slide, 
not on 
OSTE 
directly118 

Pro’s - Widely used 
material in 
microfluidics, 
much literature 
available 

- Fabrication 
methods allow 
high 
throughput  

- Material of 
conventional 
flasks and 
dishes, which 
allows easier 
comparison 

- Fabrication 
methods allow 
high throughput 

- Dry etching 
allows small 
features   
- Oxygen 
impermeable 

- Oxygen 
scavenger, 
provides a 
method of 
oxygen 
manage-
ment  

* Oxygen permeability is tunable: by e.g. plasma treatment or Parylene-C coating117 
** Allows mechanical stretch during cell culture to mimic peristatic movement or breathing on-chip70 or the fabrication of 
Quake valves140 
*** To our knowledge, no articles regarding these issues exist 
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such as its stiffness, roughness, expressed proteins, and topology. Such a material cannot easily 

be bought or fabricated, thus plastics such as PDMS, PMMA, polystyrene (PS), PC or glass, or 

oxygen scavenger materials, such as OSTE a thiol-ene polymer118 are commonly used. Often 

used plastics and their properties such as oxygen diffusivities are discussed extensively in other 

reviews132,133. Although its use for OoCs is under debate128,141,142, PDMS is still the material of 

choice for many researches as it is143: easy to use in fabrication processes, low cost, and it has 

a high elasticity (allowing the possibility for mechanical deformation or the integration of 

valves)141,142,144. However, the ‘habit’ of using PDMS in OoC technology might need to be 

reconsidered, looking at Table 2.3, depending on the design, application and method of 

oxygen modulation. The two main disadvantages of PDMS are the leaching of uncured polymer 

in the culture medium129,141, and the absorption of small hydrophobic molecules128,141. These 

small molecules can include compounds added to the culture medium, cell signaling 

compounds, or certain drug molecules when studying drug toxicity or efficacy141. We 

summarized in Table 2.3 important aspects, such as the oxygen diffusivity and possibility of 

automated fabrication of possible materials for AHAM-on-chips.  
An emerging research field is the incorporation of scaffolding biomaterials, for example 

hydrogels or electrospun fibers, in microfluidics. Such scaffolds provide a 3D environment as 

cell support and aim to resemble the in vivo intestinal ECM better compared to microfluidic 

devices consisting of the often used polymers or glass145. Interesting approaches are presented 

to fabricate scaffolds that mimic the 3D topology of the intestinal epithelium including its villi 

and crypts91,146. Different scaffolding materials and fabrication techniques for 3D cell culture in 

microfluidic devices have been reviewed elsewhere145,147,148.  

2.4.2.2 Fabrication techniques 
The three fabrication techniques for OoCs that are most available in research labs are 

photolithography, micromilling and 3D printing. All three can be used to fabricate molds or 

OoC devices directly. The techniques all allow the fabrication of custom-made designs for OoC 

devices within days or weeks. In Table 2.4, we summarized these techniques and important 

aspects to consider, such as their dimension limitations, resolution, and cost. There is a wide 

spectrum of 3D printer quality, resulting in a large range of resolution and achievable 

dimensions. We focused here on commercial grade, stereolithography-based 3D printers as 

these are widely available, cheap, fast and easy to use. Injection molding is left out of 

consideration in this table, as this technique is not often used in independent research labs (due 

to high startup costs). Companies such as Microfluidic Chip Shop offer injection molded chips 

with various (but standard) layouts. Buying such commercially available products can be 

interesting if lab facilities for photolithography, micromilling or 3D printing are not available. 
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Table 2.4: Fabrication techniques for OoCs, for the fabrication of directly the channels in a material, or  

Technique  Lithography 3D printing, SLA* 
 Direct Indirect (mold) Direct Indirect (mold) 

  
Materials for the 
OoC 

SU8 side walls, 
silicon floor and 
ceiling 

PDMS (soft 
lithography) 

Photo curable polymers PDMS (soft 
lithography)  
OSTE/ thiol-ene 
polymers 

Aspect ratio 
achievable 
(height:width) 

~5:1. can go up to 20:1, but requires 
optimization149 

Depending on printer 
and absolute size of the 
part. 
 

Depending on 
absolute size of 
the part.  
 

Dimensions Maximal height of 200 µm  
Higher possible, but has additional 
costs, complicated and requires 
optimization 

Depending on 3D 
printer commercial 
grade: Smallest 
enclosed channel, just 1 
mm  

Depending on 
printer and used 
resin.  

Resolution <1 µm Depending on printer, commercial grade 
SLA printer:  
Lateral resolution: ~150 µm, depending on 
laser spot size 
Vertical resolution: 25-300 µm, depending 
on the resin  

Surface roughness <0.1 µm SLA: 0.4 – 6 µm150 

Additional heights  Increasing costs and fabrication time 
(~2x) 

No problem 

Automation/high 
throughput possible 

No ~ depending on equipment  

Costs  
(equipment, tools) 

Expensive masks, wafers and equipment 
required 

Low, for the resolution mentioned above  
3D printers are available in a wide variety of 
prices, often related to the quality 

Pro’s Excellent transparent devices,  
Excellent resolution  

Fast, commercially available, easy to use 
Possibility to fabricate enclosed channels 

Con’s  Photomask required, high costs 
Only one height per photomask 

The use of resins, which are not very 
chemically resistant  
Photo initiator should be removed to be able 
to cast other polymers151 

*SLA = Stereo lithography  

The table continues on the next page.  
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indirectly a mold for the OoC channels. 

Technique  Micromilling150 
 Direct Indirect (mold) 

 

  
Materials for the 
OoC 

Requires to be rigid. Plastics and metals such 
as: PMMA, PC, PS, Teflon, Delrin, COC, 
aluminum 

PDMS (soft lithography)  
OSTE/thiol-ene polymers 

Aspect ratio 
achievable 
(height:width) 

Depending on available milling tools.  
In general an aspect ratio of ~ 4:1 but can go up to 8:1150 

For direct OoCs, limited by this aspect ratio 
(of the milling tools) 

Higher aspect ratio allowed 3:1 
 

Dimensions Depending on tools available 
Smallest ~ Ø100 µm  
Can go down to Ø30 µm149 

Channels can be smaller than smallest tool  

Resolution ~10 µm 

Surface roughness 0.4 – 2 µm150 (Depending on tool, cutting speed (feedrate), spindle speed, can be tuned with 
special milling operations or solvent treatment) 

Additional heights  No problem 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Automation/high 
throughput possible 

Yes 

Costs  
(equipment, tools) 

High startup costs, but no cleanroom required 
Material (plastics) is cheap  

Pro’s Fast, allows automation and thus allows high throughput 

Con’s  Rounded corners when <180°, rounded with radius of mill used (see illustrations above)  
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When choosing the material and fabrication technique, an important balance must be found 

between the physiological representation of the material and the feasibility to fabricate the 

microfluidic device in that material with the desired dimensions, channels, membrane etc. The 

chosen material and fabrication method together determine the achievable physical dimensions 

of the chip. For AHAM-on-chips, the chosen method for imposing the oxygen concentration 

also contributes to the fabrication and material choice.  

2.4.2.3 Membrane 
The basal membrane is the separation between most barriers and/or cell types in vivo, and 

also between the intestinal epithelial and endothelial cells. This basal membrane is only a few 

nanometers thick in the human body. A membrane of 20 µm or even 50 µm thick is often used 

in OoCs72–74,152, which is not physiologically representative. It decreases the ability of the 

epithelial cells and the endothelial cells to interact physically and mechanically through (direct) 

cell-cell contact. The OrganoPlate® systems aim to be membrane-free by using a phase guide 

to fill a channel partially with a hydrogel, which can be used as cell support, allowing direct 

cell-cell contact but limiting the possibility to apply shear stress to these cells. In a different chip 

design, the hydrogel can be considered a membrane, although it is very thick (350 µm)153. 

Tibbe154 discusses the limitations of membranes often used in OoC devices by addressing the 

effects of the thickness of the membrane, as well as the elasticity or stiffness of the membrane, 

biochemical functionalization, surface porosity, pore size, pore distribution and roughness or 

texture. When modeling a tissue or cell-cell barrier, one needs to consider what kind of 

membrane is needed to suit the research question at hand. Furthermore, one should carefully 

consider the membranes impact on the obtained results (between different OoCs but also when 

comparing to Transwell systems) and this should be addressed in the discussion. Table 2.5 

summarizes some available membranes for OoCs. As can be seen in the table, the non-

commercially available membranes for OoCs are all PDMS membranes, as a lot of OoCs 

consist of PDMS. Hence, we limited the membrane integration method to the integration in 

PDMS OoCs.  

In conclusion, for designing and fabricating an AHAM-on-chip, the material, membrane 

and fabrication techniques all dependent on each other, and on the chosen method of oxygen 

management. The field of OoC is very diffuse regarding the used materials and membranes, 

showing the versatility and potential of microfluidic technology. However simultaneously, this 

versatility hinders comparisons between studies and labs, which brings us to the request for 

standardization further discussed in Section 2.4.5.1.  
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Table 2.5: Comparison of different membranes for OoCs. 

 Transwell inserts (e.g.  
it4ip, Whatman, Thermo 
Fisher Scientific or 
Corning) 

Huh et al.152 Novak et al.155 Le The et al. 
156 and 
Zakharova et 
al.157 

Quirós-Solano 
et al.158 

Membrane 
material  

Polyester 
(PET) 

Poly-
carbonate 
(PC) 

PDMS  PDMS PDMS PDMS 

Obtainable  Commercially available Complex and 
requires the 
fabrication of 
an SU8 mold 

Complex, 
requires a 
silicon mold 
and custom 
made AMF*  

Complex, 
requires 
fabrication in 
a cleanroom 

Complex, 
requires 
fabrication in a 
cleanroom 

Fabrication 
method 

Track etching Cast on SU8 
mold 

Cast on DRIE 
patterned 
silicon wafer 
(outsourced). 
Curing in 
custom made 
AFM* 

Wafer with 
positive 
photoresist 
pillars, dry 
etching of 
PDMS 

Sacrificial layer 
under PDMS, 
with aluminum 
mask layer, 
and 
subsequent dry 
etching of 
PDMS 

Thickness  Depending on 
application and supplier 
ranging from 9-23 µm: 
usually ~10 µm 

30 µm 50 µm <1 µm156 or 2 
µm157 

4 µm 

Pore size  Depending on 
application and 
supplier, ranging from 
0.1-12 µm 

10 µm 7 µm <1 µm156 or 5 
µm157 

 

2, 5 or 10 µm 

Pore pitch Randomly  Structured: 
30 µm 

40 µm Structured: 3, 
5, 10 µm156 
and 30 µm157 

1, 2, 3, 4 µm 

Optical 
transparency 

+/- - + + ++ ++ 

Elasticity/ 
stiffness 

Not 
elastic 

Not elastic Elastic 
(mechanical 
deformation 
possible) 

Elastic 
(mechanical 
deformation 
possible) 

Elastic 
(mechanical 
deformation 
possible) 

Elastic 
(mechanical 
deformation 
possible) 

Method for 
integration in 
a PDMS OoC 

PDMS glue, as reported 
by van der Helm138.  
Or by chemical 
treatments such as 
APTES/GLYMO139.  
(requires some 
experience) 

Oxygen 
plasma (easy)  

Oxygen plasma 
(easy) 

Oxygen 
plasma (easy) 

Oxygen 
plasma (easy)  

* AMF = Automated Membrane Fabricator, consisting of 24 pneumatic pistons supported of a programmable hot plate 
allowing controlled compression during the curing of the PDMS membrane in order to obtain through hole pores.  
** (3-Aminopropyl)triethoxysilane (APTES) / (3-Glycidyloxypropyl)trimethoxysilane (GLYMO) 

2.4.3 Ensuring biomimetic conditions 

2.4.3.1 Mechanical strain: peristaltic movement 
The peristaltic movement of the intestine, generated by the two perpendicularly aligned muscle 

layers in the intestinal wall, causes mechanical deformation or strain of the mucosa. In 1996, 

Basson et al. studied the effect of mechanical strain on Caco-2 cells in vitro in a Flexcell® 
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system, a Transwell-like system with a flexible membrane, which allows mechanical 

deformation. They applied an average strain of 10%, with 10 cycles per minute (0.167 Hz), 

resulting in an increase in cell proliferation. They also show an effect of the strain amplitude (% 

strain) on the cells, where cells showed an increase in proliferation when cultured on the part 

of the membrane with higher strain compared to a low strain region17. The frequency of the 

strain cycles may also have an effect, as shown for other cell types159. Also, the effect of strain 

on intestinal epithelial cells is found to be matrix-dependent when comparing collagen and 

fibronectin159,160.  

In 2010, Huh et al. showed for the first time the incorporation of cyclic mechanical 

deformation or strain of the membrane in an OoC. In their lung-on-chip system, they aimed to 

mimic the breathing strain in alveoli to obtain a physiological inflammatory response101. The 

long vacuum chambers next to the culture chambers allow the strain to be homogenously 

applied to the cell layer on-chip, in contrast to the circular Flexcell® system. In 2012, the 

application of mechanical deformation was expanded to a gut-on-chip to mimic the peristalsis, 

where the cyclic strain (always in combination with a fluid flow; a shear stress) results in an 

increase in the expression of intestinal differentiation specific enzyme activity70. However, a 

recent gut-on-chip study (applying the same strain amplitude and frequency) suggests that the 

mechanical strain does not have an additional effect (also always combined with a fluid flow) 

on cell height or the cellular secretion of a specific protein (cGMP)161. This could be explained 

by the use of a different cell source, as human small intestine enteroids were used instead of 

the well-known Caco-2 cell line. The effect of mechanical strain in absence of fluid flow has, to 

the best of our knowledge, not been studied. The 10% strain often applied in in vitro intestinal 

models17,70,72,73,161 is within the range of numbers found in in vivo experiments, which show 7.2 

to 27.4 % strain162. Also, the frequency typically used (0.15 Hz) is within the ranges found in 

vivo17. However, the mechanical deformation is in vivo a complex pattern, where the frequency, 

amplitude and rhythm of the strain is depending on the state of the person and the site in the 

GI tract17,159.  

In conclusion, applying strain in in vitro models seems beneficial for Caco-2 cell 

differentiation and proliferation. For other cell types, the effect of strain should be explored 

further. When applying cyclic mechanical strain, one should carefully consider the factors 

influencing the effect of the strain on cells such as amplitude, frequency and supporting matrix.  

2.4.3.2 Shear stress 
Shear stress is a mechanical stimulation of the cells, caused by a fluid flow. In vivo, cells at 

barriers, such as in the vasculature and the epithelium, experience this shear stress. Shear stress 

is an important, but sometimes misinterpreted or overlooked factor for cells in in vitro models 

when mimicking the in vivo situation closely. The applied shear stress in in vitro devices affects 
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endothelial cell morphology163 and the barrier function (Section 2.4.3.3) of both intestinal 

epithelial cells164 as endothelial cells163, underlining the importance of applying shear stress 

properly in AHAM-on-chips. Van der Helm et al. clearly discussed how to calculate the shear 

stress in a microfluidic channel, which depends on the channel height and width, the height to 

width ratio, flow rate, and viscosity of the fluid in the channel and expresses the shear stress in 

the SI unit Pascal (Pa)124. Besides this calculation, the software program COMSOL Multiphysics® 

(Section 2.2.2.4) can also be used to understand the effect on the device geometry and fluid 

flow on shear stress by running dynamic simulations. Table 2.1 reports the shear stresses used 

in literature for AHAM-on-chips, which vary a lot (from 1 to 3 orders of magnitude) between 

studies and even within a paper. One should be aware of the influences of the channel 

geometry, flow rate and viscosity of the medium on the shear stress the cells experience.  
Determining the actual in vivo shear stress that epithelial cells experience on the luminal 

side of the intestine is not straightforward. Although values are mentioned in literature, we 

believe expressing the shear stress in a single number oversimplifies the issue. Due to the 

physical structure of the folds and villi in our intestine, not all epithelial cells experience the 

same shear stress. Furthermore, the intestinal surface is completely covered with mucus, 

differing in viscosity along the villi, and the viscosity of mucus also changes over the length of 

the GI tract165. These factors hinder the calculation of the shear stress in vivo, and thus the shear 

stress to target in vitro.   

2.4.3.3 Barrier function 
The intestinal barrier function is widely acknowledged to play a crucial role in the pathology of 

certain (intestinal) disorders such as inflammatory bowel disease, which are also related to host-

microbiota disturbances19,166,167. In this review chapter, an intact intestinal barrier is defined as 

the functional barrier of a healthy gut. A disturbed barrier integrity can be caused by a 

downregulation of tight junction proteins, which results in an increased gut permeability (often 

seen in unhealthy gut, for example in inflammatory bowel disease patients)167. The microbiota 

can influence the intestinal barrier function, as researchers have already shown that the barrier 

function of epithelial cell layer is influenced by co-culture with bacteria72,166. Therefore, it is very 

interesting to measure the barrier function especially in the AHAM-on-chip to study this effect 

of the microbiota on the barrier tightness.  
 

Barrier tightness can be examined by looking at the expression of barrier-specific proteins, such 

as tight junction proteins, which can be assessed by several techniques: reverse transcription 

polymerase chain reaction (RT-PCR), immunofluorescence staining and western blotting. 

However, the main drawback of these techniques is that these are all end point measurements. 
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Furthermore, they only provide information about the RNA or protein content of the tissue and 

do not give a direct quantification of the barrier function.  
Permeability assays allow one to study the permeability of a barrier of both hydrophilic and 

lipophilic molecules with different molecule sizes. A standardized method to calculate the 

permeability in an OoC, independent of the chip design, is provided by Van der Helm et al.124. 

However, when implementing permeability assays in microfluidic devices, one should be 

critically aware of the problems that might arise in microfluidics, especially when comparing 

with Transwell systems. Different channel dimensions for top and bottom in an OoC can cause 

a pressure difference between the channels, causing a convective flow through the membrane. 

Permeability assays also have other disadvantages: they are time consuming, they require 

labeled agents and they have limited time resolution, issues that can all resolved by measuring 

the TEER.  

The barrier function of a tissue interface can also be estimated by measuring the electrical 

resistance across a cell barrier, the TEER. In 1980, Meza et al. performed an electrical 

characterization of the barrier function of their kidney epithelium168. The ion conductance 

(electrical resistance) across a cellular barrier was recognized to be mainly determined by the 

tight junction between the cells and therefore represents the paracellular transport. The tissue 

barrier can be monitored quantitatively, continuously and non-invasively by TEER 

measurements169. Van der Helm et al. clearly discussed the possible methods to measure TEER 

on-chip: Possibilities are using direct current or employing impedance spectroscopy (alternating 

current) using integrated on-chip electrodes or external electrodes such as chopsticks or 

Ag/AgCl wires, of which the advantages and disadvantages are discussed123. They emphasize 

the advantages of measuring TEER using impedance spectroscopy instead of the often used 

chopstick method, and also propose elegant methods to integrate electrodes (reducing 

measurement errors) in a blood-brain barrier-on-chip and a gut-on-chip105,170. Impedance 

spectroscopy provides, besides the TEER, additional information about the probed cell layer or 

tissue, for example in terms of morphology (differentiated or undifferentiated Caco-2 cell 

layer)105. However, TEER measurements are limited to assessing only the paracellular 

permeability, and it does not allow one to directly measure barrier-specific transport functions 

or the permeability of different molecule polarity or sizes123. It is important to note that 

permeability assays and TEER measurements assess different properties of the intestinal barrier, 

so they should be used as complementary techniques.  

 

In conclusion, the barrier function is a valuable parameter, especially in AHAM-on-chips. Each 

of the techniques to assess this barrier function in an OoC has their advantages and 

disadvantages, summarized in Table 2.6. It must be noted that permeability assays and TEER 
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measurements should be well-thought-through and the values should be standardized to allow 

comparison between different studies and systems.  

Table 2.6: Comparison of different techniques to assess the intestinal barrier function. Adapted from Van 
der Helm123. 

Techniques Direct measure of 

barrier tightness?  

Direct measure of barrier specifics 

(proteins, molecule size, polarity) 

During cell 

culture?  

Real-

time?  

Expression of barrier-

specific proteins 

No  Yes No  No  

Permeability assays Yes Yes Yes No  

TEER Yes No  Yes Yes 

2.4.4 Biological challenges 
To obtain a physiologically relevant AHAM-on-chip, the biological challenges may be 

considered the biggest. Important aspects to be taken into account are: the used cells (cell line, 

iPSCs, and organoids), GI tract-site-specific cell types, co-cultures of different cell types, 

implementing immune cells, the microbiota, and the mucus layer in between the cells and 

microbiota. Before addressing any particular aspect, one should carefully consider which part 

of the intestine is aimed to be mimicked. As described in Section 2.2.1.1, the small and large 

intestine differ greatly in both their anatomy and physiology. Absorption of nutrients and orally 

administered drugs mainly takes place in the small intestine, which therefore might be more of 

interest for the pharmaceutical industry. On the other hand, the microbiota is most abundant 

in the large intestine, which therefore might be more of interest for studying the effect of the 

microbiota on the host.  

2.4.4.1 Host cells and microbiota 
The cell type(s) used are crucial to obtain a predictive model of the human AHAM. The wide 

usage of Caco-2 cells is a form of standardization allowing easier comparison between studies 

and labs, but they are cells of cancerous origin and therefore known not to be representative 

for healthy in vivo tissue. Additionally, Caco-2 cells are known to have batch-to-batch 

variations, and factors such as passage number, supporting material and matrix influence the 

performance of Caco-2 cells55. Caco-2 cells origin from specifically the colon. Although it has 

been shown that they can express genes of all cell types in the small intestine when cultured in 

a gut-on-chip under flow and peristaltic movement125, one might debate whether Caco-2 cells 

are the best choice to mimic the small intestine. Due to these reasons other host epithelial cells 

might be better alternatives. The field is leaning more towards implementing organoids as a 

cell source for OoCs, which can contain different cell types of the intestine71,171. Besides the 

correct cell source for the epithelial cells, a co-culture with endothelial cells aims to mimic the 
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intestine more closely. The intestinal immune system is specialized to distinguish between 

pathogenic and commensal bacteria16. To study the effect of (an alteration in) the microbiota 

on the immune system or its relation to immunological disorders, it is essential to also 

implement immune cells on-chip (Figure 2.2) as shown by Shah et al.28. Furthermore, the gut-

brain axis (illustrated in Figure 2.2) is an important bidirectional connection between the 

nervous system and the gut microbiota. Recent findings indicate that an intestinal dysbiosis 

might be linked to neurological disorders172,173. One of the potential routes for this gut 

microbiota – brain interaction is based on the release of biologically active microbial molecules 

and metabolites, but its complexity underlines the need for a system to study this interaction 

under a controlled environment172,174. None of the AHAM-on-chip systems discussed in Section 

2.3 implemented this gut-brain axis in their systems. The MINERVA project emphasizes the need 

for a gut-brain axis-on-chip, presented in a series of reviews173–175, but no experimental papers 

have been published yet.  
Mimicking the intestinal microbiota composition is also a tremendous challenge. Again, 

one should first of all consider the part of the intestine that is mimicked. Research shows that 

this microbiota is affected by several factors, it varies per individual, location in the GI tract and 

there are daily fluctuations176. The concept of a ‘normal’ microbiota is questioned and also has 

changed over time. Therefore, researchers aimed to define a ‘core microbiome’3,26, which 

seems like an interesting approach to standardize the microbiota cultured on-chip. Currently, 

most studies use simplistic and ‘well-mixed’ microbiota models only comprising of 1 to 3 species 

as it remains a challenge to produce stable and diverse intestinal microbiota models. The 3D 

organization of bacteria and bacterial populations in the host plays a critical role for the 

communication within the microbiota and might affect the viability of the bacteria177. New 

bioprinting techniques can contribute to developing more complex polybacterial microbiota 

models with a native-like physical arrangement177,178.  

2.4.4.2 Mucus layer 
The in vivo mucus layer produced by Goblet cells is, besides an important barrier, also a source 

of nutrients for some bacteria in the colon. Please note that the mucus layer greatly differs in 

e.g. composition and thickness between the colon and the small intestine (Figure 2.1). An in 

vitro co-culture of mucus-secreting HT29-MTX cells (human colon carcinoma cells that are 

differentiated into mucus producing goblet cells179) with Caco-2 cells is widely used to obtain 

an intestinal epithelial cell layer with self-produced mucus layer180. The mucus barrier in a 

microfluidic chip can either be produced by the cultured epithelial cells72 or artificially applied 

on a membrane that separates the cells and microbiota122. Such nanoporous membrane can 

be used to physically separate the cells and bacteria to prevent bacterial overgrowth, but still 

enables studying the host-microbiota interactions74,122. However, one can question the accuracy 
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of this representation of the in vivo situation, as in vivo the bacteria are in direct contact with 

the mucus layer atop the epithelial cells. Direct contact might mimic the in vivo situation better, 

but a porous membrane still allows secreted molecules to pass, allowing crosstalk between the 

cells and the microbiota. One could argue that this is sufficient for studying host-microbiota 

interactions.  

2.4.4.3 Co-culture host-microbiota 
The duration of the co-culture of the host cells with the bacteria is another consideration that 

has to be made. The exact cell turnover in the small intestine reported depends on the used 

method to determine this turnover, but is estimated between one and five days6,9,11–15. So in 

vivo, the epithelial cells are only during this time span in contact with the microbiota74. With 

respect to this, a longer co-culture seems not necessary as is done by others72,73. However, in 

that case you do not consider the change of the microbiota composition over longer periods of 

time. To study clinically relevant effects of the microbiota to the host, a long-term model is 

essential, as stated by Bein et al.84. Uhr et al. summarized the temporal dynamics of our 

microbiome and show in which time scale different external factors have an effect176.  
 

To conclude, the biological aspects of AHAM-on-chips, the options for different co-cultures 

(epithelial cells, endothelial cells, immune cells, gut-brain axis) and microbiota compositions 

seem endless. We believe it is essential to make a clear distinction between the small and large 

intestine, as these are different organs in physiology anatomy and chemical environments. This 

decision has an impact on all further (biological) choices as the choice of cell type, cell source, 

microbiota, and mucus layer. Due to the combination of this tremendous biological challenge 

and all the technological aspects of an AHAM-on-chip, we believe it highly essential to have a 

multidisciplinary team designing and using AHAM-on-chip systems. 

2.4.5 Challenges towards commercial AHAM-on-chip systems 

2.4.5.1 Standardization 
The research field of OoC technology has experienced rapid growth over the past decade97,171. 

Several universities, institutes and labs are working on OoCs, often all with their own (and 

different) fabrication methods, design, chip layouts, chip material, cell types, membranes, 

biomimetic parameters, demonstrated by Table 2.1, 2.3 and 2.5. This illustrates the versatility 

of OoC technology, but at the same time, this lack of standardization complicates the direct 

comparison of results between different models or studies. Standardization can accelerate OoC 

developments, similar to the electronics industry, where these standards already exist for almost 

all aspects, from package dimensions to positions of solder joints. This standardization has led 
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to the tremendous acceleration in the development of the electronics industry, resulting in the 

complex system-on-chip technology of today. In the field of microfluidics, this is aimed for by 

the ISO workshop agreement, which is supported by key European players in the field181.  
To bring the OoC field further, open source technological solutions need to be developed 

that allow both design freedom for the researcher, as well as promote device and setup 

interoperability to avoid continuous reinventing of the wheel by companies and PhD students 

all over the world. This could be achieved by agreeing on various standards such as chip-chip 

interfacing, chip-world interfacing, standardization of experimental values (e.g. shear stress), 

and readouts. This demand for standardization is also observed and met in the translational 

organ-on-chip platform by the non-profit organization hDMT182,183.  

2.4.5.2 Obtaining higher throughput  
Currently, the OoCs in most research labs can be labor-intensive in both terms of production 

and usage, and challenging to use, as they require a lot of manual handling and experience 

with both microfluidics and cell culture184,185. There are two systems from two key players in 

commercial OoCs: Mimetas and Emulate, which can obtain respectively high and medium 

throughput research output. Firstly, the OrganoPlate® systems of Mimetas are based on a 96-

well plate, containing 96 2-channel OoCs or 40 3-channel OoCs. The systems can be 

combined with a pipetting robot, resulting in a high throughput and automated system. 

However, the main disadvantage of their system is the need for a hydrogel in both platforms 

as discussed above (Section 2.4.2.3). Furthermore the co-culture area between the two 

channels is small, which might be a problem for e.g. RNA sequencing. The ZOË™ platform of 

the company Emulate provides a system that allows the culture of 12 OoCs, under fluid flow 

and mechanical stretch during cell culture. However, their system requires a special 

commercially available incubator and the chips need to be taking out individually for 

microscopic visual inspection. Besides these two key players, there are numerous other OoC 

companies and start-ups, which are summarized by Zhang and Radisic186. 
A sophisticated method to allow multiplexing and automated liquid control in microfluidic 

systems are integrated microvalves, which can be applied for mixing, pumping and 

compartmentalization purposes. Different examples of such systems with microvalves are 

already presented, which enable a higher throughput, but compromise on the physiologically 

relevance of the 3D environment that constitutes OoCs, which is of particular importance for 

AHAM-on-chips183,187–189. To accelerate the development of OoCs, it will be essential to obtain 

systems allowing automated control and higher throughput, while maintaining physiological 

relevance185,190. 
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2.5  Conclusion 

The complexity of the AHAM interface in our intestine emphasizes the need for a good model 

to study the interactions between the intestinal microbiota and ourselves, the host. OoC 

technology provides a versatile method to allow the study of organ-level functions and effects, 

while still having the major advantage of in vitro models; a well-controlled environment. There 

are already a number of different OoC systems that aim to mimic the AHAM interface on-chip, 

all showing innovative approaches and promising results. The discussed systems show the 

versatility and potential of microfluidics to mimic the AHAM interface. 
We discussed several challenges that have to be taken into account when designing or 

using an AHAM-on-chip, such as the importance of oxygen modulation, the implementation of 

oxygen sensors, well defined biomimetic conditions such as shear stress, the desired chip 

material and fabrication method. We believe it is crucial to make a clear distinction between 

aiming for the small or the large intestine, as these host-microbiota interface differ in anatomy, 

physiology and their chemical environment. The field of OoCs is currently very diffuse, which is 

desirable as the development of new materials, methods of oxygen control etc. can result in 

interesting outcomes. However, for OoCs to become more accessible and widely used, we 

advocate for more standardization in terms of chip lay-out, chip-chip interfacing and chip-

world interfacing, to facilitate modular systems.  

An AHAM-on-chip can become a technological and biological extremely complex system 

when all aspects addressed by us are implemented, which makes a multidisciplinary team 

valuable (or maybe even essential) to cover all elements. Furthermore, one should make a 

thoughtful trade-off between the quality of the representation of the in vivo AHAM interface and 

the attainableness of the in vitro system. The required complexity or completeness of the OoC 

device should depend on the research question or hypothesis at hand. In conclusion, 

microfluidic AHAM-on-chip technology provides a promising tool to study host-microbiota 

interactions under a well-controlled environment to unravel the underlying mechanisms of these 

interactions.  
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2.8 Supplementary information 

List of abbreviations: 

 

AHAM Aerobic intestinal Host - Anaerobic Microbiota 

AMF Automated Membrane Fabrication 

AOI Anoxic-Oxic Interface 

Caco-2 Colorectal adenocarcinoma cells 

CE Counter electrode 

ECM Extracellular matrix 

GF Germ free 

GI Gastrointestinal 

HIMECs Human intestinal microvascular endothelial cells 

Hmb Healthy human microbiome 

HMI Host-microbiota interaction 

IBD Inflammatory Bowel Disease 

IL-8 Interleukin-8 

iPSCs induced Pluripotent Stem Cells 

LGG Lactobacillus rhamnosus Gorbach-Goldin 

MUC2 Mucin 2 protein 

OoC Organ-on-chip 

PC Polycarbonate 

PDMS Poly(dimethoxysilane)  

PMMA Poly(methylmethacrylate) 

PS Polystyrene 

Pt-DENs Platinum dendrimer-encapsulated  

RE Reference electrode 

RT-PCR Reverse transcription polymerase chain reaction  

SEM Scanning electron microscopy 

SHIME Simulator of the Human Intestinal Microbial Ecosystem  

SLA Stereo lithography 

TEER Transepithelial electrical resistance 

WE Working electrode 

WGA Wheat germ agglutinin 
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CHAPTER 3
Measuring barrier function in 

organ-on-chips with 
cleanroom-free integration of 

multiplexable electrodes  

Transepithelial/transendothelial electrical resistance (TEER) measurements are a 
method to estimate the barrier properties of a tissue or cell layer in a continuous, 
non-invasive, and label-free manner by determining the electrical resistance across 
the barrier. Organ-on-chips (OoCs) are in vitro microfluidic cell culture devices that 
aim to mimic an organ-specific tissue barrier. Assessing the barrier integrity in these 
in vitro models has shown to be valuable for studies to barrier targeting drug 
development. This chapter presents a cleanroom-free fabrication method for the 
integration of platinum electrodes in a polydimethylsiloxane OoC, allowing the 
real-time assessment of the barrier resistance by employing impedance 
spectroscopy. The proposed method and electrode arrangement allow multiplexing 
of both the electrodes in one OoC and the number of OoCs in one device, which 
we both show in this chapter. To demonstrate the effectiveness of our system, the 
OoC is lined with intestinal epithelial cells, creating a gut-on-chip, where we 
monitored the formation, as well as the disruption and recovery of the cell barrier 
during culture for a culture period of 21 days. The application is further expanded 
by creating a blood-brain barrier, to show that the proposed fabrication method can 
be applied to monitor the barrier formation in the OoC for different types of 
biological barriers.

This chapter is adapted from: 
1. E.G.B.M. Bossink*, M. Zakharova*, D.S. de Bruijn, M. Odijk & L.I. Segerink (2021). 
"Measuring barrier function in organ-on-chips with cleanroom-free integration of 
multiplexable electrodes." Lab on a Chip, 21(10), 2040-2049. *These authors contributed 
equally.
2. E.G.B.M. Bossink, M. Zakharova, M. Odijk & L.I. Segerink. "Measuring the barrier 
formation and a local barrier disruption using multiplexed electrodes along the length of a 
gut-on-chip." at NanoBioTech 2021, Montreux, Switzerland (poster presentation).
3. E.G.B.M. Bossink, M. Odijk & L.I. Segerink, TEER-on-chip. PCT/NL2021/050498, submitted 
at 07-08-2020, WO 2022/031173 A1, published at 10-02-2022.
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3.1 Introduction 

Organ-on-chips (OoCs) are defined as microfluidic cell culture devices that mimic organ-

specific functions1. These devices are a potential alternative to conventional animal and in vitro 

models for drug screening as OoCs are able to emulate complex human physiology in a 

miniaturized and highly controlled environment2–4. OoCs are often made from biologically inert 

polymers such as poly(dimethylsiloxane) (PDMS) and contain two parallel microfluidic culture 

channels, separated by a porous membrane, lined with organ-specific cell types4,5. PDMS was 

thought to be biologically inert6,7, but more and more research findings indicate evidence that 

contradicts this statement8–11. By integrating a porous membrane, barrier tissues can be studied 

which are essential for maintaining homeostasis of the organs and regulating the transport of 

certain compounds12. Assessment of barrier integrity in such in vitro model provides valuable 

information for further clinical studies and barrier targeting drug development13. One of the 

ways to access the barrier properties is to study the transepithelial/transendothelial electrical 

resistance (TEER) of the barrier or monolayer. TEER provides a continuous, non-invasive, and 

label-free way of monitoring the tightness of cell-cell junctions by measuring the electrical 

resistance across a cellular barrier14.  

The EVOM2 Volt/Ohmmeter is a commercially available device that is often used to 

measure barrier function in conventional in vitro models, such as the Transwell system15. The 

device has ‘chopstick’ type electrodes, which are introduced on both sides of the Transwell 

insert. The resistance of the path between the electrodes, also through the cell layer, is measured 
by applying a fixed 10 µA direct current (DC) or alternating (AC, typically 12.5 Hz)16. This 

‘chopstick method’ is also applied for typical OoC devices, by placing the electrodes in the in- 

and outlets of the opposite microfluidic channels17,18. However, this method raises concerns 

about the reproducibility of the electrode position and the membrane area that is actually 

probed19,20, making it very difficult to obtain reliable and representative measurements. 

Alternatively, integrated TEER electrodes in OoCs have been already reported21–27. Using 

advanced microfabrication technologies, miniaturized sensors can be directly embedded in, or 

in close proximity to the cell culture channels. This was accomplished by patterning electrodes 

on the top and bottom substrates of the channels22,23,28. Although these methods provide stable 

and reliable TEER measurements, the electrodes block the possibility for visual inspection of the 

cells at the site of the electrode. This issue has been solved by using very thin electrodes of 

gold25 or indium tin oxide21. However, these fabrication methods are often based on the 

sputtering of electrodes, an expensive process often requiring cleanroom access.  

Therefore, methods for integrating TEER electrodes in OoCs are developed that do not 

require cleanroom facilities. A simple, but elegant and cleanroom-free way to integrate 

platinum electrode wires horizontally in a microfluidic device has already been reported26. 
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Using four platinum wires, the TEER is measured in a blood-brain barrier (BBB) on-chip. The 

special configuration of the four electrodes allows one to obtain six measurements to remove 

large variations of non-biological origin. However, such configuration is only compatible with 

the proposed device design (containing two crossed channels) making it difficult to apply to a 

typical PDMS OoC device (containing two parallel channels). Moreover, the area of interest 

between two crossing channels is very small (0.5 mm x 0.5 mm), limiting the possible readouts. 

Furthermore, the method is not applicable to a multi-chamber or multiplexed OoC. Scaling up 

the number of microfluidic chambers in one device will allow parallel experiments and analysis 

of multiple conditions thereby increasing the throughput per device. We would ideally have a 

method to study the TEER in a typical PDMS OoC with a cleanroom-free fabrication method, 

which allows parallelization and the visual inspection of the cells in the device. This has, to our 

knowledge, not been shown yet. 

Here, a cleanroom-free fabrication method for the integration of platinum electrode wires 

is presented which allows real-time measurement of the barrier resistance in a PDMS OoC by 

means of impedance spectroscopy. With the proposed configuration, it is possible to multiplex 

both the electrodes and the OoCs in one device and simultaneously be able to visually inspect 

the culture channel at the site of the electrodes. To illustrate the applicability of the new method, 

a PDMS device with three parallel OoC units was fabricated and lined with Caco-2 cells to 

mimic the intestinal epithelium in a gut-on-chip. We monitored and observed the formation, as 

well as the disruption of the cell-cell barrier in the gut-on-chip during cell culture both visually 

and by impedance spectroscopy. To expand the application of the fabrication method, we also 

measured the barrier formation in a chip lined with brain endothelial cells, hCMEC/D3 cells, 

to mimic the BBB. We demonstrate that the proposed fabrication method can be applied to 

monitor the barrier formation in a PDMS two-layer OoC device with different types of biological 

barriers.  

