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CHAPTER 1 

Introduction  

The goal of this research is to develop a Blood-Brain Barrier (BBB) on-chip with 

increased throughput and integrated readouts. In this chapter an overview of the 

recently developed BBB-on-chip models is provided and several important aspects of 
the design and development of these models are discussed. The framework and an 

outline of the thesis are given in the last section.  
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1.1 Background 

Over thirty years ago miniaturized total chemical analysis systems (μTAS) and lab-on-
a-chip (LOC) technologies were first introduced.1,2 Since then, technological 
advancements led to the development of this field not only in chemistry but also in 

biology and medicine. The basis of LOC is the use of a microfluidic approach which 

allows precise control and manipulation of reagents due to the laminar flow profile in 

the microfluidic channels.3 The advantages of these systems are their portability, 
ability to use small quantities of reagents in the short term, and scalability. LOC shows 

also great promise in pharmacology, with the development of so-called organ-on-chips 

(OOC), creating new platforms for drug discovery that potentially can become 

alternatives to animal models.  

The conventional procedure for developing and approving a drug is time-consuming 

and expensive. Recent studies calculated that the average cost of developing one drug 

may vary between $944m and $2,826m (adjusted as per 2019 prices) depending on 

different factors.4 Moreover, these costs are only expected to increase within the next 
years. The lack of accurate models resembling human physiology causes a lot of drugs 

to fail at different stages of clinical trials. This, in turn, translates into high healthcare 

costs. Ideally, the study models used for the drug testing should be able to simulate 

human (patho)physiology and have a high predictive value for clinical outcomes.  

In the past two decades OOC devices have been developed as a promising alternative 

to in vitro and animal models. OOCs models aim at closely mimicking key aspects of 
human physiology and pathology. OOCs represent compartmentalized microfluidic 

devices providing the complexity of the in vivo microenvironment by modeling tissue- 
and organ-level functions and factors. This allows the study of (patho)physiology in a 

controlled manner. Examples of OOC systems that successfully provided preclinical 
predictability are the lung-on-a-chip5, heart-on-a-chip6, and gut-on-a-chip.7 

1.2 The Blood-Brain Barrier  

One of the barrier tissues that has a special interest in pharmacology is the blood-
brain barrier (BBB). It creates a major challenge for drug delivery to the brain due to 

its restrictive nature. As the result, many neurological disorders are difficult to cure. 
The BBB is a highly selective barrier for the central nervous system (CNS) that is 

responsible for maintaining brain homeostasis. It provides a stable brain 

microenvironment to safeguard neural function by a combination of physical, 
transport, metabolic and immunological barrier properties.8 The interconnections 

between cerebral endothelial cells called adherens junctions (AJs) and tight junctions 

(TJs) form a physical barrier that limits the paracellular diffusion of hydrophilic 

molecules.9 The central and peripheral nervous systems use many of the same 

neurotransmitters. The BBB separates the pools of neurotransmitters of each nervous 
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system, reducing cross-talk. It also restricts the entry of macromolecules (i.e. (plasma) 
proteins) into the brain interstitial fluid (ISF) as they are able to damage nervous 

tissue.10 The barrier has also a low permeability to the majority of required nutrients 

for nervous tissue. Therefore, specific transport mechanisms expressed on the 

membranes of the BBB regulate the uptake of these essential molecules resulting in 

an active transport barrier. These mechanisms also mediate the efflux of metabolic 

waste products and keep out toxins.10,11 Furthermore, intracellular and extracellular 

toxins can be degraded by enzymes forming a metabolic barrier. In addition, the BBB 

contains specific ion transporters that maintain ion homeostasis in the brain ISF 

providing an optimal environment for neural signaling. Finally, endothelial cells (ECs) 
and other elements of the BBB regulate the transport of leukocytes creating an 

immunological barrier.11,12 While a wealth of such fundamental insights into the 

function of the BBB have been gained using animal models, post-mortem patient 
material, or simplified cellular models, many aspects on, for example, complex 

interaction of the different types of cells comprising the BBB, regulation of transport 
activities under pathological conditions and the role of the BBB in circadian rhythm 

are relatively underexplored. The further development of in vitro BBB models could 

potentially propel the fundamental understanding of the complex mechanisms of the 

brain microvasculature forward, and contribute to the establishment of new therapies 

for curing brain disorders.  

1.3 Developed OOC models of the BBB 

In the past few years, various BBB-on-chip models were developed. In Table 1 and 

Figures 1 and 2, the reported BBB-on-chip models from the last 4 years are presented.  

When developing OOC models the target use, design, materials, cell source, culture 

conditions, readouts, the possibility for online monitoring, and required throughput 
have to be considered.  

 



 

 

Table 1: BBB-on-chip models presented in the last 4 years (2018-2022). 

Abbreviations: Human astrocytes (hA); Porcine brain capillary endothelial cells (PBCECs); Cyclic-olefin polymer (COP); polyvinylidene fluoride (PVDF); Human 
brain pericytes (hBPCT); Primary mouse brain microvascular endothelial cells (mBMEc); Mouse astrocytes (MA); Brain microvascular endothelial cells (BMECs); 
Primary human brain vascular pericytes (HBVP); Human neural stem cells (NSCs); Linsidomine (SIN-1), N-acetylcysteine amide (NACA); Primary human pericytes 
from placenta (hPC-PL); Primary normal human astrocytes (NHA); Human microglial clone 3 cell line (HMC3); Polydimethylsiloxane (PDMS); Polyester (PET); 
Polycarbonate (PC); Off-stoichiometry thiol-ene polymer (OSTE+); Cyclic Olefin Polymer (COP); Polystyrene (P.S.); Transendothelial electrical resistance (TEER); 
Fluorescein Isothiocyanate (FITC)-Dextran; Electrical Cell-substrate Impedance Spectroscopy (ECIS). 

Ref. Design Materials Cell source Culture conditions Readouts Throughput 

G. Vatine et al., 
201913 
 

Sandwich-
like  

PDMS with a 
PDMS 
membrane 

iPSC BMECs 
coculture with 
primary hA, 
pericytes, and 
neurons 

Dynamic, peristaltic 
pump, 0.01, 0.5, or  
2.4 dyne cm-2 

Fluorescence, TEER*, 
molecule permeability 3, 4, 20 
or 70 kDa FITC-Dextran, 
triiodothyronine [T3], 2NDBG, 
colchicine, levetiracetam, and 
retigabine 

Possible parallel 
culture up to 12 
chips ** 

Tae-Eun Park et 
al., 201914 
 

Sandwich-
like  

PDMS with a 
PET membrane 

iPS-BMECs coculture 
with primary hA and 
pericytes 

Dynamic, peristaltic 
pump, 6  dyne cm-2 

Fluorescence, TEER*, 
molecule permeability 40 kDa 
FITC-Dextran 

Single unit 

P. Amiri et al., 
202115 

Sandwich-
like  

PDMS with a PC 
membrane 

Mouse bEnd.3 and 
astrocytes 

Dynamic, peristaltic 
pump, 4 and 
20 dyne cm-2  

Fluorescence, TEER, molecule 
permeability 10 kDa FITC-
Dextran 

Single unit 

S. I. Ahn et al., 
202016 

Sandwich-
like  

PDMS with a PC 
membrane 

Immortalized 
HBMECs, primary 
HBVPs, and hA 

Dynamic, syringe pump,  
4 dyne cm-2 

Fluorescence, TEER, 
permeability 4 kDa and 
40 kDa FITC-Dextran 

30 parallel chips 

I. Matthiesen et 
al., 202117 

Sandwich-
like  

OSTE+ with a 
PC membrane 

hiBMEC and hiACs 
Dynamic, peristaltic 
pump, 0.012 dyne cm-2 

Fluorescence, ECIS, 
permeability of Cascade Blue 
and NACA.  

Single unit 

M. Campisi et al., 
201818 

Parallel 
channels 

PDMS 
hiPSC-ECs, hA, 
hBPCT 

Static 
Fluorescence, Permeability of 
10 or 40 kDa FITC-Dextran 

Single unit 

M. N. S. de Graaf 
et al., 201919 

3D tubular PDMS 
hiPSC-ECs, primary 
HBVP 

Static  Fluorescence 
24 parallel 
units/plate or 4 
units/chip 

M. L. Moya et. 
al., 201920 

3D tubular 
PDMS with 
PVDF 

hCMEC/D3 and hA 
Dynamic, peristaltic 
pump 0-17 dyne cm-2 

Fluorescent, Permeability of 
4, 20, 120 kDa FITC or TRITC 
Dextran  

4 parallel units/chip 

https://en.wikipedia.org/wiki/Off-stoichiometry_thiol-ene_polymer
https://en.wikipedia.org/wiki/Off-stoichiometry_thiol-ene_polymer
https://en.wikipedia.org/wiki/Off-stoichiometry_thiol-ene_polymer


 

 

S. Jeong et al., 
201821 

Sandwich- 
like  

PDMS with a PC 
membrane 

mBMEc and MA 
Dynamic, syringe pump, 
20 dyne cm-2 

Fluorescence, Permeability of 
3 kDa Texas Red Dextran, 10 
kDa Alexa 546 Dextran and 
70 kDa FITC Dextran, TEER 

16 units/chip 

N. R. Wevers et 
al., 201822 

Parallel 
channels 

Virging P.S. TY10, hBPCT, hA 
Dynamic, rocker 
platform ~ 1.2  
dyne cm-2 

Fluorescence, Permeability 
20 kDa FITC-Dextran 

40 or 96 parallel 
units/plate 

J. Kim et al., 
202123 

Parallel 
channels 

PDMS 
NSCs, hCMEC/D3 and 
HBVP 

Dynamic, gravity-
driven, 0-6 dyne cm-2 
(based on simulation) 

Fluorescence, Permeability of 
4 kDa and 70 kDa FITC 
Dextran 

48 units/plate 

G.N. Grifno et al., 
201924 

3D tubular PDMS 
Directed 
differentiated BMECs 

Dynamic, gravity-driven 
~ 1 dyne cm-2 

Fluorescence, Permeability of 
Lucifer yellow and 10 kDa 
FITC Dextran  

Single unit 

M. Badiola-
Mateos et al., 
2021 25 

Sandwich-
like 

COP 
hCMEC/D3 with 
bovine pericytes 

Static 
Fluorescence, Permeability of 
Lucifer yellow, TEER 

16 units/chip 

S. Lee et al., 
201926 

Parallel 
channels 

PDMS 
Primary HBMECs, 
hPC-PL, NHA 

Static 
Fluorescence, Permeability of 
10 kDa and 70 kDa FITC 
Dextran 

Single unit 

A Marino et al., 
201827 

3D tubular 
with 1 um 
pores 

IP-DiLL 
photoresist b.End3 Static 

Fluorescence, Permeability of 
Alexa Fluor 647-conjugated 
Dextran 10 kDa, TEER 

50 units/chip 

G. Silvani et al., 
202128 

Parallel 
channel PDMS  

hCMEC/D3 or 
HUVECs 

Dynamic, syringe pump, 
9 dyne cm-2 

Fluorescence, Permeability of 
Dextran Texas Red 40 kDa 

Single unit 

P. Wang et al., 
202229 

Sandwich-
like 

PDMS with PET 
membrane 

hCMEC/D3, hA, 
HMC3 

Dynamic, syringe pump 
0.0325 dyne cm-2 

Fluorescence, Permeability 
10 kDa Dextran 

Single unit 

*TEER was performed using different devices30 

**The Zoë® culture module provides perfusion of 12 Emulate chips at the same time https://emulatebio.com/. 

https://emulatebio.com/
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1.3.1 Design of the BBB-on-chip 

There is a wide range of BBB-on-chip designs presented in the literature. The choice 

of the model mainly depends on the target use. The most commonly used designs can 

be divided into sandwich-like, parallel-channel, and tubular (Fig. 1 & 2). 

 

Sandwich-like microfluidic device design 

Sandwich-like microfluidic devices are most commonly used for modeling tissue 

barriers. This design is derived from two-dimensional (2D) static culture models such 

as Transwells.31,32 The channels are vertically stacked on each other and separated by 

a porous membrane, creating luminal and abluminal compartments. Dependent on 

membrane characteristics, the endothelial cells can form direct contact with pericytes 

or astrocytes through the pores of the membrane on which they are cultured.14,16 

Usually, polycarbonate (PC), polyester (PET), or polydimethylsiloxane (PDMS) 
membranes with pore sizes ranging from 0.4 μm to 8 μm are used.13–16 The 

Figure 1: Examples of the chip designs used to model the BBB. The most commonly used designs are 
sandwich-like designs, parallel channel designs, and tubular 3D designs.  
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transparent membranes such as PDMS, allow for real-time visual inspection of the 

cells without additional labeling. However, high working distance objectives are often 

required to image the cells cultured on the membrane due to the vertically stacked 

channel configuration.  