3.2 Materials and methods 

3.2.1 Chip fabrication 
A schematic illustration of the chip is shown in Figure 3.1. Two poly(methylmethacrylate) 

(PMMA) molds for top and bottom channels were designed in 3D-CAD software (SolidWorks®, 

2018) and micromilled (Datron Neo, Germany). PDMS base and curing agent were mixed 

(10:1 %w/w, Sylgard 184 Silicone elastomer kit, Dow Corning) and degassed. PDMS was cast 

on the two PMMA molds and cured for 4 hours at 60°C. In- and outlets were punched in the 

PDMS top layer with a 1 mm biopsy punch (Ted Pella Inc, US). The inlets for the platinum 

electrodes (E1-E4) were punched with a 0.5 mm biopsy punch (Harris Uni-Core™, via Sigma-

Aldrich). After punching, any potential dust at the surface was removed using Scotch tape29. A 
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PDMS membrane with a thickness of 2 μm and 5 μm pore size, was fabricated based on our 

previously developed protocol30. Briefly, an array of columns was formed with positive 

photoresist (PR) (AZ 9260) using a standard soft lithography technique. Next, a solution of 

PDMS: Hexane (2:5 %w/w) was spin-coated on top of the wafer with PR columns and cured for 

4 hours. Finally, the PR was removed with acetone, releasing the membrane which was bonded 

by oxygen plasma treatment (40 seconds, 50 Watt, Femto Science, Cute) to the PDMS top layer. 

The PDMS membrane was removed from the inlets of the bottom channel, and the electrode 

holes for the bottom channel (E1 and E4) to provide proper access. Next, the bottom layer was 

bonded to the membrane and top layer using oxygen plasma. The chips were carefully visually 

checked for membrane integrity after the assembly and during the cell culture period. 

Four platinum wires (0.25 mm diameter, Alfa Aesar, Thermo Fisher Scientific) were cleaned 

and inserted in the pre-punched holes and secured using UV curable glue (NOA 86H, Norland 

Products), based on earlier work29. The platinum electrodes could also be attached at another 

site onto the PDMS chip, to prevent the electrodes from being pulled out of the punched holes 

during cell culture. To completely cure the NOA, the chips were baked for 4 hours at 60°C. 

 

 

Figure 3.1: Schematic illustration of the multiplexed PDMS microfluidic chip with 3 individual OoCs with 
electrode wells A) Exploded view. B) Top view of the chip, with an indication of the 4 electrodes (E1-E4) 
per OoC. The total culture area with overlapping top (epithelial) and bottom (endothelial) channel is 19 
mm2. Both top and bottom channels are 1 mm wide. C) Schematic cross section of the OoC at the site of 
the electrodes E3 and E4 with corresponding electrode indications (E1-E4). The top and bottom channels 
are 1 mm and 0.2 mm high, respectively. 
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Organ-on-chip with multiplexed electrode sets 
The fabrication of the PDMS chip with multiplexed electrode sets is similar to what is described 

above, except that the chip contains three sets of four electrodes along the length of the OoC 

(Figure 3.2). This chip allows us to study the effect of a local barrier disruption on the measured 

TEER over the length of the OoC.   

 

 

Figure 3.2: Schematic illustration of the PDMS microfluidic chip with multiplexed electrode sets. A) 
Exploded view of the design with three electrode sets, each containing four electrodes. B) Schematic top 
view of the chip, with an indication of the 4 electrodes (E1-E4) per electrode set. The other design 
dimensions are similar as the design presented in Figure 3.1. The total culture area with overlapping top 
(epithelial) and bottom (endothelial) channel is 19 mm2. Both top and bottom channels are 1 mm wide. 
The top and bottom channels are 1 mm and 0.2 mm high, respectively. 

 

3.2.2 Cell culture 
The fabricated device was used to model two biological barriers; the intestinal barrier and the 

BBB to measure the transepithelial and transendothelial electrical resistance, respectively. 

Human caucasian colon adenocarcinoma (Caco-2) cells were used to create a gut-on-chip. 

This well-differentiated cell line is commonly used for in vitro modeling intestinal barriers due 

to its ability to form tight junctions between cells, resulting in a tight epithelial barrier31,32. 

Furthermore, the cell line can spontaneously differentiate to different intestinal cell types and 

form villi when cultured on-chip under flow and peristalsis-like deformation33. For modeling the 

BBB, the commercially available human cerebral microvascular endothelial (hCMEC/D3) 

immortalized cell line was chosen. The hCMEC/D3 cells have previously shown to express 

various important functional parameters of relevance to barrier tightness such as zonula 
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occludens-1 (ZO-1), VE-Cadherin and Claudin-534,35 and showed the applicability for drug 

transport studies36,37.  

Gut-on-chip: Caco-2 cells 
The Caco-2 cells (ATCC, HTB-37, Caco-2 cell line) were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) high glucose (Glutamax, Gibco), supplemented with 20% fetal bovine 

serum (FBS, Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin. The cells were cultured 

in T25 or T75 culture flasks and incubated at 37°C in humidified air (5% CO2).  

Before cell seeding, the PDMS chips were treated with oxygen plasma (40 seconds, 50 

Watt, Femto Science, Cute), flushed with 70% ethanol (Boom, the Netherlands), and 

subsequently flushed with phosphate-buffered saline (PBS, Sigma-Aldrich). The channels were 

coated with 100 µg/mL collagen-I (Gibco) in PBS for 30 minutes at 37°C. The collagen solution 

was replaced by cell culture medium and the chips were incubated for an additional 2 hours at 

37°C and 5% CO2. 

Caco-2 cells were obtained from a T75 flask grown until almost confluent, using 1x trypsin 

(Gibco) and resuspended in the cell culture medium. Caco-2 cells (passage number 30 or 31) 

were seeded in the top (epithelial) culture channels at a cell density of 5·104 cells/cm2. After 

seeding, the chips were incubated for 1 hour at 37°C to adhere. Subsequently, the cell medium 

was replaced by placing empty 200 µL pipette tips in the outlet and 200 µL pipette tips filled 

with the medium in the inlets. 

The cell culture on-chip was maintained for 8 or 21 days (at 37°C, 5% CO2) and cells were 

monitored by using phase-contrast microscopy (EVOS, M5000 Imaging system, Life 

Technologies air objectives). On day 21, images were also taken with a brightfield microscope 

(Olympus IX51) equipped with a color CCD camera (FLIR Grasshopper3, U232S6C). The exact 

same procedure was followed for chips, without the cell seeding step described in the previous 

paragraph. These blank chips were incubated at 37°C, 5% CO2 for 22 days as a control study. 

BBB-on-chip: hCMEC/D3 cells 
The hCMEC/D3 cells were cultured in endothelial cell growth medium (EGM) in T25 or T75 

culture flasks and incubated at 37°C in humidified air (5% CO2). The sterilization, coating 

(collagen-I, Corning) and seeding protocol for the chip were similar as previously described for 

the Caco-2 cells. The hCMEC/D3 cells (passage number 31-35) were seeded at a seeding 

density of 2·105 cells/cm2 in the bottom channels of the collagen-coated chips. The chip was 

then immediately inverted so the cells could attach on another side of the membrane and left 

in the incubator (37°C, 5% CO2) for 1 hour. Subsequently, the chips were inverted back, and 

the fresh medium was introduced into each channel to flush. The cell culture was maintained 

for 4 days and the medium was refreshed every day by replacing the pipette tips with new 
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medium. For the control measurements, blank chips were prepared by following the protocol 

without the hCMEC/D3 cell seeding step. 

3.2.3 Immunofluorescence staining  
Gut-on-chip: Caco-2 cells 
Immunofluorescence staining was performed on the 7th, 8th or 21st day of culture. The Caco-2 

cells were fixed with 4% (v/v) paraformaldehyde (Thermo Fisher Scientific) for 20 minutes at 

room temperature (RT) followed by permeabilization with 0.1% Triton X-100 (Sigma-Aldrich) 

and blocking with 5% Bovine serum albumin (BSA, Sigma-Aldrich) solution in PBS for 1 hour. 

Subsequently, to visualize tight junctions, the Caco-2 cells were incubated with primary rabbit 

anti-ZO-1 (1:100, polyclonal, Invitrogen) diluted in 1% BSA solution overnight at 4°C. Next, the 

cells were rinsed three times with PBS and the secondary antibody (Alexa Fluor 647 goat anti-

rabbit, dilution 1:500, Invitrogen) was introduced. The samples were protected from light and 

left at RT for 1 hour. The cell nuclei were stained with DAPI (NucBlue™ Fixed Cell 

ReadyProbes™Reagent, Thermo Fisher Scientific) at RT for 20 minutes. Images were acquired 

using a confocal microscope (Nikon Instruments A1 Confocal Laser Microscope) with 10x air 

objective.  

BBB-on-chip: hCMEC/D3 cells 
The hCMEC/D3 cells were stained after 4 days of culture on-chip. The staining of the adherens 

junctions marker-vascular endothelial cadherin (VE-Cadherin) and tight junction protein marker 

ZO-1 followed the same procedure as for Caco-2 cells. After fixing and permeabilizing cells, 

the primary rabbit anti-ZO-1 (1:100, polyclonal, Invitrogen) and primary mouse VE-Cadherin 

(1:100, Santa Cruz Biotechnology) were diluted in 0.5% BSA and incubated at 4°C overnight. 

Subsequently, the cells were washed 3 times with PBS and incubated with the secondary 

antibodies (Alexa Fluor 647 goat anti-rabbit and Alexa Fluor 488 goat anti-mouse dilution 

1:500, Invitrogen) for 1 hour at RT. The cell nuclei were stained with DAPI (NucBlue™ Fixed 

Cell ReadyProbes™Reagent, Thermo Fisher Scientific) at RT for 20 minutes. The fluorescence 

images were taken using a confocal microscope (Nikon Instruments A1 Confocal Laser 

Microscope) with 10x air objective. 

3.2.4 Intestinal barrier disruption 
On day 7 or day 19, the Caco-2 cells were treated with a solution of 5 mM EGTA (ethylene 

glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid, Sigma-Aldrich), in PBS for 45 

minutes. EGTA is a calcium (Ca2+) chelator, which will affect the adherens and tight junctions 

of the cells, resulting in loss of the barrier function23. Subsequently, the cells were incubated in 

cell culture medium to study the recovery of the barrier function. After 30 minutes, 1 hour and 

overnight incubation in DMEM, impedance measurements were performed.  
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A local barrier disruption in the gut-on-chip with multiplexed electrode sets was introduced 
by puncturing a needle with an outer diameter of 800 µm exactly at the site of electrode set 1 

(Figure 3.2B).  

3.2.5 Impedance spectroscopy 
Prior to measuring, the cell culture medium in every compartment of the chip was replaced with 

DMEM or EGM at RT by gravity-driven flow, inserting empty 200 µl pipette tips at the outlets 

and 200 µl pipette tips filled with RT DMEM or EGM at the inlets. Impedance spectra were 

recorded daily using the Zurich Instruments HF2IS Impedance Spectroscope or a HF2LI lock-in 

amplifier (both Zurich Instruments, Switzerland). The impedance was recorded using an 

alternating (AC) signal with an amplitude of 0.1 V for six combinations of the four electrodes 

indicated in Figure 3.1 (electrode combinations: E1-E2, E1-E3, E1-E4, E2-E3, E2-E4, and E3-

E4) at a frequency range of 100 Hz – 1 MHz, as previously described26. Before performing the 

frequency sweep, the impedance magnitude at 1 MHz was checked to ensure correct 

connection of the electrodes. After recording the impedance spectra, warm cell culture medium 

(37°C) was inserted and the chips were placed in an incubator (37°C, 5% CO2). On day 0, the 

impedance spectra were recorded twice, before and after cell seeding. For the intestinal barrier 

disruption and recovery on day 7 or day 19, the spectra were measured five times for the gut-

on-chips (before EGTA treatment in DMEM and in PBS, after EGTA treatment in PBS, after 30 

minutes of incubation with DMEM and after 60 minutes of incubation with DMEM). 

The measured data was processed in MATLAB (version R2017b) and TEER was obtained 

by determining a suitable readout frequency from the impedance and phase plots. The 

information of the cell barrier was found from the four measurements between top-bottom 

electrode pairs, which measure through the PDMS membrane and cell layer (electrode pairs 

E1-E2, E1-E3, E2-E4, and E3-E4). The magnitudes of these four electrode pairs were averaged 

for each session and hereinafter referred to as |Zaverage|. To obtain solely the information 

attributed to the growing cell layer, the magnitudes of each electrode pair of the measurements 

prior to cell seeding (|Zaverage day0|) were subtracted from all the subsequent measurements 

during cell culture (|Zaverage day#|), resulting in the relative magnitude (|Zrelative|). On day 7 or 

day 19 the measurements before EGTA treatment were performed in DMEM and PBS to ensure 

a fair comparison in relative impedance change during the disruption and recovery event. The 

conductivity of PBS and DMEM are similar, therefore the same readout frequency was used.  
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3.3 Results and Discussion 

3.3.1 Fabricated chip 
We designed a microfluidic OoC device that consists of two PDMS parts separated by a 2 µm-

thick, porous (pore size 5 µm, pitch 30 µm) PDMS membrane and the device contains three 

parallel cell culture chambers (Figure 3.3). The PDMS thin membrane stayed intact over the cell 

culture period and allowed a clear visual inspection of the cells, however, its fabrication requires 

a cleanroom. When a completely cleanroom-free fabrication method is preferred, the thin 

PDMS membrane can be replaced by a commercially available polyester or polycarbonate 

membrane29 or a cleanroom-free PDMS membrane38. The fabrication of such completely 

cleanroom-free TEER chip is described and shown in Supplementary Section 3.7.5. The cell 

culture chambers of the OoC were each 1 mm wide with a 1 mm high and 24 mm long top 

(epithelial) channel and a 0.2 mm high and 30 mm long bottom (endothelial) channel. The 

complete device can be assembled by only using a plasma activation of the PDMS parts and 

does not require additional glues for bonding the membrane. The four electrodes were inserted 

on the sides of the channel in the assembled chip and fixed with a NOA glue, securing the 

position of the electrodes, therefore eliminating measurement errors due to variation in 

electrode placement between measurements19,20, which can occur when inserting wires 

manually to the in/outlets. After applying, the glue filled the punched holes with the electrodes 

and it was immediately cured with the UV-lamp to prevent complete coverage of the electrodes 

 

Figure 3.3: The final fabricated microfluidic device with three independent OoCs and three sets of four 
electrodes integrated in each OoC. The OoCs have a 19 mm2 cross-sectional area between the top and 
bottom channels. The channels are filled with different colors of food dye. The PDMS device outer dimensions 
are 40 mm x 30 mm. 
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and leakage to the culture chamber. Supplementary Figure 3.9 shows a cross section of the 

placement of the electrodes in the PDMS chip.  

The electrode arrangement allows inspection of the cells inside the culture channels at the 

site of the electrodes and the electrodes can be easily multiplexed, as demonstrated by the 

presence of 3 independent OoCs in Figure 3.3 highlighted by yellow, orange and green food 

dye. 

The proposed method of electrode integration can also be used for wires consisting of 

other materials, such as ruthenium oxide coated platinum wires or silver/silverchloride wires, 

which can allow other types of electrical measurements (for measuring e.g. pH, nitric oxide or 

oxygen) and simultaneously still facilitate impedance spectroscopy39–43. 

3.3.2 Gut-on-chip 
Typical impedance spectra for a blank chip and a chip with Caco-2 cells are shown in Figure 

3.4A and B, respectively. At approximately 2 kHz the maximum difference in the impedance 

spectra of an empty chip compared to a chip with a confluent cell layer was seen and therefore 

this was chosen as readout frequency (Supplementary Figure 3.10A and B). This readout 

frequency also corresponds with the crossing point of the phase plot for a blank chip and chip 

with cells (Supplementary Figure 3.10A); a method of determining the TEER that was reported 

previously44. The measurement of day 0 (of an empty chip) before adding cells, was subtracted 

from all subsequent measurements (resulting in the |Zrelative|) to see the change in impedance 

exclusively attributed to the cell layer.  

The relative impedance |Zrelative| at 2 kHz is monitored in chips with and without Caco-2 

cells over 21 days of culture (Figure 3.4C). Measurements of all six electrode pairs over time in 

a single chip with and without cells are shown in Supplementary Figure 3.11. In the chips 

without cells, blank chips, Figure 3.4C shows that no barrier formation was measured. A relative 

stable impedance is observed as expected, as the resistance of the system should not change 

over time. One blank chip is excluded from the graph after day 17, as leakage at the chip’s in- 

and outlet was observed. In the chips with Caco-2 cells the measured |Zrelative| kept increasing 

during all 21 days of culture following a similar trend for both chips and they reached a 

maximum value of 13 kΩ for chip 1 and 9.3 kΩ for chip 2.  

Conventionally, TEER values are presented in Ω·cm2. In our work, the measured barrier 

function is expressed in Ω, since due to the placement of the electrodes, not the whole 

membrane culture area is probed. The TEER in Ω·cm2 can be estimated by multiplying the 

results in Ω by 0.04 cm2, which is approximately the culture area between the four electrode 

wells (Figure 3.1B) we assume to be dominantly probed by the electrodes. However, it is 

important to keep in mind that the actual probed area might be larger than the 0.04 cm2 when 

the barrier is fully formed and also specific parts of the membrane will have a larger effect on 
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the measured value than others23. Also, the probing area can change over time, as it is affected 

by the cell layer resistance25. To facilitate the comparison with TEER values between studies, we 

added the estimated TEER values in Ω·cm2 at the right axis of Figure 3.4C. 

Nevertheless, it is not trivial to compare the obtained TEER values (in Ω·cm2) to absolute 

values reported in the literature, and there is also no consensus about the ‘real’ absolute TEER 

values for Caco-2 cells17,25,27,31,45–47. This can be explained by the various factors influencing 

TEER measurements such as: the culture systems used (Transwell or microfluidic chip), the cell 

culture/probing area, the temperature during measurement, the applied potential (AC/DC), the 

electrolyte, the measuring system and position of the electrodes (chopsticks, electrodes 

integrated in the microfluidic channels, platinum or silver/silver chloride electrodes), and the 

analysis method (calculation of the TEER, the readout frequency, normalization, relative 

magnitudes). Furthermore, it is important to understand that when selecting a single readout 

frequency in such complex biological models, a TEER value can only give a reasonable 

approximation and not a precise indication of solely the barrier formation. We want to stress 

the complexity of the equivalent electrical model and the effect of all its components on the 

impedance. There is no signal frequency that will tell solely about the resistance of the cell layer, 

because of the various components and processes in the OoC (e.g. villi formation can add to 

the measured impedance, which is then incorrectly related to the Rteer value)44,48. Due to these 

factors different studies show varying absolute measured TEER values for Caco-2 cells cultured 

in both Transwell systems and chips and caution should be taken when comparing the TEER 

values.  

Béduneau et al. presented a gradual increase in cell barrier (or TEER) for the first 20 days 

in a Transwell study with Caco-2 cells, up to a TEER of approximately 450 Ω∙cm2 45, which is 

similar as we see in our culture. However, they did not report an increasing trend such as we 

observed in Figure 3.4C, which could be explained by the difference between cell culture on 

chips and on Transwell systems. Caco-2 cells are known, as they are cancerous cells, to grow 

in several cell layers or three-dimensional (3D) structures when cultured in a microfluidic 

channel. Hereby, the resistances between the measuring electrodes will keep increasing and 

therefore the barrier resistance (TEER) will keep increasing. The formation of 3D structures was 

also observed in our gut-on-chips, starting from the 8th day of culture, with a phase-contrast 

microscope, and shown in Figure 3.4E. Our measured TEER values are in accordance with this 

observation, as we see a steeper increase of measured TEER particularly after 10 days of culture 

(Figure 3.4C). We cannot compare the observed trend with microfluidic culture systems 

presented, as most microfluidic experiments usually culture only up to 10 or 12 days17,25,27,47, 

while it was shown previously that more than 15 days are required to form a fully differentiated 

and confluent cell layer in Transwell systems49,50. 
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Figure 3.4: Gut-on-chip. 
The typical impedance spectra with magnitude (Ω, top plot) and phase (°, bottom plot) are plotted against 
the frequency (Hz) for a blank chip containing only DMEM culture medium (A) and a chip with Caco-2 
cells cultured for 21 days (B). The continuous lines are the electrode pairs measuring through the PDMS 
membrane (and cell layer for B), and the dashed lines correspond to the measurements without 
membrane, between top electrodes (E2-E3) and bottom electrodes (E1-E4). The vertical dashed line 
indicates the read-out frequency of 2 kHz. C) Relative impedance at 2 kHz of the four electrode pairs 
measuring through the membrane and cell layer over time in a chip with Caco-2 cells (blue). The day 0 
measurement (before cell seeding) was subtracted from all subsequent measurements (n=2). Also, the 
relative impedance at 2 kHz of the four electrode pairs measuring through PDMS membrane over time in 
chips without cells, the blank chips are presented in grey. The day 0 measurement was subtracted from 
all subsequent measurements. The average of 3 blank chips is shown ± standard deviation (n=3) up 
until day 17. On day 17, one chip was excluded from the experiment because after visual inspection 
leakage at the in- and outlets of the chip was observed. D) Gut-on-chip lined with a monolayer of Caco-
2 cells (P30) on day 4 of culture. Phase-contrast image, scale bar represents 750 µm. E) Bright field 
image of Caco-2 cells on chip on day 21, showing not all cells in focus, indicating the formation of a 3D 
structure. Scale bar represents 75 µm. F) Immunofluorescence staining indicates the cell nuclei (NucBlue) 
and tight junction protein ZO-I (magenta) of the Caco-2 cells on day 21. Scale bar represents 50 µm. 
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On day 21, cells were fixed and stained for nuclei and tight junction protein ZO-1 (Figure 3.4F). 

A dense layer of Caco-2 cells was observed, with indications of villi formation (Figure 3.4E). 

The expression of ZO-I protein is abundantly observed (Figure 3.4F), specifically at the plasma 

membrane at the sites of cell-cell contact, as expected.  

 

  

Figure 3.5: Response of the Caco-2 barrier function to the treatment of EGTA incubation, in B) the relative 
impedance at 2 kHz over time in three chips with Caco-2 cells (P31) is shown. All relative impedances 
were calculated as percentages with respect to the relative impedance on day 7 (n=3), before EGTA 
treatment. A decrease in impedance was observed after 45 minutes of EGTA treatment, followed by an 
increase in impedance during incubation in DMEM. The impedance almost fully recovered overnight. 
Chip 3 is fixated after EGTA treatment, therefore this chip has only two measurements. 
Immunofluorescence staining of the cell nuclei (NucBlue) and tight junction protein ZO-1 (magenta) at 
different time points during the EGTA treatment. A) Caco-2 cells before EGTA treatment, with clear 
indication of the ZO-1 proteins at the cell-cell borders. C) Caco-2 cells directly after 45 minutes of EGTA 
treatment, without this clear cell-cell border. The cell monolayer looks disrupted. D) Caco-2 cells after 24 
hours recovery in DMEM, the ZO-1 protein is again observed at the cell-cell borders. All scale bars 
represent 30 µm. 
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Intestinal barrier disruption and recovery 
To test whether our system can measure changes in the barrier function and to verify that the 

measured resistance was related to the formation of the tight junctions, the Caco-2 cell 

monolayer was disrupted by adding 5 mM EGTA for 45 minutes. EGTA is strong calcium (Ca2+) 

chelator, which will affect both adherens and tight junctions, resulting in a disrupted 

paracellular barrier function of the tissue barrier23. Figure 3.5 shows the effect of the treatment 

with EGTA. The measured magnitude showed a reduction of ~70% (average of the three chips) 

with respect to the measurement before adding EGTA, indicating a loss of barrier function 

(Figure 3.5B). Subsequent incubation with DMEM provides calcium ions to recover the cellular 

junctions and thus the barrier function. The measured impedance reached after overnight 

recovery to almost 100%, indicating a full recovery of the barrier function (Figure 3.5B). This 

response is similar to a gut-on-chip system with integrated sensors earlier presented by Henry 

et al.23.   

Additionally, to correlate the measured TEER with an immunofluorescence staining of the 

tight junction proteins, the chips were fixed and stained at three different time points: before 

EGTA treatment (Figure 3.5A), directly after 45 minutes of EGTA treatment (Figure 3.5C), and 

after 24 hour recovery in DMEM (Figure 3.5D). Clearly, a correlation between the presence of 

tight junction protein ZO-1 at the cell periphery and the measured TEER can be seen, 

demonstrating the effectiveness of our system. This experiment proves that we were specifically 

measuring the tissue barrier (TEER) in our chip. 

The gut-on-chips shown in Figure 3.4 were also treated with EGTA on day 19 of culture. 

The measured TEER also indicates a loss of barrier function and overnight recovery to more 

than 100%, see Supplementary Figure 3.12. 

3.3.3 BBB-on-chip 
The same procedure was performed for measuring the barrier function of the hCMEC/D3 cells. 

For 4 days the impedance was recorded at RT in the EGM-filled chips with and without cells. 

The readout frequency for the hCMEC/D3 cells was chosen at 20 kHz (Supplementary Figure 

3.13). The hCMEC/D3 cells in a microfluidic chip are known to develop under static culture 

conditions a low to medium level of TEER of 5-50 Ω·cm2 37,51,52. The barrier formation of the 

hCMEC/D3 cells over 4 days is shown in Figure 3.6. The calculated TEER increased up to 30 

Ω·cm2, which is in agreement with other studies26,27,35,53,54. However, after 4 days of culture, the 

TEER values did not reach the plateau as reported previously26,53. This may be due to the cellular 

transmigration through the 5 μm pores to another side of the membrane55. Additionally, 

astrocytes are known to influence the tightness of the BBB, therefore the co-culture can be 

performed in the future to enhance the barrier property and mimic more functional BBB56,57. 
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Figure 3.6: BBB-on-chip. 
Typical impedance spectra of the BBB-on-chip. The impedance magnitude (Ω, top plot) and phase (°, 
bottom plot) are plotted against the frequency (Hz) for a blank chip containing only EGM culture medium 
(A) and a chip with hCMEC/D3 cells cultured for 4 days (B). The continuous lines are the electrode pairs 
measuring through the PDMS membrane (and cell layer for B), and the dashed lines correspond to the 
measurements without membrane, between top electrodes (E2-E3) and bottom electrodes (E1-E4). The 
vertical dashed line indicates the read-out frequency of 20 kHz. C) Relative impedance at 20 kHz of the 
four electrode pairs measuring through the membrane and cell layer over time in chips with hCMEC/D3 
cells (red). The day 0 measurement (before cell seeding) was subtracted from all subsequent 
measurements (n=3). Also, the relative impedance at 20 kHz of measurements in chips without cells, 
blank chips (grey) are shown (n=3). The averages of 3 chips with and without cells is shown ± standard 
deviation. D) A phase-contrast image of the channel lined with hCMEC/D3 cells cultured for 4 days (scale 
bar represents 750 µm) and a close-up image E) presenting a clear view on the cells cultured on the 
transparent membrane. Scale bar represents 150 µm. F) Immunofluorescent staining of the cells with ZO-
1 (magenta), VE-Cadherin (green) and NucBlue (blue). Scale bar represents 50 µm. 
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3.3.4 A local barrier disruption in a gut-on-chip with multiplexed 
electrode sets   

Integrated electrodes in microfluidic devices can cause non-uniform electrical current 

distribution which raises concerns about the actual area that is probed20. In order to investigate 

the effect of a local barrier disruption, we used the OoC with multiplexed electrode sets to 

culture Caco-2 cells in the top channel atop the membrane for 7 days to mimic an intestinal 

barrier. Impedance spectra were recorded daily and the measured relative impedance of the 

Caco-2 cell barrier over 7 days of culture can be seen in Figure 3.7A. The average of the three 

electrode sets is shown per chip. To be able to compare with other studies, the TEER in Ω∙cm2 

is also presented in the right y-axis, assuming that only the area between the electrodes (0.04 

cm2) is probed. The average TEER of the Caco-2 barrier on day 7 was ~120 Ω∙cm2. 

Immunofluorescence staining shows the presence of tight junction protein ZO-1 at the Caco-2 

cell periphery (Figure 3.7B).  

On day 7, a local barrier disruption was introduced by puncturing the chip with a needle 

exactly at the site of electrode set 1, resulting in a gap in the membrane and cell layer of ~800 

µm (Figure 3.7C and D). The needle was positioned by hand, which caused small variations in 

the exact site of the gap, but the gap was always of the same size and always in between the 

four electrodes of electrode set 1 (shown in Supplementary Section 3.8.6). The response of the 

measured TEER at all three electrode sets is presented in Figure 3.7E (n=3 chips). The measured 

impedances were calculated as percentages with respect to values before the local disruption. 

A decrease in impedance from 100% to about 80% is observed at electrode set 1. Electrode 

sets 2 and 3 were not affected by the disruption, though the barrier function of the OoC was 

undeniably impaired.  

3.4 Conclusion 

In this chapter, we presented a cleanroom-free, versatile fabrication method for the integration 

of platinum electrode wires in a PDMS OoC that allowed us to monitor the barrier function in 

real-time using impedance spectroscopy. The presented fabrication method allows abundant 

design freedom, and the electrode configuration allows visual inspection at the sites of the 

electrodes and the possibility to multiplex both the electrodes and the number of OoCs in one 

PDMS device. We monitored and observed the formation of the cell barrier in a gut-on-chip 

during an 8-day and 21-day cell culture. The capability and sensitivity of our system were 

checked by disrupting the epithelial cell-barrier with an EGTA treatment. The recorded TEER 

values indicated a clear loss in barrier tightness and subsequent recovery of the barrier 

overnight in DMEM. The disruption and recovery event were supported with an 

xxxxxxxxxxxxxxxxxxxxx 



 

 

98 

 

Chapter 3 
 

 

 

Figure 3.7: Measuring TEER along the length of a gut-on-chip.  
A) Relative impedance at 2 kHz of the four electrode pairs measuring through the membrane and cell 
layer over time in a chip with Caco-2 cells P60 (n=3 chips). Per chip, the average of the three electrode 
sets is shown ± standard deviation. The estimated TEER values in Ω∙cm2 can be found at the right y-axis. 
B) Immunofluorescence staining of the Caco-2 cells of tight junction protein ZO-1 (magenta) and cell 
nuclei (DAPI, blue) on day 7. C) A phase-contrast image of the local disruption caused by puncturing a 
needle at the site of electrode set 1, resulting in a gap of ~800 µm, schematically illustrated in D). E) 
The response of the measured barrier function after the local barrier disruption. All relative impedances 
are calculated as percentages with respect to before the disruption (n=3 chips). A decrease in measured 
TEER to ~80% was observed at electrode set 1. Electrode sets 2 and 3 are not affected by the disruption 
at set 1.  
 

immunofluorescence staining, demonstrating the effectiveness of our measuring method and 

chip. A local barrier disruption in a gut-on-chip with multiple electrode sets could only be 

measured with a set of electrodes close to the disruption, which emphasizes the need to 

integrate multiple electrodes and measure the barrier function along the entire length of an 

OoC to fully comprehend the barrier formation and situation on-chip. 
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We also monitored the barrier function in a BBB-on-chip, demonstrating that our proposed 

PDMS two-layer OoC can be used to monitor the barrier function with different cell types 

forming a monolayer or tissue barrier, providing a valuable tool for studies to barrier targeting 

drug development.  

3.5 Outlook 

The presented method of inserting electrodes in an OoC has many advantages, specifically 

regarding the possibility to multiplex. However, inserting and gluing all electrodes, and 

performing the impedance measurements of all electrode combinations still results in a quite 

labor intensive method. This limits its commercialization potential. We do anticipate that our 

electrode integration concept can also be used for a more commercial setting.  

In Figure 3.8, we present our conceptual design of a multiplexed OoC that can be placed 

on a printed circuit board (PCB)58. The PCB has rigid, protruding electrodes, which can be 

inserted in the punched electrode holes in the PDMS OoC. The OoC can be placed on the PCB  

 

 

Figure 3.8: Conceptual design of a multiplexed OoC connected to a Printed Circuit Board (PCB) with 
TEER electrodes. A) Exploded view of the OoC and PCB. B) Schematic illustration of the PCB electrodes 
in the OoC. The PCB is illustrated in this figure to be at the top of the OoC, but if the electrode holes are 
punched in the opposite direction, the PCB could also be placed below the OoC.58  
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in its entirety, making the insertion and gluing of each individual electrode redundant. The PCB 

can be connected to an impedance analyzer, which can perform the impedance spectroscopy 

without the need to disconnect and connect each electrode pair.  
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3.7 Supplementary information  

3.7.1 Electrode integration  
 

 

Supplementary Figure 3.9: A) Schematic top view of the chip with electrode configuration. The yellow 
arrow indicates the site of the cross-sectional view shown in B. B) Schematic cross section of the chip. C) 
Microscopic images of the cross section of a fabricated PDMS chip with the inserted platinum electrodes 
in the electrode wells. Two different focal planes are shown (left and right). The electrodes, channels, 
and membrane are indicated. 
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3.7.2 Gut-on-chip 
Determining readout frequency by checking the highest relative impedance difference, see 

Supplementary Figure 3.10. 

 

Supplementary Figure 3.10: Gut-on-chip. 
A) The averages of the magnitudes and phases of the four measurements through the membrane are 
averaged and plotted for a blank chip, day 0 (solid, green line), and a chip with Caco-2 cells on day 21 
(dotted, blue line). B) The relative impedance difference between day 21 and day 0 with respect to day 
0 is plotted over frequency, to determine the readout frequency. The biggest relative impedance 
difference was observed at approximately 2 kHz, indicated by the dashed vertical line.  
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Impedance measurements over time per electrode pair for 1 chip, see Supplementary Figure 

3.11. 

 

 

Supplementary Figure 3.11: Gut-on-chip. 
A) Impedance measurements in a chip with Caco-2 cells during cell culture. The measured impedance at 
readout frequency 2 kHz for each electrode pair is shown over time. The solid lines correspond to the 
four measurements through the PDMS membrane with cells. The dotted lines correspond to the 
measurements without the PDMS membrane in between. The electrodes stated in the legend correspond 
to the electrode indications in Figure 3.1. The first measurement (day 0, |Z0|), before cell seeding, was 
subtracted from all subsequent measurements per electrode pair (|Z|). B) Impedance measurements of 
the PDMS membrane in a blank chip (filled with DMEM culture medium). The measured impedance at 2 
kHz for each electrode pair is shown over time. The first measurement (day 0) was subtracted from all 
subsequent measurements per electrode pair. Please note the different y-axis scales. 
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3.7.3 EGTA treatment 

 

Supplementary Figure 3.12: Response of the Caco-2 barrier function to the treatment of EGTA incubation. 
The relative impedance at 2 kHz of the four electrode pairs measuring through membrane and cell layer 
over time in two chips with Caco-2 cells (P30) is shown. All impedances were calculated as percentages 
with respect to the relative impedance of day 19 (n=2). A) Close-up of day 19, with the decreased 
impedance after 45 minutes of EGTA incubation, with subsequent increase of the impedance in response 
to incubation in DMEM (30 minutes and 60 minutes after incubation). B) A recovery of the impedance to 
more than 100% is observed overnight. 
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3.7.4 BBB-on-chip 
Determining readout frequency by checking the highest relative impedance difference, see 

Supplementary Figure 3.13. 

 

 

Supplementary Figure 3.13: BBB-on-chip.  
A) The averages of the magnitudes and phases of the four measurements through the membrane are 
averaged and plotted for a blank chip, day 0 (solid, green line), and a chip with hCMEC/D3 cells on day 
4 (dotted, blue line). B) The relative impedance difference between day 4 and day 0 with respect to day 
0 is plotted over frequency, to determine the readout frequency. The biggest relative impedance 
difference was observed at approximately 20 kHz, indicated by the dashed vertical line.   
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Impedance measurements over time per electrode pair for 1 chip, see Supplementary Figure 

3.14. 

 

 

Supplementary Figure 3.14: BBB-on-chip.  
A) Impedance measurements in a chip with hCMEC/D3 cells during cell culture. The measured impedance 
at readout frequency 20 kHz for each electrode pair is shown over time. The solid lines correspond to the 
four measurements through the PDMS membrane with cells. The dotted lines correspond to the 
measurements without the PDMS membrane in between. The electrodes stated in the legend correspond 
to the electrode indications in Figure 3.1. The first measurement (day 0, |Z0|), before cell seeding, was 
subtracted from all subsequent measurements per electrode pair (|Z|). B) Impedance measurements of 
the PDMS membrane in a blank chip (filled with EGM culture medium). The measured impedance at 20 
kHz for each electrode pair is shown over time. The first measurement (day 0) was subtracted from all 
subsequent measurements per electrode pair. Please note the different y-axis scales. 

 

3.7.5 Towards a completely cleanroom-free fabrication method 
To obtain a completely cleanroom-free fabricated TEER chip, the thin PDMS membrane can be 

replaced with a polyester or polycarbonate membrane. These commercially available 

membranes can be glued between the two PDMS layers, using a protocol reported beforeS1. To 

obtain this chip, another PMMA mold was designed and fabricated (Supplementary Figure 

3.15). The electrode wells in this design are placed further from the main channel, as the 

polyester membrane (GVS life sciences, polyester track-etched (PETE) membrane, pore size 8 

µm, thickness 10 – 20 µm) should be cut narrower than the distance between the electrode 

wells (E1-E3). This is important for a proper binding between the two PDMS layers, and to 

ensure that there is no leakage current between the electrode wells during impedance 

measurements, such that all current passes through the membrane with cells. Supplementary 

Figure A.7C shows the frequency sweeps from all the electrode combinations, which is similar 
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to the frequency sweeps in empty chips with a PDMS membrane. With this proposed method, 

the entire OoC with integrated electrodes is completely cleanroom-free. 

 

 

Supplementary Figure 3.15: Towards a completely cleanroom-free fabrication method. A) Schematic top 
view of the chip with electrode wells further deviated from the main channel to allow the integration of a 
polyester membrane. B) Schematic cross section of the chip. C) Frequency sweeps of all electrode 
combinations in an empty chip with the polyester membrane, showing a similar behavior as an empty 
chip with a thin PDMS membrane (Figures 3.4A and 3.6A). D) Top view of an assembled chip with the 
polyester membrane. 

 

3.7.6 Local barrier disruption 
Supplementary Table 3.1 shows the electrode set 1 in the gut-on-chips before and after barrier 

disruption on day 7. A clear gap in the membrane as well as the cell layer is observed. The gap 
is elongated and approximately 800 µm at its widest. As the needle was manually inserted, the 

position of the gap varies slightly between the three chips, but is always between the four 

electrodes.  
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Supplementary Table 3.1: Phase contrast images of Caco-2 cells after 7 days of culture on-chip at 
electrode set 1 before and after local barrier disruption. The dark cloud after the disruption are ruptures in 
the PDMS due to the needle puncturing. The gaps in the membrane and cell layer can be observed as a 
uniform grey area (without cells or the regular pattern of the PDMS membrane). Scale bars represent ~1 
mm. 

               Before                     After 
Chip 1 

  
Chip 2 

  
Chip 3 

  
 

 

Gap  



 

 

111 

 

Measuring barrier function on-chip 
 

C
ha

pt
er

 3
 

Reference supplementary information 
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CHAPTER 4
Versatile fabrication and

integration method of
optical oxygen sensors in

organ-on-chips

Oxygen concentration is an essential parameter in in vitro cell cultures as it affects
cell viability, cellular activity, cell differentiation, and can be a measure for cellular
response. Organ-on-chip (OoC) devices provide an in vitro cell culture method,
aiming to mimic the in vivo situation better than conventional cell culture methods.
Oxygen control in these OoC devices is very meaningful especially for organs with
inherently large oxygen concentration gradients, such as the gut. Here, we show a
versatile fabrication method for optical oxygen sensor patches based on platinum
tetrakis (pentafluorophenyl) porphyrin (PtTFPP) in polystyrene (PS). The PtTFPP/PS
sensors show a linear Stern-Volmer calibration plot. The proposed fabrication
method allows abundant design freedom regarding both the sensor patches (size
and shape) and integration (site and number of patches) in a typical two-channel
OoC device.

This chapter is adapted from:
E.G.B.M. Bossink, J.V.M. Slob, D. Wasserberg, L.I. Segerink, & M. Odijk. "Versatile fabrication
and integration method of optical oxygen sensors in organ-on-chips." 2020 IEEE Sensors, pp.
1-4 (2020).
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4.1 Introduction 

The definition ‘organ-on-chip’ (OoC) is used for in vitro microfluidic cell culture devices, which 

are often made of poly(dimethylsiloxane) (PDMS). OoCs are considered as promising 

alternatives for the conventional in vitro models or animal testing1–3. There is a lot of interest in 

oxygen control in OoC devices, as oxygen is a crucial molecule in the metabolism of human 

cells since both a deficiency as an abundance of oxygen can cause cell damage or even cell 

death4,5. By measuring the (change of) oxygen concentration, a wealth of information on cell 

viability, cellular activity, and cell responses can be provided, as shown previously6.  

The majority of optical oxygen sensors are based on the quenching of the phosphorescence 

of metalloporphyrins by oxygen4,7,8. Platinum(II) porphyrins are known for their high quantum 

yields and long-live phosphorescence9, beneficial for oxygen measurements. The sensing 

principle on which these kinds of sensors rely, is described in detail in literature7, and discussed 

in Section 4.2. Specifically, platinum tetrakis (pentafluorophenyl) porphyrin (PtTFPP) has a high 

photostability7,10 and is the most commonly used oxygen sensitive dye8.  

Optical oxygen sensors based on metalloporphyrins for OoC devices have already been 

shown in several different forms (reviewed in more detail in4,11), e.g. thin sensor films12,13, dye-

coated optical fibers14 or micro- and nanoparticles15. However, these types of sensors all have 

their own disadvantages when measuring oxygen concentration during cell culture at specific 

sites at or along the membrane in a two-channel OoC. For example, sensor films12,13, or sensor 

spots16 are often integrated in an OoC device with only one cell culture channel. They are spin 

coated on or imprinted in a substrate, making it complicated to integrate them (close to or on 

the membrane) in a two-channel device. Dye-coated optical fibers have to be physically inserted 

into the OoC, and this method can be tedious when multiplexing is desired. Oxygen sensors 

can also be applied in a separate sensor module in series of the OoC17, which inherently makes 

it difficult to monitor the oxygen concentration at specific sites along the OoC. Oxygen sensing 

micro- and nanoparticles are impractical for (long-term) continuous oxygen measurements 

during cell culture under flow in an OoC. Microparticles can accumulate in the culture channel 

and nanoparticles will be taken up by mammalian cells.  

In this chapter, we discuss the theory of optical oxygen sensing using PtTFPP. We present a 

versatile method to fabricate optical oxygen sensor patches, based on PtTFPP in a polystyrene 

(PS) matrix which accommodates bountiful design freedom regarding the sensor patches (size 

and shape). Furthermore, we show the integration in a typical PDMS OoC, where the (several) 

sensor patches can be placed in the PDMS OoC at any site of interest.  
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4.2 Theory 

4.2.1 Photoluminescence  
Photoluminescence is defined as “the emission of photons produced in certain molecules during 

de-excitation”7. A luminescent molecule can absorb a photon, whereby the molecule is excited 

from its ground state (S0) to a higher vibrational level of the first (or second) electronic excited 

state (S1 or S2). This absorption takes about 10-15 seconds7 (Figure 4.1A). Often, the molecule 

will lose this energy by degradation into thermal motion. However, in some cases an 

electronically excited molecule can discard its excess energy as radiative decay 

(photoluminescence). An excited molecule makes the transition from an excited electronic state 

into the ground state and in this process, a photon is emitted18. This radiative decay from the 

excited state can follow two principles: fluorescence or phosphorescence7,18.  

In fluorescence, the photon is emitted very quickly (typically ~10-8 seconds7) after the 

excitation18. The emitted photons have a lower frequency (and thus a higher wavelength) than 

the absorbed photon, as prior to the emission often some vibrational energy is discarded into 

the surroundings (~10-12 seconds7)18. The energy difference between the absorbed and emitted 

photon is also called the Stokes’ shift7.  

In phosphorescence, the emission may continue for longer periods (10-6-10 seconds7), and 

exceptionally even up to hours18. After the excitation light is switched off, the phosphorescence 

emission will decay exponentially. The average time it takes for intensity of the emission to have 

decreased to 1/e is called the phosphorescence lifetime7. The excitation principle is similar as 

in the case of fluorescence, but after excitation, the molecule can go into a so-called excited 

triplet state (T1) via a process called intersystem crossing. In the triplet state, two electrons in 

different orbitals have parallel spins. To go from the excited singlet state (S1) (where the spins 

are anti-parallel) into the excited triplet state, a spin needs to flip. This process is facilitated by 

spin-orbit coupling, the strength of which is related to the atomic number of the ion18. The 

energy difference (or Stokes’ shift) for phosphorescent emission is more pronounced compared 

to fluorescence, because after entering the triplet state at a high(er) vibrational level, this 

thermal energy is subsequently lost until the lowest vibrational level of the triplet state is reached7 

(Figure 4.1). 

4.2.2 PtTFPP  
Platinum(II) porphyrins are one of the most popular luminophores due to their large Stokes’ 

shifts, strong phosphorescence at room temperature and relatively long phosphorescence 

lifetimes (10-6-10-3)7. The chemical structure of PtTFPP is illustrated in Figure 4.1B. Besides 

PtTFPP, similar oxygen-sensitive complexes exist based on other materials such as ruthenium or 

palladium7,11. The heavy metal platinum in the center of the porphyrin increases spin orbit 
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coupling, whereby the transition to the exited triplet state is more likely to occur. This results in 

the higher rate of phosphorescence7. Furthermore, the abundance of fluorine atoms in PtTFPP 

induces a significant electron-withdrawing effect, which is propagated through the macrocyclic 

ring19. This helps to improve the photostability of the molecule7,20.  

PtTFPP, when embedded in PS, has three main absorption bands: the Soret band with a 

peak at 395 nm, and two Q bands with peaks at 508 and 541 nm10. The Soret band is caused 

by the transition from the ground state to the second excited state (S0  S2)21. The Q bands are 

caused by the transition from the ground state to the first excited state (S0  S1)21. PtTFPP has a 

large Stokes’ shift and its main emission peak lies at 650 nm10 (the T1  S0 transition)22. 

Furthermore, the weak emission band at around 710 nm is attributed by the excited triplet states 

of the Q bands19,22.  

 

 

4.2.3 Quenching and the Stern-Volmer equation 
Quenching is a process in which an excited molecule decays via a radiationless process. It 

involves interaction between the quencher (in this case O2) and the luminophore (in this case 

PtTFPP) (Figure 4.1A)7,18. This process is called collisional quenching and is limited by diffusion. 

The exact mechanism that occurs when oxygen quenches a luminophore is not (yet) completely 

clear7. However, independent from the quenching mechanism, the Stern-Volmer equation 

describes the main characteristic of a dynamic quenching process. The equation relates the 
partial oxygen pressure (𝑃𝑃𝑂𝑂2) to the phosphorescence emission intensity7,18,20.  

𝐼𝐼0
𝐼𝐼 =

𝜏𝜏0
𝜏𝜏 = 1 +  𝐾𝐾𝑆𝑆𝑆𝑆𝑃𝑃𝑂𝑂2 

 

Figure 4.1: A) (Simplified) Jablonski diagram. Image based on reference7. B) Chemical structure of 
PtTFPP. Imaged based on references7,20,23. 
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I and I0 are the luminescence intensities in the presence and absence of the quencher (O2), 

respectively, τ and τ0 are the luminescence lifetimes in the presence and absence of the 
quencher (O2), respectively, 𝐾𝐾𝑆𝑆𝑆𝑆  is the Stern-Volmer constant and 𝑃𝑃𝑂𝑂2  the partial oxygen 

pressure in Pa7,13. The equation implies that a plot of the I0/I against the (𝑃𝑃𝑂𝑂2) should be a 

straight line. 

4.2.4 Intensity and lifetime oxygen measurements 
The most direct method of oxygen sensing, is to measure the change in luminescence intensity 

of PtTFPP in response to the presence of oxygen. However, intensity changes can be affected by 

various factors, such as the (local) PtTFPP concentration, photobleaching, intensity of the light 

source, inhomogeneity of the light source or detection camera, scattering and autofluorescence 

of the embedding material. All these factors can introduce measurement errors. To conclude, 

intensity based measurement are prone to errors7.  

Oxygen can also be measured by a ratiometric method. This involves introducing a 

reference dye that should be (i) unquenchable by oxygen and (ii) a photostable molecule7. The 

emission spectrum of the reference dye (e.g. MACROLEX® Fluorescent Yellow, Lanxess) should 

have little to no overlap with the emission spectrum of the PtTFPP24. The ratio of the intensity of 

PtTFPP and the reference dye is measured at two different emission wavelengths. The oxygen 

concentration can be determined from the ratio of these intensities7,24. With this ratiometric 

method of oxygen sensing, factors that introduce measurement errors such as photobleaching 

and inhomogeneities in the intensity of the light source are eliminated.  

Another method to determine the oxygen concentration is to monitor the luminescence 

lifetime (τ), which can be measured in either the time or frequency domain. To measure the 

lifetime in the frequency domain, the indicator is excited with sinusoidally modulated light at a 

frequency approximately reciprocal to the lifetime. The emission light is phase shifted relative 

to the excitation, and this delay is measured as a change of phase angle, which can be related 

to the lifetime. In the time domain, the indicator is excited with a light pulse, whereafter the 

intensity is measured at various time points after excitation. This decay time is dependent on 

the present oxygen concentration7,11,20. After the excitation pulse, one can introduce a short 

delay before measuring the intensity for the first time. This completely eliminates background 

fluorescence7. In this chapter, we have utilized the principles discussed above and fabricated a 

PtTFPP/PS oxygen sensor, and measured oxygen concentration by intensity based sensing.  
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4.3 Experimental 

4.3.1 PtTFPP/PS patch fabrication 
PS (Mw 280,000, Sigma-Aldrich) was dissolved in chloroform (Sigma-Aldrich) (7 %w/v), 

whereafter this mixture was added to PtTFPP (1 %w/v) (Frontier Scientific) and vortexed 

thoroughly. The PtTFPP/PS in chloroform mixture was pipetted on an in-house milled aluminum 

mold with 0.4 mm to 1 mm diameter cavities with a depth of approximately 200 µm and 500 

µm. The chloroform was left to evaporate for 24 hours. Using Scotch tape, the PtTFPP/PS 

patches could be removed from the aluminum mold (see Figure 4.2A, step 1-4). 

4.3.2 Integration of patches in a PDMS Organ-on-Chip 
PDMS (Sylgard 184 Silicone elastomer kit, Dow Corning) was mixed (10:1 %w/w, base to curing 

agent) and degassed for approximately 2 hours. The PtTFPP/PS patches were ‘glued’ into an 

in-house micromilled poly(methylmethacrylate) (PMMA) mold, using uncured PDMS (10:1 

%w/w, base to curing agent), which was then pre-cured for 30 minutes at 60°C. Subsequently, 

the PMMA mold was completely filled with PDMS (10:1 %w/w, base to curing agent) and cured 

for 4 hours at 60°C (see Figure 4.2A, step 5). This process could be performed for both PDMS 

top and bottom layer, followed by assembly of the OoC (see Figure 4.2B and C). The PDMS 

membrane could be bonded to the PDMS top or bottom layer by performing oxygen plasma 

treatment (40 seconds, 50 Watt, Femto Science, Cute). The fabrication of the porous PDMS 

membrane is reported in Appendix A.2. Alternatively, a PDMS layer with sensor patches could 

also be bonded to a glass slide using oxygen plasma, thereby creating a one-channel device.  

4.3.3 Excitation and emission spectra 
The excitation and emission spectra of PtTFPP/PS were measured using a FluoroMax-4 photo 

spectrometer with lifetime extension (Horiba Scientific). The excitation spectrum was measured 

with emission at 650 nm and emission spectrum was measured with excitation at 540 nm. 

To study the effect of the polymer matrix in which the PtTFPP is embedded, we studied the 

excitation spectra of both PtTFPP in a PDMS matrix (PtTFPP/PDMS) and PtTFPP in a PS matrix, 

integrated in a PDMS chip (PtTFPP/PS in PDMS). The PtTFPP/PDMS was obtained by dissolving 

(uncured) PDMS in toluene (Sigma-Aldrich) adding 1 %w/v PtTFPP, and subsequent curing at 

60°C for at least 4 hours. 

4.3.4 Calibration of the PtTFPP/PS sensor 
PtTFPP/PS sensors were calibrated for gaseous oxygen ranging from instrumental air (210 hPa 

partial oxygen pressure) to nitrogen (0 hPa partial oxygen pressure). The different ratios of 

instrumental air and nitrogen gas were controlled by two mass flow meters (type 5850TR, 
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Brooks) with an in-house made controller. A microscope with color CCD camera (FLIR 

Grasshopper 3, U232S6C) and a Chroma 49012-ET-FITC/EGFP long pass filter was used to 

record images. The images were processed using the software ImageJ (version 1.52a)25 and 

Matlab (version 2017b). 

 

 

Figure 4.2: A) Schematic illustration of the fabrication process of the PtTFPP/PS sensor patches (Step 1 – 
Step 4) and integration in the PDMS OoC (Step 5 – Step 7). B) Top view and (C) Cross section of an 
example design of a PDMS OoC with integrated PtTFPP/PS sensor patches.  
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4.4 Results and Discussion  

4.4.1 Excitation and emission spectra   
The excitation and emission spectra of the PtTFPP/PS in PDMS are shown in Figure 4.3. The 

usually intense Soret band at 395 nm seen in PtTFPP in PS is reduced in intensity, compared to 

results shown in literature10,19,22,23. The two Q bands are present around 512 and 545 nm, 

which were comparable to those found in the literature10,22. The emission spectrum is also 

comparable as shown before10 as a peak is observed at 648 nm with a shoulder at around 

700 nm. This shoulder seems slightly shifted with regard to values found in literature22. 

To clarify the difference of our excitation spectrum of PtTFPP/PS in a PDMS chip compared 

to literature10, we compare in Figure 4.4 PtTFPP/PS in PDMS (solid line) with PtTFPP/PDMS 

(dashed line). The excitation spectrum of PtTFPP/PDMS resemble absorption spectra as 

observed in literature19,22, which is also shown for PtTFPP/PS10,23. So, the integration of 

PtTFPP/PS sensors in PDMS specifically causes an effect on the excitation spectrum. 

 

  
Figure 4.3: Excitation and emission spectrum of 
PtTFPP embedded in a PS matrix, integrated in a 
PDMS chip. The Soret band of PtTFPP, usually 
dominantly present at 395 nm, is reduced in 
intensity compared to literature10. Two Q bands 
are found at 512 and 545 nm. The emission peak 
is observed to be at 648 nm with a shoulder at 
around 700 nm. 

Figure 4.4: The two excitation spectra of PtTFPP 
embedded in a PDMS matrix (PtTFPP/PDMS), and 
PtTFPP embedded in PS and integrated in a PDMS 
chip (PtTFPP/PS). The excitation spectrum of 
PtTFPP/PDMS is similar as seen in literature19. The 
excitation spectrum of PtTFPP/PS differs from 
reported previously10. 
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4.4.2 Calibration of PtTFPP/PS sensor 
When calibrating the PtTFPP/PS sensors for gaseous oxygen, a linear (R2=0.998) Stern-Volmer 

relationship was obtained (Figure 4.5), with a Stern-Volmer coefficient (Ksv) of 0.0168 hPa-1. 

Such linear Stern-Volmer plot has been earlier shown in literature10. The Stern-Volmer 

coefficient itself cannot be compared to values reported in the literature, as the coefficient highly 

depends on the experimental conditions20.  

We are aware that intensity based sensing is prone to measuring errors, since it is affected 

by various factors such as: the stability of the light source, background luminescence, 

concentration and distribution of the dye in probes or patches, photobleaching, and 

scattering7,8. Lifetime measurements as presented before23 for PtTFPP/PS sensors, can overcome 

the mentioned disadvantages of intensity based oxygen measuring4. For lifetime measurements 

only a modulated excitation source is required, and a detector that can sample within the time 

scale of the lifetime of the PtTFPP. Future experiments will focus on characterizing the oxygen 

sensor patches in an OoC during cell culture employing lifetime measurements. 

 

Figure 4.5: The linear Stern-Volmer calibration plot of PtTFPP/PS sensors (not in PDMS) for gaseous oxygen. 
I0 is the intensity under pure nitrogen (0% oxygen), I is the measured intensity at a certain oxygen 
concentration. The graph insert is a close-up of the graph at lower oxygen concentration levels (0 – 10 
hPa). A Stern-Volmer coefficient (Ksv) of 0.0168 hPa-1 and a R2=0.998 was observed. Averages +/- 
standard deviation are shown (n=3).  
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4.4.3 Fabricated devices   
Figure 4.6 shows two example PDMS chips with integrated PtTFPP/PS sensor patches (1 mm 

diameter) to illustrate the flexibility of the integration method. Figure 4.6A shows a PDMS top 

channel containing three channels and 15 integrated sensor patches. Figure 4.6B shows a 

PDMS OoC containing two parallel channels with sensor patches in both top and bottom PDMS 

layer, of which a cross section is shown in Figure 4.6C.  

The sensor patches can be placed anywhere in the PDMS chip as desired by gluing or 

pouring PDMS in the mold up to a certain height, partly curing, and subsequently adding the 

sensor patches. We fabricated patches ranging from 0.4–1 mm in diameter. The only limitation 

of the size and shape of the sensor patches is the minimal diameter mill available for milling 

the cavities in the aluminum mold.  

The sensor patches can be used to study or confirm the effect of oxygen modulation within 

an OoC such as shown before5,13,26. This oxygen modulation can be important for cell 

differentiation on-chip4 or e.g. co-culture with microbiota27. Furthermore, the sensor patches 

can be used to measure oxygen concentration during cell culture on-chip, providing valuable 

information about e.g. cell viability, activity and cellular response4,5.  

 

 

Figure 4.6: Examples of fabricated PDMS chips with integrated PtTFPP/PS patches. A) A fabricated PDMS 
top channel with five red, circular PtTFPP/PS patches (1 mm diameter) in each channel. The PDMS layer is 
bonded to a glass slide. Schematic illustration of a top view is shown in the left bottom corner with the scale 
bar representing 5 mm. B) A typical PDMS OoC containing two parallel channels, with integrated sensor 
patches (1 mm diameter), three per channel. Schematic illustration of a top view is shown in the left bottom 
corner with the scale bar representing 5 mm. C) Brightfield microscopy image of a cross section of an OoC 
as shown in B. Two sensor patches are shown next to the top and bottom channels according to the 
schematic illustration in the right upper corner. Scale bar represents 500 µm. 

4.5 Conclusion and outlook  

In conclusion, we showed a versatile fabrication method for optical oxygen sensor patches 

based on PtTFPP in a PS matrix. The only limitation regarding the size and shape of the sensor 
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patches is the minimal diameter mill available. The PtTFPP/PS sensors showed a linear Stern-

Volmer plot (R2=0.998). We also showed the integration of the sensor patches in both channels 

of a two-channel PDMS OoC. The integration method is flexible, allows multiplexing and 

integration of the sensors in the PDMS OoC at any desired site.  

The application of the oxygen sensor patches for cell culture experiments has been shown 

in work of Dr. Ir. Joost Le Feber and the Clinical Neurophysiology research group of the 

University of Twente28. This work presents an in vitro model in which rat brain cells are cultured 

on microelectrode arrays to study their neuronal activity. The device was equipped with a 

tailored lid that can apply an oxygen gradient (4.7% - 17.6% oxygen) on the neural cells to 

mimic ischemic stroke. The device was able to produce a stable and reproducible oxygen 

gradient, confirmed by use of the PtTFPP oxygen sensors. The work is considered outside the 

scope of this thesis, but we highly encourage the interested reader to study this manuscript28.  
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CHAPTER 5
A miniaturized electrochemical 

oxygen sensor for 
organ-on-chips

Measuring (variations in) oxygen concentration in close proximity to cells during in 
vitro cell culture can provide a wealth of information on cell metabolism, cell 
viability, cellular activity, cell differentiation and responses to external stimuli. This 
chapter demonstrates a miniaturized three-electrode oxygen sensor, which fits in a 
1 mm microfluidic channel. The sensor is protected from biofouling by a hydrogel 
layer, which is proven to have no effect on cell viability and cell morphology of 
Caco-2 cells. The sensor can detect the oxygen concentration by employing 
chronoamperometric measurements within 0.3 seconds with a linear response 
(R2>0.996). Ideally, the sensor could be implemented in a microfluidic
organ-on-chip device to monitor the oxygen concentration on-chip. 

Part of this chapter is presented as: 
E.G.B.M. Bossink, O.Y.F. Henry, M.A. Benz, L.I. Segerink, D.E. Ingber, & M. Odijk, 
(November, 2018). ‘A miniaturized Clark oxygen sensor for organ-on-chip devices’, 22nd 
International Conference on Miniaturized Systems for Chemistry and Life Sciences (µTAS 
2018), Kaohsiung, Taiwan, pp. 889-892. (poster presentation)
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5.1 Introduction 

Oxygen concentration is an essential regulatory parameter for in vitro cell culture, as both an 

oxygen excess and an oxygen deficiency can result in cell damage or cell death. There is a lot 

of interest in oxygen control and thus oxygen measurements in in vitro cell culture devices as it 

can be an indicator for cell viability, cellular activity and cell response to a certain (external) 

stimuli1. Oxygen consumption is directly linked to the cellular metabolism, because oxygen is 

the critical ingredient for the aerobic metabolism of the cell, which represents the cellular 

activity2,3. By analyzing the cell activity, the physiological response of cells to an external 

stimulation (e.g. the addition of a certain drugs to the cell culture) can be studied2. Furthermore, 

oxygen concentration influences the cell differentiation1,4–6. Embryonic stem cells are frequently 

located in a hypoxic niche, and it is known that obtaining hypoxia is essential for maintaining 

stem cells in an undifferentiated state4,6. Oxygen could be recognized as a cell differentiator as 

much as other differentiation factors6. Because oxygen concentration affects the functionality of 

the cells, it is highly desirable to control and measure the oxygen concentration while culturing.  

Organ-on-chips (OoCs) are in vitro microfluidic cell culture devices that aim to recapitulate 

the function, physiology or structure of a specific organ7,8. Often, OoCs contain two 

independently addressable channels that are separated by a porous membrane. Different cell 

types can be cultured on the porous membrane, resulting in a complex and organ-specific 

tissue-tissue interface8,9. OoCs are considered to be potent alternatives to conventional in vitro 

and animal models7,10. Such physiological representative in vitro models would be a highly 

valuable research tool for drug development. Besides the general interest in oxygen 

measurements in in vitro cell cultures, oxygen measurements are specifically of interest for gut-

on-chips, as the in vivo intestine contains a steep oxygen gradient resulting from the anaerobic 

commensal microbiota, which resides in the lumen in combination with the aerobic intestinal 

epithelial cells11,12. When the commensal microbiota and intestinal epithelial cells are cultured 

together, it is essential to monitor the oxygen concentration as it affects the organization, 

development and the dynamic nature of the gut bacterial microbiota and the intestinal 

physiology13.  

As oxygen is such an essential parameter, a lot of research effort has been put into 

developing oxygen sensors for OoCs, which has been thoroughly reviewed1,14–16. In short, there 

are two types: electrochemical and optical oxygen sensors. Optical oxygen sensors are based 

on the quenching of phosphorescence or fluorescence of a material by oxygen. Several 

microfluidic or OoC systems with implemented optical oxygen sensors have already been 

presented17–21. Electrochemical oxygen sensors measure the dissolved oxygen concentration in 

aqueous media by the reduction of oxygen at a noble metal electrode (generally platinum). 

Direct amperometric sensors measure the oxygen directly in the cell culture medium, while 
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Clark-type oxygen sensors have an independent sensor electrolyte, separated by an oxygen-

permeable membrane from the cell culture medium. This separation from the cell culture 

medium is an advantage of the Clark-type sensors over the direct amperometric sensors as the 

electrode reactions are protected from interference or electrode affecting substances from the 

cell culture medium, although their fabrication is more complicated16. The exact reduction 

reaction that will take place at the working electrode (WE) of the electrochemical sensor 

depends on the pH of the electrolyte solution. The current generated by the reduction reaction 

can be linearly related to the oxygen concentration present in the electrolyte22,23.   

Multiple miniaturized electrochemical oxygen sensors for measuring oxygen in in vitro cell 

culture have been presented2,24–27. Recently, Tanumihardja et al. showed a sensor chip with a 

ruthenium oxide electrode that can measure both pH and oxygen concentration, which are both 

extremely relevant parameters for in vitro cell cultures27. Liebisch et al. present a zero-

consumption Clark-type oxygen sensor with a very interesting measurement technique. They 

perform chronoamperometric measurements while applying three different potentials, which 

causes first oxygen reduction, followed by oxygen formation. With this method, the net oxygen 

concentration remains constant. They also show an impressive stability and sensor life-time of 

7 days, which to our knowledge had not been shown yet24. These miniaturized electrochemical 

oxygen sensors are very promising. However, these examples are mostly for implementation in 

cell culture flasks24,26, a static Transwell system27, or a cell culture reservoir2,23,25. They are too 

large to fit in a typical OoC channel, which are often only 1 mm wide19,28–32. To the best of our 

knowledge, a miniaturized electrochemical oxygen sensor was not implemented in a typical 

microfluidic OoC up until recently. Khalid et al. demonstrated a very interesting gut-on-chip 

device with integrated oxygen and TEER sensors, fabricated by inject printing33. Combining 

these two parameters is a significant advantage of this approach.  

 

Here, we present the fabrication and characterization of a miniaturized electrochemical oxygen 

sensor. The sensor can be implemented in a microfluidic device (the electrodes fit within a 1 

mm wide channel, often used for OoCs), as well as in a static cell culture setup (Transwell). The 

oxygen sensor is protected from biofouling by a poly(hydroxyethylmethacrylate) (pHEMA) 

hydrogel layer, an occasionally used material for electrochemical sensors. The hydrogel also 

enables a controlled and convection-independent diffusion gradient towards the working 

electrode34. The effect of the pHEMA hydrogel layer was studied in a 24-well plate with custom 

fabricated inserts. The hydrogel is proven to have no effect on the cell viability and cell 

morphology during a 3 day cell culture with human caucasian colon adenocarcinoma (Caco-

2) cells. We characterized the fabricated on-board silver/silver chloride quasi reference 

electrode. Furthermore, we show that our miniaturized sensor has a linear response to different 

oxygen concentrations when employing chronoamperometric measurements. Future steps will 
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include measuring the oxygen concentration during cell culture in a static Transwell setup. 

Ultimately, the sensor could be implemented in a microfluidic gut-on-chip device to monitor the 

oxygen concentration to ensure anaerobic-aerobic conditions when epithelial gut cells are co-

cultured with the anaerobic microbiota. 

5.2 Materials and methods 

5.2.1 Microsensor fabrication 
MEMpax glass wafers with buried platinum electrodes were fabricated by performing 

photolithography with positive photoresist Olin OiR 907-17. The glass was etched on the sites 

of the electrodes with buffered hydrofluoric acid (BHF, 1:7 of NH4F:HF) for 4.5 minutes to create 

recesses at the sites where the electrode material will be sputtered. After etching, the wafers 

were UV-ozone treated for 5 minutes, where after 10 nm tantalum (Ta) and 120 nm platinum 

(Pt) were sputtered atop the glass wafer. The positive photoresist was removed from the chip by 

lift-off in acetone. Then, a photolithography step with negative photoresist SU-8 was performed 

to isolate the passivated areas and the conducting paths. Three different designs were 

fabricated, with different sizes of electrodes (Figure 5.1). The wafer layout and specific electrode 

dimensions per chip are shown in Supplementary Section 5.7.1. The chips were designed to fit 

an in-house made Teflon chip holder, which provides a connection with the electrodes via pogo 

pins (Figure 5.1). A 24-well Transwell permeable support insert fits in the Teflon chip holder. 

Cells can be cultured on the Transwell membrane, which is positioned at a distance of ~4 mm 

above the sensor chip surface. 

5.2.2 Ag/AgCl quasi reference electrode fabrication 
Electrochemical cleaning was performed in 0.5 M H2SO4 by performing cyclic voltammetry 

(CV). An external commercially available silver/silverchloride (Ag/AgCl) reference electrode (RE) 

(Red rod reference electrode, Hach) was used as the RE and the counter electrode (CE) of the 

chip was used as the CE. All potentials mentioned in this chapter are reported with respect to 

Ag/AgCl using either this commercial RE, or the fabricated on-chip Ag/AgCl quasi RE as 

described below. First, CVs were performed from -0.81 to 2 V (n=5, 100 mV/s). Subsequently, 

CVs were performed from -0.2 V to 1.5 V (100 mV/s) until overlapping measurements were 

observed (potentiostat Bio-Logic Sp-300).  

To prepare for the silver plating, the chip was immersed in 0.3 M AgNO3 (Sigma-Aldrich) 

in 1 M NH3 (aq) (Sigma-Aldrich). A silver wire served as quasi-RE and a platinum wire coil 

served as CE. The silver plating was performed by applying chronopotentiometry with different 

currents depending on the electrode surface area (see Supplementary Section 5.7.2, Table 5.2) 

for 5 minutes. For better adherence of the silver to the platinum, an oxidation step can be 



 

 

132 

 

Chapter 5  
 

 

performed prior to electroplating. Specifically, a potential of +0.95 V for 30 seconds can be 

applied, enhancing the adherence without affecting the stability of the RE, which was validated 

by comparing REs with (n=3) and without (n=7) this oxidation step. After electroplating, the 

chips were placed on a hotplate at 180 ˚C for 2 hours to anneal the silver layer35,36. The 

obtained silver electrode was chloridized by applying a current depending on the electrode 

surface area (see Supplementary Section 5.7.2, Table 5.2) for 1 hour in 1.0 M KCl. The 

thicknesses of the deposited Ag and Ag/Cl layers were calculated based on the number of 

Coulomb transferred during the process (Supplementary Section 5.7.2). 

The fabricated Ag/AgCl RE was validated by measuring the open circuit potential between 

the fabricated RE and a commercially available Ag/AgCl RE (Red rod reference electrode, Hach) 

in 1.0 M KCl for 1 hour. Subsequently, the sensitivity to concentration Cl- ions was determined 

by measuring the open circuit potential for 2 minutes in different concentrations of KCl.  

 

 

Figure 5.1: Schematic illustrations of the electrochemical sensor setup. A) The glass sensor chip, with 
three sizes of electrodes. Details of the electrode areas can be found in Supplementary Section 5.7.1. 
The medium and small size chip can fit in a 1 mm wide microfluidic channel. CE = counter electrode, WE 
= working electrode, RE = reference electrode. B) 3D CAD rendering of the electrochemical cell setup 
(including the glass sensor chip, Teflon chip holder, pogo pins connector and Transwell insert). The red 
line indicates the plane of the cross-sectional view illustrated in C. C) Cross-sectional view of the 3D CAD 
rendering. The distance between the membrane of the Transwell insert, on which the cells can be cultured, 
and the glass sensor chip below is approximately 4 mm. 
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5.2.3 pHEMA layer 
In the setup shown in Figure 5.1, the oxygen sensor uses the cell medium as electrolyte and the 

sensor is in close proximity to the cells. To prevent biofouling, a protective layer of pHEMA was 

fabricated on top of the electrodes. Furthermore, when this oxygen sensor is used in a gut-on-

chip and the intestinal microbiota is added, this pHEMA layer will also be a protection barrier 

for the bacteria, as Ag and AgCl are known to have antibacterial properties37–39.  

 

 

A mixture of 70% monomer hydroxyethyl methacrylate (HEMA, Sigma-Aldrich), 2.7% cross 

linker tetra(ethylene glycol)diacrylate (TEGDA, Sigma-Aldrich) was prepared. Separately, a 

mixture of 13.6% DI water, 13.6% ethylene glycol (Sigma-Aldrich) and 2% photo initiator 2-

hydroxy-2-methylpropiophenone (Sigma-Aldrich) was prepared. The solution was vortexed 

shortly and sonicated for 5 minutes to dissolve the initiator. Subsequently, two solutions were 

mixed and sparged with N2 gas for at least 15 minutes, resulting in the pre-pHEMA mixture. 

For proper adherence of the pHEMA to the SU-8 layer on the chip, surface chemistry based on 

Fadeev et al. was performed40. The glass sensors were oxygen plasma treated and immersed 

in 1% (3-aminopropyl)-triethoxysilane (APTES, Sigma-Aldrich) in MilliQ water for 15 minutes. 

After drying the chips using a nitrogen gun, the chips were immersed in MilliQ overnight to 

hydrolyze. Subsequently, the hydrolyzed chips were dried to air and immersed in 1% 

vinyltrimethoxysilane (Sigma-Aldrich) in toluene (Sigma-Aldrich) for 15 minutes. The process is 

illustrated in Figure 5.2. Microscopic glass cover slides were oxygen plasma treated and vapor 

deposited under vacuum with trichloro(1H,1H,2H,2H-perfluoroocyl)silane (Sigma-Aldrich) for 

 

Figure 5.2: Schematic illustrations of the surface chemistry for better adherence of pHEMA layer to the 
SU-8 layer of the glass sensor chip. A) The bare SU-8 surface of the glass sensor chip. B) The chip is 
immersed in 1% (3-aminopropyl)-triethoxysilane (APTES) in MilliQ for 15 minutes and subsequently 
hydrolyzed in MiliQ overnight. C) The chip is immersed in 1% vinylmethoxysilane in toluene for 15 
minutes. D) Afterwards HEMA solution is added to the surface and UV cured. The result is a pHEMA layer 
covalently bonded to the SU-8 layer of the glass sensor chip. 
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30 minutes. After drying the glass sensor chips, 10 µl pre-pHEMA solution was pipetted on the 

chip at the site of the electrodes, and covered with a silanized microscopic glass cover slide. 

The pre-pHEMA was UV cured for 5 minutes using UV radiation (61 mW/cm2, Intelliray 600, 

UViTRON International). Afterwards, the chip was immersed in water, whereby the cover slide 

releases from the glass sensor chip with pHEMA. The pHEMA layer was immersed in a solution 

of 1.0 M KCl and 0.010 M NaCO3 for at least 24 hours. Subsequently, the pHEMA hydrogel 

layer can be stored dry, but should be rehydrated at least 24 hours before use, as 

recommended by Liebisch et al.24.  

5.2.4 The effect of pHEMA on Caco-2 cell viability and morphology  
In the final setup, the cells will be in close proximity to the pHEMA layer and within the same 

culture medium, so we should consider the effect of the pHEMA on the nearby cultured cells. 

To test this, custom-made 24-well plate inserts (Figure 5.3) were fabricated that can hold a 

glass slide with pHEMA 2.5 mm above the bottom surface of a 24-well plate, in which cells 

were cultured. The insert (Figure 5.3A) consists of a poly(methylmetacrylate) (PMMA) 

micromilled (Datron Neo, Germany) insert, which was designed in SolidWorks® and the milling 

path was programmed using integrated CAD/CAM software, HSMworks. In the inserts, PMMA 

rods with a diameter of 5 mm and a length of exactly 15 mm were glued with 

poly(dimethylsiloxane) (PDMS). A PDMS ring with an outer diameter of 12 mm was fabricated 

by casting PDMS (10:1 %w/w, 184 Silicone elastomer kit, Dow Corning) on an in-house made 

PMMA micromilled mold. The PDMS was degassed for approximately 2 hours, and cured for 4 

hours at 60 °C. Circular glass cover slides (Ø 12 mm, Earthlines, UK) were bonded to the 

bottom of the PDMS ring by performing oxygen plasma treatment (50 Watt for 40 seconds, 

Femto Science Cute). The pHEMA layer was added to the circular cover slides according to the 

protocol described in Section 5.2.4 and Figure 5.2. The final fabricated insert and the 24-well 

plate can be seen in Figure 5.3.  

The top part of the PMMA inserts can be reused, as the PDMS ring with glass slide are 

clamped (reversibly) onto the rod. This PDMS ring with glass slide can be replaced for different 

experiments. The PDMS rings with pHEMA were immersed in 70% ethanol for sterilization 

purposes and rehydrated in sterile PBS for 24 hours before cell culture. To assess the effect of 

the pHEMA layer on the Caco-2 cells, four conditions were tested: (1) a negative control (no 

addition), (2) a positive control (treated with 50% ethanol for 30 minutes on day 3), (3) the 

insert without pHEMA and (4) the insert with pHEMA.  
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5.2.5 Cell culture and staining 
Caco-2 cells (ATCC, HTB-37, Caco-2 cell line) were used to study the effect of the pHEMA 

hydrogel. The Caco-2 cell line is a well-differentiated cell line, commonly used for in vitro 

modeling of the intestine. The cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with high glucose (Glutamax Medium, Gibco) supplemented with 10% fetal bovine 

serum (FBS, Gibco), 100 U/L penicillin, and 100 µg/mL streptomycin. The cells were cultured 

in T25 or T75 culture flasks and incubated at 37 °C in humidified air (5% CO2). The Caco-2 

cells were obtained from a T75 flask grown until nearly confluent, using 1x trypsin (Gibco). The 

cells (passage number 30) were seeded in the wells of a 24-well plate at a seeding density of 

4∙104 cells/cm2. Per well, 500 µL of culture medium was added and replaced daily. The Caco-

2 cells were cultured for 3 days and monitored daily using phase-contrast microscopy (EVOS, 

M5000 Imaging system, Life Technologies air objectives).  