A sandwich-like design allows the integration of electrodes for online monitoring of 
functional barrier formation. To do so, the electrodes are placed on opposite sides of 
the cell culture (top and bottom) and transendothelial electrical resistance (TEER) is 

measured. The obtained TEER values depend on the cell type, culture conditions, 
microfluidic design, and electrode placement and are reportedly varying from 20 Ω 

cm2 to 5000  Ω cm2.14,33 The sandwich-like design has been used to study BBB 

disruption, disease mechanisms, and drug delivery.14,16,34 

Parallel-channel device design 

The parallel-channel design contains two or more channels positioned on the same 

plane. The channels are placed in parallel to each other and are separated by an array 

of micropillars or phase guides.18,28 In most reported cases, one channel contains gel 
with the cell suspension, and another channel contains the cell medium.22 Such a setup 

does not require synthetic membranes and the cocultured cells have direct contact 
with each other at the connection point of the channels or through the gel channel 
(e.g. OrganoPlate®, Mimetas https://www.mimetas.com/en/organoplate-sup-sup-
product-overview/, and AIM Biotech chips https://aimbiotech.com/products/).22,23 

Such configuration is often used to study vasculogenesis and to model the 

neurovascular unit.18,26,35,36 The three-dimensional (3D) self-assembly formed in such 

design, aids in the understanding of microvasculature development and maturation. 
However, the quantification of the formed structures in the 3D system is complex and 

requires fluorescently-tagged cells and confocal microscopy. An alternative label-free, 
non-destructive, 3D imaging technique (e.g. optical coherence tomography) can be 

applied for real-time quantification, however, its use for OOC technology is little 

described in the literature. Finally, possibilities for integration of electrodes into a 

parallel-channel configuration are technically challenging such that online sensing of 
microvasculature development is limited. 

Tubular device design 

The third type of common design described in the literature is tubular. The 3D 

structure recapitulates the geometric environment of the BBB and allows for 

continuous exposure of the cell surface to shear stress. The tubular channels can be 

successfully fabricated using viscous finger patterning, template-based (using a wire), 
and 3D printing.19,20,24,37,38 The smallest vessel fabricated was 150 μm in diameter.24 

Even though it is possible to control the size of the BBB vessel, such a design has 

similar drawbacks as the parallel, self-assembled constructs. The tubular configuration 

https://www.mimetas.com/en/organoplate-sup-sup-product-overview/
https://www.mimetas.com/en/organoplate-sup-sup-product-overview/
https://aimbiotech.com/products/
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lacks the possibility to integrate sensors for real-time readouts and relies on 

conventional permeability studies and confocal imaging.  

 

1.3.2 Materials 

The substrate for the cell culture directly impacts the cell function and its response.39 

As can be seen from Table 1, the majority of the microfluidic chips are made of PDMS. 
PDMS is an optically transparent elastomer, suitable for rapid prototyping, and 

facilitates biological studies on cell cultures due to its gas and water permeability.40 

The hydrophobic surface of PDMS can be altered to hydrophilic by plasma activation.41 

The silanol (SiOH) groups on the plasma-activated PDMS allow for convenient bonding 

of PDMS-to-PDMS parts or PDMS-to-glass/silicon oxide without additional glues. 
Overall, the fabrication of PDMS-based devices is straightforward and can be 

performed in virtually every lab without extensive training. One significant drawback 

is that PDMS is prone to absorption of hydrophobic compounds affecting drug 

studies.42  

Figure 2: Examples of the BBB-on-chip models published in the past 4 years (2018-2022). The 
presented devices can be divided by their design into 3 groups: sandwich-like design (I Ahn [16]; II 
Amiri [15]; III Matthiesen [17]), parallel-channel design (IV Campisi [18]; V Lee [26]), tubular 3D 
design (VI Moya [20]; VII Marino [27]). The figures are reprinted with permission. 
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The commercialized chips for OOC applications that are available on the market are 

made mostly of silicon/glass and thermoplastics.22,43–45 Thermoplastics are more 

suitable for long-term cell culture and experiments than PDMS, and they do not absorb 

hydrophobic compounds. Additionally, the fabrication of thermoplastic devices can be 

scaled up to larger volumes. Nevertheless, the fabrication of complex microstructures 

is challenging. The incorporation of extra layers, such as membranes and electrodes, 
requires additional fabrication steps and process optimization.46 There is no 

standardized fabrication process for the chips, and depending on the application the 

appropriate technology has to be selected, optimized, and validated. Finally, the 

thermoplastics and glass are not oxygen permeable, and the dynamic culture is 

necessary to supply cells with sufficient oxygen.47 

1.3.3 Cell source 

ECs form the cerebral microvessel wall and are the most important structural 
component of the BBB.48 The interconnections between cerebral ECs such as AJs and 

TJs form a physical barrier that limits the diffusion of hydrophilic molecules via the 

paracellular pathway.9 Current in vitro BBB-on-chip models use different cell sources. 
Among them are primary, immortalized, and pluripotent stem cells. In Table 2, these 

cell sources are compared. The primary brain microvascular endothelial cells (BMECs) 
are isolated ex vivo. In practice, the primary BMECs have been successfully recovered 

and cultured from several organisms, including humans, rats, and bovines. However, 
recovering this type of ECs is time-consuming, inefficient, and prone to developing cell 
impurities.49 Moreover, after several passages, these ECs have been reported to lose 

their phenotype and their biomimicry accuracy.50 

Induced pluripotent and embryonic stem cells (iPSC) have a unique capacity for both 

self-renewal properties and differentiation into specialized cell types.51 iPSC-derived 

ECs generated from human cells were reported to create a robust and personalized 

BBB model.52 However, the culturing process for these types of ECs is complex and 

time-consuming. Additional validation is required to identify the specific receptors and 

signaling pathways of such cells to prevent misidentification in the future.53,54  

Immortalized ECs are characterized by their stable BBB phenotype even after a 

relatively high number of passages. An example is the hCMEC/D3 cell line which is 

often used to model the BBB and exhibits high expression levels of a number of TJ 
proteins, receptors, and transporter proteins. Nevertheless, this cell line has shown 

insufficient tightness compared to that found in vivo.55 

While BBB models reported in literature are often created by generating monolayers 

of a single endothelial cell type, it is known that the regulation of a functional BBB 

requires a complex interaction between various cell types. For example, pericytes and 

astrocytes are also an integral part of the BBB.56 Astrocytes are the most abundant 
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type of glial cells of which the end-feet interact with pericytes and ECs. They are 

involved in various processes in the brain and play an important role in its 

construction, maintenance of the BBB, homeostasis of ion concentration, and uptake 

and efflux of neurotransmitters. In addition, they enclose neuronal synapses providing 

metabolic support to neurons.57,58 At the same time, cerebral capillaries are partially 

enveloped by pericytes that interact with ECs by physical contact and by influencing 

EC signaling pathways directly involved in BBB functionality. Pericytes play an 

important role in the formation, maturation, and maintenance of the BBB as they 

support capillaries and contribute to the regulation of cerebral blood flow.58 However, 
until now, most of the in vitro BBB models omit pericytes and include only astrocytes 

in combination with ECs.  

1.3.4 Culture conditions 

Blood pressure in capillaries causes a force to the vessel walls that induces stress on 

vascular ECs and is critical for vascular homeostasis. This shear stress is beneficial for 

ECs growth, morphology, and function. Shear stress also promotes the expression of 
drug transporters, ion channels, as well as specialized transport systems, and 

therefore plays an important role in the maintenance of BBB function.67,68 In cerebral 
capillaries of 10 µm in diameter, the average shear stress ranges from 10 to 20 

dynes cm-2.69 

As can be seen in Table 1, most of the BBB-on-chip models are performed as dynamic 

cultures. In most cases, shear stress is applied by either an external syringe/peristaltic 

pump with a constant flow rate of the cell medium or by employing a rocker platform 

to induce gravity-driven flow. The syringe or peristaltic pumps allow for accurate 

delivery of a specific volume of fluids feeding into the microfluidic channels at a 

controlled flow rate. However, the use of syringe pumps is limited by the syringe 

volume, thus limiting the experimental time that can be performed without refilling 

the medium. Additionally, when higher throughput is needed the setup becomes 

extremely bulky and is eventually limited by the number of pumps available. 
Peristaltic pumps are able to deliver a pulsatile flow mimicking the blood flow in the 

vessel. Unlike syringe pumps, peristaltic pumps are not limited in volume but instead 

are recirculating the fluid inside the microfluidic channels. Moreover, peristaltic 

pumps can address up to 24 channels (Darwin microfluidics®), making it possible to 

multiplex experiments. A significant drawback of peristaltic pumps is their general 
lack of precision and limited flow stability. 

Rocker platforms allow for multiplication of the experiments as tens of chips can be 

placed on one platform. For example, an OrganoPlate® is used to generate a passive 

flow in 96 chips simultaneously.22 A limitation of using rocker platforms to induce flow 

is that values of the exact flow rate and shear stress the cells are exposed to are not 
known. 



 

 

 

Table 2: Comparison table of different ECs sources 

Cell type TEER* Source Advantages Disadvantages Studies 

hCMEC/D3 5-50 Ω cm2 

 
Immortalized  Simplicity 

 Scalability of culture 
 Easy accessibility 

 Poor barrier properties: 
 Low TEER 
 Discontinuous 

tight junction 
protein expression  

59–61 

Primary 
hBMEC 

>100 Ω cm2 Isolated from 
autopsy or freshly 
resected brain  

 Increased gene 
expression of BBB-
specific proteins in co-
culture 

 High TEER 
 High tight junction 

protein expression 

 Expensive 
 Low availability  
 May lose BBB 

characteristics in culture  
 

16,62,63 

hiPSC-BMEC 150 – 250 Ω cm2 

** 
Differentiation  Patient-specific  

 High TEER values 
 High tight junction 

protein expression 

 Time-consuming 
differentiation procedure 

 May redifferentiate during 
culture in chip 

 Low passage numbers 
 Sensitive cell type in culture  

64–66 

*TEER values for a monoculture of EC; 
**TEER values of Qain et al., are not shown because values were extremely high (>3000 Ω ·cm2) with n = 3 in static culture. No method for 
determining TEER values was provided in the study. 
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1.3.5 Readouts 

Microscopic visualization  

Visualization of BBB on-chip models relies on optical readouts. Bright-field microscopy 

provides insight into the success of the cell seeding procedure inside the channels and 

allows to monitor the development of a cell layer. Fluorescence microscopy is used to 

analyze the prelabeled live or fixated cells. Labeling can be done either by transient 
or stable co-expression of a fluorescent protein, such as green fluorescent protein 

(GFP) or cyan fluorescent protein (CFP) fused to a protein of interest, for example, to 
a TJ protein. Alternatively, upon fixation, specific proteins can be labeled for 

fluorescence microscopy using antibodies targeting specific markers. Fluorescence or 

confocal microscopy can then be used to identify the cellular localization of such 

proteins but also to semi-quantitatively assess protein expression levels in comparison 

to, for example, a cytoplasmic protein. Confocal microscopy is used as an end-point 
experiment as it requires cell fixation to obtain valuable information on the 

organization of cells within the tissue-like structure and cell-cell interactions. The 

quantitive data can be obtained by measuring fluorescent intensity of the cells, cell 
number, and the percentage of cells affected by one or another experiment.  

Biochemical analysis 

Western blot (WB), enzyme-linked immunosorbent assay (ELISA), single-cell RNA 

sequencing, and flow cytometry can also be used to quantify protein expression in 

cultured cells.70 However, for the sensitive analysis performing these assays on the 

samples collected from microfluidic channels requires optimization because the 

volume extracted from the microfluidic channel is minimal. 