On day 3, a live/dead staining (LIVE/DEAD® Viability/Cytotoxicity kit for mammalian cells, 

Invitrogen) was performed in half of the wells of each condition. For the morphology staining 

of the other half of the wells, the cells were fixed with 4% (v/v) paraformaldehyde (Thermo 

Fisher Scientific) in PBS for 20 minutes at room temperature (RT) and sequential 

permeabilization with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 30 minutes at RT. The cell 

 

Figure 5.3: 24-well plate inserts to study the effect of a pHEMA surface in close proximity to the cells. A) 
Exploded view of the insert for a 24-well plate consisting of (from top to bottom): a PMMA micromilled 
insert, a PMMA rod, and a removable part: the PDMS ring and glass slide with or without pHEMA. B) 
The final fabricated insert. C) The 24-well plate with the 16 inserts filled with cell culture medium.  
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nuclei (NucBlue™ Live Cell Stain ReadyProbes™ reagent, Invitrogen) and the cytoskeleton 

(ActinRed™ 555, ReadyProbes™ reagent, Invitrogen) were stained to check the cell morphology. 

The cells for the positive control were treated with 50% ethanol (Boom) in DMEM for 30 minutes 

prior to the stainings. The cells for the positive control were cultured in a separate 24-well plate, 

to prevent ethanol vapor to cross contaminate the other conditions. Images were acquired using 

an EVOS FL microscope (Thermo Fischer Scientific).  

5.2.6 Oxygen measurements 
The electrochemical detection of oxygen is based on a reduction reaction of dissolved oxygen 

at the WE surface (eq. 5.1), resulting in a detectable current22,23. This current is dependent on 

the oxygen concentration, when the flux of oxygen towards the WE is mass-transport limited by 

diffusion, which is in our case ensured by the pHEMA hydrogel layer22,34.  

   𝑂𝑂2 + 4𝑒𝑒− + 2𝐻𝐻2𝑂𝑂 → 4𝑂𝑂𝐻𝐻−  (𝑒𝑒𝑒𝑒 5.1) 

By applying a (negative) potential step to the WE, the conversion of oxygen into OH- rapidly 

occurs, resulting in a decrease in oxygen concentration. If the potential is held, the concentration 

of oxygen at the electrode surface will remain zero, and the concentration profile will develop 

over time. The diffusion layer thickness will increase over time, so the concentration gradient 

will decrease over time, and thus the flux of oxygen to the electrode surface will decrease over 

time, resulting in a decrease in detectable current. The current over time in a diffusion limited 

system is predicted by the Cottrell equation41 (eq. 5.2). This equation applies for large 
electrodes (smallest dimension >10 µm), as the diffusion profile is in that case effectively one 

dimensional, and perpendicular to the electrode surface. The equation is  

   𝑖𝑖 =  
𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑜𝑜𝑜𝑜𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦�𝐷𝐷𝑜𝑜𝑜𝑜𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

√𝜋𝜋𝜋𝜋
, (𝑒𝑒𝑒𝑒 5.2) 

where 𝑖𝑖 is the current in Ampere, 𝑛𝑛 is the number of electrons involved in the redox reaction, 𝐹𝐹 
is the Faraday constant of 96485 C/mol, 𝐴𝐴 is the area of the electrode in cm2, 𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛 is the 

bulk concentration of oxygen in mol/cm3, 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛is the diffusion coefficient for oxygen in cm2/s 

in pHEMA and 𝑡𝑡 is the time in seconds. The parameters 𝑛𝑛, 𝐹𝐹, 𝐴𝐴, 𝐷𝐷 and the number π are 

constant over the different measurements (when using the same electrolyte and the same sensor 

size). The oxygen concentration in the electrolyte can be controlled and all these parameters 
can be combined and renamed as constant ‘𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛’ henceforth referred to as the Cottrell 

coefficient. In a diffusion controlled system, the measured current is linearly correlated to 1
√𝜋𝜋

 by 

this Cottrell coefficient, which is dependent on the electrolyte oxygen concentration (eq. 5.3)41.  

   𝑖𝑖 = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛
1
√𝑡𝑡

 (𝑒𝑒𝑒𝑒 5.3) 
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To determine the Cottrell coefficient, we used chronoamperometeric measurements for 0.1 ≤ t 

≤ 0.3 seconds with a sampling frequency of 100 Hertz. The lower boundary was set due to 

limitations of the potentiostat and to avoid the effect of the double layer charging. The diffusion 

coefficient for oxygen in pHEMA and cell culture medium differ at least an order of magnitude 

by approximation34,42,43. However, for the Cottrell equation to be valid, the diffusion coefficient 

should be the same. Therefore, we set the upper measurement time limit at 0.3 second to 

prevent a situation where the diffusion layer thickness becomes larger than the pHEMA 

thickness. The thickness of the pHEMA layer was determined by approximation by microscopy 

focusing (DM6000 M, Leica). 

Characterization of oxygen sensing was done by performing chronoamperometry 

(applying -0.7 V vs. the on-board quasi RE) in culture medium with different aeration. The 

oxygen concentration was controlled by flowing different ratios of instrumental air and argon 

gas (altogether 1000 sccm) above the liquid surface for 50 minutes. The flow of the two gases 

was controlled by two mass flow meters (type 5850TR, Brooks) with an in-house made 

controller. The cell culture medium could not be sparged with the gas mixture, as the solution 

would result in foam due to the high protein concentration. The measurements were carried 

out at RT using the same potentiostat (Bio-Logic SP300).  

5.3 Results and discussion 

The glass sensor chips were successfully fabricated (Figure 5.4A) and fit in the Teflon chip 

holders (Figure 5.4B + C) that were previously fabricated by Dr. Maarten van Megen. The 

electrode dimensions per chip design are provided in Supplementary Section 5.7.1. 

 

 

 

Figure 5.4: A) Fabricated glass chips with platinum CE and WE (brighter) and Ag/AgCl quasi-RE (darker, 
bottom electrode). From left to right: large, medium, and small. B) Teflon holder chip holder for electrode 
cleaning and characterization measurements. C) Teflon holder for the glass chip with 24-well Transwell 
insert for cell culture experiments. 
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5.3.1 Validation of the fabricated quasi reference electrode  
The measured drift in potential of the fabricated quasi REs are approximately within a range of 

-0.4 mV/h and +0.2 mV/h (Figure 5.5), measured vs. the commercial RE. The calculated 

potential difference in response to a temperature change of 1°C (21 to 22 °C) results in a 

change of the standard electrode potential of 0.6 mV (see Supplementary Section 5.7.3). Since 

the measured drifts are within this window of 0.6 mV/h, the stability of the fabricated quasi-RE 

is appropriate for the measurements performed here. The on-chip quasi RE was also checked 

for the Chloride (Cl-) sensitivity. The Cl- concentration was shown to be linearly (R2 = 0.99) 

correlated to the open circuit potential, as expected (Supplementary Section 5.7.4).  

 

 

5.3.2 The effect of pHEMA on Caco-2 cell viability and morphology 
Figure 5.6A shows images of live and dead cells of the Caco-2 cells under the four examined 

conditions. This viability was also quantified, illustrated in Figure 5.6B. The Caco-2 cell 

morphology can be seen in Figure 5.6A, (right column) where the cell nuclei are shown in blue, 

and the actin filaments in red. Neither the fabricated insert, nor the combination with pHEMA 

had an effect on the viability or the morphology of the Caco-2 cells, compared to the negative 

control. The positive control validates both stainings. 

 

 

Figure 5.5: Open circuit potential drift of the fabricated Ag/AgCl quasi RE vs. a commercial Ag/AgCl RE 
over 1 hour. The observed drift per hour for all chips is below the theoretical potential difference a 
temperature change of 1˚C (21˚C-22°C) causes, which is 0.6 mV44. Large n=4, Medium n=3, Small 
n=3. 
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Figure 5.6: A) Caco-2 cells (P30) cultured in 24-well plate under different conditions for 3 days. The 
live/dead staining shows the live (viable) cells in green (left column) and the dead (non-viable) cells in 
red (middle column). The cell morphology stainings (right column) show the cell nuclei (blue) and the 
actin filaments (red). All scale bars represent 250 µm. B) Quantification of the live/dead staining, by 
counting the live and dead cells per conditions (n=4 images per condition, all from separate wells).  
‘Negative control’ represents Caco-2 cells cultured in a 24-well plate. ‘Inserts’ represents Caco-2 cells 
with the custom-made 24-well inserts (without pHEMA). ‘Inserts + pHEMA’ represents Caco-2 cells 
cultured with inserts containing a layer of pHEMA. ‘Positive control’ represents Caco-2 cells cultured in a 
24-well plate treated with 50% ethanol on day 3 just prior to the stainings. 
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5.3.3 Oxygen response  
To measure the response against different concentrations of oxygen, chronoamperometric 

measurements were performed using a medium size sensor with pHEMA layer. The pHEMA 

thickness was measured to be approximately 20 µm thick. The cell culture medium (as described 

in Section 5.2.5) was used as electrolyte. The electrolyte aeration was controlled by flowing a 

gas mixture of instrumental air and argon at different mixture ratios above the electrolyte. All 

potentials were applied against the on-chip Ag/AgCl quasi RE. 

 

Figure 5.7: Oxygen measurements of the medium size chip with pHEMA in DMEM. A) The recorded 
current during chronoamperometric measurements, applying -0.7 V under different oxygen 
concentrations. B) Recorded current from the chronoamperometric measurements at different time points 
against different oxygen concentrations. The recorded current is normalized to the WE area. C) The 

recorded current plotted as function of 1/√𝑡𝑡 for different oxygen concentrations. The slope is the Cottrell 
coefficient as plotted in D. D) The average Cottrell coefficient at different oxygen concentrations for 0.1 
≤ t ≤ 0.3 second. R2=0.996 (n=3 measurements, one chip).  



 

 

141 

 

A miniaturized electrochemical oxygen sensor organ-on-chips 
 

C
ha

pt
er

 5
 

Figure 5.7A shows the recorded currents during chronoamperometric measurements while 

applying -0.7 V under various oxygen concentrations in cell culture medium. As expected, we 

observed that the higher the oxygen concentration in the electrolyte, the higher the (absolute) 

measured current. The recorded current (normalized to the WE area) at different times is plotted 

against the oxygen concentration in Figure 5.7B. Figure 5.7C shows the linear relation between 
the recorded current and the horizontal axis, which is 1

√𝜋𝜋
 for 0.1 ≤ t ≤ 0.3 second, for different 

oxygen concentrations. This linearity shows that the reaction is indeed diffusion limited41. The 

slopes of these linear plots are the Cottrell coefficients, which are plotted in Figure 5.7D. A 

linear response (R2>0.996) was observed when plotting the average Cottrell coefficients 
against the partial oxygen pressure for 0.1 ≤ t ≤ 0.3 second. This implies that recording for only 

0.3 seconds was sufficient to measure the oxygen concentration.  

5.4 Conclusion and outlook  

In this chapter, we presented the fabrication and characterization of a miniaturized 

electrochemical oxygen sensor that fits in a 1 mm microfluidic channel and is protected from 

biofouling by a pHEMA hydrogel layer. We demonstrated that the pHEMA layer has no effect 

on the cell viability and morphology of Caco-2 cells. The pHEMA hydrogel layer also ensures 

a local convection-independent environment, crucial for our oxygen measurements. By 

employing chronoamperometeric measurements for only 0.3 seconds, the miniaturized sensor 

responded linearly to the partial oxygen pressure in cell culture medium.  

 

Figure 5.8: Exploded view (3D CAD rendering) of an example how the glass oxygen sensor chip can be 
implemented in a PDMS OoC.  
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Next steps will include measuring the oxygen concentration during cell culture in a static 

setup (Transwell). Furthermore, the glass sensor chips are specifically designed to fit in a 

microfluidic OoC device. Ultimately, it would be highly valuable to implement the oxygen sensor 

in such an OoC (Figure 5.8), e.g. to monitor the oxygen concentration in a gut-on-chip to 

ensure anaerobic-aerobic conditions when epithelial gut cells are co-cultured with the 

anaerobic microbiota. In this case, the reduction of oxygen at the electrode could also 

potentially be used as a method to deplete oxygen to create a (local) anaerobic environment. 
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5.7 Supplementary information 

5.7.1 Photolithography mask design for glass chip fabrication 
 

 

 
  

 

Figure 5.9: Overlaid image of the two photolithography masks designed for the glass chip fabrication. 
The blue areas are designed for Pt deposition, and the green areas indicate the SU-8 free regions. One 
wafer contains 4 large, 4 medium and 5 small size sensor chips. The chip design at the right side of the 
wafer is presented in Chapter 7. 
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Table 5.1: Electrode surface area per chip.  

 Large Medium Small 

WE CE RE WE CE RE WE CE RE 

Electrode 

width (mm) 

3.330 3.330 3.330 0.740 0.740 0.740 0.740 0.740 0.740 

Electrode 

height (mm) 

0.440 1.440 0.440 0.440 0.840 0.440 0.040 0.150 0.100 

Surface area 

(mm2) 

1.465 4.795 1.465 0.326 0.622 0.326 0.024

86 

0.111

0 

0.074

00 

Electrodes from 

top to bottom 

 

- Counter 

electrode (CE) 

- Working 

electrode (WE) 

- Reference 

electrode (RE) 

 
 

5.7.2 Experimental parameters of the RE fabrication process  
The deposited mass (m) is directly dependent on the applied current (I) and the time (t) of 

electroplating via   

   m =  I t M
NA n qe

, (𝑒𝑒𝑒𝑒 5.4) 

where NA is Avogadro’s number, n is the number of electrons in the half-reaction, qe is the 

electron charge and M is the molecular mass. When the electroplated area is known, the 

thickness of the electroplated layer can be calculated45.  

The platinum electrodes were silver electroplated by applying different currents for the 

different sizes electrodes for 5 minutes, see Table 5.2. The half reaction that takes place at the 

electrode is  

   𝐴𝐴𝐴𝐴+ (𝑎𝑎𝑒𝑒) + 𝑒𝑒− → 𝐴𝐴𝐴𝐴 (𝑠𝑠). (𝑒𝑒𝑒𝑒 5.5) 
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The silver electrode was chloridized by applying different currents for the different size 

electrodes for 1 hour, see Table 5.2. The half reaction that takes place at the electrode is   

   𝐴𝐴𝐴𝐴+ (𝑎𝑎𝑒𝑒) + 𝐶𝐶𝐶𝐶− (𝑎𝑎𝑒𝑒) → 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝑒𝑒−. (𝑒𝑒𝑒𝑒 5.6) 
 

Table 5.2: Experimental parameters for the Ag/AgCl quasi reference electrode fabrication. 

Parameter Value  Unit 

NA 6.022140857 x 1023 Mol-1 

n 1 # 

qe 1.60217662 x 10-19 C 

M (Ag) 107.8682 gram/mole 

M (Ag/Cl) 143,32 gram/mole 

 

Ag plating 

Parameter Value Large Medium Small  Unit 

Applied current -500 -100 -20 µA 
Time  300 300 300 s 
Electroplated mass (m) 1.68E-04 3,35E-05 6,71E-06 gram 
Electrode surface  1,4652 0,3256 0,074 mm2 
Material density silver  1.049 x 10-2 gram/mm3 
Layer thickness silver 10,91 9,82 8,64 µm 
 
Ag  AgCl  
Parameter Value Large Medium Small  Unit 
Applied current 12 3 0.7 µA 
Time  3600 3600 3600 s 
Electroplated mass (m) 6,42E-05 1,60E-05 3,74E-06 gram 
Electrode surface  1,4652 0,3256 0,074 mm2 
Material density silver 
chloride 

5,56 x 10-3 gram/mm3 

Layer thickness silver 
chloride 7,877 8,862 9,098 

µm 

 

5.7.3 Calculation of the temperature effect on the RE 
The standard electrode potential of a RE is dominantly influenced by temperature. The classic 

approach of the temperature dependence of E0, the standard electrode potential, is shown to 
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be approximately linear between 273.15 and 373.15 K. Over this temperature range, the 

standard electrode potential can be described with the following equation46  

    𝐸𝐸𝑇𝑇0 = 𝐸𝐸2980 + (𝑇𝑇 − 298.15) ∙ �𝑑𝑑𝐸𝐸
0

𝑑𝑑𝑇𝑇
�
298

, (𝑒𝑒𝑒𝑒 5.7) 

with T as the temperature in Kelvin. The standard potential of specifically Ag/AgCl between 

273.15 and 363.15 K is described by Bates et al.44, given by equation  

    𝐸𝐸𝑇𝑇0 =  0.23659− (4.8564 × 10−4)𝑇𝑇 − (3.4205 × 10−6)𝑇𝑇2 + (5.869 × 10−9)𝑇𝑇3, (𝑒𝑒𝑒𝑒 5.8) 

with T, as the temperature in degrees Celsius. With this equation, the effect of a temperature 

difference of 1˚C (from 21˚C to 22˚C) can be calculated, shown to be 0.6 mV. To conclude, 

a temperature difference of 1˚C around RT, can cause a difference in standard potential of 0.6 

mV.  
 

5.7.4 Cl- sensitivity of the on-chip RE  
The open circuit potential (OCV) of the fabricated Ag/AgCl quasi reference electrode without 

pHEMA in different Cl- concentrations. The theoretical slope should be -59 mV (Nernst 

equation). As expected, there is a linear correlation between the OCVs and the Cl- 

concentrations. 

 

 

Figure 5.10: Cl- response of the fabricated on-chip Ag/AgCl quasi reference electrode of sensor chips (A) 
without (n=10 in total: 4 large, 3 medium, and 3 small size sensor chips) and (B) with pHEMA (n=3 in total: 
1 large, 1 medium, and 1 small size sensor chips).  
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5.7.5 Calculation of the medium volume to study the effect of pHEMA 
on Caco-2 cells  

To study the effect of the pHEMA on the Caco-2 cells, it is essential to expose the cells in the 

well plate to at least the same surface area of pHEMA as the situation would be on-chip. We 

use the surface area of a medium size electrode, as this is the largest electrode that could be 

implemented in a 1 mm channel (see Table 5.3).  

 

Table 5.3: Calculation of the required volume of culture medium to study the effect of pHEMA on Caco-2 
cells.  

 24-well system with insert OoC with medium size electrode 

Surface pHEMA 

area 

Surface glass slide on insert 

Ø12mm = πr2 = π62 = 113 mm2 

Surface of medium size electrode: 1 mm 

(width) x 2.6 mm (length) = 2.6 mm2 

Ratio 43.5 1 

Volume cell 

culture medium 

522 µl 12 µl 

 

The area of pHEMA (mm2) per volume of medium (µl) = 0.22 mm2/µl 

To expose the cells at the upper limit of pHEMA, 500 µl cell culture medium per well is used, 

which is also within the working volume of a well in a 24-well plate.  
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CHAPTER 6
Systematic characterization of 

cleanroom-free fabricated 
macrovalves, demonstrating 

pumps and mixers for 
automated fluid handling 
tuned for organ-on-chip 

applications 
Integrated valves enable automated control in microfluidic systems, as they can be 
applied for mixing, pumping and compartmentalization purposes. Such automation 
would be highly valuable for applications in organ-on-chip (OoC) systems. 
However, OoC systems typically have channel dimensions in the range of hundreds 
of micrometers, which is an order of magnitude larger than those of typical 
microfluidic valves. The most-used fabrication process for integrated, normally open 
poly(dimethylsiloxane) (PDMS) valves requires a reflow photoresist that limits the 
achievable channel height. In addition, the low stroke volume of these valves makes 
it challenging to achieve flow rates of microliters per minute, which are typically 
required in OoC systems. Here, we present a mechanical ‘macrovalve’, fabricated 
by multilayer soft lithography using micromilled direct molds. We demonstrate that 
the valves can close off rounded channels of up to 700 µm high and 1000 µm wide. 
Furthermore, we used these macrovalves to create a peristaltic pump with a 
pumping rate up of to 48 µL/min and a mixing and metering device that can 
achieve the complete mixing of a volume of 6.4 µL within only 17 seconds. An initial 
cell culture experiment demonstrated that a device with integrated macrovalves is 
biocompatible and allows the cell culture of endothelial cells over multiple days 
under continuous perfusion and automated medium refreshment. 

This chapter is adapted from: 
E.G.B.M. Bossink, A.R. Vollertsen, J.T. Loessberg-Zahl, A.D. van der Meer, L.I. Segerink, & M. 
Odijk (2022). ‘Systematic characterization of cleanroom-free fabricated macrovalves, 
demonstrating pumps and mixers for automated fluid handling tuned to organ-on-chip 
applications’, Microsystems and Nanoengineering, 8, 54.
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6.1 Introduction 

Organ-on-chips (OoCs) are commonly defined as microfluidic cell culture devices containing 

two independently addressable, parallel channels that are separated by a porous membrane, 

allowing the culture of different cell types on both sides of the membrane, resulting in a 

complex, organ-specific, tissue-tissue interface1,2. OoC devices are considered to be a powerful 

alternative to conventional in vitro and animal models3. However, performing on-chip cell 

culture experiments is not trivial. OoCs can be labor-intensive and challenging to use, as they 

require experience in both microfluidics and cell culturing4,5. 

To translate OoCs from proof-of-concept devices into commercial systems, for e.g. drug 

screening and personalized medicine studies, it is crucial that the OoC systems have a higher 

throughput. Multiplexed OoCs are a promising approach for increasing the throughput of OoC 

experiments5,6. Over the last few years, several microfluidic systems have been presented with 

a higher level of parallelization or throughput, but each of them has their own drawbacks. For 

instance, the Mimetas OrganoPlate® is a system with 40 to 96 independent culture wells or 

OoCs7. However, it requires many pipetting steps to fill each individual chip, the cell culture 

area is small, and the setup requires the use of a hydrogel (as semipermeable barrier and/or 

as a cell substrate). Zakharova et al. showed an example of a design with one common 

entrance and eight parallel outputs that can be used to achieve higher levels of throughput, but 

a lot of manual handling is still necessary8. 

Systems with integrated microfluidic valves are often used to reduce the need for manual 

liquid handling, such as those shown by Vollertsen et al.9,10. These systems often use integrated 

normally open valves11, as the valves are both easy to fabricate and have small footprints 

relative to the channel widths when compared to those of normally closed valves12,13. In 2000, 

Unger et al. presented a normally open poly(dimethylsiloxane) (PDMS) valve that is currently 

often used, also known as Quake-style valves12. These microvalves are an essential tool for 

automated control in microfluidics, as they can be applied for mixing, pumping, and 

multiplexing purposes in a broad range of applications9,10,14,15. Although these microfluidic 

large-scale integration (mLSI) systems enable a higher throughput, they are not compatible with 

the large channel dimensions that are needed to accommodate relevant cell cultures in OoCs. 

The original fabrication process of Quake-style valves relies on a reflow photoresist to 

achieve rounded channels for the full sealing of the valves, limiting its application to channel 

heights up to tens of micrometers12. This makes the valves unsuitable for most OoC 

applications, as OoCs often contain channels hundreds of micrometers high and wide16–20. In 

addition, 3D cell culture systems, such as spheroids in a PDMS chip, often require channel 

dimensions of hundreds of micrometers21. Moreover, the peristaltic pumps that are fabricated 

using a reflow photoresist, can usually only achieve flow rates from 0.05 µL/min up to 0.15 
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µL/min12,14,22–24. However, the flow rates typically used in OoCs are an order of magnitude 

higher, between 0.5 µL/min and 3.3 µL/min16–20,25, which can be even higher in blood vessels-

on-chips to achieve physiologically relevant shear stresses. To transfer the advantages of mLSI 

chip technology into OoC technology, new fabrication methods for normally open PDMS valves 

are needed. 

Although the use of PDMS is under debate13,26,27, it remains the material of choice for many 

research groups28: it is easy to use in fabrication processes (for casting, surface coating, and 

bonding to PDMS or glass), gas permeable (allowing oxygen to diffuse to the cells), low cost, 

and it has a high elasticity (allowing the possibility for Quake-style valves)13,26,29. Previously, 

new fabrication methods using photolithography and 3D printing have been explored to create 

valves that can close off channels hundreds of micrometers high. Freitas et al.30 has shown a 

method to fabricate a Quake-style valve using photolithography with a maximal height and 

width of approximately 250 and 400 µm, respectively. However, their method requires extra 

soft lithography steps and pressurizing the channels during PDMS curing30, complicating the 

fabrication process. 3D printing also offers an alternative to photolithography for the fabrication 

of Quake-style valves, as shown by Lee et al.31 and Glick et al.32. However, these valves are 

fully 3D printed and not made from PDMS, which means that the valves cannot be directly 

integrated in a PDMS OoC31. Glick et al. and Compera et al. both show a Quake-style valve, 

closing a 500 µm high and 200 µm high channel, respectively, fabricated by 3D printed direct 

molds32,33. However, the 3D printing of molds for PDMS soft lithography poses challenges in 

terms of material compatibility, surface finish and the inability to vapor polish, resolution limit, 

repeatability, ease of use and fabrication speed34, and the use of a photocrosslinker which can 

interfere with the curing of PDMS35,36. 

Micromilling is a rapidly emerging rapid prototyping technique for fabricating microfluidic 

molds that offers a unique set of advantages over 3D printing and photolithography. 

Micromilling is a fast, versatile, cleanroom-free, and thus low-cost fabrication method, allowing 

complex 3D geometries within one mold37. A micromilled mold made of a plastic, such as 

poly(methylmethacrylate) (PMMA), is stronger and thus more resilient than fragile photoresist 

masters, which are particularly vulnerable when relatively large photoresist structures are 

obtained. Furthermore, micromilling molds is less labor intensive than the photolithography 

process of the conventional reflow photoresist molds, which also requires experience to achieve 

reproducible results. Although micromilled molds for PDMS macrovalves have already been 

reported21,38, these fabrication methods require a negative mold and extra PDMS on PDMS soft 

lithography casting21 or a poly(ethylene terephthalate) (PET) casting step38. In addition, the 

dimensions of these rounded channels are limited by the availability of cone-shaped milling 

tools21,38.  
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To our knowledge, we are the first to describe a method in which micromilling is used to 

directly fabricate a positive mold for a Quake-style PDMS macrovalve with dimensions in the 

hundreds of micrometers. Our proposed method allows us to create a mold with an upstanding 

structure with any shape (e.g., cylindrical or elliptical) and size (height and width) as desired, 

without being limited by the shapes and sizes of the ball or cone mills available. Such direct 

positive molds facilitate and simplify the fabrication process and minimize the potential error 

caused by PDMS shrinkage compared to the double casting methods21,38. In summary, the 

proposed micromilled direct molds for fabricating Quake-style valves allow an easier approach 

for the commercialization of molds and the multiplexing of PDMS OoCs.  

In this chapter, we show a completely cleanroom-free fabrication method for Quake-style 

PDMS ‘macrovalves’ by using micromilling to fabricate direct positive molds. The control 

channels can form both bridges to cross as well as valves to close off rounded flow channels. 

In addition, we offer a valve design guide by systematically characterizing the bridge and valve 

channel heights, widths and actuation pressures. The macrovalves can close off rounded 

channels that are up to 700 µm high and 1000 µm wide. One macrovalve design (for closing 

a 400 µm high, 1000 µm wide rounded channel) was used for further experiments. By creating 

both a peristaltic pump and a mixing and metering device, we demonstrated the effectiveness 

of the macrovalve. The peristaltic pump can achieve a pumping rate of up to 48 µL/min, and 

the mixing and metering device can achieve complete mixing of a volume of 6.4 µL within only 

17 seconds. A second valve design (for closing a 200 µm high, 1000 µm wide channel) was 

used for a proof-of-concept cell culture experiment showing the culture of endothelial cells over 

multiple days under peristaltic flow in a PDMS device, demonstrating its biocompatibility. This 

experiment also demonstrates the potential of the macrovalves to be applied in multiplexed 

OoCs and allow the automation of cell culture in OoCs, which is extremely relevant for 

obtaining higher throughput OoC research and simultaneously reducing the need for manual 

liquid handling.  

6.2 Results 

6.2.1 Fabrication of PDMS devices with integrated macrovalves 
The fabricated devices with integrated macrovalves (Figure 6.1) all consisted of three layers 

(Figure 6.1G): a glass slide, a thin PDMS layer containing control channels that were covered 

by a flexible PDMS membrane (control layer), and a PDMS layer with a rounded flow channel 

(flow layer). Figure 6.1A and B show a control channel crossing a 1 mm wide, 400 µm high, 

rounded flow channel. The flow channel was filled with blue food dye. If the cross section of the  
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Figure 6.1: The fabricated PDMS macrovalve.  
A-B) Top view microscopic pictures of: A) a control layer with an open valve and a bridge, B) a pressurized 
control channel with a closed valve and a bridge, not closing the flow channel. The rounded flow 
channels contain blue food coloring, and the control channels contain water. C) Schematic illustration of 
an open and a closed valve from a cross-sectional view at the site of the valve. By pressurizing the control 
channel (P↑), the valve closes. D-G) Simplified illustration of the fabrication process. D) A micromilled 
mold with an upstanding, rounded structure is used to cast PDMS as flow layer. E) A micromilled mold 
with rectangular structures (control channels) is used as control layer. PDMS can be spin coated on the 
mold, resulting in a thin PDMS membrane between the control channel and the flow channel. F) The 
PDMS can be procured, and subsequently the two layers can be aligned. G) The control layer is bonded 
to a glass slide. The final fabricated device consists of three layers; a glass slide, the control layer, and 
the flow layer. 
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control channel with the flow channel was sufficiently wide, the membrane of the control 

channel deflected upon pressurization into the flow channel and closed it off (Figure 6.1B and 

C), thereby closing the valve. The (simplified) fabrication process is illustrated in Figure 6.1 D-

G. Directly micromilled molds were used for casting the PDMS for the flow layer and spin 

coating the PDMS for the control layer. After pre-curing both layers, they can be aligned and 

bonded to a glass slide based on Unger et al.12.   

6.2.2 Reducing the surface roughness of the micromilled mold  
To obtain full sealing of the valve, the flow channel should have a rounded, ideally smooth, 

profile. Scanning electron microscopy (SEM) images were taken, showing a staircase-like 

structure in the PMMA mold (Figure 6.2A and B) as a result of milling this protruding rounded 

structure. With a Dektak profilometer (Veeco), the surface profile of the milled, rounded 

structure in the PMMA mold was measured (Supplementary Section 6.9.2). The vertical steps of 

the staircase-like structure were measured to be 10 µm. A cross section of a PDMS cast of the 

flow channel is shown in Supplementary Figure 6.9. To reduce the surface roughness of the 

channel, a 5-minute chloroform treatment of the PMMA molds was performed based on Ogilvie 

et al. 39 (Supplementary Section 6.9.1, Solution 1B).  

 

 

Figure 6.2: SEM images of the PMMA mold for the rounded flow channel, before (A+B) and after (C+D) 
chloroform solvent treatment.   
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The SEM images (Figure 6.2C and D) show the smoothing effect of the solvent treatment on the 

surface of the rounded protruding structure. This smoothing effect was also seen in a Dektak 

measurement of the treated mold (Supplementary Section 6.9.2, Supplementary Figure 6.11). 

We found that the valves were leak-free when closed (limit of detection: 10 nL/min) and usable 

for pumping regardless of the additional smoothing step. Hence, we did not use chloroform 

treatment for the systematic characterization chips, the peristaltic pump or the mixing and 

metering device. Smoothing is performed on the molds for the recirculation chip that is used 

for cell culturing.  

6.2.3 Systematic characterization of macrovalve actuation as a function 
of dimension and pressure 

A systematic characterization of valves with different dimensions or control line pressures 

provides a useful design tool for manufacturing PDMS devices with various dimensions and 

applications. This systematic characterization determines the required control channel width for 

a range of flow channel widths and heights at different actuation pressures. Four 

characterization chips (each containing 25 cross sections between a control channel and a flow 

channel) were designed and fabricated. For each chip, the width for the rounded flow channel 

was fixed (250, 500, 750, or 1000 µm wide; see Figure 6.3A and B). A range of heights for 

the flow channels, which are given as a percentage (%) of the flow channel width, was 

examined. Furthermore, five control channels with a range of widths, also all given as a 

percentage (%) of the flow channel width, were examined. Cross sections of the PDMS casts of 

the micromilled molds can be found in Supplementary Section 6.9.3 and 6.9.4 for the flow and 

control channels, respectively.  

The flow channels were filled with blue food dye, and a range of actuation pressures (1, 

1.25, 1.5 and 1.75 bar) was applied to the control channels. The control/flow channel cross 

sections were observed under a microscope for the presence of blue food dye in the flow 

channel (as shown in Figure 6.1B). Figure 6.3C shows the valve closure at the different actuation 

pressures for all 4 chip versions. Figure 6.3C shows that our proposed fabrication method 

worked to close off different sizes of flow channels, with heights of up to 70% of the width. With 

a narrow control channel (width of 10-12% of the flow channel width), bridging a flow channel 

was never a problem as long as the flow channel height was higher than 20% of the width. For 

closing, a control channel as wide as the flow channel seemed to be the most robust, although 

they had the disadvantage of a large footprint. When a small footprint is preferred, a control 

channel width of 60% of the flow channel width also sufficed at higher actuation pressures.  
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Figure 6.3: Systematic characterization of the valves.  
A) Schematic top view of the chip for characterization. This chip is fabricated in 4 versions, each with a 
fixed flow channel width (250, 500, 750 or 1000 µm). The flow channel height is varied as a % of the 
flow channel width, indicated by the blue gradient. The control channel height is fixed per chip version, 
and the control channel width is varied as a % of the flow channel width. B) The fabricated 4 versions of 
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the chip, with the fixed flow channel width indicated. C) Valve closures of the 4 chip versions at different 
actuation pressures (indicated by the 4 vertical bars at the bottom right: 1, 1.25, 1.5, 1.75 bar) (per bar, 
n=9 to 12). The valve closures for the separate chip versions (250, 500, 750 and 1000 µm flow channel 
width) can be found in Supplementary Section 6.9.5. 

 

As OoCs often have a 1 mm wide channel with a height varying from 150 µm up to 1 mm16–

20,25, we chose to further examine a valve fitting these OoC dimensions. In the remainder of this 

paper, we examined the valve closing of a 1000 µm wide and 400 µm high channel, henceforth 

referred to as the ‘macrovalve’. 

6.2.4 Macrovalve actuation and leakage 
The closing behavior of the macrovalve was examined by applying different pressures to the 

flow and control channels. Two pressure regulators were used to apply a differential pressure 

(dP) to the inlet and outlet of the flow channel, and one pressure regulator was used to apply 

pressure to the control channel. A flow sensor, in series with the valve, was used to measure 

the flow at different pressures (see Figure 6.4A). By applying more than 900 mbar to the control 

line, the valve could be closed for all four input pressures ranging from 2.5 mbar to 10 mbar. 

Valve leakage was also examined and is shown in Supplementary Section 6.9.6. Simply 

put, the average valve leakage is in the range of nL/min, which is only 0.1% of the flow rate 

with an open valve, from which we could conclude that the leakage of a closed valve is 

negligible for our applications. 

6.2.5 Peristaltic pumping rate 
Three consecutive valves were used to create a peristaltic pump. The pumping rate of the 

peristaltic pump was examined by the actuation of the valves with a 6-phase pattern (101, 100, 

110, 010, 011, 001; schematically illustrated in Figure 6.4C) at different frequencies. Figure 

6.4B shows the linear response between the actuation frequency and the pumping rate for each 

actuation pressure. At a frequency of 20 Hz, a maximum pumping rate of 47.9 µL/min was 

achieved (see Figure 6.4B). The measurements within one pump were reproducible, as 

indicated by the small, almost invisible error bars for the measurements at 1 bar. Another 

peristaltic pump, shown in Supplementary Figure 6.10, also showed a linear response. 

Frequencies above 20 Hz were not examined as they cannot be achieved with the valve 

manifold setup used, which has a maximal switching frequency of 20 Hz. 
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Figure 6.4: A) Closing behavior of the macrovalve. Lines for visual guidance. dP = differential pressure 
between inlet and outlet pressures of the flow channel, which are variated and indicated by the different 
colors (n=1). B) Pumping rate of the peristaltic pump at different frequencies and pressures of actuation 
with a 6-phase pattern (101, 100, 110, 010, 011, 001). A linear relation is observed between the 
pumping rate and the actuation frequencies for all three actuation pressures. 1 bar, R2=0.9999 (n=3); 
1.2 bar, R2=0.9997 (n=1); 1.5 bar, R2=0.9998 (n=1). C) Schematic illustration of the 6-phase actuation 
pattern of the peristaltic pump.  

 

6.2.6 Mixing and metering device: mixing efficiency and dilution series  
The mixing and metering device, schematically shown in Figure 6.5A, contains two inlets, two 

outlets and an on-chip peristaltic pump. The mixing and metering device was characterized by 

mixing food dye and water in the flow channels of the chip. During mixing, images of the fluids 

in the chip were captured, which were later converted to concentrations using calibration curves, 

as further explained in the Materials and Methods section. 

The amount of mixing can be quantified as the difference between the concentration 

profiles after mixing and the perfectly mixed case. When this is taken as a fraction of the 

difference between a completely unmixed profile (a step function) and the same perfectly mixed 

case, we arrive at the previously reported formulation of the mixing efficiency40: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑒𝑒𝑒𝑒𝑒𝑒𝑀𝑀𝑒𝑒𝑀𝑀𝑒𝑒𝑀𝑀𝑒𝑒𝑒𝑒 =
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Figure 6.5: Mixing efficiency of a food dye (Inlet B) with water (Inlet A).  
A) Schematic top view of the device with an indication of the site where the intensity was measured. B) 
Image of the channel before mixing. Channel width (indicated with the dashed lines) is 1 mm. C) Image 
of the channel after mixing. Please note that this channel is rounded. Therefore, the intensity at the 
corners is lower, while the actual concentration is constant; see Supplementary Section 6.9.7 for the 
corresponding calibration. D) Mixing efficiency over time. The periods of mixing and afterward flushing 
are indicated. After 17 seconds of mixing, the mixing efficiency approaches 90%. E+F) Calculated 
concentration along the width of the channel (distance x) before (E) and after (F) mixing. An average 
mixing efficiency of 90.4 ± 3.32% was observed after 17 seconds of mixing (n=3).  
Dilution of 100% food dye (Inlet B) with water (Inlet A). G) Schematic top view of the device with an 
indication (red box) of the site where the intensity was measured. H) Image of the mixing and metering 
device at the start of the experiment. I) Calculated concentration of the food dye in the channel after 
diluting 100% food dye with water for 5 cycles. An exponential decrease in food dye concentration is 
observed with an exponential fit of y=102.69e-0.561x with R2=0.999 (n=3 measurements).  
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where, N is the number of pixel rows, 𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is the concentration measured along the 

channel, 𝑒𝑒̅ is the average concentration along the channel and 𝑒𝑒0 is the completely unmixed 

concentration profile along the channel. For this 𝑒𝑒0 profile, we take a step function from 0 for 

half the channel width to 2𝑒𝑒̅ for the other half of the channel width as a reference for the 

unmixed state, as described by Johnson et al.40. 

Figure 6.5A schematically shows the site where the intensity was measured and the 

concentration was calculated. Figure 6.5B+C shows the actual pictures before and after mixing, 

with the calculated concentration along the distance x shown in Figure 6.5E+F. The mixing 

efficiency improved from 3.46 ± 1.61% before mixing to 90.4 ± 3.32% after 17 seconds of 

mixing. The mixing efficiency was also calculated over time, as shown in Figure 6.5D. A video 

recording of the mixing process can be found in Supplementary Section 6.9.8. 

 

The mixing and metering device was also used to perform a dilution series (Figure 6.5G-I). 

First, the flow channels of the device shown in Figure 6.5G were filled with food dye, and after 

a valve closed the mixing loop, the main channel was subsequently flushed with 100% water 

(Figure 6.5G and H). This water was mixed for 17 seconds with the food dye present in the 

mixing loop, diluting the food dye, which was repeated 5 times, indicated as dilution cycles. A 

video recording of the dilution series performance can be found in Supplementary Section 

6.9.9. The concentration in the channel was calculated with the same method as that for the 

mixing experiments (further explained in the Materials and Methods and Supplementary Section 

6.9.7). The concentration in the channel is plotted per cycle of dilution in Figure 6.5I. The 

dilution series shows an exponential fit (R2=0.999), as expected, since for every cycle 

approximately 37% of the total loop volume is replaced. 

6.2.7 On-chip endothelial cell culture under peristaltic flow  
Both shear stress and constant exposure to paracrine signaling factors play important roles in 

the integrity of in vitro cultured endothelium. These two factors can be achieved by the 

recirculation of the cell culture medium in a chip either via an off-chip pump41 or an on-chip 

pump composed of microvalves24,42. The presented mixing and metering device allows 

recirculation of the medium in a closed loop. The ‘recirculation chip’ has a similar design to 

that of the mixing and metering chip (Figure 6.6A), but the valves are 1 mm wide and the flow 

channel is 1 mm wide and 200 µm high43. The recirculation chip is used for a proof-of-concept 

experiment to culture endothelial cells for 96 hours under peristaltic flow, applying a shear 

stress to the cells. During these 96 hours, the macrovalves in the peristaltic pump were switched 

ON/OFF over 3 x 106 times in total. The peristaltic pump was programmed to run at 10 Hz 

with a 3-phase (011-101-110) actuation pattern, resulting in a pumping rate of 3.7 µL/min 

(Figure 6.6C, dotted line). This pattern was used for the initial cell culturing experiments to 
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ensure a consistent volume of medium recirculating in the loop during pumping, as there are 

the same number of closed valves in each step of the pumping pattern. The same chip was also 

able to achieve higher pumping rates with the 6-phase actuation pattern (Figure 6.6C, 

continuous line). The endothelial cells formed a confluent cell layer in the flow channel 96 hours 

after seeding (Figure 6.6B and D).  

 

 

Figure 6.6: Endothelial cell culture in the recirculation chip43.  
A) Schematic top view of the device with indications of the peristaltic pump (red) and the cell chamber 
(green). The white arrows indicate the medium recirculation loop. B) Phase contrast microscopic image 
of HUVECs (passage number 7) cultured on-chip for 96 hours under constant peristaltic flow. Scale bar 
represents 1 mm. C) Measured pumping rate of the on-chip peristaltic pump at different frequencies with 
3-phase and 6-phase actuation patterns (for both, n=1). D) Fluorescence image of the GFP-expressing 
(green) HUVECs with stained cell nuclei (NucBlue) and F-actin (red). Scale bar represents 1 mm.43  

 

6.3 Discussion  

6.3.1 Fabrication process 
Our proposed fabrication method (briefly illustrated in Figure 6.1 D-G and described in detail 

in the Materials and Methods section) provides an approach for the fabrication of a macrovalve, 

using two positive molds with only one soft lithography step. This method completely relies on 

micromilling, which brings several advantages over the conventional photolithography process 
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with a reflow photoresist. Micromilling gives the designer a large amount of freedom, as it 

allows for different heights within one mold, which would be much more cumbersome for 

photolithography masters, as this would require extra masks and fabrication steps. 

Furthermore, our proposed method is completely cleanroom-free, and the micromilled molds 

do not require priming or coating after fabrication. The time necessary for micromilling the two 

molds is dependent on the size of the mold and the amount and complexity of the structures in 

the mold. For the peristaltic pump and mixing and metering device demonstrated here, the 

milling of both molds for one device took 1.5 hours and 2 hours, respectively. This is 3 times 

faster than the fabrication process of the photolithography technique with a reflow photoresist, 

which requires at least 6 hours to fabricate both wafers. 

The larger dimensions of our macrovalve allow a larger margin of error for the alignment 

of the two layers than those of typical microvalves. The alignment can be performed by using 

a simple stereo microscope, or even by the naked eye, and it is not required for the user to be 

extremely precise or experienced. The dimensions (height and width) of the channels and valves 

are all one order of magnitude (10x) higher than those commonly obtained with the 

conventional reflow photoresist method.  

6.3.2 Reducing the surface roughness of the PMMA micromilled mold 
The vertical ‘staircase’ steps of the rounded PMMA structure (Figure 6.2A and B) were measured 

to be 10 µm, which can be tuned by a specific parameter in the HSMworks software (further 

explained in Supplementary Section 6.9.1, Solution 1A). A higher precision should be possible 

but requires more computational power and thus more computation (and milling) time. Another 

approach for smoothing the rounded structure is a chloroform solvent treatment based on 

Oglivie et al.39 (Supplementary Section 6.9.1, Solution 1B). Figure 6.2 shows a clear smoothing 

of the PMMA mold surface due to this chloroform solvent treatment. However, the effect of a 

chloroform solvent treatment can depend on several factors, such as the volume of the petri 

dish used, the volume and concentration of chloroform used and the distance between the 

chloroform liquid level and the surface of the PMMA mold. This results in the solvent treatment 

requiring optimization before it can be used, complicating the fabrication process. We found 

that both additional smoothing options were not required to close off the flow channel 

completely.  

6.3.3 Systematic characterization of macrovalve actuation as a function 
of dimension and pressure 

The systematic characterization performed (Figure 6.2 and Supplementary Section 6.9.3-6.9.5) 

provides a valuable design tool for fabricating valves with various sizes and/or applications. 

Please note that this valve closure is highly dependent on the thickness of the thin PDMS 
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membrane between the control and flow layers. When a different spinning speed, PDMS ratio, 

size mold, or PDMS viscosity is used, this thickness can be different, leading to differences in 

valve characteristics (see Supplementary Section 6.9.1, Problem 2-4). We recommend using 

the proposed fabrication technique for closing off rounded channels with widths of 500 µm or 

higher, as both the control layer and the flow layer of the 250 µm chip have very high 

percentage deviations in both their widths and heights (Supplementary Section 6.9.3-6.9.5).  

6.3.4 Macrovalve actuation and leakage 
The valve leakage when applying a 20 mbar pressure to the flow channel and a 1.5 bar 

pressure to the control channel is in the range of nL/min, which is only 0.1% of the flow rate 

with an open valve and below the limit of detection (10 nL/min) of the flow sensor used. The 

90% response time from an open valve to a 90% closed valve was less than 0.5 seconds 

(Supplementary Figure 6.14). After these 0.5 seconds, the flow sensor is not sensitive enough 

to accurately measure. However, the flow is measured outside the PDMS chip with the 

macrovalve, which may cause a delay in the response time due to the inertia of the fluid. For 

compartmentalization purposes in OoC applications, this response time and valve sealing are 

sufficient. 

6.3.5 Peristaltic pumping rate 
Figure 6.4B shows that the pumping rate increases as the actuation frequency increases, up 

until a frequency of 20 Hz, which is the maximum switching frequency of the valve manifold 

controlling the valves of the peristaltic pump44. The most commonly used flow rate for OoCs is 

0.5 µL/min18,19,25 or 1 µL/min16,17, which can easily be obtained by the presented peristaltic 

pump. We report a maximum pumping rate of 48 µL/min, which is much higher than the 

pumping rates reported for peristaltic pumps fabricated by the conventional reflow photoresist 

method. The pumping rates usually achieved by these pumps range from 0.05 µL/min up to 

0.15 µL/min12,14,22,23. Pumping rates of 7.5 µL/min for devices using conventional Quake-style 

valves are documented45. However, these pumps require very high frequencies (300-400 Hz) 

to obtain these pumping rates, which cannot be obtained by the external solenoid valve 

manifold used in this chapter. High-speed electrovalves, as used by Goulpeau et al., could 

resolve this problem. However, the attainable pressure switch time is also limited by the 

actuation volumes (i.e., the volumes of the tubing and the control channel)45.  

Figure 6.4B shows the almost perfectly linear response of the actuation frequency and its 

resulting pumping rate. Separate pumps show slightly different pumping rates at different 

frequencies and actuation pressures, but the aforementioned linearity facilitates the calibration. 

Depending on the desired flow rate, the peristaltic pump can be calibrated by determining a 

suitable actuation pressure and frequency, described in Supplementary Section 6.9.1, Solution 
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4 (Supplementary Figure 6.10). Within one pump chip, the flow-to-frequency plot is shown to 

be very reproducible (Figure 6.4B, 1 bar). 

6.3.6 Mixing and metering device: mixing efficiency and dilution series 
We showed that we could improve the mixing efficiency from 3.46 ± 1.61% before mixing to 

90.4 ± 3.32% after 17 seconds of mixing (Figure 6.5). In comparison, Kondapalli et al. showed 

a mixing and metering device with the application of refolding of a protein on-chip24, where 

they reported a required mixing time of 45 seconds to completely mix. However, the mixing 

efficiency has not been quantitatively reported. 

A mixing efficiency above 90% is considered to indicate a uniform distribution along the 

channel46. However, in the literature, microfluidic mixers are passive mixers with a specific 

channel structure causing the mixing and thus have a single mixing efficiency for a given flow 

rate. The mixing efficiency in our system is difficult to compare to those of the passive mixers in 

the literature for two reasons: first, mixing is actively achieved via recirculation, and second, the 

mixing loop contains a dead volume that is also recirculated during mixing. Both effects cause 

a change in mixing efficiency over time. The first effect means we can simply recirculate 

indefinitely to achieve increasingly better efficiencies. The second effect means that there are 

initially some oscillations in the measured mixing efficiency as the dead volume recirculates. To 

overcome this and still be able facilitate a comparison to the literature, we instead characterized 

the time required for the oscillations to die out for the mixing efficiency to reach 90%. In Figure 

6.5D, we see that the oscillations die out after 10 seconds of recirculation, and a mixing 

efficiency of ~90% is reached after 17 seconds. 

The dilution series shown in Figure 6.5G-I shows an exponential fit, which is expected, 

since the dye was diluted with the same amount of water in each cycle. The fit shows a dilution 

factor of 0.561, which approaches the expected dilution factor of 0.584 obtained by calculating 

the volumes of the channels in the mixing loop (Supplementary Section 6.9.10). Other dilution 

factors can be achieved by adjusting the volume ratio in the chip. 

6.3.7 Endothelial cell culture under peristaltic flow 
With the proof-of-concept cell culture experiment, we showed that the device is biocompatible 

and allows the cell culture of endothelial cells over multiple days. During the initial long-term 

experiments, we discovered that the bond between the control layer and the glass slide was not 

sufficiently strong to withstand actuation for more than 24 hours. To solve this, we added an 

additional PDMS layer under the control layer, which is further described in the Materials and 

Methods section. In our initial cell culture experiment, we demonstrated that it is possible to 

actuate the valves over 96 hours, during which we switched the valves ON/OFF over 3 x 106 

times.  
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The peristaltic pump generated a shear stress of approximately 0.01 Pa when actuated at 

10 Hz according to a 3-phase pattern (calculated using an approximation of wall shear stress 

in rectangular channels47). This is not yet a physiologically relevant shear stress for blood vessels 

(>~0.5 Pa)48–50; however, this can be solved by reducing the cell chamber dimensions or by 

using the 6-phase pattern that was shown to achieve much higher pumping rates. For other 

OoC applications, such as gut-on-chips, the generated shear stress is already sufficient25.  

6.4 Conclusion and outlook  

The presented cleanroom-free fabrication process based on the micromilling of a direct positive 

mold for Quake-style PDMS macrovalves is a method that, to our knowledge, has not been 

described before. We show that we can form both bridges to cross and valves to close off 

rounded channels of up to 700 µm high and 1000 µm wide. A systematic characterization of 

the valve and bridge dimensions is performed, which is a valuable design tool for devices with 

dimensions in the order of hundreds of micrometers (250-1000 µm) that cannot be achieved 

with the conventional reflow photoresist method typically used to produce Quake-style valves. 

The dimensions are specifically tuned for OoCs, and the results of an initial cell culture 

experiment support the conclusion that cells can be cultured with automated medium 

refreshment for at least multiple days by using this valve technology. In addition, the large 

stroke volumes of the macrovalves enable us to achieve pumping rates up to 48 µL/min using 

peristaltic pumping. The integration of these macrovalves will allow the multiplexing and 

automated control of cell culture conditions in OoCs. These parameters are essential for 

obtaining higher throughput OoCs while reducing the need for manual handling.  

6.5 Materials and methods  

6.5.1 PMMA mold fabrication   
For each design, two PMMA molds were designed in 3D-CAD software (SolidWorks®, 2018) 

for the control and flow layers. The dimensions of the protruding structures depended on the 

chip design. The inlets and outlets were on a grid corresponding to the ISO Workshop 

Agreement 23:2016 standards51.  

HSMworks, integrated CAD/CAM software in SolidWorks®, was used to program the 

milling steps. Specifically, the tolerance and smoothing settings in the design for the flow layer 

were essential for obtaining the smooth, rounded protruding structure (see Supplementary 

Section 6.9.1, Solution 1A). The PMMA stock material was micromilled (Datron Neo, Germany) 

to obtain the positive molds. For the flow layer, a 1 mm diameter mill was used, and for the 

smallest features in the control layer, a 0.4 mm diameter mill was used. An optional 5-minute 
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chloroform (Sigma-Aldrich) solvent treatment of the PMMA molds based on Oglivie et al.39 can 

be performed (Supplementary Section 6.9.1, Solution 1B). After micromilling, dust can be 

removed by rinsing the molds with water (the use of an ultrasonic bath to remove eventual burrs 

and dust is optionally) and drying them using a nitrogen gun. The PMMA molds do not need 

priming or coating and can be directly used for PDMS casting.  

6.5.2 PDMS chip fabrication   
The fabrication process for the PDMS devices, illustrated in Figure 6.7, is based on Unger et 

al.12. PDMS (RTV 615, Permacol BV, the Netherlands) was mixed (1:7 (%w/w)) for the flow layer 

and (1:20 (%w/w)) for the control layer, and subsequently degassed for 1.5 hours. The PDMS 

(1:7) was cast on the mold for the flow layer. For the control layer, PDMS (1:20) was spin coated 

onto the micromilled PMMA mold for 60 seconds, resulting in an approximately 60 µm thick 

membrane at the valve site. The spinning speed required for this 60 µm thick membrane 

depended on the size of the mold and the control layer height. The spinning speeds used for 

the different chips are summarized, together with other relevant parameters for the fabrication 

protocol, in Supplementary Section 6.9.11 (Supplementary Table 6.6). The control layer was 

placed on a flat surface after spinning for 20 minutes at room temperature, after which both 

layers were pre-cured for 45 minutes at 60 °C. After pre-curing, inlets for the flow channel were 

punched with a 1 mm biopsy punch (Ted Pella, Inc., USA). Afterward, the two layers were 

aligned and pressed together to bond and cure overnight at 60 °C. Then, inlets for the control 

channels were punched with a 0.75 mm biopsy punch (Harris Uni-core), and the control layer 

was plasma bonded to a glass slide. The final devices consisted of three layers: two PDMS 

layers (flow and control) and one glass layer.  

While using the valves for cell culture over days, delamination of the control layer from the 

glass slide was observed. To solve this problem for the recirculation chip, an additional PDMS 

layer was added to the glass slide. PDMS was mixed (1:10 (w/w), Sylgard 184 Silicone 

elastomer kit, Dow corning), degassed and spin-coated on a glass slide at 300 rpm. This layer 

was pre-cured for 14 minutes at 60 °C, after which the control layer and the PDMS-coated glass 

slide were oxygen plasma-treated. After bonding, the chip was fully cured at 60 °C. Preliminary 

results using an alternative method, as described in Supplementary information S.1, Problem 

5 and in Chapter 7, showed promising improvement for reliability and stability of the devices.  
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Figure 6.7: Schematic illustration of the fabrication processes of the PDMS devices. *Please note that the 
spinning speed in step 3b is dependent on the size of the PMMA control layer mold.    

 

6.5.3 Setup measurements 
Figure 6.8A shows the experimental setup for testing the closing behavior of the valve. Two 

pressure regulators (Fluigent, LINEUP™ series) were used to apply pressures to the inlet and 

outlet of the flow channel, and the difference in these pressures is the differential pressure (dP). 

One pressure regulator (Fluigent, LINEUP™ series) was used to apply pressure to the control 

channel. In series with the valve, a flow sensor (Fluigent, FRP size L) was placed.  

For the systematic characterization, the flow channels were filled with a blue food dye (JO-

LA), and the valve closure was observed by using a microscope with a color CCD camera (FLIR 
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Grasshopper 3, U23S6C) to record the images. A custom-made system (Convergence Industry 

B.V., the Netherlands) was used for the actuation of the control channels. 

Figure 6.8B shows the experimental setup for measuring the peristaltic pump flow rate. For 

the actuation of the three valves, the pressure to the control channels was applied via a valve 

manifold (Festo) (which as a maximum switching frequency of 20 Hz) controlled by an Easyport 

module (Festo). The peristaltic pump was actuated at a certain frequency and pressure for 5 or 

10 minutes. The outflow was collected in Eppendorf tubes, which were weighed (Balance SX64, 

Mettler Toledo) before and after pumping. 

For the mixing and metering device (Figure 6.8C), a custom-made system (Convergence) 

was used for the actuation of the control channels. The control channels were actuated with a 

pressure of 1.5 bar. For mixing, the three valves were also actuated with a 6-pattern for 20 

cycles at a frequency of 10 Hz. With a pressure regulator (Fluigent, LINEUP™ series), pressure 

was applied to both inlets of the mixing and metering device. Images were taken using a 

greyscale camera (Grasshopper3 GS3-U3-23S6M, Point Grey camera). 

 

 

Figure 6.8: Experimental setups for A) testing the closing behavior of the valve, B) measuring the pumping 
rate generated by the peristaltic pump and C) measuring the mixing efficiency and dilution series. 
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6.5.4 Image processing 
Image processing and analysis were performed using MATLAB (2017b). First, a background 

correction was performed to correct for overall intensity variations (Supplementary Section 

6.9.7). A calibration session was conducted in which the flow channels of the mixing and 

metering device were filled with known concentrations of food dye diluted in water to obtain a 

calibration curve (Supplementary Figure 6.15). Supplementary Figure 6.15A shows that when 

the flow channel is filled with food dye, the measured intensity differs along the width of the 

channel (distance x in Figure 6.5B+C) due to the rounded profile of the flow channel. To solve 

this, a calibration curve was established per pixel row. Three calibration curves at various sites 

along the width of the channel are shown in Supplementary Figure 6.15B-D, where (I0/I) is 

plotted against concentration. All calibration curves followed a second-order polynomial fit. 

Using these calibration curves, the unknown concentration along the channel could be 

calculated (Figure 6.5). By analyzing the separate picture frames of the mixing process, the 

mixing efficiency was calculated over time (Figure 6.5D). The average concentration (𝑒𝑒̅) was 

calculated per picture frame, which was used to calculate the mixing efficiency at that specific 

frame/time point. 

6.5.5 Endothelial cell culture   
Green fluorescent protein (GFP)-expressing human umbilical vein endothelial cells (HUVECs) 

(Angio-Proteomie, USA) were cultured in endothelial growth medium (EGM) (Cell Applications, 

Inc., CA, USA) in a collagen I-coated T75 flask (CELLCOAT®, Greinder Bio-One). Prior to cell 

culture, the recirculation chip was sterilized by performing oxygen plasma treatment (40 

seconds, 50 Watt, Femto Science, Cute), and the flow channels were flushed with 70% ethanol 

(Boom, the Netherlands) and subsequently with phosphate-buffered saline (PBS, Sigma-

Aldrich). The GFP-expressing HUVECs (passage number 7) were seeded in the cell chamber at 

a seeding density of 4x106 cells/mL. The on-chip peristaltic pump was programmed to run a 

3-phase (011-101-110) actuation pattern at 10 Hz. The cell culture medium in the loop was 

partially replaced every 2 hours automatically. The valves at inlet 1 and the outlet were opened, 

and the cell chamber closed (Figure 6.6A), while the on-chip pump pumped fresh medium in 

the chip for 1 minute.  

The on-chip culture experiment was carried out by placing the device in a custom-built 

incubation system9 for 96 hours.  

For fluorescence microscopy analysis, the HUVECs were fixed with 4% paraformaldehyde 

(Sigma-Aldrich) in PBS and subsequently permeabilized with 0.3% Triton-X (Sigma-Aldrich) in 

PBS. The cells were stained with 15 µL/mL of both AcinRed (Thermo Fisher Scientific) and 

NucBlue (Thermo Fisher Scientific) in PBS to visualize the F-actin filaments and the cell nuclei, 
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respectively. Fluorescent and phase contrast images were captured using an EVOS FL cell 

imaging system. 

6.6 Acknowledgments 

The authors thank Johan Bomer for taking the SEM images and performing the Dektak surface 

profiling measurements.  

6.7 References 

1. Ingber, D. E. Reverse Engineering Human Pathophysiology with Organs-on-Chips. Cell 164, 
1105–1109 (2016). 

2. Bhatia, S. N. & Ingber, D. E. Microfluidic organs-on-chips. Nat. Biotechnol. 32, 760–772 (2014). 
3. Reardon, S. ‘Organs-on-chips’ go mainstream. Nature 523, 266 (2015). 
4. Sontheimer-Phelps, A., Hassell, B. A. & Ingber, D. E. Modelling cancer in microfluidic human 

organs-on-chips. Nat. Rev. Cancer 19, 65–81 (2019). 
5. Probst, C., Schneider, S. & Loskill, P. High-throughput organ-on-a-chip systems: Current status 

and remaining challenges. Curr. Opin. Biomed. Eng. 6, 33–41 (2018). 
6. Rothbauer, M., Rosser, J. M., Zirath, H. & Ertl, P. Tomorrow today: organ-on-a-chip advances 

towards clinically relevant pharmaceutical and medical in vitro models. Curr. Opin. Biotechnol. 
55, 81–86 (2019). 

7. Mimetas. Mimetas OrganoPlate. https://mimetas.com/page/products. 
8. Zakharova, M. et al. Multiplexed blood-brain barrier organ-on-chip. Lab Chip 20, 3132–3143 

(2020). 
9. Vollertsen, A. R. et al. Modular operation of microfluidic chips for highly parallelized cell culture 

and liquid dosing via a fluidic circuit board. Microsystems Nanoeng. 6, (2020). 
10. Vollertsen, A. R. et al. Highly parallelized human embryonic stem cell differentiation to cardiac 

mesoderm in nanoliter chambers on a microfluidic chip. Biomed. Microdevices 23, (2021). 
11. Thorsen, T., Maerkl, S. J. & Quake, S. R. Microfluidic Large-Scale Integration. 298, 580–585 

(2002). 
12. Unger, M. A., Chou, H. P., Thorsen, T., Scherer, A. & Quake, S. R. Monolithic microfabricated 

valves and pumps by multilayer soft lithography. Science, 288, 113–116 (2000). 
13. Ren, K., Zhou, J. & Wu, H. Materials for microfluidic chip fabrication. Acc. Chem. Res. 46, 2396–

2406 (2013). 
14. Gómez-Sjöberg, R., Leyrat, A. A., Pirone, D. M., Chen, C. S. & Quake, S. R. Versatile, fully 

automated, microfluidic cell culture system. Anal. Chem. 79, 8557–8563 (2007). 
15. Blazek, M., Santisteban, T. S., Zengerle, R. & Meier, M. Analysis of fast protein phosphorylation 

kinetics in single cells on a microfluidic chip. Lab Chip 15, 726–734 (2015). 
16. Jalili-Firoozinezhad, S. et al. A complex human gut microbiome cultured in an anaerobic intestine-

on-a-chip. Nat. Biomed. Eng. 3, 520–531 (2019). 
17. Maoz, B. M. et al. Organs-on-Chips with combined multi-electrode array and transepithelial 

electrical resistance measurement capabilities. Lab Chip 17, 2294–2302 (2017). 
18. Grassart, A. et al. Bioengineered Human Organ-on-Chip Reveals Intestinal Microenvironment 

and Mechanical Forces Impacting Shigella Infection. Cell Host Microbe 26, 435-444.e4 (2019). 
19. van der Helm, M. W. et al. Non-invasive sensing of transepithelial barrier function and tissue 

differentiation in organs-on-chips using impedance spectroscopy. Lab Chip 19, 452–463 (2019). 
20. Zhang, Y. S. et al. Multisensor-integrated organs-on-chips platform for automated and continual 

in situ monitoring of organoid behaviors. Proc. Natl. Acad. Sci. U. S. A. 114, E2293–E2302 



 

 

176 

 

Chapter 6 
 

 
(2017). 

21. Silva Santisteban, T., Rabajania, O., Kalinina, I., Robinson, S. & Meier, M. Rapid spheroid clearing 
on a microfluidic chip. Lab Chip 18, 153–161 (2017). 

22. Bowen, A. L. & Martin, R. S. Integration of on-chip peristaltic pumps and injection valves with 
microchip electrophoresis and electrochemical detection. Electrophoresis 31, 2534–2540 (2010). 

23. Cole, M. C., Desai, A. V. & Kenis, P. J. A. Two-layer multiplexed peristaltic pumps for high-density 
integrated microfluidics. Sensors Actuators, B Chem. 151, 384–393 (2011). 

24. Kondapalli, S. & Kirby, B. J. Refolding of β-galactosidase: Microfluidic device for reagent metering 
and mixing and quantification of refolding yield. Microfluid. Nanofluidics 7, 275–281 (2009). 

25. Kim, H. J., Huh, D., Hamilton, G. & Ingber, D. E. Human gut-on-a-chip inhabited by microbial 
flora that experiences intestinal peristalsis-like motions and flow. Lab Chip 12, 2165–2174 (2012). 

26. Campbell, S. et al. Beyond polydimethylsiloxane: Alternative materials for fabrication of organ on 
a chip devices and microphysiological systems. ACS Biomater. Sci. Eng. (2020) 
doi:10.1021/acsbiomaterials.0c00640. 

27. van Meer, B. J. et al. Small molecule absorption by PDMS in the context of drug response 
bioassays. Biochem. Biophys. Res. Commun. 482, 323–328 (2017). 

28. Volpatti, L. R. & Yetisen, A. K. Commercialization of microfluidic devices. Trends Biotechnol. 32, 
347–350 (2014). 

29. Halldorsson, S., Lucumi, E., Gómez-Sjöberg, R. & Fleming, R. M. T. Advantages and challenges 
of microfluidic cell culture in polydimethylsiloxane devices. Biosens. Bioelectron. 63, 218–231 
(2015). 

30. Freitas, D. N., Mongersun, A., Chau, H. & Araci, I. E. Tunable soft lithography molds enable 
rapid-prototyping of multi-height channels for microfluidic large-scale integration. J. 
Micromechanics Microengineering 29, (2019). 

31. Lee, Y. S., Bhattacharjee, N. & Folch, A. 3D-printed Quake-style microvalves and micropumps. 
Lab Chip 18, 1207–1214 (2018). 

32. Glick, C. C. et al. Rapid assembly of multilayer microfluidic structures via 3D-printed transfer 
molding and bonding. Microsystems Nanoeng. 2, 1–9 (2016). 

33. Compera, N., Atwell, S., Wirth, J., Wolfrum, B. & Meier, M. Upscaling of pneumatic membrane 
valves for the integration of 3D cell cultures on chip. Lab Chip 21, 2986–2996 (2021). 

34. Owens, C. E. & Hart, A. J. High-precision modular microfluidics by micromilling of interlocking 
injection-molded blocks. Lab Chip 18, 890–901 (2018). 

35. Razavi Bazaz, S. et al. Rapid Softlithography Using 3D-Printed Molds. Adv. Mater. Technol. 4, 1–
11 (2019). 

36. Venzac, B. et al. PDMS Curing Inhibition on 3D-Printed Molds: Why? Also, How to Avoid It? Anal. 
Chem. 93, 7180–7187 (2021). 

37. Guckenberger, D. J., De Groot, T. E., Wan, A. M. D., Beebe, D. J. & Young, E. W. K. Micromilling: 
A method for ultra-rapid prototyping of plastic microfluidic devices. Lab Chip 15, 2364–2378 
(2015). 

38. Jang, M., Kwon, Y. J. & Lee, N. Y. Non-photolithographic plastic-mold-based fabrication of 
cylindrical and multi-tiered poly(dimethylsiloxane) microchannels for biomimetic lab-on-a-chip 
applications. RSC Adv. 5, 100905–100911 (2015). 

39. Ogilvie, I. R. G. et al. Reduction of surface roughness for optical quality microfluidic devices in 
PMMA and COC. J. Micromechanics Microengineering 20, (2010). 

40. Johnson, T. J., Ross, D. & Locascio, L. E. Rapid microfluidic mixing. Anal. Chem. 74, 45–51 (2002). 
41. Mohammed, M. et al. Studying the Response of Aortic Endothelial Cells under Pulsatile Flow Using 

a Compact Microfluidic System. Anal. Chem. 91, 12077–12084 (2019). 
42. Zheng, C., Zhang, X., Li, C., Pang, Y. & Huang, Y. Microfluidic Device for Studying Controllable 

Hydrodynamic Flow Induced Cellular Responses. Anal. Chem. 89, 3710–3715 (2017). 
43. Bossink, E. G., Vollertsen, A. R., Segerink, L. I., Meer, A. D. Van Der & Odijk, M. Automated 

Medium Recirculation Using Macro Valves for High Flow Rates in an Endothelial Cell Culture Chip. 



 

 

177 

 

Systematic characterization of cleanroom-free fabricated macrovalves 
 

C
ha

pt
er

 6
 

in 1269–1270 (25th International Conference on Miniaturized Systems for Chemistry and Life 
Sciences, 2021). 

44. Festo. Technical manual, Solenoid valves MH1, miniature. 
https://www.festo.com/net/supportportal/files/10026/mh1. 

45. Goulpeau, J., Trouchet, D., Ajdari, A. & Tabeling, P. Experimental study and modeling of 
polydimethylsiloxane peristaltic micropumps. J. Appl. Phys. 98, 1–9 (2005). 

46. Li, Y., Zhang, D., Feng, X., Xu, Y. & Liu, B. F. A microsecond microfluidic mixer for characterizing 
fast biochemical reactions. Talanta 88, 175–180 (2012). 

47. van der Helm, M. W., van der Meer, A. D., Eijkel, J. C. T., van den Berg, A. & Segerink, L. I. 
Microfluidic organ-on-chip technology for blood-brain barrier research. Tissue Barriers 4, (2016). 

48. Sinha, R. et al. Endothelial cell alignment as a result of anisotropic strain and flow induced shear 
stress combinations. Sci. Rep. 6, 1–12 (2016). 

49. Desai, S. Y. et al. Mechanisms of endothelial survival under shear stress. Endothel. J. Endothel. 
Cell Res. 9, 89–102 (2002). 

50. Wong, A. D. et al. The blood-brain barrier: An engineering perspective. Front. Neuroeng. 6, 1–
22 (2013). 

51. Dekker, S. et al. Standardized and modular microfluidic platform for fast Lab on Chip system 
development. Sensors Actuators, B Chem. 272, 468–478 (2018). 

 
 



 

 

178 

 

Chapter 6 
 

 

6.8 Supplementary information  

6.8.1 Troubleshooting  
The proposed fabrication method for our macrovalve is a straightforward and repeatable 

process. It is similar to the Quake-style valve, which is also used in several labs. However in 

practice, it appears that small, at first sight not important factors can influence the performance 

of the valve. We added this troubleshooting section to give possible explanations and guidance 

to help the researchers who want to fabricate the macrovalve themselves. 

 

Problem 1 ‘Positive mold’: The upstanding 

features in the mold for the flow layers are 

not rounded but a staircase-like structure 

with steps is obtained. The steps of this 

structure are too high to be closed by the 

PDMS membrane, or higher than the 10 µm 

reported here in Figure 6.2 or 

Supplementary Figure 6.9 and 6.11. 

Solution 1A: This is mainly caused by 

the settings in HSMworks. In this paper, the 

step that mills the rounded structure is a 3D 

adaptive clearing step, using a 1 mm mill. 

Specifically, the fine step size (in the passes 

tab in HSMworks) determines the height of 

the staircase-like structure. We used for our 

molds the following settings in the passes tab: a tolerance of 0.1 µm, a step size of 0.1 mm, a 

fine step size of 0.01 mm and a smoothing tolerance of 0.01 µm. A cross section of the PDMS 

cast of the PMMA mold should look like Supplementary Figure 6.9. 

Solution 1B: If a smoother surface of the PMMA molds is required, a chloroform solvent 

treatment can be performed as described below based on Ogilvie et al.39: 

• Clean the PMMA mold first by wiping with a KimTech tissue with water, to remove 

the rough PMMA debris. 

• Clean the PMMA mold by ultrasonication in DI water and detergent until all 

unwanted PMMA remains are removed. 

• Rinse the PMMA mold with subsequent, clean DI water, ethanol and IPA. 

• Dry the PMMS mold under a stream of nitrogen. 

• Secure the cleaned PMMA mold to a glass Petri dish cover lid using Scotch tape. 

 

Supplementary Figure 6.9: Cross section of the PDMS 
cast of the microfluidic flow layer without solvent 
treatment, smooth enough to be sealed. The 
staircase-like structure is still, but hardly, visible. 
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• Pour chloroform into a Petri dish until the whole bottom surface of the dish is 

covered. 

• Close the Petri dish with the cover lid with attached PMMA mold for 5 minutes. 

Figure 6.2 and Supplementary Figure 6.11 show the smoothing effect of the solvent treatment 

on the surface of the PMMA mold. 

Solution 1C: Treat the PMMA flow layer mold with a powder blasting at a very low pressure 

to remove burrs and loose unwanted PMMA, which could not be removed by the ultrasonic 

bath. 

 

Problem 2 ‘Valve’: Valve does not close properly when applying a 1 – 1.5 bar pressure to the 

control channels. 

Solution 2: The control layer is too thick, resulting in a thicker PDMS membrane at the site 

of the valve. As a result is the membrane not flexible enough to close the whole flow channel. 

The control layer can either be too thick due to a too low spinning speed and time, or to a too 

viscous PDMS. Possible causes of the PDMS becoming too viscous are when the 20:1 ratio is 

not exactly met, the degassing step was too long, or when PDMS is used which was stored in 

the fridge or freezer. 

 

Problem 3 ‘Valve’: The valve breaks because the PDMS membrane/control layer ruptured after 

applying 1-1.5 bar to the control layer. 

Solution 3: The control layer is too thin, resulting in a too thin PDMS membrane at the site 

of the valve. The cause of rupture of the PDMS membrane are opposite to the cause for a too 

thick PDMS membrane (Problem 2), and the solutions are also opposite to Solution 2. The 

PDMS is not viscous enough, which can be due to an incorrect 20:1 ratio or a degassing step, 

which was too short. Another possible cause is that the PMMA mold for the control layer is not 

cooled down to room temperature before spinning the PDMS. The higher temperature of the 

mold could make the PDMS less viscous and result in a thinner control layer. Also, please be 

aware that the spin coating speeds depend on the height of the control channel and the size of 

the substrate41. Therefore, is in this article a different spinning speed used for the mixing and 

metering device compared to the devices with only a peristaltic pump or a single macrovalve 

and bridge. 

 

Problem 4 ‘Pump’: The peristaltic pump does not reach the 45 µL/min at a frequency of 20 

Hertz as reported in Figure 6.4B, but a lower pumping rate, such as Supplementary Figure 

6.10, 1.2 bar. 
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Solution 4: The membrane between the 

control and flow layer is a bit too thick. The 

valve can still close, but it takes more time 

or pressure to fully seal the flow channel, 

resulting in a lower pumping capacity at a 

similar actuation pressure. A quick solution 

is to increase the actuation pressure. 

Causes and solutions for the too thick PDMS 

membrane are discussed before in Problem 

2 and Solution 2. 

Calibrating the pump is fairly easy, due 

to the linearity between the pumping rate 

and the actuation frequency per pressure. 

The calibration curves are stable over 

different measurements, as shown by the 

almost not visible error bars in Figure 6.4B, 

1 bar. Furthermore, when the pumping rate 

was examined for 20 or 45 minutes, similar pumping rate were observed. We advise to use the 

calibration method described in Figure 6.8B, using the weight the outflow of the pump, over 

the use of flow sensors. Flow sensors have, relatively to the chip, a high hydraulic resistance, 

which will cause lower pumping rates measured.    

 

Problem 5 ‘Bond with glass slide’: The control layer starts delaminating from the glass slide or 

the PDMS (1:10) layer after >1 hour actuation of the valves.  

Solution 5: The bond between control layer and glass slide is not good. Add a PDMS base 

layer PDMS on top of the glass slide. After aligning the control and flow layer, pre-cure the two 

layers for 45 minutes at 60°C (instead of overnight). Meanwhile, spin coat PDMS (10:1 %w/w) 

on a glass slide at 300 rpm for 60 seconds and pre-cure for 20 minutes at 60°C. Remove the 

control and flow layer from the control layer PMMA mold and punch the inlets for the control 

channels. Place the control layer on the PDMB base layer without performing oxygen plasma 

treatment. After bonding, the chip can be cured in an oven at 60°C overnight.  

6.8.2 Dektak measurements 
The surface roughness of the rounded structure of the PMMA mold was examined by performing 

Dektak measurements. The measurement of the untreated structure is shown in Supplementary 

Figure 6.11A, where, especially at the top of the rounded structure, clear vertical steps of 10 

µm can be observed. A close-up of the top of the structure is shown in Supplementary Figure 

 

Supplementary Figure 6.10: Pumping rate of 
peristaltic pumps with a thicker (compared to Figure 
6.4B) membrane at different frequencies and 
pressures of actuation (6-phase pattern). 1.2 bar, R2 
= 0.9860; 1.5 bar, R2 = 0.9998; 1.75 bar R2 = 
0.9985; (all, n=1). 
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6.11B. The 10 µm steps correspond to the final step size as programed in HSMworks, explained 

in Section 6.9.1 Solution 1A. Supplementary Figure 6.11C shows the Dektak profile of the 

treated rounded structure, showing the smoothening effect of the chloroform solvent treatment, 

proposed as Section 6.9.1 Solution 1B. The smoothened rounded structure in the mold provides 

a smoother rounded flow channel in the PDMS, which can allow better sealing of the 

macrovalve.  