Permeability  

Permeability to small molecules is another important and must-have readout to assess 

the functional integrity of the formed BBB. To assay the permeability, the fluorescein 

isothiocyanate (FITC) Dextrans with different molecular sizes are introduced in the 

luminal compartment of the BBB-on-chip and their diffusion rate across the 

endothelial layer is determined. The qualitative analysis is done by imaging with 

fluorescence microscopy, or quantitatively by collecting samples at specific time points 

from the “brain” side of the chip followed by measurement of fluorescence intensity 

using a plate reader.71 

Transendothelial electrical resistance 

TEER is another widely used parameter for evaluating barrier integrity and tightness. 
TJs cause a high electrical resistance that impedes the passage of small ions such as 

Na+ and Cl- which can be measured by TEER.12 Unlike the measurement of 
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permeability based on BBB passage of fluorescently labeled molecules, TEER provides 

real-time information about the barrier state allowing for insight into e.g. recovery 

rate upon acute damaging factors. TEER measurements are mostly limited by the 

selected chip design. As shown in Table 1, sandwich-like chips and some parallel chips 

allow the measurement of TEER values. However, the 3D BBB-on-chip models cannot 
facilitate TEER measurement because they lack the possibility of specific electrode 

placement required to address the barrier. To measure the resistance of the TJ, 
electrodes have to be placed on opposite sides of the cell layer or be in direct contact 
with it. A large number of reported BBB data present TEER results, however, the 

measured values are not always comparable between the different studies. While 

differences in used cell types and experiment conditions cause the discrepancy in 

measurement, the electrode configuration and incorrect normalization to the culture 

area (to obtain results in Ω cm2) are the main cause of observed variability. For 

example, Marino et al., (2018) measured the resistance of a 3D microvasculature by 

inserting an electrode wire in the outflow liquid and another wire in the extra tubular 

fluid, close to the porous membrane.27 Despite reporting TEER values that were 

comparable with literature, the used strategy raises concerns about the reliability of 
the results. The model contained 50 parallel tubes having a common inlet and outlet 
on which the endothelial cells were seeded. Performed manual insertion of the 

electrode in the extra tubular liquid is known to be prone to error.72 Moreover, the 

local placement of the electrode does not provide information about the state of the 

whole vessel, and thus, the results cannot be normalized to the total culture area. 
Additionally, it is not clear how far the two electrodes were placed from each other, 
which is important for obtaining reliable measurements.72 Similarly, Amiri et al., 
(2021) normalized the results with the whole cross-sectional area of the chip, even 

though electrodes covered only a part of it.15 On the contrary, Henry et al., (2017) 
proposed to normalize the obtained results only by the culture surface area above and 

between the electrodes.30  

As can be seen, this variability in electrode placement and data analysis leads to 

differences in reported TEER values and hampers comparability of barrier integrity 

read-outs across studies. Therefore, prior to the measurement of TEER in OOCs, it is 

important to consider the chip configuration to design the electrodes for stable and 

reliable measurements.  

1.3.6 Throughput 

Throughput is another important factor that has to be considered for the adoption of 
OOCs for drug discovery. Drug discovery requires the parallel testing of various 

compounds to compare their therapeutic potential and to obtain their dose-response 

curves. Nonetheless, a big portion of the studies focuses on the proof of concept of a 

single OOC unit (Table 1). When increasing the throughput of the OOC, the simplicity 
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of operation and the biological complexity have to be preserved, however, as practice 

shows, this may be challenging. 

In Figure 3, several examples of increased throughput in OOC are presented. One of 
the ways to increase throughput was presented by Jeong et al., (2018) and Badiola-
Mateos et al., (2021).21,25 They presented a sandwich-like design of the device, where 

the top and bottom layers contained four parallel channels, placed perpendicular to 

each other, creating 16 intersections. Despite the increased number of BBB units, they 

could not be addressed independently due to the criss-cross design. 

 

Higher throughput can also be achieved by parallelization of OOCs units.16,19,20,23 

However, often, this leads to the increased dimension of the setup and requires 

complex manual operations. The perfusion and electrical connections to each OOC unit 
become challenging to implement.  

Recently, several studies and startups demonstrated the scalability and parallelization 

of OOCs. For example, Mimetas B. V. presented a perfusable Organo-plate® with 40 

individually addressable parallel-channel chips in a 384 well-plate format. The 

electrode board with a measurement unit was integrated inside the device for the 

Figure 3: Examples of microfluidic devices with increased throughput for studying tissue barriers. (I) 
Tan et al., [44] presented a 96-microfluidic array device; (II) Wevers et al., [22] presented the 
microfluidic platform with up to 96 individually addressable units; (III) Nicolas et al., [73] developed 
the platform which hosts 40 microfluidic chips; (IV) Jeong et.al., [21] fabricated the microfluidic device 
with 16 units; (V) de Graaf et al., [19] fabricated microfluidic chip which hosts 4 parallel channels 
and fits in the standard 6 well-plate; (VI) Kim et al., [23] presented the plate fitting 48 units; and 
(VII) Badiola-Mateos et al., [25] fabricated the microfluidic chip with 16 units. The figures are 
reprinted with permission.  
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TEER recording.73 Another high throughput platform that was reported recently hosts 

96 chips per standard plate (Predict-96 by Draper).44,45 The platform includes fluid 

micropumps and enables real-time TEER monitoring and oxygen sensing. Importantly, 
the platform is compatible with industrially high-throughput screening systems, 
allowing for easy adoption by clinicians for future drug studies.44,45 Although these 

platforms did not mimic a BBB, their design is compatible with modeling various tissue 

barriers and allows for cell-cell interaction studies. Based on this overview it becomes 

clear that upscaling requires further development of existing models and perhaps re-
design to develop a parallelized BBB-on-chip model that can be used not only by 

researchers but also by clinicians.  

1.4 Thesis outline 

In this thesis, we aim at overcoming some of the limitations and challenges in the 

currently available BBB-on chip models described in the literature. The design, 
fabrication protocol, and characterization of the BBB model are presented. Chapter 2 

focuses on the fabrication and characterization of novel thinner PDMS membranes 

acting as a cell scaffold allowing for across-membrane cell-cell interaction. A parallel 
comparison of PDMS and PC membranes in Transwells is presented. The possibility to 

increase the throughput of the BBB-on-chip is discussed in Chapter 3. Here, the 

design, development, and characterization of the multiplexed chip are described. The 

presented chip contains eight parallel channels branching from a common inlet, that 
can be addressed simultaneously or individually. The BBB is recapitulated by co-
culturing brain endothelial cells and human astrocytes. Another important limitation 

is the lack of sensors integrated into OOC. Measurement of TEER is an important 
feature for many barrier models on-chip, however, electrode integration in such 

devices is not always straightforward. Therefore, in Chapters 4 and 5 we discuss the 

different methodologies to integrate the electrodes for online monitoring of BBB 

development. Chapter 4 presents a cleanroom-free method to integrate electrodes 

inside the OOC and discusses the data analysis for extracting the TEER values from 

the impedance spectra. In Chapter 5, the parallel integration of the electrodes in the 

Quadro-channel chip is discussed. Finally, in Chapter 6, the ultrasound-mediated 

transient disruption of the BBB using monodisperse microbubbles is presented in OOC. 
To conclude, Chapter 7 provides the discussion and future perspectives on the 

development of OOC.  

1.5 Framework 

This project is part of the Netherlands Organ-On-Chip Initiative (NOCI) an NWO 

Gravitation project funded by the Ministry of Education, Culture, and Science of the 

Government of the Netherlands, under grant no. 024.003.001. This initiative aims to 

“develop new approaches, designated as ‘organ-on-chip’, and achieve a paradigm shift 
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from empirical treatment of symptoms of disease to cures based on correcting the 

underlying cause” (https://noci-organ-on-chip.nl/). For this, the researchers from 

LUMC, UMCU, UMCG, TU Delft, UT, and Erasmus MC are actively collaborating to study 

and broaden current OOC applications and develop new ones based on clinical 
requirements.  
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CHAPTER 2 

PDMS membrane for barrier modeling 

Traditional Transwell inserts with track-etched 10 μm thick polymer membranes have 

been intensively used for studying cellular barriers. However, their thickness hampers 

direct cell-cell interaction between the adjacent cells which has been shown to 

critically influence barrier formation. Therefore, in this chapter, the effect of reduced 

distance between the cells by using fivefold thinner (2 μm) optically transparent 
polydimethylsiloxane (PDMS) membranes is studied and compared with 

polycarbonate (PC) membranes. We validate their applicability as an alternative 

substrate for the study of the blood-brain barrier (BBB) by performing a monoculture 

of brain endothelial cells (hCMEC/D3) and co-culture with astrocytes in Transwells. 
The PDMS membranes supported the cellular protrusions through the well-defined 

pores and allowed control over cellular transmigration by varying the pore size. 
Visually, cellular localization of tight and adherens junction proteins ZO-1, Claudin-5, 
and VE-cadherin is similar to PC membranes while their expression levels are affected 

as a function of membrane material and co-culture with astrocytes. Additionally, a 

permeability assay indicated tighter barrier formation on the PDMS membrane. 
Finally, the mechanical properties of the fabricated PDMS membrane are studied for 

future mechanical actuation applications. These results suggest the potential use of 
2 μm PDMS membranes for in vitro modeling of biological barriers with improved co-
culture models and enhanced visibility of the cell culture.  

 

This chapter is adapted from:  

M. Zakharova, M.P. Tibbe, L.S. Koch, H. Le-The, A.M. Leferink, A. van den Berg, A.D. van der 

Meer, K. Broersen, L.I. Segerink, Adv. Mater. Technol. 2021, 2100138. 
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2.1 Introduction  

The study of biological barriers involves the use of one or more co-cultured cell types 

under conditions that provide a means to self-organize into a well-defined barrier with 

functionality that closely resembles that of in vivo biology. Porous membranes are 

widely used as a cell culture substrate in multicompartment in vitro models such as 

Transwell and organ-on-chip (OOC).1,2 Such models can provide an insight into 

biological signaling pathways, cell-cell interactions, and enable drug screening for 

diverse pathologies with the possibility to predict individual patient responses to 

drugs.  

In most cases, the barrier function is mimicked using commercially available 

polycarbonate (PC), or polyethylene terephthalate (PET) 0.4 µm - 8 µm pore-sized 

membranes on which different cell types are cultured in two compartments.3–9 For 

example, when modeling in vitro blood-brain barrier (BBB), the endothelial cells are 

co-cultured with astrocytes or glial cells attached to another side of the membrane.10–

13 It was found that direct contact between these adjacent cells plays a key role in 

barrier function with an increased tight junction, gene expression, and barrier 

tightness.10,14–16 However, the PC or PET membranes form a physiologically irrelevant 
thick barrier (~ 10 µm) inhibiting physical cell-cell interaction across the membrane 

and limiting their potential to closely resemble the in vivo basement membrane which 

is suggested to be in the sub-micrometer range with a spatial and temporal 
variation.17–19 Additionally, the random distribution of the pores created by track 

etching leads to undefined and underestimated pore sizes due to the interconnection 

of pores and obstructs live-cell imaging using bright-field or phase-contrast 
microscopy.  

This has led to the development of new generation membranes that allow closer 

resemblance of several in vivo membrane features. For example, the membranes from 

materials such as poly(ε-caprolactone) and poly(lactide-co-caprolactone) were 

successfully fabricated using electrospinning or solution casting with the thickness of 
4 μm and 960 nm respectively.20,21 Despite the closer resemblance of the basement 
membrane physiology there is no control over pore distribution or size using these 

methods. By using microelectromechanical systems (MEMS) fabrication technologies, 
it was possible to fabricate ultrathin membranes with thickness in the nanometer 

range and different pore sizes.22–26 As the pore distribution and pore size are well 
controlled by the photolithography process, the cells experience a regular cell culture 

surface. Additionally, thinner membranes facilitate mechanotransduction between 

cells situated on adjacent sides of the substrate.23,27 However, such inorganic 

membranes become extremely brittle with reducing thickness, and therefore the free-
standing substrate area is limited and requires extra support.28–30  
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While membrane thickness critically determines factors such as cell-cell interaction, 
stiffness of the substrate was shown to affect cell proliferation, motility, and surface 

marker expression.21,31–33 Cells sense the substrate on which they grow through focal 
adhesion points and generate signals based on the forces required to deform the 

matrix which is dependent on the elastic modulus of the substrate.34,35 For comparison, 
silicon (Si)-based membranes have the elastic modulus in the hundred GPa range 

while the elastic modulus of the soft tissues (e.g. brain, heart, lung) is varying between 

0.5 - 1 kPa.36,37 Although this parameter is decreased for thinner substrates (e.g. 
Young’s modulus of 2 nm-thick Si nanomembrane is 3 GPa), it still significantly 

exceeds that found in vivo.38 At the same time, PDMS membranes have a lower elastic 

modulus (∼ 1.3 MPa), compared to traditionally used PC (∼ 2 - 2.4 GPa) and PE (∼ 2 

- 3 GPa) membranes, thus resembling the biological membranes of soft tissues more 

closely.39  

The sub-micrometer PDMS membranes with tunable thickness and pore size were 

shown to be applicable for the cell culture.40,41 This chapter is focused on the 

fabrication process of a 2 μm thick PDMS membrane and its characterization. We show 

how this membrane can be transferred to OOC devices as well as to the Transwell 
models. The BBB was recapitulated on the commercially available PC membranes and 

on the PDMS membrane in Transwell to study how the reduced thickness influences 

the cell culture. Moreover, we studied the flexibility of PDMS membranes for future 

applications where the actuation is needed to create a physiologically relevant model.  