 

Supplementary Figure 6.11: Dektak measurement of the PMMA mold with rounded protruding structure, 
directly micromilled, for the flow channel. Units of the graphs are vertically in nm and horizontally in µm. 
A) Untreated rounded structure in the PMMA mold. At the top of the structure (close-up shown in B), 
vertical steps of 10 µm are be observed, which correspond to the final step size programmed in 
HSMworks. C) The PMMA mold with rounded upstanding structure after treatment, showing the 
smoothening effect of the chloroform solvent treatment. 
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6.8.3 Systematic characterization of the flow channels   
Supplementary Table 6.1: Cross sections of the PDMS casts of the flow channels. 

Flow 

channel 

width 

(µm) 

Flow channel height (µm) 

1000 

 

 

50 100 200 300 

    

750 

 

37.5 75 150 225 

    

500 

 

25 50 100 150 

    

250 

 

12.5 25 50 75 

    
* Table continues on the next page  

Scale bars represent 500 µm for flow channel widths of 1000 µm and 750 µm. Scale bars 
xxxxxx  
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Flow 

channel 

width 

(µm) 

Flow channel height (µm) 

1000 

 

 

400 500 600 700 

    

750 

 

300 375 450 525 

    

500 

 

200 250 300 350 

    

250 

 

100 125 150 175 

    
 

represent 200 µm for flow channel widths of 500 µm and 250 µm.  
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6.8.4 Systematic characterization of the control channels   
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Supplementary Figure 6.12: Accuracy of the channels in the PDMS casts of the PMMA micromilled molds. 
Top) Summary of section 6.9.3. The absolute error for the width of the flow channels is consistently 
approximately 80 µm, which can be easily corrected for in the micromilling process by adjusting the 

dimensions in the SolidWorks model. The absolute error of the height of the micromilled structures is 
between +5 µm and -25 µm, and its percentage difference is within a range of ±10%, except for the 
narrowest structures, mainly with a width of 250 µm. Bottom) Summary of section 6.9.4. The absolute 
error of the control channel height is often approximately 25 µm - 30 µm. The control channel width is, 
similar as seen for the flow channels, too wide (<~80 µm). 
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6.8.5 Systematic characterization of the macrovalve actuation   
All four characterization chips have a range of control channel widths and flow channel heights 

(see Figure 6.3A and B). By applying a ranging pressure to the control channels of all four chip 

versions, the valves and bridges were characterized (Supplementary Figure 6.13). This 

characterization shows us which dimensions should or could can be used to design PDMS chips 

with valves and/or bridges. The differences observed in the characterization between the chip 

versions, can be caused by the errors in the PMMA molds, introduced by micromilling 

(Supplementary Figure 6.12). Also, the spinning speed of the PDMS for the control layer 

(Fabrication protocol Figure 6.7 step 3b) can be tuned, which will result in a different 

characterization of the valve or chip. Supplementary Figure 6.13A shows no data points for the 

narrowest flow channel height, as after micromilling almost no upstanding structure was left, 

resulting in the channel to directly collapse during fabrication.  
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Supplementary Figure 6.13: Systematic characterization of all 4 chip versions. 
A) 250 µm, B) 500 µm, C) 750 µm, D) 1000 µm. All data points have at least n = 3. Some data points 
were left out of consideration, because e.g. the control line was bonded to the glass layer and therefore 
the valve could not function. 

 

6.8.6 Valve leakage   
The leakage of the valve was examined using a setup similar as shown in Figure 6.8A, but with 

a flow sensor more precise in the low flow rate regime (Fluigent, FRP size S). To the flow channel, 

20 mbar was applied, and to close the valve a pressure of 1.5 bar was applied to the control 

channel. The valve was opened, closed and opened for a time of 1 minute for each step, see 

Supplementary Figure 6.14A. The average leakage when the valve is closed is 5.6 nL/min (n=4 

measurements), below the detection limit of the flow sensor (10 nL/min). As the usual flow used 

in OoC applications is in the order of µL/min, a leakage in the order of nL/min, which is then 

approximately 0.1% of the flow in an ‘open valve’ situation, is adequate for closing purposes. 
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Supplementary Figure 6.14A+B also show the opening and closing behavior of a valve in time 

and thus the response time. A 90% response time of less than 0.5 seconds was measured. 

When closing, the flow rate drops in 1 second from 7.017 µL/min to 0.1133 µL/min; a drop 

of 98.4%. 

The pressure applied to the flow channel also determines the (possible) valve leakage. To 

study this, the pressure to the flow channel was changed, while maintaining a constant pressure 

of 1.5 bar to the control channel, see Supplementary Figure 6.14B. The pressure to the flow 

channel is divided into three regions. A pressure up to 150 mbar can be applied to the flow 

channel with no (significant) leakage (the green region). In the orange region of approximately 

150 to 270 mbar, the valves may or may not leak. When applying 300 mbar, valve leakage 

of several µL/min was always observed. 

 

 

Supplementary Figure 6.14: Leakage of the macrovalve.  
A pressure of 1.5 bar was applied to the control channel and a pressure of 20 mbar was applied to the 
flow channel. A) Opening and closing behavior of the macrovalve with a chloroform treated flow layer. 
B) The measured flow rate in response to an increasing pressure applied to the flow channel, while 
maintaining the constant pressure on the control channel of 1.5 bar (n=3 measurements). A macrovalve 
with chloroform treated flow layer was used. C) Valve leakage of macrovalve with an untreated flow 
layer. With a closed valve, an average flow of 0.071 µL/min was measured. 
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6.8.7 Calibration curve mixing and metering device    
A relative background correction was performed, taking an area of the image, not at the site 
of the channel, as background area. The intensity of this background (𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏#% ) was 

considered for each picture and related to the background of the image with no food dye 
(𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏0%), providing a relative background correction factor: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑟𝑟𝐵𝐵𝑟𝑟𝑟𝑟𝐵𝐵𝐵𝐵 𝑓𝑓𝐵𝐵𝐵𝐵𝑟𝑟𝐵𝐵𝐵𝐵 (𝐵𝐵𝐵𝐵𝐵𝐵) =  
𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏0%
𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏#%

 

The measured intensity of the pixels in the region of interest were corrected with this 

background correction factor: 

𝐼𝐼 =  𝐼𝐼𝑚𝑚𝑚𝑚𝑏𝑏𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑏𝑏  ∙ 𝐵𝐵𝐵𝐵𝐵𝐵 

To establish a calibration curve, the corrected intensity was considered per pixel row in the 

region of interest, along the width of the channel for different concentrations of food dye, see 

Supplementary Figure 6.15A. This intensity plot varies along the width of the channel (distance 

x), due to the rounded shape of the flow channel. Thereby, a calibration curve was established 

per pixel row. Supplementary Figure 6.15B-D shows three calibration curves at various sites 

along the channel, all fitting a second order polynomial fit (R2 > 0.99). Using these calibration 

curves per pixel row, the concentration along the channel per pixel row can be calculated for 

unknown concentrations, as shown in Figure 6.5. Incidentally, the I0/I was higher than the 

asymptote of the calibration curve, indicating that the concentration was higher than 100% in 

those pixel rows. In those cases, the concentration was set to be 100%. 
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Supplementary Figure 6.15: A) Intensity along the width of the rounded flow channel per pixel row, as 
shown in Figure 6.5. I0 is the intensity with 0% food dye, I the measured intensity at a specific 
concentration. The intensity along the width of the channel is not constant, due to the rounded shape of 
the channel. Therefore, a calibration curve was obtained for each pixel row along distance x. B+C+D) 
The calibration curves of intensity I0/I against concentration food dye at specific sites along the channel, 
distance x. For each site x=10 (C), x=35 (D), and x=85 (B), a second order polynomial fit is observed, 
with a R2 of (C) 0.9981, (D) 0.9971 and (B) 0.9994 respectively. 
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6.8.8 Video mixing 

 https://youtu.be/WKpPdLS3lKY  
 

6.8.9 Video dilution series     

 https://youtu.be/13vEShHVHhI 
 

6.8.10 Dilution factor 
To calculate the expected dilution factor, the volumes of the sections of the mixing loop were 

calculated and the ratio between the top and bottom side of the mixing loop was calculated to 

be 0.584:1. Supplementary Figure 6.16 and Supplementary Table 6.5 provide the information 

to calculate this theoretical dilution factor. By adjusting the volume ratio in the chip, the dilution 

factor can be altered.   

 

 

Supplementary Figure 6.16: A) Schematic illustration of the volume ratio of top to bottom (0.584:1). B) 
Snapshot of the SolidWorks model of the mixing and metering flow layer to illustrate the sites of the 
rounded channel. The volume sections are indicated with numbers. 

 

https://youtu.be/WKpPdLS3lKY
https://youtu.be/13vEShHVHhI
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Supplementary Table 6.5: Calculation of volumes in mixing and metering device to determine the theoretical 
dilution factor. 

 Top side Bottom side 

Number Supplementary Figure 6.16 (5+2+6) (1+3+4) 

Calculated volume  2.37 mm3 4.06 mm3 

Dilution factor 0.584 1 

 

 

6.8.11 Relevant parameters of the fabrication process 
Supplementary Table 6.6: Relevant parameters of the fabrication process for different chips.  

 Control channel 

height (µm)  

Flow channel 

height (µm) 

Flow channel 

width (µm) 

Size chip (wxh) 

(mm) 

Spinning speed 

(rpm) 

Test macrovalve + 

bridge 

200 400 1000 15x15 500 

Peristaltic pump 200 400 1000 15x15 500 

Mixing and 

metering device 

200 400 1000 15x30 400 

Characterization 

chip 1000 

200 Varying 100 30x90 300 

Characterization 

chip 750 

150 Varying 750 30x90 400 

Characterization 

chip 500 

100 Varying 500 30x90 600 

Characterization 

chip 250 

50 Varying 250 30x90 1000 

Recirculation chip 200 200 1000 15x30 400 
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CHAPTER 7
Organ-on-chips with

integrated macrovalves for
parallelized cell culture and

automated fluid control  

To translate organ-on-chips (OoCs) from academic proof-of-concept into
commercially available systems, automation of fluid handling is essential.
Integrated valves enable parallelization and automation, which are valuable tools
for multiplexed in vitro cell culture systems. Here, we show the fabrication of 
different microfluidic building blocks (MFBBs), containing 8 culture chambers or 4 
OoCs, each consisting of a top and a bottom channel. We show that all chambers 
and channels are individually addressable by actuation of the integrated pneumatic
valves. In the 4 OoC devices, we combine the advantages of integrated valves
(automated liquid control and multiplexing) with the advantages of OoCs (a
biologically complex environment), which, to our knowledge, has not been shown
yet. An initial cell culture experiment shows that the MFBB is suitable for cell culture
for at least 3 days under continuous valve actuation. All MFBBs fit on a
custom-designed fluidic circuit board (FCB), which can further increase the
experimental throughput. Furthermore, we demonstrate a modular plug-and-play
system consisting of a FCB with 3 MFBBs, which in total can contain 12 individual
OoCs with the ability to control the on-chip oxygen concentration, crucial for
aerobic intestinal host-anaerobic microbiota-on-chips.

Part of this chapter is presented as:
E.G.B.M. Bossink, A.R. Vollertsen, L.P. Hagen, A.D. van der Meer, L.I. Segerink, & M. Odijk,
(October, 2021). ‘Multiplexed Organ-on-Chips with integrated macro valves for automated
cell culture’, 25th International Conference on Miniaturized Systems for Chemistry and Life
Sciences (µTAS 2021), Palm Springs, CA, USA, pp. 1385-1386. (poster presentation)
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7.1 Introduction 

In 2010, an organ-on-chip (OoC) was presented as a biomimetic microfluidic device that aimed 

to mimic a functional alveolar-capillary interface of the human lung1. Lung epithelial cells and 

capillary endothelial cells were cultured on two sides of a porous membrane inside the device. 

A mechanical cue (stretching of the porous membrane) was applied to reproduce the 

mechanical effect of breathing. Throughout the years, several other OoCs, mimicking other 

organ-specific tissue-tissue interfaces have been developed2–6. OoCs are considered to be 

powerful alternatives for animal models or the conventional in vitro models7. Despite their great 

promise, OoCs have the inconvenience that performing cell culture experiments on such chips 

is labor intensive and challenging, as they require experience in both microfluidics and cell 

culture8,9. These drawbacks, among others, hinder the commercialization of the OoCs. 

Obtaining higher throughput and having automated liquid control in OoC systems can be 

essential in this commercialization process.  

Multiplexing OoCs is a logical and promising approach to increase experimental 

throughput of OoCs9,10. Several microfluidic systems have been presented with a medium or 

high level of parallelization, with as an overall drawback that they still need a lot of manual 

handling or pipetting steps11,12 and they have limited control of flow11. This issue is aimed to be 

resolved by integrated microvalves that enable both a higher throughput and automated liquid 

control. Microfluidic large-scale integration (mLSI) devices with these microvalves have been 

presented for a variety of applications13–16. mLSI devices often use the so-called ‘Quake-style 

valve’, which is a normally open, pneumatically actuated, poly(dimethylsiloxane) (PDMS) 

valve17,18, first presented by Unger et al. in 200017. The valves are easy to fabricate and they 

have a small footprint relative to the channel width when compared with normally closed 

valves17,19. The normally open valves require a rounded channel for full sealing of this channel. 

A mold for such rounded channels can be achieved by a reflow photoresist that limits the 

application to channel heights up to tens of micrometers17, making it less suitable for OoC 

applications (which often have microchannels that are hundreds of micrometers high and 

wide20–24). Previously, we showed a cleanroom-free fabrication method for integrated 

macrovalves with dimensions applicable for OoCs, which has the advantages of a cleanroom-

free fabrication and possibility to automate OoCs25. We used micromilling to fabricate the 

positive molds for Quake-style PDMS valves. Micromilling molds is a faster, more versatile 

fabrication method compared to photolithography. Another advantage is that it is cleanroom-

free. In addition, micromilling enables variations in three dimensional (3D) geometries within 

one mold, without a substantial increase in fabrication time, costs or level of complexity of the 

fabrication process26.  
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In 2020, Vollertsen et al. presented a promising modular and standardized plug-and-play 

fluidic circuit board (FCB) for operating microfluidic building blocks (MFBBs)27. The FCB is a 

base-plate (the microfluidic analogy of a printed circuit board) that can control the multiple 

MFBBs that can be connected on the FCB in a modular way27–29. The presented cell culture 

MFBB contains 64 individually addressable microchambers, suitable for cell culture in a highly 

parallelized manner with high spatiotemporal control. The format and interfaces of both the 

MFBBs and FCB are standardized by the ISO WA (workshop agreement)30, which provides a 

framework to design other MFBBs that fit one FCB. This previously presented plug and play FCB 

approach is further developed, making it possible to increase the biological complexity, and 

increase the cell culture area thereby enhancing the amount of biological material that can be 

harvested from one cell culture chamber. In this chapter, we present an 8-chamber MFBB, in 

which we culture Caco-2 cells with constant valve actuation and we demonstrate that we can 

address the cells in the chambers individually.  

By means of the macrovalves and the FCB, we can increase the OoC experimental 

throughput and automate the cell culture experiments. A crucial disadvantage of mLSI devices 

is their lack of a physiological relevant 3D tissue-tissue interface. Implementing this interface in 

OoC systems is essential. Here, we show a 4-OoC MFBB that contains both this complex 3D 

microenvironment and integrated macrovalves. The 4-OoC MFBB contains 4 pairs of top and 

bottom channels that are separated by a porous membrane. In this approach, the advantages 

of mLSI devices (higher throughput and automation) and OoCs (biological complex 

environment) are combined, which has not been shown yet, to our knowledge.  

Lastly, we show a modular system that combines the techniques as presented in the 

different chapters of this thesis. We designed and fabricated a modular system (FCB and 

MFBBs), containing 12 individual OoCs, in which the on-chip oxygen concentration is aimed to 

be controlled. Oxygen control is essential for aerobic intestinal host-anaerobic microbiota-on-

chips (Chapter 2). Our presented modular platform allows us to parallelize and automate OoC 

cell culture experiments while simultaneously reducing the need for manual liquid handling. In 

the future, the presented MFBBs could also be used for various other applications, such as multi-

OoCs or human body-on-chips31, metastasis-on-chip32 or in cell culture experiments where 

medium replacement has to be very strictly timed (e.g. for gene editing cells)33. 

7.2 Materials and methods 

7.2.1 Fabrication of the PDMS MFBBs 
The PDMS MFBBs have integrated macrovalves that are normally open valves in ‘push-up‘ 

configuration, illustrated in Figure 7.1A. By pressurizing the dead-end control channels, the 

PDMS membrane deflects and closes the rounded flow channel above. Chapter 6 demonstrates 
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the principle of the macrovalve and presents a systematic characterization of the dimensions of 

the flow and control channels that are recommended for either a valve or a bridge. In this 

chapter, the fabrication protocol is optimized for long term use (as required for cell culture 

experiments, which often last 3 days or more) and further expanded by integrating a porous 

membrane in the MFBB (Figure 7.2). 

 

 

Figure 7.1: A) Illustrations of the concept of normally open valves in push-up configuration in PDMS 
devices. B) Design of the MFBB with 8 (cell culture) chambers, with the ability to flush the channels 
towards the chambers when changing media (to scale). C-D) Close-up of one macrovalve and one bridge, 
with the control channels unpressurized (C), and pressurized (D), thereby closing off the flow channel, 
which is filled with a blue food dye. E) Cross-sectional dimensions of the flow channel. F) Brightfield 
microscopy image of the combinatory multiplexer on-chip. The white arrow indicates the addressed 
channel. G) Brightfield microscopy images demonstrating how the flow channels can be purged without 
interfering with the chamber content (left) or the chambers can be addressed (right).  
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Figure 7.1B illustrates the design of the 8-chamber MFBB that contains 8 cell culture 

chambers, which are individually addressable by the microfluidic multiplexer34 (Figure 7.1F) in 

front of the culture chambers. When there is an uneven number of control channels, N control 

channels can individually address 𝑁𝑁!

�𝑁𝑁+12 �!�𝑁𝑁−12 �!
 chambers27,35. In total, the MFBB contains 7 

control channels, of which 5 channels are used for the microfluidic multiplexer. The 5 control 

channels could address 10 chambers. We chose to implement ‘only’ 8 chambers, in order to 

adhere to the ISO WA grid28,30 and to fit within the MFBB outer dimensions of 30 mm x 30 mm. 

The 8-chamber MFBB also has the option to flush the flow channels that lead towards the 

chamber (Figure 7.1G), which is essential when changing the input medium. The remaining 2 

(out of 7) control channels enable the flush functionality. The flow channels and cell culture 

chambers of the 8-chamber MFBB are 500 µm wide and 200 µm high (Figure 7.1E). The flow 

channels are rounded and the cell culture chambers are rectangular. 

7.2.1.1 PMMA positive mold fabrication  
For each MFBB design, two poly(methylmethacrylate) (PMMA) molds (for the flow and control 

layer) were designed in 3D-CAD software (SolidWorks®, 2018). All inlets and outlets are on a 

grid corresponding to the ISO WA 23:2016 standards28. The ISO standards for microfluidics 

are currently developing. For the most recent developments, we encourage the interested reader 

to consult The Microfluidics Association (MFA) website36. The milling path was programmed 

using HSMworks, which is integrated CAD/CAM software in SolidWorks®. The tolerance and 

smoothing settings in the design for the flow layer are particularly determinative to obtain the 

smooth rounded protruding structure. The PMMA stock material was micromilled (Datron Neo, 

Germany) to obtain the positive molds. A 1 mm diameter mill (Datron) was used to mill the 

flow layer mold, and a 0.2 or 0.4 mm diameter mill (Datron) was used for the smallest features 

in the control layer mold. After micromilling, an ultrasonic bath and some careful manual 

removal was performed to remove burrs and dust. The PMMA molds were treated for 5 minutes 

with chloroform (Sigma-Aldrich) vapor based on Ogilvie et al.37, as this smoothening effect 

(shown in Chapter 6) enhances the optical transparency. The PMMA molds do not need further 

priming or coating and can directly be used for PDMS casting.  

7.2.1.2 PDMS device fabrication  
The fabrication process for the PDMS MFBBs with integrated macrovalves, illustrated in 

Supplementary Figure 7.8, is based on the original protocol of Unger et al.17 and optimized for 

valves in the order of hundreds of micrometers (Chapter 6). In this chapter, the protocol is 

further optimized for long term stability, required for cell culture experiments. PDMS base and 

curing agent were mixed (7:1 %w/w, RTV 615, Permacol BV) for the flow layer, (20:1 %w/w, 
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RTV 615, Permacol BV) for the control layer, and (10:1 %w/w, Sylgard 184 Silicone elastomer 

kit, Dow Corning) for the base layer. After 2 hours of degassing, the PDMS (RTV 615) was 

poured in the PMMA mold for the flow layer and spin coated on the PMMA mold for the control 

layer. The spinning speed depends on the dimensions of the PMMA mold for the control layer 

(and thus on the dimensions of the macrovalves). The relevant fabrication parameters for the 

designs presented in this chapter are summarized in Supplementary Section 7.8.1. The control 

layer membrane at the valve site of the 8-chamber MFBB was determined to be approximately 

60 µm thick (Supplementary Section 7.8.2). After spin coating, the control layer mold was 

placed on a horizontally leveled surface for 20 minutes at room temperature, while the flow 

layer was already pre-cured for 15 minutes at 60 °C. Subsequently, both layers were (further) 

pre-cured for 30 minutes at 60 °C. After pre-curing, the inlets for the flow channel were punched 

with a 1 mm biopsy punch (Ted Pella, Inc., USA). Afterwards, the two PDMS layers were aligned 

(Olympus stereo microscope) and pressed together to bond and pre-cure for another 30 

minutes at 60°C. The PDMS (10:1) base layer was spin coated (300 rpm, 60 seconds) on a 

glass slide (Corning) and pre-cured for 20 minutes at 60°C. Then, inlets for the control channels 

were punched with a 0.75 mm biopsy punch (Harris Uni-core). The control layer was placed 

on the pre-cured PDMS (10:1) layer to bond and cure overnight at 60°C. The final devices 

consist of four layers, three PDMS layers (flow, control, and base layer) and one glass layer (see 

Figure 7.1, bottom). To interface with the FCB, the PDMS (10:1) base layer can be removed 

from the glass slide. The inlets for the control channels can be punched through only the PDMS 

(10:1) base layer. The PDMS base layer can be plasma bonded (plasma cleaner, Femto Science 

Cute, 40 seconds, 50 Watt) to a 30 mm x 60 mm x 1 mm glass slide with powder blasted holes 

at the locations for the control channel inlets.  

7.2.1.3 Implementing a porous membrane to increase biological complexity and 
to enable recapitulating a tissue-tissue interface   

The fabrication method as presented here and in previous mLSI devices13–16, results in devices 

that only have cell culture chambers. However, OoCs often consist of two independently 

addressable, parallel channels, separated by a porous membrane. When different cell types 

are cultured on both sides of the membrane, a complex, organ-specific, tissue-tissue interface 

can be mimicked38,39. In order to mimic such a biologically more complex environment, while 

still implementing macrovalves for parallelization and automated liquid control, we designed a 

MFBB with parallel channels that are separated by a porous membrane (Figure 7.2D). We 

combine the described fabrication process for the macrovalve with a protocol to glue a polyester 

membrane between two PDMS layers (adapted from Van der Helm et al.40), see Figure 7.2.  

First, the valve fabrication process was performed as described in Section 7.2.1.2, except 

xxx 
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Figure 7.2: Schematic illustration of the fabrication processes and design of the 4-OoC device. For one 
device, 4 PMMA micromilled molds are required. A) The control layer is fabricated by spinning PDMS 
(20:1) on the control layer mold. *Please note that the spinning speed is dependent on the size of the 
PMMA control layer mold. B) The flow layer is fabricated by injection molding between two PMMA 
micromilled molds. C) The PDMS top layer is casted on the top layer mold. D) Schematic top view of the 
final device (to scale). E) Cross-sectional view, indicating the 7 layers of the final device. 

 

that the PDMS flow layer was now fabricated by injection molding. Two micromilled PMMA 

molds were fabricated for the two sides of this layer (Figure 7.2B), which can be aligned by 

alignment pins (1 mm diameter, in-house made). In this way, the flow layer also contains the 

bottom channels of the OoCs. A polyester membrane (GVS life sciences, polyester track-etched 

(PETE) membrane, pore size 8 µm, thickness 10 – 20 µm) was glued between the PDMS OoC 

top layer and the top side of the PDMS flow layer (the OoC bottom layer). A detailed protocol 

can be found in Appendix A.1.3. Briefly, a PDMS/toluene mortar of 0.7 g PDMS base agent, 

0.07 g curing agent (Sylgard 184 Silicone elastomer kit, Dow Corning), and 270 µL of toluene 

(Sigma-Aldrich) was thoroughly mixed and spin coated (1500 rpm, 60 seconds) on a glass 

slide. Both PDMS surfaces that will be bonded were treated with oxygen plasma (plasma 

cleaner, Femto Science Cute, 40 seconds, 50 Watt) and then placed in the mortar. Afterwards, 

the 4 pre-cut membranes were placed between the OoC top and OoC bottom channel and the 
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mortar was cured for 4 hours at 60 °C. The final design of the 4-OoC MFBB with individually 

addressable top and bottom channels is schematically shown in Figure 7.2D and E. The flow 

channels of the 4-OoC MFBB are 1000 µm wide and 400 µm high (Figure 7.2E). The top and 

bottom channels of the OoCs are 200 µm and 700 µm high, respectively. The flow channels 

and OoC channels are 1000 µm wide. The OoC top and bottom channels have a 6.9 mm2 

cross-sectional area.  

7.2.2 MFBB macrovalve actuation 
The control channels of the MFBBs were actuated by applying a fixed pressure within the range 

of 1.3-1.6 bar, controlled by a custom-made system (Convergence Industry B.V., the 

Netherlands) via a valve manifold (Festo). Before use, the chips were checked for proper valve 

closure using a microscope with a color CCD camera (FLIR Grasshopper 3, U23S6C), as 

explained in Chapter 6. The control lines in the MFBBs were filled with water to prevent air from 

permeating through the PDMS membrane into the flow channel where it can introduce bubble 

formation, which is undesirable in OoC cell culture experiments.  

7.2.3 MFBB operation via the FCB 
The aim of the FCB is to parallelize the control layers of the MFBBs. The idea and working 

principle of the FCB is previously explained in detail27 and schematically illustrated in Figure 

7.3. The FCB can house three MFBBs, which can be clamped on top of the FCB and can be 

actuated via one set of control lines. The MFBB control channels (yellow lines in Figure 7.3) can 

be connected to the FCB via an external interconnection block (EIB). In the FCB, these control 

lines are branched (parallelized) to the three MFBB sites (Figure 7.3, top), reducing the required 

amount of control lines. The MFBBs can also be independently controlled as the concept of 

latching valves is applied in the FCB27,41. These are named as ‘FCB valves’, controlled by the 

‘FCB control channels’ (purple lines in Figure 7.3). One FCB control channel can enable or 

disable the control of one of the three MFBBs, essentially introducing the concept of a ‘chip-

enable’ as frequently used in electronics circuit design. When the MFBB control is disabled, the 

MFBB’s last valve state is retained (Figure 7.3, cross-sectional view). 

The FCB design has standardized dimensions (based on a 96-well plate) in accordance 

with the standards defined in ISO WA 23:201327,28. All in- and outlets of both the FCB and the 

MFBBs are on a 1.5 mm grid as defined in ISO WA 23:201627,28. The FCB design (Figure 7.3), 

is based on an earlier publication27, but adapted for our unique cleanroom-free fabricated 

MFBB’s. The FCB fabrication was outsourced (Micronit, the Netherlands). Accessories, such as 

the clamps and the EIBs were all fabricated out of PMMA by micromilling (Datron Neo).  
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Figure 7.3: Schematic illustration of the design and operation of the FCB and components. EIB = external 
interconnection block. Figure based on Vollertsen et al.27. Both the 4-OoC and 8-chamber chip fit on the 
MFBB sites of the FCB.  

7.2.4 Cell culture on-chip 
Caco-2 cells (ATCC, HTB-37, Caco-2 cell line) were used to demonstrate the application of a 

gut-on-chip, as the Caco-2 cell line is a well-differentiated cell line, commonly used for 

modeling the intestine in in vitro models. The Caco-2 cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) with high glucose (Glutamax Medium, Gibco) supplemented with 10% 

fetal bovine serum (FBS, Gibco), 100 U/L penicillin, and 100 µg/mL streptomycin. The cells 

were cultured in T25 or T75 uncoated culture flasks and incubated at 37 °C in humidified air 

(5% CO2). 

The Caco-2 cells were obtained from the flask using 1x trypsin (Gibco) and seeded 

(passage number 32-34) on-chip at a seeding density of 5∙104 cells/cm2. The culture medium 

was replaced daily, by placing a new empty pipette tip at the chip outlet, and a pipette tip filled 

with 200 µL culture medium as reservoir at the inlet. Subsequently, the valves were programmed 
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to open each chamber for 5 seconds. The valves were actuated according to this program for 

at least 10 minutes to replace the medium in all chambers by gravity driven flow. To 

demonstrate the individual addressability of the 8 chamber device, an ethanol treatment (50% 

ethanol (Boom) mixed with 50% cell culture medium) was applied to the even numbered 

chambers on day 3. After incubation of the ethanol for 3 minutes, all chambers were flushed 

with cell culture medium, whereafter a live/dead staining (LIVE/DEAD® Viability/Cytotoxicity kit 

for mammalian cells, Invitrogen) was performed.   

Shear stress, caused by a applying a fluid flow, is a mechanical stimulation that is often 

applied in OoCs. A flow of 50 µL/hour was applied using a syringe pump (Harvard PHD 2000, 

retraction mode). Subsequently, the valves of the 8-chamber MFBB were programmed to open 

each chamber for 5 seconds, resulting in a semi-continuous flow to the cells in one chamber 

(5 seconds flow followed by 35 seconds no flow). This semi-continuous flow causes a semi-

continuous shear stress of 3.1 mPa (= 0.031 dyne/cm2, calculation based on Van der Helm et 

al.42) on the cells for 5 seconds, every 40 seconds. The Caco-2 cells were cultured for 3 days 

with and without semi-continuous flow, and monitored daily using phase-contrast microscopy 

(EVOS, M5000 Imaging system, Life Technologies air objectives). The effect of the semi-

continuous flow on the Caco-2 cell morphology was examined by fixating the cells with 4% (v/v) 

paraformaldehyde (Thermo Fischer Scientific) in PBS for 20 minutes at room temperature (RT) 

and sequential permeabilization with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 30 minutes 

at RT. The cell nuclei (NucBlue™ Live Cell Stain ReadyProbes™ reagent, Invitrogen) and the 

cytoskeleton (ActinRed™ 555, ReadyProbes™ reagent, Invitrogen) were stained to check the cell 

morphology and determine the confluency in the culture chambers. Images were acquired using 

an EVOS FL microscope (Thermo Fischer Scientific).  

7.2.5 Image analysis 
The ‘confluency’ is defined as the percentage of the culture surface area that is covered by cells. 

The confluency was determined using the ActinRed™/NucBlue™ fluorescence images, which 

were processed using the software ImageJ (version 1.52a)43. The fluorescent images were 

adjusted for their brightness, whereafter they were converted into binary images. The number 

of pixels that are covered with cells was divided by the number of pixels of the total channel 

area, resulting in the confluency.  
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7.3 Results and discussion 

7.3.1 The fabricated 8-chamber and 4-OoC MFBBs with individually 
addressable chambers or channels 

The fabricated 8-chamber and 4-OoC MFBBs are presented in Figure 7.4. The final 8-chamber 

MFBB consists of three PDMS layers, and contains 80 integrated macrovalves. The control 

x.xxxxx 

 

Figure 7.4: Operation of the MFBBs. A) The fabricated 8-chamber MFBB. Video frames showing how the 
chambers of the MFBB are individually filled with a blue food dye. The flow channels can subsequently 
be flushed, while the food dye stays in the chambers. B) The fabricated 4-OoC MFBB filled with blue and 
red food coloring in top and bottom channels, respectively. C) Microscopic top view of the OoC channels 
and macrovalves in the 4-OoC device. The polyester membrane between the top and bottom channel is 
indicated. D) Video frames showing that all channels are individually filled with a blue food dye. 
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channels close off and bridge the flow channels, which were measured to be approximately 

570 µm wide and 204 µm high. A deviation in width of approximately 70 µm was also observed 

in Chapter 6 (Supplementary Figure 6.12). The 570 µm wide chambers are 6.3 mm long, 

resulting in a cell culture area of 3.6 mm2 per chamber. All chambers are individually 

addressable (see Figure 7.4A) by the actuation of the 5 control channels. Two other control 

channels enable purging the flow channels (blue in Figure 7.1B) when changing input media, 

without mixing with the fluid in the cell culture chambers (orange in Figure 7.1B). Figure 7.4A 

shows that the cell culture chambers (in the middle of the chip) can be individually filled with 

blue food dye (JO-LA) and the flow channels towards the chambers can be flushed (Figure 

7.4A, bottom right image). Videos of filling the 8-chamber MFBB and purging its flow channels 

can be seen in Supplementary section 7.8.3. 

The final 4-OoC MFBB consists of 4 PDMS layers with an integrated polyester membrane 

to mimic a tissue-tissue barrier (see Figure 7.2E). The control channels close off and bridge the 

flow channels, which were measured to be approximately 1000 µm wide and 410 µm high. 

The 48 integrated macrovalves are controlled by 6 control channels and enable addressing all 

4 top and 4 bottom channels individually (Figure 7.4B and D). A video of filling the 4-OoC 

MFBB can be seen in Supplementary section 7.8.4. Figure 7.4C shows a close-up of the control 

channels that close off and bridge the flow channels. One can see the OoC with the polyester 

membrane indicated in a different focal plane.  

The fabrication method, with the small adaptations compared to Chapter 6, results in 

devices that can reproducibly (n=3) withstand continuous valve actuation for at least 3 days 

and nights.   

7.3.2 The fabricated modular platform: the FCB and its components 
In Figure 7.5, all fabricated elements of the modular platform are presented. The FCB 

fabrication was outsourced to Micronit. All other components were fabricated in-house. The 

clamps and EIBs (Figure 7.5C, D, E and G) are directly micromilled and the PDMS MFBBs 

(Figure 7.5A-B) are fabricated by casting on in-house fabricated micromilled molds, as 

described above.  

7.3.3 Parallelized cell culture on-chip: individual treatment of the 
chambers and applying shear stress 

After seeding in the chambers of the 8-chamber MFBB, the Caco-2 cells proliferated and 

covered the entire surface of the culture chambers within 3 days of culturing. On day 3, the 

even numbered chambers were treated with 50% ethanol in DMEM to fix (and thus kill) the 

cells. Figure 7.6A-B demonstrates that the chambers can be treated strictly individually. Almost  
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Figure 7.5: The fabricated components of the modular platform. A) 8-chamber MFBB, B) 4-OoC MFBB, 
C) Clamp for 30 mm x 30 mm MFBBs, D) Clamp for 30 mm x 60 mm MFBBs, E) Glass slide with holes, 
F) Fluidic circuit board (FCB), G) External interconnection blocks (EIBs). 

 

all cells were viable in the untreated chambers, and all cells in the treated chambers were not 

viable.  

As the Caco-2 cells proliferated, they expanded into the flow channels up- and downstream 

of the chambers. On day 3, the valves that close the culture chambers were actuated again 

(during the incubation of the ethanol/DMEM mixture). The cells that grow at the location of a 

valve were not viable anymore as indicated by the live/dead staining (Figure 7.6C). During 

valve actuation, the cells in the flow channel at the valve site were stretched and compressed 

(schematically illustrated in Figure 7.6D+E). These mechanical forces are apparently 

catastrophic for the Caco-2 cells. Downstream of the valve, there are no non-viable cells, which 

clearly demonstrates that there was no leakage of ethanol into the chamber.   

The 8-chamber MFBB was also used to study the effect of a semi-continuous medium flow 

on Caco-2 cell morphology and confluency, compared to a daily medium replacement (Figure 

7.6F and G). The cell nuclei (blue) and cytoskeleton (red) of the Caco-2 cells were stained 

(Figure 7.6F). The cells mostly grow only in the culture chambers, which supports the idea that  
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Figure 7.6: Cell culture experiments in the 8-chamber MFBB.  
A) Caco-2 cells (P32) on day 3 after ethanol treatment of the even numbered chambers. Phase contrast 
images are shown in the top row and the live/dead fluorescent images (bottom row) show the viable cells 
in green and the non-viable cells in red. B) Schematic top view of the 8 chamber chip. C) Close-up of the 
Caco-2 cells at the site of the valve of a chamber untreated with ethanol. D+E) Schematic cross-sectional 
view of the valves, illustrating the mechanical forces (stretching and compression) that the cells at the 
site of the membrane endure during valve actuation. F) Fluorescent images of Caco-2 cells (P34) on day 
3 showing cell nuclei (blue) and cytoskeleton (magenta). G) Quantified confluency on day 3 in a box and 
whisker plot. Per condition, 2 pictures per chamber were examined (total n=16 pictures). All scale bars 
represent 750 µm, unless specified otherwise. 
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the culture chambers can be considered as independent experiments as the cells between the 

different chambers do not have direct cell-cell contact. The cell confluency was quantified and 

is shown in Figure 7.6G. In the culture chambers of the static chip, the confluency was found 

to be more dispersed, but on average lower compared to the culture chambers in the dynamic 

(semi-continuous flow) chip. This gives an indication that flow and its corresponding shear stress 

affect Caco-2 cells. Multiple experiments with changing flow conditions can be carried out to 

investigate this further. To test whether the difference in confluency is statistically significant, 

additional statistical tests should be performed. Furthermore, we advise to culture the cells for 

longer periods, as the formation of 3D structures is reported to occur after 6-8 days of 

culture20,44. Increasing the cell seeding density and adding mechanical stretching could fasten 

this process, as the formation of 3D structures is reported after even 1 or 2 days of culture under 

these conditions45. The experimental set-up can be simplified by using an on-chip peristaltic 

pump (as presented in Chapter 6), which makes the off-chip pump redundant.  

To conclude, the 8-chamber MFBB allows us to culture cells solely in the 8 chambers (i.e. not 

in the supplying flow channels) that can be treated individually and automated, reducing the 

labor intensity of OoC cell culture experiments. 

7.4 Towards oxygen control in multiplexed gut-on-chips   

Several gut-on-chip systems have been presented over the last years2,3,20,44. The intestinal 

epithelial tissue barrier can closely be mimicked, containing all different cell types and mucus 

layer produced by the cultured cells2. Next steps in the gut-on-chip field are taken to implement 

the intestinal microbiota on-chip20,46–48, as the microbiota is an important factor for the host’s 

health. The major technological challenge when implementing the anaerobic intestinal 

microbiota, is to control the oxygen concentration on-chip, a challenge also recognized by 

various researchers49–52. 

We have designed and fabricated a MFBB with 4 (by macrovalves individually addressable) 

OoCs, with oxygen control channels (Figure 7.7C and D). These oxygen control channels can 

be filled with an oxygen-poor medium (or even an oxygen depleting medium such as sodium 

sulfite, Na2SO3). The channels then function as an oxygen ‘sink’, as the MFBB consists of the 

gas permeable PDMS. This forces an oxygen gradient on the gut-on-chip. The culture medium 

inlet for the bottom and top channels of the OoCs are separated (Figure 7.7C), as this enables 

the use of a different medium for these separate channels, while still having the option to apply 

a continuous fluid flow. For our application, we planned to use oxygen-poor and oxygen-rich 

medium for the top and bottom channels of the OoCs, respectively. The MFBB with oxygen 

control channels fits on the earlier presented FCB, which can directly control these xxxxxxx 
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Figure 7.7: Design of the final modular platform for multiplexed OoCs with a method for oxygen control. 
A) The Fluidic Circuit Board (FCB) design. Figure based on Vollertsen et al.27. B) The design of the glass 
sensor chip with platinum electrodes, which can be used to measure the oxygen concentration (as 
presented in Chapter 5). When electrodes are also integrated in the bottom channel (as presented in 
Chapter 3), the transepithelial electrical resistance (TEER) can also be monitored. The optical oxygen 
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sensors (as presented in Chapter 4) could also be implemented in the PDMS MFBBs. C) The design of the 
PDMS MFBB containing 4 OoC with oxygen control channels. D) Cross-sectional view of 1 of the OoCs, 
to illustrate the position of the oxygen control channels. E) The fabricated glass sensor chip (without 
powder blasted holes), MFBB, and FCB with clamps and EIBs. The final modular platform can contain 12 
OoCs, all individually addressable and with the possibility to adjust the oxygen concentration. 

 

oxygen control channels (Figure 7.7A, via the top EIB). Alternatively, when a flexible porous 

membrane is implemented in the MFBB (instead of the polyester membrane), the oxygen control 

channels can also be used to apply a vacuum, causing mechanical stretching of the membrane 

mimicking peristaltic movement, often applied in gut-on-chips2,53. 

The PDMS MFBB can be bonded to a glass chip with platinum electrodes positioned at the 

OoC channels (Figure 7.7B and E). These platinum electrodes can be used to measure oxygen 

concentration (as presented in Chapter 5), or transepithelial electrical resistance (TEER) when 

electrodes are also implemented in the bottom channels (e.g. by the fabrication method as 

presented in Chapter 3). The platinum electrodes could also be used to continuously reduce 

oxygen at the electrodes to create a (local) anaerobic environment. As the MFBB consists of 

PDMS, one could also integrate the optical oxygen sensors as presented in Chapter 4. The final 

modular platform contains 12 OoCs consisting of 24 individually addressable channels, with 

oxygen control channels to enforce an oxygen gradient on-chip. Testing this device for cell 

culture applications, oxygen control, or inclusion of the microbiota was unfortunately not 

possible within the time frame of this PhD project. 

7.5 Conclusion and outlook  

In this chapter, we have presented PDMS MFBBs with 8 chambers or channels, all individually 

addressable by integrated pneumatic macrovalves. The fabrication process for the MFBBs is 

completely cleanroom-free and based on micromilling, resulting in devices with dimensions 

relevant for OoC applications. To our knowledge, we show for the first time a fabrication 

process that result in a multiplexed OoC device with integrated valves (thereby enabling 

automated liquid handling), and a 3D microenvironment with a porous membrane as cell 

support (thereby enabling to mimic a tissue-tissue barrier). The 8-chamber MFBB is 

demonstrated to be suitable for cell culture for at least 3 days under constant valve actuation. 

Our proposed fabrication method facilitates the redesign of MFBBs. By micromilling the direct 

molds for the MFBBs, the design and iteration process can be fast without high costs, compared 

to redesigning molds fabricated by photolithography. 

To conclude, our MFBBs enable automated on-chip cell culture, reducing the labor 

intensive tasks associated with OoCs. Our proposed MFBBs could be used in various 

applications, such as cell transfection54, gene editing33, stem cell differentiation55 or drug 
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screening56. Moreover, the plug and play system could be further developed to create for 

example multi-OoCs, or human-body-on-chips. When the separate OoCs (mimicking different 

organs) are integrated in one MFBB, the dead volume between the OoCs can be minimized. 

Having minimal dead volumes is particularly important when studying the effect of cell 

metabolites (with a short lifetime) from one OoC on cells in another OoC.  

The MFBBs can be placed on the presented FCB, which further increases the experimental 

throughput and demonstrates the modularity of the plug and play system. The MFBBs and the 

FCB are a part of the open Translation Organ-on-Chip Platform (TOP)57. Both the MFBBs and 

the FCB have standardized dimensions and the in- and outlets are on a standardized grid. Our 

FCB is specifically designed for controlling the oxygen concentration in OoC-containing MFBBs. 

The gas permeable PDMS MFBBs that fit on this FCB contains oxygen control channels, which 

can be used as oxygen ‘sinks’. The final modular platform consists of 12 individually 

addressable OoCs with oxygen control channels, enabled by macrovalves. A glass sensor chip 

with platinum electrodes is designed and fabricated. The oxygen control MFBB can be bonded 

to this glass chip that fits on the FCB. The platinum electrodes can be used to either measure 

the oxygen concentration (Chapter 5) or the barrier function, when electrodes are also 

integrated in the OoC bottom channels (Chapter 3). Ultimately, the platform can be used to 

culture the anaerobic microbiota together with aerobic intestinal host cells in the MFBBs. Such 

oxygen control on-chip can have variety of other applications, such as to recapitulate liver 

zonation, or brain/hart strokes on-chip.  
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7.8 Supplementary information 

7.8.1 Fabrication process parameters 
 

 

Supplementary Figure 7.8: Schematic illustration of the fabrication processes of PDMS microfluidic 
building blocks (MFBBs) with integrated macrovalves. *Please note that the spinning speed in step 1A is 
dependent on the dimensions of the (structures on the) PMMA control layer mold.  

 

Supplementary Table 7.1: Relevant parameters of the fabrication process for different chips.  

 Control channel 

height (µm)  

Flow channel 

height (µm) 

Flow channel 

width (µm) 

Size chip (wxh) 

(mm) 

Spinning speed 

(rpm) 

8-chamber MFBB 100 200 500 30x30 750 

4-OoC MFBB 200 400 1000 30x30 400 

4-OoC with oxygen 

control channels 

MFBB 

200 400 1000 30x60 400 
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7.8.2 PDMS membrane thickness 
 

 

Supplementary Figure 7.9: Thickness of the PDMS membrane at the valves in the 8 chamber device with 
different spinning speeds the PDMS (20:1) on the control layer mold. (n=5 (800 rpm) or n=6 (750 rpm) 
chips, with 4 measurements per chip). 

 

7.8.3 Videos of the 8-chamber MFBB 
A video of filling the 8-chamber MFBB with a blue food dye.  

https://www.youtube.com/watch?v=jNgLsyhLboA 

A video of flushing the flow channels of the 8-chamber MFBB with DI water. 

https://www.youtube.com/watch?v=gKbmOo9_56k 
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7.8.4 Video of the 4-OoC MFBB 
A video of filling the 4-OoC MFBB with a blue food dye.  

https://www.youtube.com/watch?v=oHcMcxzZ0a4 
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CHAPTER 8
Summary and outlook  

The ultimate goal of the research presented in this thesis is to develop a multiplexed 
aerobic intestinal host-anaerobic microbiota on-chip. The previous chapters present 
various fabrication techniques that can be applied in such chip, including oxygen 
sensors and integrated valves. In this chapter, the main results and conclusions of 
the work presented in this thesis are summarized. Moreover, suggestions for further 
research are provided, including recommendations for standardization, 
multi-organ-on-chips and other applications for oxygen control on-chip. 
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8.1 Summary 

The research presented in this thesis aims to develop a multiplexed organ-on-chip (OoC) system 

with integrated sensors in which the oxygen concentration can be controlled to ultimately create 

an aerobic intestinal host-anaerobic microbiota (AHAM)-on-chip. The commensal intestinal 

microbiota consists of tremendous amounts of (mostly anaerobic) bacteria, fungi, protozoa, 

and archaea. The microbiota resides in close proximity of the host: the human intestine1. An 

imbalanced microbiota is associated with effects on the host’s health and immune system1,2, 

and vice versa there are indications that the host can affect the microbiota (composition)3,4. 

Several host-microbiota interactions are suspected to affect one another, however many of 

these aspects or their underlying mechanisms are not (fully) understood5. To study these 

interactions, a representative model of the AHAM interface is essential.  

Chapter 2 provides a comprehensive overview of in vitro models that aim to mimic the 

complex in vivo AHAM interface. OoC technology allows studying organ-level functions and 

effects, under well-controlled conditions, which is the key advantage of these in vitro models. 

We present various aspects that should be taken into account when designing or using an 

AHAM-on-chip, such as the method of oxygen control, the implementation of oxygen sensors, 

the material used for the device and its fabrication method, and applying biomimicry. As an 

AHAM-on-chip can become a technologically and biologically highly complicated system, we 

emphasize the need for a multidisciplinary team to cover all relevant elements. We believe that 

AHAM-on-chip technology provides a promising tool to study host-microbiota interactions 

under a well-controlled environment to unravel the underlying mechanisms of these 

interactions.  

In the first section of the thesis (Section A), we demonstrate sensors that can be 

implemented in OoCs, such as transepithelial electrical resistance (TEER) sensors and oxygen 

sensors. In Chapter 3, we present a cleanroom-free, versatile fabrication method to integrate 

platinum electrode wires in poly(dimethylsiloxane) (PDMS) OoCs. These electrodes allowed us 

to monitor the barrier function (by measuring the TEER) in real-time by employing impedance 

spectroscopy. Our unique electrode configuration provides several advantages. First, the 

configuration allows us to visually inspect the cell layer at the sites of the electrodes. Second, 

this configuration provides the option to multiplex both the number of electrodes and the 

number of OoCs in one PDMS device. We monitored the formation of a cell barrier in a gut-

on-chip and blood-brain barrier (BBB)-on-chip, which clearly demonstrates that our OoC 

device with integrated electrodes can be used to monitor the barrier function for different cell 

types or tissue barriers. We verified our method of measuring the TEER by disrupting the 

intestinal epithelial cell-barrier with an EGTA treatment. In response to this treatment, the 

recorded TEER values indicated a clear loss in barrier tightness and subsequent recovery of the 
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barrier overnight. Additionally, a local barrier disruption in a gut-on-chip realized by puncturing 

the barrier, was measured with an electrode set close to the disruption. Hereby, we emphasize 

the need to integrate multiple electrodes along an OoC to fully comprehend the tissue barrier 

situation on-chip. Finally, we present a conceptual design of a multiplexed OoC that can be 

placed on a printed circuit board (PCB)6 that can be connected to the impedance analyzer. This 

dismisses the tedious tasks of inserting and gluing the electrodes, and connecting and 

disconnecting the electrodes for all six electrode pairs during one measurement.  

In Chapter 4, we show a versatile fabrication method for optical oxygen sensor patches 

based on platinum tetrakis (pentafluorophenyl) porphyrin (PtTFPP) in a polystyrene (PS) matrix. 

The fabricated PtTFPP/PS sensors show a linear Stern-Volmer plot (R2 = 0.998). We show that 

the sensor patches can be integrated in both channels of a two-channel PDMS OoC. The size 

and shape of the sensor patches is only limited by the minimal diameter mill available. With 

our method, the patches can be integrated at any desired site, and with any desired number in 

a PDMS device. The oxygen sensor patches can be used in many applications, such as an in 

vitro model with cultured neurons on microelectrode arrays that aims to mimic ischemic stroke 

to study the effect of ischemia on neuronal activity of the cells7.  

In Chapter 5, we present the fabrication and characterization of an electrochemical oxygen 

sensor. The sensor is miniaturized to fit within a 1 mm microfluidic channel (often used for 

OoCs). A pHEMA hydrogel layer atop the sensor protects it from biofouling and ensures a local 

convection-independent environment. The pHEMA layer does not affect the cell viability or 

morphology of human caucasian colon adenocarcinoma (Caco-2) cells. The miniaturized 

oxygen sensor responds linearly (R2 = 0.996) to the partial oxygen pressure in cell culture 

medium by employing chronoamperometric measurements for 0.3 seconds. The sensor can be 

applied to measure the oxygen concentration during cell culture in a static setup (Transwell 

insert) or the sensor can be implemented in a microfluidic OoC device.  

In the second part of the thesis (Section B), we explore fabrication technologies to obtain 

higher experimental throughput in cell culture experiments, while enabling the ability to 

automate on-chip liquid handling. In Chapter 6, we present a cleanroom-free fabrication 

process based on micromilling direct positive molds for Quake-style PDMS macro valves. We 

systematically characterized channel dimensions and show the suitable dimensions to form a 

valve or a bridge. The characterization is a valuable design tool for devices with dimensions in 

the order of hundreds of micrometers (250 µm-1000 µm), often used for OoCs. These 

dimensions cannot be achieved with the conventional fabrication method for Quake-style 

valves, which is based on a reflow photoresist. An initial cell culture experiment demonstrates 

that cells can be cultured with automated medium refreshment for multiple days in a device 

with integrated macro valves. As the macro valves have a large stroke volume, we can achieve 
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flow rates up to 48 µL/min by peristaltic pumping. These flow rates are not achievable with the 

conventional reflow photoresist-based peristaltic pumps.  

In Chapter 7, we expand the application of the macro valve by fabricating PDMS 

microfluidic building blocks (MFBBs) with eight chambers or channels that are all individually 

addressable by integrated macro valves. We show a multiplexed 4-OoC device with integrated 

valves (thereby enabling automated liquid handling) that also contains a 3D microenvironment 

with a porous membrane as cell support (thereby enabling mimicry of a tissue-tissue barrier). 

We show that Caco-2 cells can be cultured in the 8-chamber MFBB for at least 3 days under 

constant valve actuation and semi-continuous flow. The presented MFBBs can be placed on a 

fluidic circuit board (FCB), resulting in a modular and standardized plug and play platform that 

aims to increase experimental throughput. Micromilling the direct molds for the MFBBs 

facilitates the redesign process. This way, the iteration can be fast and without the costs that are 

typically associated with making new masks for redesigning molds fabricated by 

photolithography. The FCB is specifically designed to control the oxygen concentration in two-

channel PDMS OoCs. Platinum electrodes can be integrated to monitor the oxygen 

concentration or barrier formation on-chip. In the future, the platform could be used to 

recapitulate the AHAM interface on-chip, the ultimate goal of this research as presented in 

Chapter 1.  

In the Appendix, detailed protocols can be found for the fabrication of an OoC with a 
polyester membrane, a 30 µm thick PDMS membrane, a cleanroom-free TEER OoC, and the 

electrochemical oxygen sensor. Several chapters of this thesis focus on cleanroom-free 

fabrication methods, based on the more approachable technique of micromilling, which 

enables OoC technologies for laboratories or universities that do not have access to cleanroom 

facilities. 

8.2 Outlook and recommendations 

8.2.1 The challenge of combining technologies and continuation 
All chapters presented in this thesis work towards a multiplexed AHAM-on-chip system. The next 

step is evident: to combine all separate aspects into one system, resulting in a multiplexed 

organ-on-chip system in which the oxygen concentration can be monitored and controlled. The 

most essential parameters that still need to be added to create an AHAM-on-chip system are 

the intestinal anaerobic microbiota and the local vascular inflammatory system. After that, the 

AHAM-on-chip can further be improved. Various aspects are also discussed in the Section 

‘Future challenges’ in Chapter 2. For example, one could reconsider the cell sources that mimic 

the intestinal host (e.g. differentiated (induced) pluripotent stem cells or organoids could be 
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used), to avoid the use of cell lines. Furthermore, including biomimetic cues such as mechanical 

stretching and a fluid flow could be beneficial.  

Combining all elements may seem straightforward, but in practice is not trivial. A 

considerable disadvantage of projects in academia is that researchers often temporarily work 

on one project (e.g. PhD projects are often ~4 years). For the subsequent researcher continuing 

the project, there is more and more literature to read and techniques to learn, which takes time. 

This thesis combines already known and published protocols, but it took considerable time and 

effort to master those protocols. When techniques are developing and increasing in complexity, 

the need for detailed protocols increases, to give (new) researchers a quick start. Moreover, 

reporting failed experiments (in detail) is also valuable, which is also recognized by various 

journals. Therefore, detailed and openly accessible protocols would be beneficial for the 

preservation and transfer of knowledge in academia. 

8.2.2 Standardization  
The field of microelectronics is a clear example that standardization is an exceedingly powerful 

tool to accelerate the development and application of the technology. There is a common 

consensus in both academia and industry that standardization in OoC is also highly 

desirable8,9. It is crucial that a standardization is widely supported by the stakeholder. While 

giving a framework, the standardization should still enable enough room for freedom of design. 

The translational organ-on-chip platform (TOP) is an open platform that provides standardized 

device dimensions, interfacing and position of in- and outlets10. This platform facilitates 

intercompatibility of devices, and thereby collaborations between different groups, labs or 

universities9.  

Besides the agreement to such a standardized physical platform, it would be highly 

beneficial to apply standardization also to other (technological, analytical and biological) 

aspects of OoCs9,11,12, such as device materials, the membrane (porosity, thickness and 

material), cell type(s), cell source and cell culture protocols, data read out, protocols for model 

validation (such as permeability assays) and so on. The call for standardization is supported by 

a lot of researchers9,11, however next steps should be taken to determine what these standards 

should entail12.  

8.2.3 Material choice 
In all chapters of this thesis, PDMS is the main material of the developed OoCs. PDMS is widely 

used in academia for various reasons11,13: it is (1) easy to use in various fabrication processes 

(casting, surface coatings for cell culture, stacking PDMS layers (Chapter 7) or glass), (2) gas 

permeable (so oxygen can diffuse to the cells), (3) optically transparent, (4) relatively cheap, 

and (5) PDMS has a high elasticity (for mechanical stretching and the possibility to implement 
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Quake-style valves (Chapter 6). However, the use of PDMS is also under debate14–16. The most 

pronounced disadvantage is the fact that PDMS absorbs hydrophobic molecules16. When testing 

hydrophobic drug candidates, one could determine the amount of absorption and take this into 

account. However, when cells produce hydrophobic metabolites or signaling molecules, these 

are also absorbed by the PDMS, which cannot be accounted for. Moreover, one should be 

aware of the possibility of PDMS oligomers leaching in the cell culture medium and thereby 

affecting the research outcome17. Lastly, the fabrication methods for PDMS OoCs (casting, 

punching and aligning the layers) limit the possibility to automate (and thus commercialize) the 

fabrication of PDMS OoCs. However, it can be argued that it is possible to commercialize PDMS 

OoCs, as there is an example of a company that does so successfully (Emulate Inc., Boston, 

USA)18. To overcome the issues of PDMS, more research effort is put into exploring other 

materials such as polystyrene, polycarbonate or cyclic olefin copolymers to examine their 

potential for OoC applications.  

Despite all the disadvantages of PDMS, we should be careful when banning the use of 

PDMS, specifically in academia. PDMS can still be the first choice for developing new 

techniques. An example is the fabrication of the 4-OoC MFBB (Chapter 7) that contains both 

valves for multiplexing, and a porous membrane on which cells can be cultured on both sides 

(the biologically complex environment which constitute OoCs). As PDMS layers are easy to stack 

and there are various protocols available for e.g. the incorporation of membranes, it was 

possible to make such technologically complex chip. When the MFBB is proven to be useful, 

one could transfer the technique to other materials (e.g. micromilling and solvent bonding all 

layers). To conclude, PDMS may not be the ideal choice for studying biologically relevant cell 

responses, but from a technological point of view PDMS is highly valuable when exploring new 

techniques and chip designs.  

8.2.4 Multi-OoC 
One of the main applications for OoC devices is drug development, as this process is currently 

slow and very costly due to high attrition rates in clinical trials19,20. Drug candidates specifically 

often fail in clinical testing due to toxicity12,19. A physiologically relevant in vitro model (e.g. an 

OoC) can help to make the pre-clinical phase more predictive12,21. An important example is a 

heart-on-chip, as the heart is an important target organ of toxicity. Single OoCs enable toxicity 

assessment in a specific organ, but they do not enable studying longer term and systemic toxic 

effects12. Furthermore, initially non-toxic substances can circulate to other organs where they 

can cause substantial problems. By linking several single OoCs, a multi-OoC can be created 

that aims to model complex organ-organ interactions and understand or discover systemic or 

off-target drug effects12. The modular, plug and play system as presented in Chapter 7 is 

excellent for this purpose. When the separate OoCs are integrated in one MFBB, the dead 
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volume is minimized, which is in particularly important when studying the effect of cell 

metabolites or signaling molecules (with a short lifetime).  

8.2.5 Applications for OoCs with oxygen control  
An OoC system with oxygen control as presented in Chapter 7 could be used for various 

applications besides its initial goal (the AHAM-on-chip). Applications for oxygen control on-chip 

has also been thoroughly reviewed22–24, but are summarized here to illustrate the (in our 

opinion) most interesting applications.  

The liver plays a central role in drug metabolism, as it is the main organ that inactivates 

toxins, clears nanoparticles and xenobiotics absorbed by the intestine, skin or lungs. The 

functional unit of the liver has an inherent oxygen gradient, which is believed to mediate cellular 

metabolism, differentiation, growth and is directly linked to the so-called metabolic zonation. 

To accurately recapitulate the metabolic activity required in drug toxicity screening and 

metabolic studies, one should also control the oxygen concentration in liver-on-chip 

systems25,26.  

Oxygen gradients are also important when studying the effect of brain ischemia or stroke. 

The core of an infarct is characterized by severe necrosis of the neural cells. However, close to 

this necrotic core is the ischemic penumbra, which has just sufficient blood supply for the cells 

to survive, but not enough to function properly. The penumbra is recognized as a therapeutic 

target for the post-stroke recovery, and therefore interesting to recapitulate on-chip7,27. A similar 

phenomena occurs in the heart after a myocardial infarction. The necrotic tissue of the infarct 

zone is vulnerable to infarct expansion and the cardiac myocytes at the infarct border rapidly 

remodel. This remodeling process impacts the ultimate cardiac function and patient outcome, 

but this process is not (completely) understood. Modeling post-myocardial infarction on-chip 

can provide a tool to gain insight and discover new therapies to minimize the effect of the initial 

infarction28.  

The high spatial and temporal control of oxygen that microfluidics offers is also highly 

desirable when mimicking the tumor microenvironment29,30. Due to the rapid cell growth of 

cancer cells, a solid tumor core lacks sufficient vessels to transport nutrients and oxygen, leading 

to hypoxia in this core31. Hypoxia is associated with a higher chance of metastasis29, and cancer 

cells in a hypoxic environment appear to be less susceptible to chemotherapy and 

radiotherapy31. To test anti-cancer therapies reliably, it is essential to mimic the oxygen gradient 

as present in solid tumors. Furthermore, understanding the underlying mechanisms could 

provide valuable information to develop anti-cancer therapies targeting the cells in these 

hypoxic areas.  

Lastly, oxygen concentration can be considered as a cell differentiator as much as other 

differentiation factors, as it affects the functionality of the cells32–34. Hypoxia is essential for stem 
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cells to maintain their undifferentiated state. So, when differentiating stem cells on-chip, one 

should be aware of the effect of oxygen concentration on-chip during the differentiation 

process35.  

To conclude, oxygen control in OoCs has numerous applications. A standardized, open 

platform method to control oxygen concentration on-chip would be highly valuable to obtain 

more insight in biological processes and discover new therapeutic targets to eventually improve 

medical treatments: the ultimate goal of biomedical research.  
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A.1 Organ-on-chip with polyester membrane 

This protocol aims to fabricate a poly(dimethylsiloxane) (PDMS) organ-on-chip (OoC) with a 

polyester (PE) or polycarbonate (PC) membrane. The protocol is based on and adapted from 

Van der Helm et al.1. Details of products and equipment used, can be found in Appendix A.6. 

A.1.1 Fabrication of the poly(methylmethacrylate) (PMMA) molds 
1. Draw a design in 3D CAD software (Solidworks® or Autodesk®). The technical 

drawings of the molds for the OoC (for top and bottom layer) can be found in Figure 

A.1 and Figure A.2.  

2. Program the milling path using the plugin software HSMworks.  

3. Postprocess the milling path into g-code (.SMPL file). 

4. Mill the PMMA with the milling machine (Datron Neo, Germany).  

Note: use cast PMMA (e.g. ALTRUGLAS™ or Plazcast®), do not use extruded PMMA 

(e.g. Epraform®). Extruded PMMA melts faster during milling and/or results in a worse 

micromilled surface finish.  

5. Clean the mold before use.  

Burs can be carefully removed with a KimTech tissue and/or an empty plastic pipette 

tip. Dust can be removed by using a nitrogen gun. An ultrasonic batch in Di water can 

help to remove unwanted PMMA remains. The molds can be cleaned with DI water, 

ethanol and IPA. Try to minimize the contact time with the mold for ethanol and IPA.  

A.1.2 Fabrication of the PDMS top and bottom layer 
6. Mix PDMS (Sylgard 184 Silicone elastomer kit, Dow Corning), 10:1 %w/w, 

base:curing agent. For this design, make 33 mL (30 mL base + 3 mL curing agent) 

PDMS in a 50 mL tube. Leftover PDMS can be stored in the fridge (for 1-2 days) or in 

the freezer (up until approximately 12 weeks).  

7. Degas the mixture in a desiccator to remove air bubbles. (approximately 1-2 hours) 

8. Pour PDMS in the PMMA molds for top and bottom layers. If any air bubbles appear 

at the mold surface, degas it again for approximately 30 minutes or remove the air 

bubble with a pipet tip.  

9. Cure PDMS in oven at 60 ˚C for at least 4 hours. Make sure the PMMA molds are 

horizontally positioned.  
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Figure A.1: Technical drawing of the PMMA mold for the top layer of the OoC.  
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Figure A.2: Technical drawing of the PMMA mold for the bottom layer of the OoC.   
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10. The PDMS layers can be stored until use with Scotch tape at both sides.  

 

A.1.3 Assembly of chip (adapted from Van der Helm et al.1) 
11. In a cross-flow hood, punch with a 1 mm diameter biopsy punch holes in the PDMS 

top layer as inlets and outlets to the top and bottom channels.  

12. Cut the membrane (PC or PE) at the correct size.  

 

13. Prepare a PDMS/toluene mortar using 0.7 g of PDMS base agent, 0.07 curing agent 
and 270 µL of toluene. Vortex the mortar thoroughly.  

14. Oxygen plasma treat the PDMS surfaces. 
15. Spin coat 200 µL of mortar onto a glass cover slip at 1500 rpm for 60 seconds 

(ramped at 100 rpm/s to 500 rpm, than 500 rpm to 1500 rpm), to acquire a thin, 

uniform layer of mortar.  

16. Place one side of the PDMS top or bottom part onto the thin mortar and remove 

when the surface is covered with mortar.  

17. Hold the PDMS part with mortar at the bottom site above the membranes, and 

carefully lower to touch the membranes, while paying attention to the alignment.  

18. Also lay the other PDMS part shortly in the PDMS/toluene mortar.  

19. Align the PDMS top and bottom parts and press them lightly to ensure good bonding 

without bubbles.  

20. Cover the chip inlets with clear tape to prevent dust from entering the chip and bake 

them at 60°C for 3 h.  
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A.1.4 Seeding cells on-chip 
In this protocol, Caco-2 cells are used to mimic an intestinal barrier (gut-on-chip). As cell culture 

medium Dulbecco's modified Eagle's medium (DMEM) high glucose Glutamax is used, 
supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 µg/mL 

streptomycin.  

21. Warm up the cell culture medium in the incubator (at 37˚C, 5% CO2). It is important 

to put the medium in the incubator, to get equilibrate to the CO2 concentration. This 

prevents bubble formation. 

22. For sterilization purposes, perform oxygen plasma treatment immediately before 

use. 

23. Rinse all channel with 70% ethanol. Perform this step immediately before use.  

24. Rinse the top and bottom culture channels with phosphate buffered saline (PBS). 

Check if there are no air bubbles in the channel! 
25. Coat the top channels with 100 µgram/mL collagen-I and incubate for 30 minutes 

at 37˚C. Check if there are no air bubbles in the channel!  

26. Wash channels 2x with cell culture medium. 

27. Fill top and bottom culture channels with cell culture medium.  

28. Incubate the chip for at least 2 hours at 37˚C. 

29. Check the T75 or T25 flasks with cells under a microscope. 

30. Wash cells with 5 mL PBS (2x). 

31. Add 1 mL or 0.5 mL Trypsin-EDTA (0.05%) to respectively 1 T75 or 1 T25 flask and 

incubate at 37˚C, 5% CO2 for 3-5 minutes.  

32. Check if the cells are detached (if not, gently tap the flask).  

33. Add 9 mL cell culture medium to deactivate the trypsin. And transfer cells in a 10 mL 

tube.  

34. Centrifuge the cells at 130 g for 6 minutes at 20 ˚C.  

35. Aspirate the supernatant. 

36. Add 0.5 mL cell culture medium and resuspend cells thoroughly.  

37. Count the cell concentration: 

a. Mix 15 µL cell suspension with 15 µL trypan blue thoroughly. Trypan blue is 

used to distinguish viable cells from nonviable cells. The nonviable cells will 

absorb the trypan blue and appear entirely dark blue, while the viable cells 

will only appear blue at the cell circumference.  

b. Pipet 10 µL in both sides of a Cell Counting Slide (Luna™).  

c. Count the cells with the cell counter. Make sure the trypan blue protocol is 

loaded, and the dilution factor is on in settings.  
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38. Seed cells: 

d. Determine the correct cell suspension concentration:  

Cell seeding concentration is 5∙104 cells/cm2.  

Surface of the culture channel is: 0.25 cm2* (1 mm x 25 mm).  

We need: 1.25∙104 cells per chip channel.  

Volume of the culture (top) channel is: 25 µL* (1 mm x 1 mm x 25) = 0.025 mL. 

1.25∙104 / 0.025= 5.0∙105 cells/mL is the cell concentration needed.  

So take 5.0∙105 cells from the cell suspension (Table A.1 and eq.A.1 provide the 

calculation) and supplement with culture medium to a total volume of 1 mL (eq.A.2).  

Table A.1: Calculation to obtain correct cell suspension concentration for seeding.  

 Cells mL  

Counted <counted cell concentration>  1   

In new cell suspension 5.0∙105 ….  

 
5.0 ∙ 105

< 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 > = 𝑚𝑚𝑚𝑚 𝑓𝑓𝑐𝑐𝑐𝑐𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐  (𝑐𝑐𝑒𝑒.𝐴𝐴. 1)  

1 𝑚𝑚𝑚𝑚− < 𝑚𝑚𝑚𝑚 𝑓𝑓𝑐𝑐𝑐𝑐𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐 >= 𝑐𝑐ℎ𝑐𝑐 𝑐𝑐𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚 𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐.  (𝑐𝑐𝑒𝑒.𝐴𝐴. 2) 
 

39. Pipet 5 µL of cell culture medium to the outlet of the channel.  

40. Carefully resuspend your cell suspension.  

41. Seed cells, by pipetting 35 µL* of the cell suspension in the inlet of your channel and 

resuspend the cells gently in the channel to obtain an even cell concentration along 

the channel.  

42. Check under the microscope if cells are present in the channel and if they are evenly 

distributed.  

e. If too little cells are present: resuspend your cell suspension again. Add 

more cell suspension to the channel.  

f. If the cells are not evenly distributed along the length of the channel, 

resuspend the cells in the OoC channel.   

43. Incubate chips for 1 hour at 37 ˚C. 

44. Change medium by replacing the pipet tip at the outlet with a pipet tip filled with 5 

µL cell culture medium and at the inlet a pipet tip with 150 µL cell culture medium*. 

This is used as a medium reservoir. Check if the medium can flow through the 

channel.   
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45. Medium should be replaced daily by inserting new medium-filled (150 µL cell culture 

medium*) pipette tips in the inlets and replacing the empty (5 µL cell culture 

medium) pipette tips at the outlets.  

* The surface and volumes depend on the channel dimensions. This is based on the top 

channel OoC, as presented in Chapter 3 and 4 and Figure A.1 and A.6.  

A.2 Cleanroom free PDMS membrane  

This protocol aims to fabricate a cleanroom free PDMS membrane of ~30 µm thick. The 

protocol is based on and adapted from Huh et al.2. Table A.2 presents the aimed parameters 

of the final PDMS membrane. Details of products and equipment used in this protocol, can be 

found in Appendix A.6. 

Table A.2: Aimed parameters of the membrane.  

Material PDMS 

Thickness 30 µm  

Pore size 10 µm 

Center to center spacing 25 µm 

 

A.2.1 SU-8 mold with pillars 
Table A.3 illustrated and describes the schematic process outline for the fabrication of the SU-

8 mold with pillars. The specific process flows can be found in the MESA+ online process flow 

database.  

Table A.3: Schematic process outline SU-8 mold fabrication.  

Step Graphic wafer status Explanation step  
1  

 
 
 

 
 
 

Start with a N-type silicon wafer.  
Cleaning process:  
- 3 minutes HNO3 to remove organic and 
inorganic residues 
- QuickDryRinse 
- 1% HF to oxides the surface 
- QuickDryRinse 

2 Dehydration bake 
- 10 minutes at 120 °C 

3  
 
 

 

Spincoat SU-8 25 to obtain a 30 µm thick layer. 
Spin program 3 
- Ramp 100 rpm/s to 500 rpm for 15 seconds 
- Ramp 300 rpm/s to 2000 rpm for 30 seconds  

4 Prebake the SU-8 
- Start at 25 °C 
- 10 minutes at 50 °C 



 

 

244 

 

Appendices 
 

 

- 10 minutes at 65 °C 
- 45 minutes at 95 °C 
- Ramp down to 25 °C (5 °C/2 minutes) 

5 

 

Align the mask (in the EV620 mask aligner) and 
the wafer and expose to light. (Hg lamp with a 
power of 12 mW/cm2)  
- 25 seconds exposure (constant) 
- Separation 50 µm  
- Soft contact 

6 Post exposure bake  
- Start at 25 °C 
- 10 minutes at 50 °C 
- 10 minutes at 65 °C 
- 20 minutes at 80 °C 
- Ramp down to 25 °C (5 °C/2 minutes) 

7  
 
 
 
 

 

Lithography development  
- 7 x 20 seconds developing with RER600, in 
developer PGMEA 
- Rinse with RER600 
- Rinse with IPA 
- Spin dry 

8 Hard bake  
- Start at 25 °C 
- 10 minutes at 50 °C  
- 10 minutes at 65 °C  
- 10 minutes at 100 °C  
- 2 hours at 120 °C  
- Ramp down to 25 °C (5 °C/10 minutes) 

 

The result of the wafer with SU-8 pillars can be seen in Figure A.3. 

 

Figure A.3: SEM images of the silicon wafer with SU-8 pillars. Left) Regular pattern of SU-8 pillars on a 
silicon wafer. Scale bar represents 50 µm. Right) Close-up of one pillar. The pillar diameter is 11.4 µm 
instead of the aimed 10 µm. The image is taken under an angle of 30°. The height is (13.4µm/sin(30)) 
= 26.8 µm instead of the aimed 30 µm.  
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A.2.2 Casting PDMS on the SU-8 wafer 
9. Oxygen plasma treat the SU-8 water.  

10. Perform a perfluorodecyltrichlorosilane (FDTS) vapor coating for 30 minutes to the 

SU-8 wafer. This can be performed in a desiccator or in the in-house made FDTS 

coater in the chemical lab of the BIOS Lab on a Chip group, University of Twente.  

The silanization with FDTS results in a hydrophobic surface due to the fluoride groups, 

which facilitates the release of PDMS from the wafer during casting. This silanization 

step is important to perform, especially in this case due to the large contact area the 

wafer and the PDMS have because of the pillars.  

 
11. Mix PDMS (Sylgard 184 Silicone elastomer kit, Dow Corning), 10:1 %w/w, 

base:curing agent. Here, make 2x25 mL PDMS in 50 mL tubes.  

12. Apply scotch tape to the circumference of the SU-8 wafer.  

13. Pour the PDMS on the SU-8 wafer. 

14. Degas the PDMS.  

15. Cure at 60 ˚C for at least 4 hours. 

16. Remove the scotch tape from the wafer 

17. Remove the PDMS cast very gently, to prevent the pillars to break.  

A.2.3 Fabrication of the SmoothCast mold 
A SmoothCast mold can be made as a replica of the SU-8 wafer. The SU-8 pillars are fragile 

and can break easily. The SmoothCast is cheaper and more robust than the wafer. In addition, 

one PDMS cast (made in step 11-17) can be used to make several SmoohtCast molds.  

18. Apply scotch tape to the circumference of the PDMS cast. 

19. Mix SmoothCast (Smooth-Cast 310 resin, Smooth-on) A and B component in a 1:1 

ratio. Here, make a total of 60 mL.  

20. Pour the SmoothCast pre-mixture to the PDMS cast.  

21. Perform ultrasonication for 5 minutes.  

22. Degas for 5 minutes in the desiccator. Keep the vacuum line open for the entire 5 

minutes. 

23. Cure the SmoothCast for overnight.  

24. Remove the Scotch tape and the PDMS cast carefully.  

25. Cure the SmoothCast for 7 days in an oven at 60 ˚C (only in the epoxy oven!).  
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A.2.4 Fabrication of the PDMS membrane 
26. Mix PDMS (Sylgard 184 Silicone elastomer kit, Dow Corning), 15:1 %w/w, 

base:curing agent. Here, make 4x 15 mL PDMS in 50 mL tubes. 

27. Degas the mixture in a desiccator to remove air bubbles. (approximately 1-2hours) 

28. Clean a Petri dish with Isopropanol and DI water and dry with a nitrogen gun. 

29. Pour the 60 mL 15:1 PDMS in the Petri dish and ensure that the PDMS layer is 

approximately 5 mm. If any air bubbles appear at the mold surface, degas it again 

for or remove the air bubble with a pipet tip. 

30. Cure at 60 ˚C for at least 4 hours. Make sure the Petri dish is in horizontal position. 

The goal is to have an everywhere evenly tick 15:1 PDMS slab. It is also possible to 

cure overnight (ON) on a flat surface with a subsequent 1 hour baking step at 60 ˚C. 

31. The PDMS slab can be removed from the dish using an empty pipette tip.  

32. Cut the outer circle of the PDMS slab, to make it the size of a wafer.  

33. PDMS (15:1) slab can be stored until use in the Petri dish.  

 

A.2.5 Prepare PVA solution as sacrificial layer (based on Leferink et al.3) 
34. Make a solution of 8% polyvinyl alcohol (PVA) in DI water. Stir the solution for 

approximately 2 hours at 50 °C until all PVA is dissolved.  
35. Filter the obtained solution using a syringe filter (mesh size: 0.22 µm).  