2.2 Materials and Methods 

2.2.1 Fabrication of a 2 µm thick PDMS membrane  

The fabrication process of thin PDMS membrane was improved from our previous 

work so that it only requires one step of photoresist (PR) spin‐coating (Fig. 1).40 

Briefly, a positive PR layer (AZ 9260, Fujifilm, Japan, (now AZ 10XT MicroChemicals, 
Germany)) was used as a sacrificial layer from which the membrane can be released 

by immersing it in acetone. A PR was deposited on a Si-wafer (525 μm thick, Okmetic, 
Finland) at 2000 rpm for 60 s to obtain a 10 μm thick layer. Next, the wafer was baked 

on a hot plate at 110 °C for 2 min. The mask with arrays of 3 μm and 5 μm pore 

diameter and 30 μm pitch was aligned with the wafer, followed by 17 s UV exposure 

at an intensity of 12 mW cm-2 using hard contact mode. To avoid bubbles formation 

in the thick PR during a post‐exposure bake, wafers were left for 1 h on a bench at 
room temperature. This helps to evaporate N2 gas formed during UV exposure. After 

the waiting step, wafers were baked at 120 °C for 2 min (optional step). Finally, the 

microcolumns were obtained after developing the PR for 6 min in an OPD4246 

developer, followed by rinsing with de‐ionized (DI) water. To prepare the PDMS 

membrane, a solution of PDMS prepolymer with a curing agent (10:1 w/w ratio) was 

diluted with hexane (Merck) at a 2:5 w/w (PDMS : hexane) ratio to reduce viscosity. 



Chapter 2 

 

34 

Next, the PDMS solution was spin‐coated over the fabricated PR column arrays at 4000 

rpm for 1 min and baked in the oven at 60 °C for at least 3 h. See Appendix A1 for the 

detailed fabrication protocol.  

As reported previously, when spin‐coating PDMS, it can fully cover the PR columns.40 

To make sure that the pores are open, it is necessary to perform a plasma etching 

process of the cured PDMS membrane. The etching was performed using a reactive‐
ion etching system (TEtske, Nanolab University of Twente, the Netherlands) at 47 

sccm SF6 and 17 sccm O2, 100 W and 50 mTorr for 2 min.  

The membrane thickness was determined from images captured by using a high-
resolution scanning electron microscope (HR-SEM, FEI Sirion microscope). SEM 

images were taken at a 5 kV acceleration voltage and a spot size of 3.  

 

To release the membrane, the wafer is immersed in acetone, which dissolves the 

sacrificial PR layer and the membrane can be transferred to the device. In this work, 
the membrane was transferred to both the Transwell model and OOC device.  

To transfer the PDMS membrane to the Transwell system, the original membrane of 
the Transwell insert (6.5 mm Transwell, with 3 μm (2·106 pores cm-2) and 5 μm (4·105 

pores cm-2) pore sizes, Corning, NY, USA) was removed and replaced with the PDMS 

membrane (Fig. 2). For this, uncured PDMS (pre-polymer: curing agent, 10:1 w/w) 
was used as glue between the rim of the insert and the Si-wafer with the membrane. 
After gluing the Transwell insert to the membrane, the assembly was cured at 60 °C 

for 3 h. The membrane was released from the Si-substrate by dissolving both the PR 

columns as well as the PR sacrificial layer underneath the columns in a mixture of 
acetone and ethanol (100 %) at a 70:30 v/v ratio. Here, the mixture of ethanol and 

acetone was used to prevent the Transwell plastic from dissolving. The released PDMS 

membranes were sterilized by immersing in ethanol (70 % v/v) for 1 h. This step also 

reduces the amount of potentially toxic traces of other organic solvents to harmless 

levels.  

Figure 1: Fabrication process of thin porous PDMS membrane. (I) A positive PR layer is spin‐coated 
on a Si-wafer followed by UV exposure. (II) A patterned array of columns after the developing process. 
(III) Spin coating of the PDMS‐Hexane (2:5 w/w) mixture on the patterned wafer. (IV) Etching of the 
top layer of PDMS in order to open the holes of the membrane. 
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The PDMS membrane can also be transferred to the OOC. For this, the PDMS part of 
the microfluidic chip with the channel and the porous PDMS membrane on the Si wafer 

were treated with oxygen plasma and brought into contact (Fig. 3). To guarantee a 

good bonding, the assembly was put into the oven at 60 °C for 10 min. Next, the 

sacrificial PR layer was removed by immersing it in acetone for 5 min. Finally, when 

the chip part with the membrane was dried out, it was assembled with another part 
using the oxygen plasma treatment for 2 min.  

 

Figure 2: Schematic process of the PDMS membrane transfer to the Transwell system (not to scale). 
(i) The PDMS is smeared on the Transwell’s rim and carefully placed on top of the wafer (ii). (iii) 
After the PDMS glue is cured in the oven for 3 h, the assembly is immersed in acetone/ethanol solution 
to detach the membrane from the wafer. (iv) The photo of the transferred membrane placed on top 
of the Transwell. 

Figure 3: Schematics of the PDMS membrane transfer process to the OOC (not to scale). (i) One part 
of the chip and the piece of the wafer with the membrane is plasma-activated and brought into 
contact (ii). (iii) The assembly is immersed in acetone to remove the PR sacrificial layer and as the 
result, the membrane is detached from the wafer and remains on the chip. (iv) The photo of the 
transferred membrane placed on top of the channel (orange dotted line, scale bar 100 μm). 
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2.2.2 Cell culture  

Both monocultures of only endothelial hCMEC/D3 cells (passage 30–35, Merck 

Millipore, the Netherlands) and co-cultures of hCMEC/D3 cells and astrocytes (passage 

2–5, 3H Biomedical AB, Uppsala, Sweden) were performed. Membranes were prepared 

for cell seeding by coating them for 1 h at 37 °C with 100 μg mL−1 collagen type I (rat 
tail, Corning Inc., USA) in phosphate-buffered saline (PBS). For the monoculture, 
hCMEC/D3 cells were seeded on top of the Transwell-mounted PDMS membranes and 

commercially available Transwell systems with PC membranes. For this, hCMEC/D3 

cells were resuspended at a 15·104 cells mL−1 concentration in an endothelial cell 
growth medium (EGM, Sigma-Aldrich Chemie GmbH, Steinheim, Germany). A volume 

of 100 μL hCMEC/D3 cell suspension was pipetted on top of the collagen-coated PDMS 

and PC membranes and 600 μL was pipetted in the lower compartment of the 24-
wells Transwell system which was subsequently placed in the incubator at 37 °C, 5 % 

CO2. 

The cell morphology cultured on PDMS membranes was observed daily using phase-
contrast microscopy (EVOS, PA, USA). Cell viability was assessed on day five after 

seeding using a live/dead assay (LIVE/ DEAD Viability/Cytotoxicity Kit for mammalian 

cells, Thermo Fisher Scientific, MA, USA) according to the manufacturer’s protocol 
diluted together with NucBlue (two drops per milliliter, Thermo Fisher Scientific, MA, 
USA). The obtained fluorescence microscopy images were first processed by 

equalizing the window/levels as well as the brightness/contrast. After standardization 

of the images, the results were analyzed using the “find maxima” method on separate 

RFP (dead cells) and DAPI (all cells) channels in ImageJ to count the segmented cells 

per channel in each image. 

For co-cultures, astrocytes and hCMEC/D3 cells were seeded on adjacent sides of the 

Transwell membrane. Again, the membranes were coated with collagen solution for 

1 h at 37 °C and subsequently washed with PBS. Next, 50 μL of cell suspension 

(1·105 cells mL-1) of human astrocytes in astrocyte medium (AM) with supplements 

(2 % v/v fetal bovine serum (FBS), 1 % astrocyte growth supplement (AGS, 100x), and 

1 % penicillin/streptomycin solution (P/S, 10 000 units mL-1 of penicillin and 10 000 

μg mL-1 of streptomycin, ScienCell Research Laboratories, CA, USA) was pipetted onto 

the bottom side of the inverted Transwell. The cells were incubated for 3 h at 37 °C, 
5 % CO2 to allow them to attach to the membrane. Next, the inserts were flipped over 

and inserted in a Transwell plate with 600 µL of AM. The cells were incubated for 

another 24 h at 37 °C, with 5 % CO2. Next, a volume of 100 µL hCMEC/D3 cell 
suspension was added on top of the membranes to seed a final concentration of 
15·104 cells mL-1 in EGM. The medium was refreshed after 1 h of incubation and then 

daily. 
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2.2.3 Immunofluorescence 

Tight junctions and cell morphology were analyzed using immunofluorescence 

imaging. Prior to immunostaining, astrocytes and hCMEC/D3 were fixed with 4 % 

formaldehyde (Sigma) for 20 min at room temperature (RT). After fixation, 
membranes were washed three times with 1x PBS. Cells were permeated using Triton-
X (0.1 % in 5 % Bovine Serum Albumin (BSA, Sigma) solution) for 30 min at RT. Next, 
the samples were incubated overnight at 4 °C with primary antibodies (Abs) in 0.5 % 

BSA. The monoculture was probed for vascular endothelial cadherin (VE-Cadherin) 
adherens junction (mouse monoclonal, 1:200, sc-9989, Santa Cruz Biotechnology, TX, 
USA) and either tight-junction marker zonula occludens-1 (ZO-1, rabbit polyclonal, 
1:100 dilution, 61-7300, Thermo Fisher Scientific, MA, USA) or Claudin-5 (rabbit 
polyclonal, 1:100, ab15106, Abcam MA, USA). The medium in the bottom compartment 
was replaced by 0.5 % BSA in PBS. After primary AB incubation, samples were washed 

three times with 1 % BSA in PBS. Washed samples were incubated for 1 h at RT with 

Alexa fluor 647 donkey anti-rabbit (1:500 dilution, A31573, Thermo Fisher Scientific, 
MA, USA) diluted together with Alexa fluor 488 goat anti-mouse (1:200 dilution, 
A32723, Thermo Fisher Scientific, MA, USA) and NucBlueTM (2 drops per ml, R37605, 
Thermo Fisher Scientific, MA, USA) in PBS. After incubation, samples were washed 

three times with 1x PBS.  

For co-culture staining, the same procedure was performed. After fixing the samples, 
primary anti-ZO-1 was pipetted in the upper compartment with endothelial cells, and 

anti-glial fibrillary acidic protein (GFAP, 1:100 dilution, MA5-12023, mouse 

monoclonal, Thermo Fisher Scientific, MA, USA), was pipetted in the astrocytic 

compartment. The samples were incubated overnight at 4 °C and after washing, the 

cells were incubated with the secondary Abs (Alexa Fluor 488 anti-mouse and Alexa 

647 anti-rabbit, for GFAP and ZO-1 respectively, 1:500 dilution, Thermo fisher 

scientific, MA, USA).  

Cells were imaged using fluorescence (EVOS®, PA, USA) and confocal microscopy 

(Nikon A1, Nikon Instruments Inc.).  

2.2.4 Scanning Electron Microscopy of cell samples 

Cell distribution on the membranes was visualized through scanning electron 

microscopy (SEM) analysis. Samples were fixed by incubation in 100 % ice-cold 

methanol for 15 min followed by washing twice using 1x PBS. After fixation, the 

samples were dehydrated using an ethanol gradient (60 %, 70 %, 80 %, 90 %, 96 %, 
and 100 % v/v ethanol in milli-Q). Samples were dehydrated further using critical 
point drying (Blazers CPD 030) by liquid carbon dioxide exchange. Prior to the SEM 

analysis, the samples were gold-coated using a Cressington sputter coater. SEM images 

were captured using a JEOL JSM-IT 100 SEM at a 5 kV acceleration voltage. 
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2.2.5 Permeability measurement  

The integrity of the endothelial cell layer was assessed by studying the transport of 
fluorescently labeled Dextran from the top compartment of the Transwell to the well 
plate. Cells were seeded as mono- and co-culture in Transwell inserts with PDMS and 

PC membranes as described before. Cells were cultured for five days to obtain a visual 
monolayer. Before the experiment, 600 μL of fresh medium was added to the bottom 

compartment of the wells plate. The medium was removed from the cell-coated 

Transwell inserts and 100 μL of fluorescently labeled Dextran (FITC-Dextran 20 kDa, 
Sigma Aldrich, Germany) at a concentration of 50 μg mL-1 was added on top of the 

endothelial cell layer. After 5, 15, 30, 45, and 60 min, 50 μL of the medium was sampled 

from the bottom compartment and transferred to a black bottom 96-well plate 

(Corning Inc., NY, USA). Fresh 50 μL of the medium was pipetted back to the wells to 

prevent pressure development over the membranes. A calibration curve was used to 

normalize the intensity values to the actual concentration (g mL-1). Fluorescent 
intensity was measured using a Victor3 plate reader (PerkinElmer, MA, USA) upon 

excitation at a wavelength of 485 nm and detection of emission at a wavelength of 
528 nm. Results were normalized to the Transwells without cells. The empty 

Transwells were prepared and kept in the same conditions as the Transwells with 

cells (37 °C, 5 % CO2, five days, refreshing the medium every day). The permeability 

was determined using the equations described previously with small modifications: 

𝑃𝑃 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

1
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

𝑉𝑉𝑚𝑚
𝑆𝑆𝑚𝑚

    (1)42 

1
𝑃𝑃𝑒𝑒

= 1
𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡

− 1
𝑃𝑃𝑚𝑚

    (2)43 

Where 𝑃𝑃 is the permeability in cm s-1, 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 is the change in the concentration (μg 

mL s−1), 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum FITC Dextran concentration added at the beginning of 
the experiment, 𝑉𝑉𝑚𝑚 is the volume of the apical compartment (0.1 mL), and 𝑆𝑆𝑚𝑚 the area 

of the culture membrane (0.33 cm2). To calculate the endothelial permeability 𝑃𝑃𝑒𝑒 , 
equation 2 was used, where 𝑃𝑃𝑚𝑚 is the permeability of the empty Transwell and 𝑃𝑃𝑑𝑑𝑡𝑡𝑑𝑑 is 

the permeability of the Transwells with cells. 

2.2.6 Western Blot 

The quantification of expressed proteins in hCMEC/D3 and astrocytes cultures was 

done by immunoblot analysis. HCMEC/D3 cells were grown in a monoculture, either 

with a conditioned medium (CM) from an astrocyte culture or in co-culture with 

astrocytes for five days as described above. Cells were washed with ice-cold PBS and 

harvested from Transwells with PC and PDMS membranes by excision. Excised 

membranes were placed into a lysis buffer containing a protease inhibitor cocktail. 
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Samples were then agitated at 800 rpm for 30 min at 4 °C and subsequently 

centrifuged for 20 min at 12000 rpm. The total protein concentration of the resulting 

supernatant was quantified using a DC protein assay (Bio-Rad, CA, USA). Equal 
amounts of protein were loaded onto an 8 % or 10 % SDS polyacrylamide gel and 

resolved by electrophoresis. Proteins were transferred onto polyvinylidene fluoride 

(PVDF) membranes (Bio-Rad, CA, USA) and blocked with either 5% non-fat dry milk 

(Campina, Netherlands) or 5 % BSA (Sigma-Aldrich Chemie GmbH, Germany) in tris-
buffered saline containing 0.05 % tween-20 (TBST) for 1 h and subsequently 

incubated overnight at 4 °C with primary Abs dissolved in blocking buffer. The 

immunoblots were probed for ZO-1 (rabbit polyclonal, 1:500, Thermo Fisher Scientific, 
MA, USA), VE-Cadherin (mouse monoclonal, 1:1000, Santa Cruz Biotechnology, TX, 
USA), Claudin-5 (rabbit polyclonal, 1:1000, Abcam MA, USA), and GAPDH (mouse 

monoclonal, 1:20000, Merck, Germany). Blots were incubated with horseradish 

peroxidase-conjugated secondary Abs (1:10000, Promega, WI, USA) for 40 min at RT. 
After washing, bands were detected using a SuperSignal West Femto 

Chemiluminescent substrate kit (Thermo Fisher Scientific, MA, USA) and visualized 

using a FluorChem M imaging system (ProteinSimple, CA, USA). Band intensities were 

analyzed using ImageJ.  

2.2.7 Statistical Analysis 

Significance was determined by a one-way ANOVA test with a post-hoc Tukey test 
applied when comparing more than two groups using SPSS (IBM SPSS Statistics, 
Version 26 for Windows), n = 3 per condition at each time-point in three independent 
experiments, a p-value of < 0.05 was considered significant. For Western blot analysis, 
different groups were compared: PDMS mono vs CM vs coculture (co); PC mono vs CM 

vs co; PDMS mono vs PC mono; PDMS CM vs PC CM and PDMS co vs PC co. The graphs 

were plotted using Prism Graph Pad. 

2.3 Results and Discussion 

2.3.1 Fabrication of a 2 µm thick, 3 µm and 5 µm pore-sized PDMS 
membrane 

The BBB is comprised of a monolayer of tightly connected endothelial cells that line 

the blood microvessels in the brain.44 This endothelial monolayer connects with other 

cell types including astrocytes and pericytes to collectively regulate BBB maintenance 

although their individual contributions remain under debate.45–47 In vitro, BBB models 

are created on different pore seized membranes, ranging from nano- to few micron 

pore sizes.48,49 Micropore organization and dimensions were shown to critically 

regulate processes such as cellular transmigration, permeability, and intercellular 

interaction.10,50  
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Here, we used 3 µm and 5 µm spatially organized pore sizes with 30 μm pitch to 

facilitate contact between the two cell types cultured on different sides of the 

membrane. The porosity of the fabricated membranes is 2 % in comparison to 8 % in 

PC Transwell membranes. By using the reported fabrication method the pore sizes 

and porosities can be tuned, however, it is important to take into account that the 

aspect ratio of 3:1 is used for positive photoresist.40,41  

The success rate of transferring fabricated membranes to Transwells was more than 

90 %. After transfer, the membranes were evaluated for the absence of leakage from 

the edges of the Transwell, and, when needed, an additional layer of glue was applied 

to ensure a tight bond with the polystyrene rim of the Transwell insert. The complete 

fabrication of the membranes can be done in one and half days and ≈ 60 Transwell 
membranes can be retrieved from one processed wafer. 

Variation of the PDMS:hexane ratio, as well as the speed of spin-coating and the 

etching time, determine the final membrane thickness.40 The thickness of the PDMS 

should be chosen such that the residual layer of PDMS on top of the pillars is relatively 

thin (nanometer range), resulting in a minimal time of dry etching. In this research, 
membranes with a thickness of approximately 2 µm were fabricated (Fig. 4). When a 

mask with 3 µm (Fig. 4 A) and 5 µm (Fig. 4 B) pore size is used, the actual pillar 

diameter turns out to be 2.69 ± 0.11 μm and 4.91 ± 0.17 μm respectively. The final 
size of the pores is dependent on the thickness of the membrane as the used pillars 

are slightly tapered (Fig. 4 D). In this case, a thinner membrane results in larger pores.  

 

Figure 4. Bright-field and HR-SEM images of the PDMS membrane. (A) A PDMS membrane with 3 µm 
pore diameter, and (B) 5 µm pore diameter. (C) An array of 5 µm PR pillars on a wafer. (D) The 
membrane itself has a thickness of 2 µm after etching.  
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2.3.2 The culture of cells on PDMS membranes allows visualization by 
phase-contrast imaging  

Non-invasive monitoring of the cell culture is important to be able to continuously 

follow the cells’ proliferation and monolayer formation. Unlike PC membranes, the 

fabricated PDMS membranes allow phase-contrast visualization of cultured cells 

without additional labeling (Fig. 5). Due to the thickness of PC membranes and random 

distribution of the pores, the light is significantly scattered, thus, the state of the cells 

is often unknown before the end of the experiment when fluorescent staining is 

performed.39 The light scattering is reduced in PDMS membranes due to well-defined 

pores with controlled pore spacing, therefore, allowing live mono- and co-culture (Fig. 
5 C and D) visualization during the experimental time.  

 

2.3.3 The etching process of PDMS does not affect cell viability upon 
culturing on PDMS membranes 

To validate whether etching PDMS using sulfur hexafluoride (SF6) and oxygen results 

in traces that are toxic to cells cultured on these membranes, the viability of 
hCMEC/D3 cells was evaluated using a live/dead assay (Fig. 6). Endothelial cells 

formed a visual monolayer on both membranes over five days culture period. 

Figure 5: Phase-contrast images of astrocytes and hCMEC/D3 cells cultured on 5 µm pore-sized 
membranes. (A) Astrocytes cultured for 10 h on a PDMS membrane, while (B) on a PC membrane the 
astrocytes were not distinguishable because of a lack of membrane transparency. (C) hCMEC/D3 cells 
cultured overnight on PDMS membrane, and (D) a co-culture of hCMEC/D3 cells and astrocytes on 
day 2 after hCMEC/D3 seeding. Cell morphological features can be distinguished on PDMS 
membranes: astrocytes are elongated compared to hCMEC/D3 cells which have cobble-stone-like 
morphology.  
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Results from the live/dead viability assay showed that approximately 98 % of cells 

remained viable on both the PDMS and PC membranes independently of the pore size 

used. These results indicate that the etching process of the PDMS membrane was not 
harmful to the cells which were able to maintain high viability, similar to the cells 

cultured on the PC membrane.  

 

The scattering of light due to randomly distributed pores on the PC membrane caused 

a varying degree of blurring which is seen in Figure 6 B.  

2.3.4 Endothelial cells protrude through the membrane pores 

Generally, porous biological membranes, such as the BBB basement membrane, allow 

either direct contact between cells residing on the two sides of the substrate or signal 
transduction.51,52 The proximity of the cell-cell interaction across the basement 
membrane is greatly facilitated by pore size and the limited thickness of the 

membrane. While previous studies using CM from astrocytes showed that soluble 

factors play an important modulating role in endothelial response in co-culture, direct 

Figure 6: Live/dead viability assay after five days of hCMEC/D3 culture. (A) PDMS membranes 
compared to (B) PC membranes. Viable cells are stained with Calcein AM, whereas necrotic cells are 
stained using ethidium homodimer, and cell nuclei are stained with NucBlue. (C) For both membrane 
types, the viability of endothelial cells was high (PDMS 98.4 ± 0.6 % and PC 98.7 ± 0.2 %, n=3). The 
number of live and dead cells is counted using the “find maxima” method in ImageJ. 
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physical interaction was considered to be instrumental in inducing polarity of apical 
and basal compartments.53–55  

The cell culture was performed for five days. A shorter culture period is insufficient 
to form a tight barrier while prolonged culture, exceeding six days, in static Transwell 
models may lead to overgrowth as reported previously.56–58 Additionally, the 

hCMEC/D3 cells were shown to be able to migrate through pores exceeding 3 µm in 

dimension.11 Although cellular migration is of interest to study cancer cell 
extravasation or brain leukocyte infiltration, it is important to avoid the second non-
physiological endothelial layer formation, therefore, we further focused on 3 μm pore 

size membranes.  

It was found that despite using a smaller pore size, hCMEC/D3 cells were able to 

migrate through the 3 μm pores on PC membranes while the use of PDMS membranes 

inhibited cellular transmigration (Fig. 7). The random pore distribution, and thus 

potential overlap of pores in PC membranes leads to a bigger size of the pores allowing 

transmigration of cells.  

 

Figure 7: SEM images of hCMEC/D3 cells and astrocytes cultured for five days on 3 µm pore-sized 
PC and PDMS membranes. HCMEC/D3 cells formed a continuous monolayer on the PC (A) and PDMS 
membranes (C). (B & D) Bottom side of the membranes where astrocytes are seeded. Astrocytes have 
a more elongated morphology compared to hCMEC/D3. However on the bottom side of the PC 
membranes (B), the cell had more cobblestone morphology suggesting endothelial transmigration 
from another side of the membrane, therefore it was not possible to distinguish astrocytes from 
hCMEC/D3.  
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2.3.5 Astrocytes and hCMEC/D3 cells co-cultured on a PDMS and PC 
membranes  

HCMEC/D3 and human astrocytes were co-cultured on PDMS or PC membranes to 

study the interaction between these two cell types. It is suggested that for the 

development of a functional barrier, the interplay of the endothelial layer with 

astrocytes may be of key importance.44,53,54 Cellular interplay across the basement 
membrane can consist of direct contact between the cell types or be facilitated by a 

reduced distance between the cell types allowing for more efficient paracrine signaling 

as the strength of this signal is related to distance.59  

To study the influence of the reduced distance between astrocytes and endothelial 
cells in co-culture Transwell conditions, the expression of tight junction proteins (ZO-
1, Claudin-5) and an adherens junction protein (VE-Cadherin) were assessed on the 

fifth day of culture on 3 μm pore-sized PDMS and PC membranes using 

immunostaining (Fig. 8 and Fig. 9). Upon culturing on PC and PDMS membranes, 
hCMEC/D3 cells showed similar, primarily cytoplasmic ZO-1 cellular distribution on 

both PDMS and PC membranes.  