36. Pipet the PVA solution onto the PDMS slab with a plastic Pasteur pipet and spread 

the PVA solution gently with the pipette, so the entire surface of the PDMS slab is 

covered with PVA.  

37. Spin the PVA solution on the PDMS slab at 2000 rpm for 30 seconds. Make sure that 

before turning on the spin coater, the whole PDMS slab is covered with PVA solution.  

38. Bake the PVA by putting on a hotplate at 120 °C for 30 minutes. 

39. Let the PDMS slab with PVA cool down for at least 30 minutes. 

40. Repeat step 11-14.   

41. Mix PDMS (Sylgard 184 Silicone elastomer kit, Dow Corning, Midland, MI, USA) 

10:1 (%w/w), base:curing agent. Make at least 10 mL.  

42. Degas the mixture in a desiccator to remove air bubbles for exactly 45 minutes.  

THIS IS REALLY IMPORTANT; it is also important to have freshly made PDMS, no 

PDMS from the fridge or freezer, as these processes change the viscosity! To quicken 

the degassing process, the desiccator could be opened and degassed a couple times. 

43. Gently pour the 10:1 PDMS mixture over the PVA coated surface and wait for the 

PDMS to spread.  
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44. Spin the PDMS 1000 rpm for 400 seconds, resulting in a thin layer of uncured PDMS 

on the PVA coated PDMS slab. Schematically the following is obtained after this step:  

 

45. Invert the PDMS slab and bring the PDMS coated surface in contact with the 
SmoothCast mold with pillars. The cast has pillars that are 10 µm in diameter, 30 

µm in height, with a center-to-center spacing of 25 µm.  

 

46. Put a clean (and without any wrinkles) aluminum foil (1 layer) atop the 15:1 PDMS 

slab and place a disk weight (size of a wafer) over the entire surface to allow the 

pillars to penetrate the uncured PDMS layer on the PVA coated PDMS slab. Caution: 

make sure the weight is distributed over the entire wafer-PDMS area and place the 1 

kg weight carefully. 

 
47. Place the wafer with PDMS slab in the desiccator and degas for approximately 30 to 

45 minutes, with a 1 kg weight atop the disk weight.   

48. Slowly open the desiccator.  

49. Add more weights up to 3.5 kg. 

50. Leave the sample at room temperature overnight with the 3.5 kg weight. It is 

essential to keep the sample in horizontal position during the overnight curing.  

51. Bake the PDMS for 1 hour in an oven at 60 ˚C.  

52. The PDMS (15:1) slab can be removed from the SmoothCast by dissolving the PVA 

layer in water. Hold the PDMS and SmoothCast under a stream of water from the 

tap. Make sure the water comes in between the PDMS block and the wafer, 
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dissolving the PVA. DO THIS CAREFULLY AND SLOWLY. After this step, the result is 

a fully cured porous membrane on SmoothCast.  

53. Rinse the side of the membrane with water carefully, to remove PVA residues. It can 

be dried using a nitrogen gun.  

54. The porous PDMS membrane is now ready to be used for oxygen plasma treatment 

for integration in a chip. 

55. If a site of the PDMS membrane is used and the SmoothCast is exposed, cover this 

site of the SmoothCast with scotch tape to ensure the SmoothCast itself is not in 

contact with the oxygen plasma. 

The final fabricated PDMS membrane is shown in Figure A.4 and its final parameters 
compared to the aimed parameters are summarized in Table A.4. 

A.2.6 The final fabricated PDMS membrane  
 

 

Figure A.4: The fabricated PDMS membrane. A) Top view of the membrane on the wafer. The center to 
center distance was measured to be 25.1 µm. Scale bar represents 50 µm. B) The edge of the PDMS 
membrane to illustrate that the pores are completely through. Scale bar represents 50 µm. C) Cross 

sectional view of the PDMS membrane. The individual pores can be observed. The thickness was 
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measured to be 27.5 µm. Scale bar represents 50 µm. D) A PDMS OoC containing two crossing channels, 

separated by the PDMS membrane. The top channel was filled with a red food dye, the bottom channel 
with water. The red food dye diffuses in the bottom channel, proving the porosity of the membrane. The 
chip outer dimensions are 1.5 cm x 1.5 cm. Scale bar represents ~1 cm.  

 

Table A.4: The aimed parameters vs. the actual parameters of the fabricated PDMS membrane.  

 Aimed Actual Difference  

Thickness 30 µm  27.5 µm -2.5 µm 

Pore size 10 µm 11.4 µm 1.4 µm 

Center to center 

spacing 

25 µm 25.1 µm 0.1 µm 

 

A.2.7 Contact angle of the PDMS membrane 
Contact angle measurements were performed with the Krüss G10 Contact angle measuring 

system at the Molecular Nanofabrication (MNF) lab, University of Twente. The average contact 

angle of water at the membrane at the PVA side was measured to be 109.87° ± 9.17° and the 

wafer side 126.31° ± 2.68° (See Figure A.5).  

Native PDMS as a contact angle of ca. 95-110° 4, but with micro- or nanopillar arrays at 

the PDMS surface one can obtain super-hydrophobic surface properties with contact angles of 

>150° 5. The difference in measured contact angle of the two sides of the PDMS membrane 

(Figure A.5) could be explained by the used PVA as a sacrificial layer during the membrane 

fabrication. PVA is highly hydrophilic and dissolves in water 6. Possible residues left at the PDMS 

membrane surface could have lowered the contact angle.  

 

   

Figure A.5: A) The measured contact angles of the fabricated PDMS membrane on two sides (n=6). 
Three measurements per side of two membranes were tested. B) Schematic illustration of the PDMS 
membrane, indicating the PVA side and the wafer side as mentioned in A.  
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A.3 Organ-on-chip with TEER electrodes 

The fabrication of the PMMA molds and the PDMS top and bottom layer of the OoC are similar 

as described in Section A.1.1. The technical drawings of the designs for the top and bottom 

layer can be found in Figure A.6 And Figure A.7. Details of products and equipment used in 

this protocol, can be found in Appendix A.6. 

 

A.3.1 Assembly of the PDMS chip 

PDMS Membrane 
A PDMS membrane, such as presented previously7, or as described in Appendix A.2, can be 

bonded to the top and bottom layer of the PDMS OoC by performing oxygen plasma treatment.  

PE Membrane (similar as Section A.1.3 and based on Van der Helm et al.1) 
1. In a cross-flow hood, punch with a 1 mm diameter PDMS biopsy punch holes in the 

PDMS top layer as inlets and outlets to the top and bottom channels. Punch with a 

0.5 mm diameter PDMS biopsy punch the in the electrode wells for both top and 

bottom electrodes (also only in the PDMS top layer).  

2. Pre-cut the membrane at the right size (maximal 3 mm wide).  

3. Prepare a PDMS/toluene mortar using 0.7 g of PDMS base agent, 0.07 curing agent 
and 270 µL of toluene. Vortex the mortar thoroughly.  

4. Oxygen plasma treat the PDMS surfaces. 
5. Spin-coat 200 µL of mortar onto a glass cover slip at 1500 rpm for 60 seconds 

(ramped at 100 rpm/s to 500 rpm, than 500 rpm to 1500 rpm; program 20), to 

acquire a thin, uniform layer of mortar.  

6. Place one side of the PDMS top or bottom part onto the thin mortar and remove 

when the surface is covered in mortar.  
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Figure A.6: Technical drawing of the PMMA mold for the top layer of the OoC with TEER electrode wells.  
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Figure A.7: Technical drawing of the PMMA mold for the bottom layer of the OoC with TEER electrode 
wells.   
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7. Hold the PDMS part with mortar at the bottom site above the membranes, and 

carefully lower to touch the membranes, while paying attention to the alignment. 

Make sure the membrane is not covering the electrode wells. See Figure below for 

good placement:  

 
8. Align the PDMS top and bottom parts and DON’T press them. The glue will find its 

way to cover the entire area.  

9. Cover the chip inlets with clear tape to prevent dust from entering the chip and bake 

them at 60°C for 4 hours.  

10. The result should look like the picture below. To check if there is no PDMS/toluene 

glue in the electrode wells or electrode punched holes, one can fill the chip with 

water to see if all four holes let water pass.  

 

A.3.2 Electrode cleaning and inserting (based on Van der Helm et al.1) 
11. Cut platinum (Pt) wires (0.25 mm diameter) of approximately 1.5 - 2 cm long.  

12. Clean the Pt wires by:  

a. Immersing them in acetone for 30 minutes.  

b. Rinse with DI water.  

c. Rinse with ethanol.  

d. Let dry to air.  

13. Insert the electrodes in the pre-punched electrode holes vertically from the top side 

of the chip using tweezers.  
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14. Apply NOA 86H (a UV curable glue) with a clean pipette tip at the electrodes and let 

the glue enter to halfway the punched hole to secure the wire. Don’t let the glue go 

too low inside the punched hole, as it can cover the entire electrode. Usually 5-10 

seconds waiting is sufficient.  

Note: it is really important to have the specific NOA 86H; this type is good for gluing 

metal and plastic. If another NOA is used, there is a chance of leakage at the 

electrodes. 

15. UV cure the NOA. (2 times 400 mW/cm2, 10 seconds). To check if the glue is cured, 

one can poke the glue with a clean pipette tip.  

16. Do this for all four electrodes.  

17. Cover the inlets and outlets of the chip with scotch tape. 

18. Bake the chip at 60 ˚C for 4 hours to completely cure the NOA (in epoxy oven!). 

19. The chip can then be used for impedance measurements and cell culture.  

A.3.3 Performing impedance measurements 

20. For sterilization, perform oxygen plasma treatment and flow 70% ethanol trough the 
channels.  

21. Rinse the top and bottom culture channels with PBS. 

Note: because the electrode wells in this design are quite far from the main channel, 

I had some trouble with having the electrode wells filled with fluid. You can put the 

chip in a desiccator to remove bubbles. Also flushing often with ethanol/water and 

sometimes intentionally with air. It is crucial to remove the bubbles, the resistance and 

thus the impedance changes when the electrode wells are not completely filled. I left 

the chips ON at room temperature (RT), where after the electrode wells were filled with 

PBS.  

22. Coat the top channels with 0.1 mg/mL collagen-I and incubate for 30 to 45 minutes 

at 37˚C. Check if there are no air bubbles in the channel!  

23. Wash channel with PBS at room temperature.  

24. Before seeding cells, it is important to measure the impedance spectra of the 6 

electrode combinations.  

All 6 electrode combinations are (for numbering check figure below):  
- 1-4 (top – top electrode),  
- 2-3 (bottom-bottom electrode), and  
- 1-2,  
- 1-3, 
- 2-4, 
- 3-4 (top-bottom electrodes) . 
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In these last 4 electrode pairs, there is the information about the cell layer. The others are 

control measurements.  

 
Perform impedance measurements from a frequency of 100 Hz to 1 MHz, applying 0.1 V.  

The impedance measurements for a blank chip in PBS should look something like:  

 
25. Measure the impedance spectra of all 6 electrodes combination in PBS at RT.   

26. Replace the PBS in the channel with culture medium at RT.  

27. Incubate the chip with culture medium for 2 hours at 37˚C.  

28. Replace the culture medium with medium at RT. 
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29. Measure the impedance spectra of all 6 electrodes combinations in culture medium 

at RT. This is your blank measurement, which will be subtracted from subsequent 

measurements to see the effect of the cells. 

Cells can subsequently be seeded according to protocol A.1.4 Step 21-45. 

A.3.4 Dissolving EGTA in PBS 
To temporarily disrupt the cell monolayer barrier, a solution of the calcium chelator ethylene 

glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) in PBS can be applied. EGTA 

does not directly dissolves in PBS.  

1. Dissolve the EGTA in NaOH at a pH of 8.  

2. Titrate HCl to the solution to bring the pH back to 7.4. 

3. When the pH is 7.4, add PBS to obtain a stock solution of 50 mM EGTA.  

4. This solution should be autoclaved for sterilization purposes.  

5. Dilute the stock solution 10x to obtain the working solution concentration of 5 mM 

EGTA in PBS.  

 

A.4 Electrochemical oxygen sensor 

A.4.1 Fabrication of glass chips with Pt electrodes and SU-8  
Table A.5 illustrated and describes the schematic process outline for the fabrication of the glass 

sensor chips with platinum electrodes and SU-8 layer to passivate the electrode paths. The 

specific process flows can be found in the MESA+ online process flow database. 

Table A.5: Schematic process outline. 
Step Graphic wafer status Explanation step  
1  

 
 
 
 

 

Start with a MEMpax glass wafer  
Cleaning process:  
- 5 minutes 99% HNO3, beaker 1 
- 5 minutes 99% HNO3, beaker 2 
- QuickDryRinse 

2 Dehydration bake 
- 5 minutes at 120 °C 

3 Vapor priming with 
HexaMethylDiSilazane (HMDS): 
- Temperature at 150 °C 
- Pressure, 25 in of mercury (inHg) 
- Dehydration bake, 2 minutes 
- HMDS priming, 5 minutes  

4  
 

Spincoat Olin OiR 907-17 (positive 
photoresist): 
- Spin mode, static 
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- Spin speed, 4000 rpm 
- Spin time, 30 seconds 

5 Prebake Olin OiR:  
- Temperature at 95 °C, for 90 seconds 

6 

 

Align the mask (in the EV620 mask 
aligner) and the wafer and expose to light. 
(Hg lamp with a power of 12 mW/cm2)  
- 4 seconds exposure (constant) 
- Separation 65 µm  
- Vacuum contact 

7 After exposure bake Olin OiR 
- 60 seconds at 120 °C 

8  
 
 
 

 
 

Development in OPD4262 (chemical)  
Move the wafer up and down to remove 
resist  
- Beaker 1, 30 seconds 
- Beaker 2, 15-30 seconds 
- QuickDryRinse  

9 Substrate drying  
- Spin speed 2500 rpm for 60 seconds 
(including 45 seconds nitrogen purge)  

10 Post bake Olin OiR 
- 10 minutes at 120 °C 

11  
 
 

 

Etch with buffered hydrofluoric acid (BHF, 
1:7 of NH4F:HF) at room temperature  
For MEMpax wafers: 4.5 minutes of 
etching for 120 nm deep channels  
- QuickDryRinse 

12 Substrate drying  
- Spin speed 2500 rpm for 60 seconds 
(including 45 seconds nitrogen purge) 

13 UV-ozon treatment for 5 minutes 
14  

 

 

Sputtering Tantalum 
Presputter the T’COathy for 60 seconds 
- Sputter on wafer for 1 minute for a 10 
nm layer 

15 Sputtering Platinum  
Presputter the T’COathy for 30 seconds 
- Sputter on wafer for 6 minute for a 120 
nm layer 

16  
 
 
 
 
 

 

Lift-off the Olin OiR in acetone 
- Beaker 1 acetone, for 10 minutes 
Spray the wafer with acetone for 30 
seconds and immediately spray with 
isopropanol for 30 seconds 
* If the liftoff does not succeeds, the wafers 
can be put in acetone in an ultrasonic 
bath: high power, low frequency, pulsed 
mode.  

17 Substrate drying  
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- Spin speed 2500 rpm for 60 seconds 
(including 45 seconds nitrogen purge) 

18 Cleaning process:  
- 3 minutes HNO3 to remove organic and 
inorganic residues 
- QuickDryRinse 
- 1% HF to oxides the surface 
- QuickDryRinse 

19 Dehydration bake 
- 10 minutes, 120 °C 
- Cool down or 5 minutes  

20  
 
 
 

 

Spincoat SU-8 5  
- Spin speed 4000 rpm  
- Spin time 30 seconds to obtain an 4.1 
µm thick layer 

21 Soft bake  
Start at 25 °C (highest ramp up 22 
°C/minute) 
- 1 minute at 50 °C  
- 1 minute at 65 °C  
- 3 minutes at 95 °C  
- 5 °C/2 minutes  ramp down to 25 °C 

22  

 

Align the mask (in the EV620 mask 
aligner) and the wafer and expose to light. 
(Hg lamp with a power of 12 mW/cm2)  
- 14 seconds exposure (constant) 
- Separation 50 µm  
- Soft contact 

23 Post exposure bake  
- Start at 25 °C (highest ramp up 22 
°C/minute) 
- 1 minute at 50 °C 
- 1 minute at 65 °C 
- 2 minutes at 80 °C 
- Ramp down to 25 °C (5 °C/2 minutes) 

24  
 
 
 

 
 
 

Development SU-8 5  
- 6 x 20 seconds developing with RER600, 
in developer PGMEA 
- Rinse with RER600 
- Rinse with isopropyl alcohol (IPA) 
- Spin dry 

25 Hard bake  
- 2 hours at 120 °C  

26 Dice the glass chips in separate sensor 
chips (Disco Dicer) 

 

A.4.2 Preconditioning the electrodes 
1. Rinse the sensor chips with acetone. 
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2. Rinse the sensor chips with IPA. 

3. Rinse the sensor chips with DI water. 

4. Dry the sensor chips with a nitrogen gun. 

5. Oxygen plasma treat chips. 

6. Perform electrochemical cleaning of the reference electrode of chip (connect as 

working electrode (WE) to the potentiostat) in 0.5 M H2SO4 by performing cyclic 

voltammetry (CV) from -0.2 V to 1.3 V until overlapping CV measurements are seen. 

An external commercially available Ag/AgCl reference electrode is used as a 

reference electrode. A platinum wire coil is used as counter electrode.  

A.4.3 Fabricating the Ag/AgCl quasi reference electrode 
The fabrication process is illustrated in Figure A.8.  

7. Electroplate silver atop the reference electrode:  

Immerse the chip in 0.3 M AgNO3 (Sigma-Aldrich) in 1 M NH3NO3 (aq) (Sigma-

Aldrich). A silver wire serves as quasi-reference electrode and a platinum wire coil 

serves as counter electrode. The silver plating is performed: 

1. Apply chronoamperometery of 30 seconds at +0.95V. This serves as an 

oxidation step and ensures that the silver properly attaches to the platinum 

electrode.  

2. Remove the bubbles from the electrode surface. 

3. Apply pulsed potentiometry. A current of -3 mA is applied for 0.1 second, 

followed by a pause of 0.5 seconds, for 300 cycles 

8. After electroplating, the chips are placed in an oven at 200 ˚C for 2 hours to anneal 

the silver layer.  

9. The obtained silver electrode can be chloridized by applying a current of 3.0 µA for 

60 minutes in 1.0 M KCl. 

10. The Ag/AgCl reference electrode can be validated by measuring the open circuit 

potential in 1.0 M KCl between the fabricated reference electrode and a 

commercially available Ag/AgCl electrode. 

A.4.4 pHEMA coating 
11. Oxygen plasma treat chips. 

12. Immersed in 1% (3-aminopropyl)-triethoxysilane in MilliQ water for 15 minutes.  

13. Dry chips with a nitrogen gun. 

14. Immerse in MilliQ water overnight to hydrolyze.  
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Figure A.8: Schematic illustration of the fabrication process of the oxygen sensor with pHEMA layer. A-
C) Fabricating the on-board Ag/AgCl quasi RE by electroplating silver on the platinum electrode and 
subsequent chloridization. D-G) Schematic illustration of the surface chemistry to ensure the pHEMA layer 
is attached to the SU-8 surface of the glass oxygen sensor chip. H-J) Applying the pre-pHEMA mixture to 
the sensor chip. The pHEMA is only cured by UV light the site of the electrodes by using a photomask. K) 
The final oxygen sensor with pHEMA layer.  

 

15. Make pre – pHEMA- mixture:  

o 70%  monomer hydroxyethyl methacrylate (HEMA) 

o 2.7% cross linker tetra(ethylene glycol) diacrylate (TEGDA) 

o 13.6% DI water 
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o 13.6% ethylene glycol 

o 2% initiator 2-2-dimethoxy-2-phenylactophenone (Irgacure®2959) 

16. Vortex solution shortly and sonicate for 5 minutes to dissolve the initiator.  

17. Sparge solution with nitrogen for at least 15 minutes.  

18. Oxygen plasma treat glass cover slides (mark the upper side of the glass slide)  

19. Place cover slides in desiccator  

20. Put a drop of trichloro(1H,1H,2H,2H-perfluoroocyl)silane (FDTS) on a thick glass 

slide and place at the bottom of the desiccator.  

21. Vacuum and vapor deposit for 30 minutes.  

22. Dry the hydrolyzed chips. 

23. Immerse in 1% vinyltrimethoxysilane in toluene for 15 minutes. 

24. Dry the chips. 
25. Pipet 10 µl HEMA solution on the chip at the site of the electrodes.  

26. Cover with the treated cover glass slides.  

27. Place a commercially available photomask atop of the glass slide with ink on bottom 

28. UV cure the HEMA mixture for 10 minutes.  

When the chip is used for a microfluidic chip, one can use a mask to only expose the 

site of the electrodes to UV light. The pHEMA will only cure at that site.  

29. Immerse the glass chip in water, whereby the cover slide releases from the chip.  

 

A.5 PDMS chips with macrovalves  

The fabrication process for PDMS devices with integrated macrovalves is based on Unger et al.8 

and optimized for micromilled molds.  

1. Mix PDMS (RTV 615) (7:1 %w/w, base:curing agent) for the flow layer, and (20:1 

%w/w, base:curing agent) for the control layer.  

Control layer: 2 gram + 0.1 gram (base:curing agent) 

Flow layer: 3.5 gram + 0.5 gram (base:curing agent) 

2. Mix PDMS (Sylgard 184 Silicone elastomer kit, Dow Corning) (10:1 %w/w, base:curing 

agent) 

Base layer: 4 gram + 0.4 gram (base:curing agent) 

3. Degas the PDMS for 2 hours.  

4. Cast the (7:1) PDMS in the flow layer mold.  

5. Pre-cure the flow layer for 45 minutes at 60 °C. 

6. Pre-cure the control layer for 30 minutes at 60 °C.  
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7. Meanwhile, spin coat the (20:1) PDMS onto the micro milled PMMA mold at 750 rpm* 

for 60 seconds, resulting in an approximately ~65 µm* thick membrane at the valve 

site.  

8. Place the control layer on a flat surface after spinning for 20 minutes at room 

temperature.  

9. Punch the inlets for the flow channel with a 1 mm diameter biopsy punch.  

10. Align the flow layers on top of the control layer and press (gently) together to bond.  

11. Pre-cure both layers for 45 min at 60 °C.  

12. Meanwhile, spin coat (10:1) PDMS (Sylgard) onto a large glass slide at 300 rpm for 

60 seconds for the base layer.  

13. Pre-cure the base layer for 20 minutes at 60 °C. 

14. Punch the inlets for the control channels with a 0.75 mm diameter biopsy punch. 

15. Gently place the control layer on the PDMS base layer.  

16. Cure the final chip ON at 60°C.  

The final devices consist of four layers, three PDMS layers (flow and control, 10:1 PDMS) and 

one glass layer. 

*The spinning speed for the 20:1 PDMS on the control layer depends on the control layer mold 

dimensions (specifically the outer dimensions and the height of the control channel structures, 

which depend on the corresponding flow channel height). The corresponding membrane 

thickness depends on the before mentioned spinning speed.  

For the 4 OoC chip, is this protocol followed by gluing a polyester membrane and additional 

PDMS layer according to Appendix protocol A.1.3.  

A.6 List of products and equipment 
Table A.6: List of products (in alphabetic order).  

Product Supplier/Company Details product 
Actin staining Invitrogen, by Thermo 

Fisher Scientific 
ActinGreen™ 488 or 
ActinRed™ 555 
ReadyProbes™ reagent 

Biopsy punch Ted Pella Inc. 1 mm diameter 
Biopsy punch Harris Uni-Core™, via 

Sigma-Aldrich 
0.75 mm and 0.5 mm 
diameter 

Blunt needles Nordson Optimum® stainless steel 
tips with SafetyLok™ 
90° angled or no angle 
- 18 Gauge (green)  
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- 22 Gauge (blue)  
Bovine Serum albumin (BSA) Sigma-Aldrich   
Bolt  RVS paleis M2 x L16 mm, DIN 933 
Chloroform Sigma-Aldrich  
Collagen-1 Gibco Stock = 3 mg/mL, dilute to 

100 µgram/mL in PBS 
DAPI staining Invitrogen, by Thermo 

Fisher Scientific 
NucBlue™ Fixed Cell 
ReadyProbes™ reagent or  
NucBlue™ Live Cell Stain 
ReadyProbes™ reagent 

Dulbecco's modified Eagle's 
medium (DMEM) high 
glucose Glutamax  

Gibco  

EGTA (ethylene glycol-bis(β-
aminoethyl ether)-
N,N,N’,N’-tetraacetic acid 

Sigma-Aldrich Dissolving EGTA, see 
protocol A.3.4 

Ethanol Boom   
Fetal bovine serum (FBS) Gibco  
Formaldehyde  Sigma-Aldrich Stock = 36.5-38%, dilute to 

4% in PBS 
Glass slides (extra large) Brain Research Laboratories  #3040 (3”x4”) clear 
Glass slides (large)  Corning 2947-75x38  
Human caucasian colon 
adenocarcinoma (Caco-2) 
cells 

ATCC HTB-37™ Caco-2 cell line 

LIVE/DEAD™ 
viability/Cytotoxicity Kit   

Invitrogen, by Thermo 
Fisher Scientific 

For mammalial cells, 
#L3224 

Microscopic cover slides 
(round) 

Earthlines.com 12 mm diameter, SKU: 
MC0362 

Microscopic glass slides Thermo Fisher Scientific AAAA000001##02E 
Nut RVS paleis M2, DIN 934 
O-ring Eriks FMK, 0.74x1.02 mm  

Article No: 10023203 
Paraformaldehyde Thermo Fisher Scientific For cell fixation: dilute to 

4% (v/v) in PBS  
PDMS Dow Corning Sylgard 184 Silicone 

elastomer kit 
PDMS RTV 615 Permacol BV No: 35601100 
Penicillin/streptomycin 
(pen/strep)  

Gibco  Stock concentration: 
Penicillin streptomycin 
10,000 Units/mL (penicillin) 
10,000 µg/mL 
(streptomycin) 

Phosphate-buffered saline 
(PBS) 

Sigma-Aldrich Tablets  
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Platinum tetrakis 
(pentafluorophenyl) 
porphyrin (PtTFPP) 

Frontier Scientific No: PtT975, MW: 1167.61 

Platinum (Pt) wires Alfa Aesar, Thermo Fisher 
Scientific 

0.25 mm diameter 

Polycarbonate membrane Gel life science Whatman Nuclepore 
polycarbonate (PC) 
membrane, pore size 0.4 
µm 

Polyester membrane GVS life sciences Polyester track-etched 
(PETE) membrane, pore 
size 8 µm, thickness 10 – 
20 µm 

Polymethylmethacrylate (cast) Arkema, via the Techno 
Centrum voor Onderwijs en 
Onderzoek (TCO) of the 
University of Twente 

ALTRUGLAS™ 

Polymethylmethacrylate (cast) Plazit-Polygal, via the TCO 
of the University of Twente  

Plazcast® 

Polymethylmethacrylate 
(extruded) 

Eriks, via the TCO of the 
University of Twente 

Epraform® 

Polystyrene (grains) Sigma-Aldrich Molecular weight: 280,000 
Polyvinylalcohol Sigma-Aldrich  Average molecular weight: 

30,000-70,000 
87-90% hydrolyzed  

Scotch Magic™ tape  3M, 19 mm wide 
Smooth-Cast  Smooth-on 310 resin 
Syringe filter Millex® GP Millipore Express, PES 

membrane, mesh size: 
0.22 μm 

Toluene  Sigma-Aldrich  
Triton X-100 Sigma-Aldrich  For cell permeabilization: 

dilute to 0.1% or 0.3% in 
PBS 

Tubing Saint Gobain  Tygon® ND 100-8, 
- AAD04127 (0.040 ID x 
0.07 OD) for 18 Gauge 
(green) needle.  
- AAD04103 (0.020 ID x 
0.060 OD) for 22 Gauge 
(blue) needles. 

Trypan blue Lonza 0.4 % in 0.85% NaCl  
Trypsin-EDTA Gibco Stock: 0.5%, diluted in PBS 

to 0.05% 
UV curable glue (Norland 
Optical Adhesive) 

Norland Products NOA 68H 
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Table A.7: List of equipment (in alphabetic order).  

Equipment Model/details Company/Manufacturer  
Balance  XS64 Mettler Toledo 
Balance (only for PDMS) - Kern EMB 
Camera, color CCD  Grasshopper 3, U232S6C FLIR 
Camera, greyscale Grasshopper 3 GS3-U3-

23S6M 
FLIR 

Cell counter  Luna™ Automated cell 
counter  

Logos biosystem 

Centrifuge Allegra™ X-12R Centrifuge Beckman Coulter 
Confocal microscope A1 Confocal Laser 

Microscope 
Nikon instruments 

Filter for measuring PtTFPP 
 

49012-ET-FITC/EGFP long 
pass filter 

Chroma 

Flow sensor FRP, size L, M or S Fluigent 
Hotplate RET control-visc IKA® 
Impedance spectroscope HF2IS Impedance 

Spectroscope 
Zurich Instruments 

Incubator (for chips) - Binder 
Incubator (standard) - Nuaire  
Micromilling machine Datron Neo Datron, Germany 
Microscope cell culture EVOS FL microscope 

M5000 Imaging system, 
Life Technologies air 
objectives 

Thermo Fischer Scientific  

Oxygen plasma oven Cute 
Settings: 40 seconds, 50 
Watt 

Femto Science 

PDMS oven  Model 10 Lab oven Quincy Lab Inc.  
PDMS oven (assembly lab) - Binder  
Photo spectrometer with 
lifetime extension 

FluoroMax-4  Horiba Scientific 

Pneumatic Regulator and 
manometer 

LRP-1/4-2.5 
and MAP-40-1-1/8-EN 

Festo 

Potentiostat  SP-300 Biologic SAS 
Pressure pump LINEUP™ Flow EZ 1000 

mbar 
Fluigent 

Reference electrode 
(Ag/AgCl) 

Red rod, d=7.5 mm  Hach 

Spin coater Spin 150 POLOS 
Tweezers Stainless steel forceps, fine 

tip, curved, Z168785-1EA 
Sigma-Aldrich 

Tweezers Stainless steel, large 
22435-U 

Sigma-Aldrich 
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Ultrasonication bath  - VWR™ 
UV source Intelliray 600 UViTRON International 
Valve manifold MH1, #197334 Festo 
Vortex  Vortex-genie2 Scientific industries 

A.7 Acknowledgements 

Hereby, I sincerely thank Martijn Tibbe for the fruitful discussions about the PDMS membrane 

fabrication and the idea of the PVA sacrificial layer. Furthermore, I would like to thank Ruben 

Kolkman for measuring the contact angles of the PDMS membranes.  

A.8 References  

1. van der Helm, M. W. et al. Fabrication and validation of an organ-on-chip system with 
integrated electrodes to directly quantify transendothelial electrical resistance. J. Vis. 
Exp. 2017, 1–8 (2017). 

2. Huh, D. et al. Microfabrication of human organs-on-chips. Nat. Protoc. 8, 2135–2157 
(2013). 

3. Leferink, A. M. et al. Shape-defined solid micro-objects from poly(D,L-lactic acid) as 
cell-supportive counterparts in bottom-up tissue engineering. Mater. Today Bio 4, 
100025 (2019). 

4. Lawton, R. A., Price, C. R., Runge, A. F., Doherty, W. J. & Saavedra, S. S. Air plasma 
treatment of submicron thick PDMS polymer films: Effect of oxidation time and storage 
conditions. Colloids Surfaces A Physicochem. Eng. Asp. 253, 213–215 (2005). 

5. Gao, J. ., ZHao, J., Liu, L. & Xue, X. Dimensional effects of polymer pillar arrays on 
hydrophobicity. Surf. Eng. 32, 125–131 (2016). 

6. Zhang, C. H., Yang, F. lin, Wang, W. J. & Chen, B. Preparation and characterization 
of hydrophilic modification of polypropylene non-woven fabric by dip-coating PVA 
(polyvinyl alcohol). Sep. Purif. Technol. 61, 276–286 (2008). 

7. Le-The, H. et al. Large-scale fabrication of free-standing and sub-μm PDMS through-
hole membranes. Nanoscale 10, 7711–7718 (2018). 

8. Unger, M. A., Chou, H. P., Thorsen, T., Scherer, A. & Quake, S. R. Monolithic 
microfabricated valves and pumps by multilayer soft lithography. Science (80-. ). 288, 
113–116 (2000). 

 
 
 

 



 

 

267 

 

Samenvatting 
 

A
pp

en
di

x 

Samenvatting 

Het recreëren van de darm op-chip 

Sensor- en fabricatietechnologieën voor onderzoek naar aerobe darm en anaerobe 
microbiota interacties  
 

In de menselijke darm leven biljoenen bacteriën die gezamenlijk de microbiota worden 

genoemd. Deze bacteriën leven in balans met hun gastheer, de mens. De darmbacteriën 

helpen ons bijvoorbeeld door (voor ons) onverteerbare vezels af te breken en door essentiële 

vitamines te produceren. Het overgrote deel van de darmbacteriën zijn anaeroob, wat betekent 

dat ze niet in de aanwezigheid van zuurstof kunnen leven, terwijl onze darmcellen wel zuurstof 

nodig hebben. Wanneer de delicate balans tussen de darmcellen en de bacteriën verstoord 

wordt, kunnen er problemen voor de gezondheid van de gastheer ontstaan. Er zijn 

verschillende indicaties gevonden voor factoren die een disbalans kunnen veroorzaken. Het is 

echter moeilijk om in mensen één specifieke factor exclusief te onderzoeken, omdat factoren 

met elkaar verbonden zijn en/of moeilijk te controleren zijn. In vitro (celkweek) modellen bieden 

een gecontroleerde omgeving waardoor factoren in isolatie beter kunnen worden onderzocht.  

‘Organen-op-chips’ zijn zulke in vitro modellen en bevatten kleine celkweekkamers met 

een volume van microliters. Om dit in perspectief te plaatsen: een druppel water is circa 10 tot 

50 microliter. In de microfluïdische kanalen van de organen-op-chip wordt menselijk 

orgaanweefsel gekweekt. Met behulp van verschillende technologieën kunnen de 

celkweekkamers de natuurlijke omgeving van een specifiek weefsel nabootsen. Organen-op-

chip hebben als voornaamste doel om een levend orgaan zo goed mogelijk na te bootsen, 

zodat de chip kan worden gebruikt om bijvoorbeeld medicijnen te testen. Het testen van 

medicijnen wordt vooralsnog veelal op dieren gedaan. Helaas reageren dieren vaak anders 

op medicijnen dan mensen. Hierdoor kunnen veelbelovende medicijnen over het hoofd worden 

gezien of worden onnodige kosten gemaakt voor de ontwikkeling van (voor de mens) niet-

werkzame medicijnen.  

Dit proefschrift beschrijft de ontwikkeling van nieuwe technologieën voor een darm-op-

chip, met de focus op interacties tussen darmcellen en de microbiota. De chip moet in staat 

zijn om de zuurstofconcentratie te meten en te regelen, zodat zowel de anaerobe microbiota 

en de aerobe darmcellen blijven leven tijdens het kweken. Hoofdstuk 1 bevat een korte 
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introductie van het onderzoeksproject en de doelen van deze thesis. Hoofdstuk 2 bevat een 

gedetailleerd overzicht van de huidige technologieën voor aerobe darm – anaerobe microbiota 

op-chip modellen. Daarnaast worden de toekomstige uitdagingen voor deze modellen 

gedefinieerd.  

Vervolgens bevat dit proefschrift drie hoofdstukken die sensoren beschrijven die 

geïmplementeerd kunnen worden in organen-op-chip (Sectie A). Hoofdstuk 3 beschrijft een 

veelzijdige en cleanroom-vrije methode om platina elektrodes in een orgaan-op-chip te 

integreren. Deze elektrodes kunnen worden gebruikt om de barrièrefunctie van een cellaag 

elektrisch te meten, met als uitkomst de transepithele elektrische weerstand (‘TEER’). Onze 

unieke elektrodeconfiguratie heeft verschillende voordelen en biedt onder andere de 

mogelijkheid om het aantal elektrodes en het aantal organen-op-chips op te schalen.  

Hoofdstuk 4 beschrijft een fabricatiemethode voor optische zuurstofsensoren, gebaseerd 

op een speciaal molecuul (PtTFPP). Wanneer er geen zuurstof in de omgeving van PtTFPP is, 

licht het materiaal rood op. De intensiteit van dit rode licht is afhankelijk van de 

zuurstofconcentratie. In hoofdstuk 5 wordt een elektrochemische zuurstofsensor beschreven. 

Het werkingsprincipe van deze sensor is gebaseerd op de reductie van zuurstof aan de 

werkelektrode. De zuurstofsensor is geminiaturiseerd zodat deze in een 1 millimeter breed 

orgaan-op-chip kanaal past.  

In het laatste deel van dit proefschrift (Sectie B) worden fabricatietechnologieën onderzocht 

voor het opschalen van organen-op-chip experimenten. Momenteel zijn organen-op-chip 

experimenten zeer arbeidsintensief en vereisen ze ervaring met celkweek en microfluïdica. 

Hierdoor wordt de toepassing van organen-op-chip beperkt. Idealiter zou er een systeem 

bestaan dat vele individuele organen-op-chips bevat en automatisch wordt bestuurd. Hoofdstuk 

6 beschrijft een cleanroom-vrije fabricatiemethode, gebaseerd op microfrezen, om directe 

mallen te maken voor ‘macrokleppen’. De ‘macroklep’ kan een kanaal afsluiten met dimensies 
in de grootte van honderden micrometers (250 µm tot 1000 µm breed), zoals vaak gebruikt 

wordt voor organen-op-chips. Deze dimensies kunnen niet worden gehaald met de 

conventionele fabricatiemethodes voor de al bestaande ‘microkleppen’. De karakterisatie van 

onze macroklep is een waardevol hulpmiddel voor het creëren van andere microfluïdische chip 

ontwerpen.  

Tot slot wordt in hoofdstuk 7 de toepassing van de macroklep uitgebreid door het maken 

van organen-op-chips met 8 kamers of kanalen. Die 8 kamers of kanalen zijn allemaal 

individueel aan te sturen met behulp van de geïntegreerde macrokleppen. We laten zien dat 

darmcellen kunnen worden gekweekt in alle kamers van deze chips. Het kweekmedium wordt 

automatisch ververst en op deze manier worden de cellen ten minste gedurende 3 dagen 

gekweekt. De chips die gepresenteerd worden in dit hoofdstuk kunnen worden geplaatst op 
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een zelf ontworpen ‘fluidic circuit board’ (FCB). Een FCB is afgeleid van een ‘printed circuit 

board’ (PCB), oftewel een printplaat. Een FCB is een printplaat voor vloeistoffen in plaats van 

elektronen. Het uiteindelijke doel van dit onderzoek is een modulair platform dat experimenten 

met organen-op-chip opschaalt en automatiseert. Via deze weg kunnen organen-op-chip een 

bijdrage leveren aan onderzoeken voor medicijnontwikkeling en andere biomedische 

toepassingen.  
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