 

Figure 8: Comparison of immunostaining of adherens junction VE-Cadherin (Alexafluor 488), tight 
junction protein ZO-1 (Alexa fluor 647), and cell nuclei (NucBlue©) on PDMS and PC membranes after 
five days of monoculture. HCMEC/D3 cells seeded in the upper compartment show a cobblestone 
morphology and express ZO-1 and VE-Cadherin on both membranes. Besides, a second layer of the 
cells was observed on the other side of the 3 µm PC membrane, while on PDMS a continuous cellular 
monolayer was seen only on one side of the membrane. Scale bars represent 20 µm. 
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These observations contradict previous studies which show that ZO-1 primarily 

resides at the peripheral membrane as a result of its function in tight junction 

assembly.60,61 However, ZO-1, apart from an interaction site for transmembrane 

proteins, also contains a C-terminal actin-binding site and forms phase-separated 

cytosolic clusters.62–64 Moreover, ZO-1 localization in endothelial cells depends on 

several factors and one of them is the stiffness of the substrate, suggesting that the 

extracellular matrix impacts the mechanotransduction of tight-junction 

structures.58,65–67  

To test whether the stiffer substrate will lead to localized tight junctions, we also 

seeded hCMEC/D3 on a glass chamber slide (Thermo ScientificTM NuncTM Lab-TekTM II 
Chamber SlideTM). The immunofluorescent staining of ZO-1 after five days of culture 

showed more peripheral localization of protein compared to PDMS and PC membranes 

(Fig. 10).  

Interestingly, co-culture of hCMEC/D3 cells with astrocytes substantially modified 

cellular localization of ZO-1 to primarily plasma membrane-associated when cultured 

both on PC and PDMS membranes (Fig. 11). Such changes in ZO-1 localization have 

been reported as a function of astrocyte co-culture or astrocyte-derived CM.6,12,68,69 

Figure 9: Immunofluorescent images of Claudin-5 (Alexa fluor 647), VE-Cadherin (Alexa fluor 488), 
and nucleus (NucBlue©) expression in hCMEC/D3 cultured on PDMS (top row) and PC (bottom row) 
membranes. Claudin-5 was not located at inter endothelial junctions but more intracellularly. Scale 
bar represents 20 μm. 
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In co-culture models, astrocytes were first seeded on the opposite side of the 

membrane. As astrocytes sediment on the surface of the membrane, it was expected 

that hCMEC/D3 seeded at a later stage will not be able to migrate to the astrocytic 

compartment. However in Figure 11, for cells grown on a PC membrane, ZO-1 staining 

was also visible in the astrocyte compartment, evidencing that hCMEC/D3 cells were 

able to protrude through the pores.  

 

Figure 10: Immunofluorescent images of ZO-1 (Alexa fluor 647) and nucleus (NucBlue©) expression 
in hCMEC/D3 cultured on the glass chamber slide. ZO-1 was more localized towards the periphery of 
the cell membrane. Scale bar represents 20 μm. 

Figure 11: Immunofluorescent staining of ZO-1 (Alexa fluor 647) and GFAP (Alexa fluor 488) of an 
hCMEC/D3 and astrocyte co-culture on PDMS and PC membranes. Astrocytes cultured on both types 
of membranes are GFAP-positive but characteristic astrocyte elongated morphology was primarily 
observed when cultured on PDMS membranes. While the astrocytic compartment of cells grown on 
PDMS membranes is ZO-1 negative, the astrocytic compartment of PC membranes shows some degree 
of ZO-1 positive staining suggesting transendothelial migration through PC membranes. Cell nuclei 
(NucBlue©). Scale bars represent 20 µm.  
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2.3.6 Endothelial tight junction protein expression levels are differentially 
affected by membrane type and co-culture with astrocytes 

Numerous studies showed that astrocytes critically regulate BBB function.55,70,71 In 
vitro, co-culture with astrocytes and substrate characteristics were previously shown 

to affect endothelial expression levels of tight junction proteins.16,65,72 Based on these 

observations we measured endothelial expression levels of ZO-1, Claudin-5, and VE-
cadherin cultured on PC and PDMS membranes in co-culture with astrocytes (Fig. 12).  

Results showed that ZO-1 expression levels were lower for hCMEC/D3 cells cultured 

on PC membranes compared to PDMS membranes. On the contrary, Claudin-5 

expression was significantly lower for monocultures on PDMS compared to PC 

membranes (n=3, p=2.8·10-5) and in cultures with the addition of CM (n=3; p=0.024). 
The VE-cadherin expression levels did not significantly differ for hCMEC/D3 cells 

cultured on both membranes although it was previously shown that VE-Cadherin 

depends on the substrate stiffness, leading to increased cell contractility and gap 

formation.73 These differential expression patterns of the three tight junction proteins 

tested are possibly the result of the known different transcriptional pathway 

regulation of these three tight junction proteins.74  

Regulation of tight junction protein expression levels by endothelial cells may require 

direct physical interaction with astrocytes in the BBB. To address this question, we 

compared tight and adherens junction protein expression levels by hCMEC/D3 cells in 

the absence of astrocytes but upon exposure with astrocytic CM as well as in the 

presence of co-cultured astrocytes. Astrocytic soluble factors and soluble heat-labile 

protein aqueous factors have been suggested in the past to regulate endothelial tight 
junction formation and barrier integrity.75 Examples of such reported factors are sonic 

hedgehog, WNT/β-catenin, transforming growth factor β, bone morphogenetic 

proteins, angiopoietins, or semaphorins that all affect BBB integrity.76 However, there 

was no significant effect of CM detected for ZO-1, VE-Cadherin, and Claudin-5 

expression for PDMS monoculture while on PC membranes, ZO-1 expression was 

downregulated upon CM (n=3, p=0.028). Similar results were shown previously, 
where the addition of CM did not enhance the barrier properties of endothelial cells.77 
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Although cellular localization was affected by the presence of astrocytes (Fig. 11), 
western blot analysis showed that co-culture with astrocytes non-significantly induced 

hCMEC/D3 expression of ZO-1 and downregulated VE-cadherin on both PDMS and PC 

membranes. The significant effect of co-culture compared to monoculture was seen 

for Claudin-5 expression on PDMS membranes (n=3, for mono: p=0.027 and CM: 
p=0.041) while no such trend was detected for PC cultures. The observed non-
significant increase in Claudin-5 expression levels on PC membranes is consistent with 

previous studies, where it was shown that the addition of astrocytes in contact/non-
contact way does not lead to an increased Claudin-5 expression in b.End3 cells.78 

Overall, these results may suggest that direct interaction between endothelial cells and 

astrocytes critically regulates tight junction formation.  

2.3.7 Biological barrier permeability 

Cell layer integrity can be measured by establishing the permeability of certain 

substances. We performed permeability experiments on day five of hCMEC/D3 culture 

Figure 12: Immunoblot analysis presenting expression levels of relevant tight and adherens junction 
proteins in hCMEC/D3 grown under three different culture conditions (monoculture, culture with 
astrocyte CM, and co-culture with astrocytes). (A) Immunoblot of ZO-1 expression. (B) Immunoblot of 
expression of VE-Cadherin and Claudin-5. Dividers in A and B indicate where blot was stitched. (C-E) 
Relative quantification of normalized expression levels of ZO-1 (C), VE-Cadherin (D), and Claudin-5 
(E). Data are expressed as means ± SEM. n=3. *p<0.05 and ***p<0.001 (ANOVA). 
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on 3 μm pore size (PDMS and PC) membranes in mono- and co-culture conditions. 
Here we used fluorescently labeled Dextran (20 kDa) which was added to the top 

compartment of the Transwell inserts and the fluorescent intensity in the bottom 

compartment was measured over time. Because the used PC and PDMS membranes 

have different porosities, the measurements were normalized to the permeability of 
empty substrates.  

The permeability results for 20 kDa indicated that the hCMEC/D3 cell layer grown on 

PC membranes was more permeable compared to the barrier formed on the PDMS 

membrane. Despite the endothelial cell migration to another side of the PC membrane 

and formation of the second layer observed with immunostaining (Fig. 8 & 11), the 

permeability rate was higher for both mono and co-cultures on PC membrane (Fig. 13, 
for PC Pe monoculture 3.08·10-7 ± 4.61·10-8 cm s-1, Pe co-culture 2.27·10-7 ± 4.86·10-8 

cm s-1 while for PDMS, Pe for mono 1.67·10-7 ± 4.10·10-8 cm s-1, and for co-culture 

3.83·10-7 ± 2.07·10-8 cm s-1). The effect of co-culture with astrocytes was significant 
for hCMEC/D3 cells seeded on PDMS membrane demonstrating a decreased 

permeability rate and not significant but still detectable for cells seeded on PC 

membrane. The permeability values presented here are lower than that normally 

observed for hCMEC/D3 culture however there are in line with other BBB models.79,80  

 

2.4 Conclusion and Outlook 

Commercially available track-etched 10 μm thick polymer membranes have been 

intensively used for studying cellular barriers in cell culture models. However, their 

thickness and rigidity hamper direct cell-cell interaction between the cells cultured on 

Figure 13: The endothelial permeability results indicated tighter barrier formation on PDMS 
membrane (blue bar) compared to PC (red bar). The astrocytes affected the permeability on both 
membranes, however, the change was significant for PDMS membranes. The bars represent mean 
with ±SD, n=3, *p<0.05, **p<0.01 and ***p<0.001 (ANOVA). 
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both sides of the membrane and offer limited functionality. Here, we developed a 2 μm 

thick PDMS membrane that is optically transparent with defined pore sizes and 

distribution and studied its applicability as a cell culture substrate.  

The fabrication method of these membranes allows for precise control of pore size 

and membrane thickness which is not possible using a track-etched PC membrane. 
HCMEC/D3 cells cultured on the PDMS membrane showed comparable viability levels 

and protein (ZO-1, VE-Cadherin, and Claudin-5) expression to cultures on the PC 

membrane. The uniformity and controlled size of the pores allowed regulation of the 

cellular transmigration which was not possible using PC membranes. Moreover, the 

PDMS membrane enabled the formation of cellular protrusions suggesting possible 

cellular contact between hCMEC/D3 and astrocytes. Interestingly, the effect of adding 

astrocytes to the hCMEC/D3 culture was detectable for both membranes, but only 

permeability studies on the PDMS membrane showed a significant difference between 

mono and co-culture models. Finally, we detected elevated ZO-1 expression of 
hCMEC/D3 cells cultured on the PDMS membrane, while Claudin-5 expression was 

downregulated. These results suggest that reduced membrane thickness is beneficial 
for cell-cell communication and the formation of a tight barrier even though the 

substrate’s mechanical properties may also influence the cell behavior. Therefore 

additional functional studies have to be performed in the future. Ultimately, these 

PDMS membranes are meant to be used as substrates in OOC systems for modeling 

different barriers. They can be incorporated inside PDMS-based chips using only 

plasma activation without additional glues and potentially harmful chemical surface 

modifications.  

Additionally, the PDMS membranes can be stretched for mechanical actuation of the 

barrier models such as lung and gut on a chip. To test this, we fabricated an organ-on-
chip device with additional vacuum chambers on the sides of the main channel. By 

applying the maximum reachable negative pressure of -100 kPa to both sides of the 

membrane in a microfluidic cell culture chip, we showed that it can be deformed up 

to, but not limited to, 90 % and remain intact. The strain correlates linearly with the 

pressure, leading to 10 % deformation for every -10 kPa applied following this trend 

up to -60 kPa. Moreover, due to the low thickness of the membrane, less pressure is 

needed to deform the membrane compared to previous reports.81  
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In conclusion, we explored the applications of 2 μm thick PDMS membranes in 

Transwell models and in OOCs and demonstrated that these membranes can be used 

as an alternative scaffold to commercially available track-etched membranes in future 

studies. 
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CHAPTER 3 

Increasing the throughput of blood-brain 
barrier-on-a-chip 

Organ-on-chip devices are thoroughly studied in academia and industry due to their 

high potential in pharmaceutical and biomedical applications. However, most of the 

existing organ-on-chip models focus on proof of concept of individual functional units 

without the possibility of testing multiple experimental stimuli in parallel. Here we 

developed a multiplexed chip with eight parallel channels branching from a common 

access port via which, all channels can be addressed simultaneously without the need 

for extra pipetting steps. This setup increases the reproducibility of the experimental 
results. At the same time, eight outlets provide individual entry to each channel with 

the opportunity to create eight different experimental conditions. The functionality of 
the chip was studied by recapitulating the blood-brain barrier (BBB) function. We 

show that our parallelized BBB on-a-chip design can be used as an organ-on-chip 

model for future testing of different conditions at an increased throughput. 

 

 

 

 

This chapter is adapted from: 

M. Zakharova, M. Palma do Carmo, M. van der Helm, H. Le-The, M. de Graaf, V. Orlova, A. van 

den Berg, A.D. van der Meer, K. Broersen, L. Segerink, Lab Chip 2020, 15, 4277-4285
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3.1 The need for increased throughput  

Different tissue barriers in our body regulate the transport of molecules.1–4 The blood-
tissue barriers, for example, play a vital role in regulating drug transport from the 

capillaries to the targeted organs.5 To exert functional activity, these capillaries 

typically consist of an endothelial cell layer and a basement membrane. While this 

general feature is shared among the different blood-tissue barriers in the body, organ-
specific features give rise to variation in architectural and organizational 
characteristics from organ to organ.1 For instance, the capillaries in the central 
nervous system (CNS) are characterized by a monolayer of endothelial cells that show 

high expression levels of tight junction (TJ) proteins restricting the transport of 
different molecules and solutes.6 In addition, these capillaries are closely connected 

with astrocytes and pericytes that play an important role in blood-brain barrier (BBB) 
function, a structure that regulates the exchange of ions and nutrients between the 

blood and brain. The characteristic structure of the capillaries protects the brain from 

toxic substances and pathogens. At the same time, the transport of therapeutic 

compounds across the BBB is also restricted, requiring an advanced understanding of 
BBB transport mechanisms to effectively target the brain. For this, in vivo and in vitro 
models are developed that recapitulate the barrier organization and provide the ability 

to evaluate drug permeability. However, there is still a lack of appropriate models that 
can adequately resemble a complex human brain environment. In vivo studies of the 

BBB, performed for example in mouse models have provided physiologically relevant 
information on BBB transport mechanism within the context of the brain 

microenvironment.7 However, the use of animal models in lab experiments is costly 

and subject to ethical concerns. Moreover, drugs that were originally approved based 

on animal models often fail in human trials.8 In response to this, in vitro BBB models 

were developed which typically consist of primary cell cultures or cell lines cultured 

on extracellular matrix (ECM) coated filters in a transwell system.9 To date, different 
transwell-based BBB models have been introduced, employing a mono-culture of 
endothelial cells or co-culture with other BBB-associated cell types.10 Even though 

such models reproduce some aspects of BBB physiology and allow fast and 

standardized evaluation of potential drugs, such cell-based static models do not 
reproduce some of the more complex dynamic and architectural aspects of human 

brain physiology that importantly contribute to BBB integrity.11 

Recently, the urgent need for a less expensive and more physiologically relevant model 
has led to the development of organ-on-chip (OOC) systems based on microfluidic 

techniques.12,13 OOC models resemble some components of the complex in vivo 

environment with an ECM, cell-cell interactions, and vasculature-like perfusion while 

requiring a minimal quantity of fluid and sample consumption due to the micrometer 

size of the channels.14 It is possible to implement miniaturized sensors into the devices 

enabling real-time monitoring of tissue formation and its function.15 Furthermore, OOC 
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can be applied to evaluate personalized medicine strategies when cells originating 

from a specific donor are used.16,17 Over the last decade, researchers have been able 

to fabricate chips for studying the BBB and other organs demonstrating the ability of 
OOC to capture physiologically relevant conditions in vitro.18–22 

To date, most reported microfluidic models of the BBB are fabricated using the 

biocompatible polydimethylsiloxane (PDMS) organic polymer. The permeability to CO2 

and O2 of this polymer makes it ideal for cell studies.23 The design of these microfluidic 

chips generally consists of two or more channels, separated either by a porous 

membrane or a hydrogel that serves as a barrier between the different channels.18 

Cells from porcine, bovine and rodent origin are used in several of the reported BBB 

models in which blood endothelial cells are usually seeded in one compartment, 
mimicking the luminal side of the BBB, while astrocytes and pericytes are placed in a 

separate compartment, resembling the basal side of the BBB.10,19  

Geometry, design, and functionality vary for the different in vitro models of the 

BBB.18,24 Depending on the research question the most appropriate design can be 

selected. Despite a variety of in vitro BBB models available, most of the studies using 

these models are focused on functional validation or toxicity screening using 

individual systems with low throughput workflows while being unable to test different 
experimental stimuli in parallel, thereby limiting readout possibilities. Parallelization 

and automation with higher throughput testing of variables are required to implement 
OOC models in preclinical studies.  

Here we present a micro-engineered multiplexed platform with eight functional units 

branching from a common inlet and having eight separate outlets. We show two 

variants of the multiplexed platform (1) a one-layer device, and (2) a two-layer device 

with a 2 μm thick PDMS through-hole membrane separating the two compartments. 
Both designs give the possibility to address all channels in each compartment 
simultaneously or individually by utilizing the effect of laminar flow, thus, allowing 

eight parallel experiments in a single chip. 

3.2 Materials and Methods 

3.2.1 Microdevice design  

The multiplexed chip consists of eight parallel channels, 500 μm (width) and 50 μm 

(height, for one-layer device) or 375 μm (height, for two-layer device), which branch 

from a common inlet and have separate access ports (Fig. 1 A). The common inlet 
allows simultaneous filling of all channels and is placed at the exact same distance 

from each channel assuring an even distribution of the flow and cells through the 

channels. The separate outlets of eight channels, on the other hand, make them 

individually addressable thus allowing the performance of eight different experimental 
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conditions at the same time by pulling liquids from eight separate reservoirs through 

the channels towards the common access port (Fig. 1 A). In addition, the width of the 

channels after each junction increases consecutively to 630 μm, 794 μm, and reaches 

1000 μm at the inlet followed by Murray’s law.25 

The microchannels were fabricated using standard soft lithography.26 Briefly, the 

microfluidic device was made by casting PDMS prepolymer and curing agent (Sylgard 

184 Silicone elastomer kit, Dow Corning) at a weight ratio of 10:1 onto a patterned 

SU-8 mold. The polymer was cured overnight at 60 °C and subsequently peeled off 
from the mold. The thickness of the chip was 3 mm. Next, inlets and outlets were 

punched using a 1 mm diameter biopsy puncher. Subsequently, the PDMS layer was 

bonded to the glass by exposure to the oxygen plasma (50 W, Cute, Femto Science) for 

1 min to form a one-layer device. The assembly was heated at 60 °C for at least 20 

min to improve the bonding between the PDMS and glass. 

To aid barrier on-chip studies, a two-layer device was created by placing the PDMS 

membrane (thickness of approximately 2 µm, see Chapter 2 for fabrication) in between 

the identical top and bottom parts as represented in Figure 1 C. Here, the channel’s 

height was set to 375 µm. The same procedure was performed with the top 

compartment by punching all inlets and outlets. The three parts of the chip were 

activated in oxygen plasma (50 W, Cute, Femto Science) for 2 min to enhance the 

bonding. The top compartment was aligned with the inversed bottom compartment 
using a microscope in such a way that channels overlapped with each other (Fig. 1 B). 
By having both eight apical channels and eight corresponding basal channels, the 

function of each barrier can be individually assessed (Fig. 1 D). The final two-layer 
chip was 6 mm thick and was designed to fit on a standard 25 mm wide microscope 

slide, making it compatible with microscopy readouts. 

Small irregularities in the channels, dust, loose bonding, or bubbles may affect the 

microfluidic resistance of the channels, and as a consequence distribution of the flow 

may not be equal between channels. To prevent this, before starting the experiments, 
the device was cleaned with ethanol to flush out all bubbles and fluid levels inside the 

reservoirs at the outlets were equalized.  
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3.2.2 Cell culture 

Human cerebral microvascular endothelial cells (hCMEC/D3, Merck Millipore) were 

cultured in an endothelial growth medium (EGM, Cell Applications, Inc) in collagen I-
coated culture flasks. Human astrocytes (HAc, Cell Applications, Inc.) were cultured in 

an astrocyte growth medium containing a growth supplement (ScienCell Research 

Laboratories). Both cultures were maintained at 5 % CO2 and 37 °C, refreshing the 

medium and subculturing every two-three days. 

Prior to cell seeding, the microfluidic chips were exposed to an oxygen plasma (50 W, 
Cute, Femto Science) to make the surface hydrophilic. Subsequently, the chips were 

rinsed with phosphate-buffered saline (PBS; Sigma) and coated with collagen type I 
(rat tail, Corning) (100 μg mL-1) for 1 h at 37 °C. 

Endothelial cell monoculture was started by filling the chips with EGM. Next, 
hCMEC/D3 cells at cell suspension 6·106 cells mL-1 were pipetted into all eight 
channels simultaneously with a single pipetting action through the common access 

port. After 1 h of static incubation at 37 °C and 5 % CO2, non-adherent cells were 

washed away with EGM.  

An endothelial cell/HAc co-culture in a two-layer device was prepared by filling the 

channels with an astrocyte medium. The HAc were seeded on the basal side (bottom 

channels) of all eight channels at a concentration of 2·106 cells mL-1. Afterward, the 

chips were inverted for 4 h to allow the attachment of cells to the bottom side of the 

Figure 1: Design of the multiplexed chip. (A) Design of the photomask of the multiplexed chip with 
eight parallel channels branching from the common inlet and having separate access ports. (B) 
Scheme of two-layer device design. Two identical PDMS parts of which one inverted and bonded to 
another part. (C) Exploded view of the chip which consists of top and bottom parts with eight channels 
each and separated by porous PDMS membrane. (D) Results of creating different conditions in two-
layer devices. 



Chapter 3 

 

64 

membrane. Next, the chips were flipped back and pipette tips containing fresh 

astrocytes medium were inserted in each access port. After 24 h of astrocyte culture, 
EGM was introduced in the top compartment and hCMEC/D3 cells were inserted at 
6·106 cell mL-1. The cells were allowed to adhere for 1 h. Next, EGM was refreshed in 

the top compartment while the astrocyte medium was refreshed in the bottom 

compartment twice per day. Medium inside the chips was refreshed by gravity-driven 

flow by inserting medium-filled pipette tips in the common access ports of each device. 
Phase-contrast and fluorescent imaging (EVOS FL Cell Imaging System, Life 

Technologies and LEICA DM IRM HC, air objectives) were used for morphological 
observations of the cells inside the chip.  

3.2.3 Chip validation 

Finite element modeling of fluid flow 

Equal distribution of the liquid is essential in this multiplexed device. The COMSOL 

5.3a Multiphysics (COMSOL, Stockholm, Sweden) CFD module was used to model the 

fluid flow distribution inside the chip. The three-dimensional CAD model of the chip 

was transferred to COMSOL and the laminar flow module was applied to determine 

the flow velocity distribution in each channel. Fixed arbitrary water velocity was set 
as an inlet boundary condition and atmospheric pressure was given as a boundary 

condition for eight outlets. The resulting flow rate distribution was evaluated in the 

middle of each channel.  

Selective addressing of the channels  

On day four of hCMEC/D3 culture, the one-layer chip was connected to a syringe pump 

(Harvard, 20 000) and the separate access ports were covered with PBS. Crosstalk 

between the channels in the multiplexed chip was studied by selective introduction of 
Trypsin 1X (Sigma) to every other channel to release adherent cells. Pipette tip 

reservoirs with either trypsin or EGM were inserted into the separate access ports and 

these solutions were pulled through for 30 min at a flow rate of 20 μL min-1 

(2 dyne cm-2). Then, EGM was added to all channels and flow was applied for another 

15 min to ensure all trypsin was removed from the chip. 

To visualize cells upon exposure to trypsin, a solution containing 1 μL calcein-AM 

(Live/Dead Viability/Cytotoxicity kit for mammalian cells, Invitrogen) and one drop 

NucBlue (Ready Probes reagent, Molecular Probes, Life Technologies) in 60 μL PBS 

was introduced after flushing the channels twice with PBS. The introduction of the 

reagents and flushing was performed with single pipetting actions through the 

common access port. After incubation for 30 min at 37 °C and 5 % CO2, fluorescence 

microscopy was performed using an EVOS FL Cell Imaging System. 
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Live-Dead assay  

To assess the viability of hCMEC/D3 on day five of culture inside the multiplexed chip, 
Live–Dead staining was performed. A solution containing 1 μL calcein-AM, 4 μL 

ethidium homodimer-1 (EthD-1) (Live/Dead Viability/Cytotoxicity kit for mammalian 

cells, Invitrogen) and 1 drop NucBlue (Ready Probes reagent, Molecular Probes, Life 

Technologies) in 60 μL PBS was introduced in the chip after flushing the channels 

twice with PBS. The cells were imaged after 30 min of incubation (37 °C, 5 % CO2) 
using an EVOS FL Cell Imaging System (Life Technologies). The contrast of the 

resulting images was equally enhanced and subsequently merged in ImageJ (Wayne 

Rasband, NIH, version 1.51j8). Additionally, the mitochondrial staining was performed 

on day one and day five (100 nM, MitoTracker Red CMXRos (Thermo Fisher) for 

20 min at 37 °C and 5 % CO2. Subsequently, the cells were imaged with an EVOS 

microscope.  

Immunofluorescence  

For immunostaining of both cell types, cells were first washed with PBS and fixed with 

4 % formaldehyde (Thermofisher) for 20 min at room temperature. Next, cells were 

permeabilized with 0.1 % Triton X-100 (Sigma) and blocked with 5 % Bovine serum 

albumin (BSA) in PBS for 30 min. Subsequently, the hCMEC/D3 cells were incubated 

with primary rabbit anti-zona occludens-1 (ZO-1) (1:50, polyclonal, Invitrogen) and 

primary mouse VE-cadherin (1:300, Santa Cruz Biotechnology) in 0.5 % BSA in PBS 

overnight at 4 °C. Next, the cells were incubated with Alexa Fluor 647 and Alexa Fluor 

488 secondary antibodies (goat anti-rabbit, and goat anti-mouse, dilution 1:500, 
Invitrogen) for 1 h.  

The HAc were additionally stained for Glial fibrillary acidic protein (GFAP, 1:100, 
monoclonal anti-mouse, Invitrogen). After the washing step, the HAc were incubated 

with the secondary antibody (Alexa Fluor 488, goat anti-mouse, dilution 1:500, 
Invitrogen) for 1 h. The nucleus of both types of cells was stained with NucBlue 

(Invitrogen) for 20 min. Confocal fluorescent microscopy was performed using an 

Andor Dragonfly® 200 spinning disk confocal on a Leica DMi8 microscope. The pinhole 

diameter of the disk was 40 µm. Long working distance water objectives 10x (NA 

0.30), 20x ( NA 0.50), 40x (NA 0.80) were used. 

Permeability 

Barrier permeability across the endothelial monolayer was assessed on day five of cell 
culture using a fluorescent microscope (LEICA DM IRM HC). FITC-Dextrans (Sigma-
Aldrich) at two different molecular weights (4 kDa and 20 kDa) were chosen as a 

paracellular permeability marker. Briefly, all bottom access ports were filled with 

fresh medium and clamped to prevent leakage and evaporation of the liquid. Then, 
fluorescent molecules were infused into the apical compartments through the common 
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inlet using a syringe pump at a constant flow rate of 10 μL min-1. When the intensity 

of the chosen fluorescent marker was uniformly distributed in each channel, the flow 

was stopped and all outlets were clamped. Images of each of the eight basolateral 
compartments were collected at time points t=0, 5, 10, 15, 25, 35, 45, 55, and 70 min.  

Fluorescence intensity was evaluated by ImageJ software. Next, fluorescence intensity 

values in the lower compartments were normalized to fluorescence intensity values 

in the upper compartments. The apparent permeability P of the BBB was calculated 

from the normalized intensity profiles using a previously reported method27: 

𝑃𝑃 = 1
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑉𝑉
𝑆𝑆
𝑑𝑑𝐼𝐼𝑏𝑏
𝑑𝑑𝑑𝑑

 [cm 𝑠𝑠−1]    (1) 

where 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum fluorescence intensity in the apical compartment, V/S 

is the ratio of apical channel volume to the membrane surface area and 𝑑𝑑𝐼𝐼𝑏𝑏 𝑑𝑑𝑑𝑑⁄  is the 

rate of increase in intensity as Dextran diffuses to the bottom compartments. 

To obtain an actual permeability 𝑃𝑃𝑚𝑚 of the multiplexed device, the permeability 

measured in the device with the cell monolayer 𝑃𝑃𝑐𝑐 was subtracted from the 

permeability measured in an empty chip 𝑃𝑃𝑚𝑚 (permeability of the membrane)28: 

1
𝑃𝑃𝑚𝑚

= 1
𝑃𝑃𝑐𝑐
− 1

𝑃𝑃𝑚𝑚
 [cm 𝑠𝑠−1]    (2) 

Finally, the average permeability coefficients of eight channels were calculated. 

3.3 Results and Discussion 

3.3.1 Chip fabrication 

We designed two multiplexed chips: a one-layer chip for studying cell cultures and a 

two-layer chip for studying barrier tissues such as BBB. When designing the 

multiplexed chip, several important points were taken into consideration such as ease 

of manipulation, the possibility of parallel cell culture with the same initial conditions, 
and the feasibility of individual collection and analyses of effluents from these parallel 
cultures. To enable a reliable comparison of exposure conditions in each individual 
channel it is important to ensure equal distribution of flow profiles. 

Figure 2 shows the COMSOL simulation results of the flow profile in the chip, which 

indicate that the flow distribution in each channel is uniform, i.e. 12.2 %-12.9 %. The 

fluid velocity decreases after each branching while eventually uniformly distributing 

in each of the eight channels. Nonetheless, the eight parallel channels are not 
completely separated fluidically and the risk of cross-talk between the conditions in 

adjacent channels has to be taken into account. Therefore diffusion and advection of 
solutes into the adjacent channels have to be considered.  
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The risk of contamination of adjacent channels by diffusion during an experiment can 

be determined by calculating the Péclet number for typical experimental parameters. 
The Péclet number (𝑃𝑃𝑃𝑃) is defined as the ratio of the advective transport rate of a 

certain solute and the diffusion transport rate perpendicular to that flow, resulting in 

the following equation:29 

𝑃𝑃𝑃𝑃 = 𝑢𝑢·𝑙𝑙
𝐷𝐷

      (3) 

Where 𝑢𝑢 is the flow velocity (m s-1), 𝑙𝑙 is the characteristic length of diffusion (m) and 

𝐷𝐷 is the diffusion coefficient of the solute (m2 s-1). 

A characteristic length of 𝑙𝑙 = 315 μm was taken, which is half of the width of the 

channel after the junction. The solutes that have diffused over this length do not yet 
reach the parallel part of the channels and have not yet contaminated the culture that 
is analyzed. For the experiment, a volumetric flow rate of 20 μL min-1 was used at the 

common access port. In the second branching point with 50 μm channel height, this 

results in a linear flow rate of 𝑢𝑢 = 2.64·10-3 m s-1 and for 375 μm channel height 𝑢𝑢 = 

3.52·10-4 m s-1. Lastly, a diffusion coefficient 𝐷𝐷 = 1·10-9 m2 s-1 was taken, which reflects 

the order of magnitude of the diffusion coefficient of small molecules in water. For 

these parameters, the resulting Péclet number for one layer chip is 8.3·102 and for a 

two-layer chip, 𝑃𝑃𝑃𝑃 = 1.1·102. This indicates that advective flow is dominant over 

diffusion and that the flow rate can be decreased by a factor of ~ 830 or 110 before 

diffusion starts to play a significant role. Therefore, caution has to be taken when 

decreasing the flow rates in the chip.  

Next, a contribution of advection can be reviewed. The flow will equally split at each 

junction, under the condition that the fluid reservoirs at the eight separate access ports 

are identical. In that case, all fluid will move to the common access port and there will 

Figure 2: Simulated flow profile in the chip using finite element modeling. An input flow rate was 
distributed in all eight channels resulting in equal flow profiles with minor variation. The scale bar 
represents a normalized velocity range. 
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be no cross-talk between conditions. However, when the fluid levels in the reservoirs 

are not identical, fluid can flow into adjacent channels. To understand the risk of this 

advective flow during an experiment, the Hagen-Poiseuille law can be used: 

∆𝑃𝑃 = ∆Q · 𝑅𝑅ℎ [Pa]    (4) 

Where, Δ𝑃𝑃 is the pressure difference (Pa) between two ends of a channel with 

hydrodynamic resistance 𝑅𝑅ℎ (Pa s m-3) through which a fluid flows at a rate of 𝑄𝑄 (m3 

s-1). The 𝑅𝑅ℎ  for the rectangular channel with the condition that w>>h, can be written 

as30: 

𝑅𝑅ℎ = 12·𝜇𝜇·𝐿𝐿
1−0.63(ℎ/𝑤𝑤)

1
𝑤𝑤·ℎ3

 [Pa s m-3]   (5) 

For the flow distribution, the hydrodynamic resistance at each channel also has to be 

equal however it is not always the case. The difference in 𝑅𝑅ℎ can arise from for example 

dust particles inside the channel or from poor fabrication accuracy and not proper 

bonding to the glass. 31 Therefore, with a flow rate in each channel Q = 2.5 μL min-1, 
the viscosity of culture medium 𝜇𝜇 = 0.7 mPa s, the distance between two adjacent 
access ports 𝐿𝐿 = 20 mm and the channel width and height of 𝑤𝑤 = 0.5 mm and ℎ = 0.05 

mm, the pressure difference is Δ𝑃𝑃 = 1.4·102 Pa. This corresponds to a pressure head 

of 14 mm, calculated from the equation 𝑃𝑃 = 𝜌𝜌·𝑔𝑔·ℎ.  

For the two-layer chip, the 𝑅𝑅ℎ was calculated using another formula, as the assumption 

that w>>h is no longer valid. 31 

𝑅𝑅ℎ = 4·𝜇𝜇·𝐿𝐿
𝑤𝑤
2 ·(ℎ2)3

∙ �16
3
− 3.36 ∙

ℎ
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2
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ℎ
2

4

12∙𝑤𝑤2
4)�

−1

   (6) 

Leading to Δ𝑃𝑃 = 0.67 Pa. As can be seen, for a channel height of 375 μm, the height 
difference of the liquid in the pipette tips is of a very small order of magnitude (0.07 

mm). Therefore, the risk of advective flow is very high. To minimize this risk in the 

future, the channel height should be reduced.  

3.3.2 Evaluation of the parallel functionality of the multiplexed chip 

The hCMEC/D3 cells were seeded in the one-layer device by a single pipetting action 

through the common inlet. The distribution of cells was assessed using a phase-
contrast microscope and the chips were incubated for four days, replacing medium 

every day. To verify whether the channels are individually addressable, every other 

channel with hCMEC/D3 monolayer was exposed to trypsin which dissociated the 

cells. 
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After 30 min, the cells were visualized using a calcein-AM solution indicating 

intracellular esterase activity as a marker of viability. This experiment resulted in 

selective dissociation of the endothelial cell layer in the trypsin-treated channels while 

non-exposed cells remained attached as can be seen in Figure 3. The absence of fluid 

cross-talk between adjacent channels was also visible in the branching area of the 

channels (Fig. 3 C). There, cells were flushed out from the trypsinized channel and 

from half of the combined channel, while the cells in the EGM channel and the other 

half of the combined channel remained unaffected. 

Figure 3: Selective trypsin exposure in a one-layer device shows that no detectable crosstalk occurs 
between adjacent channels. (A) After four days of culture, endothelial monolayers were observed in 
all eight parallel channels of a multiplexed chip. The inset shows where the images were 
approximately collected. (B) The channels after individual exposure to either trypsin or EGM culture 
medium. Trypsin-exposed cell layers fully dissociated while the cells in the EGM culture medium 
channels remained attached. (C) Due to the laminar flow, cells in the trypsin channel were flushed 
away, while the cells inside the EGM channel remained unaffected. The insert indicates where the 
image was approximately taken. 
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3.3.3 Establishing BBB in the chip 

For the two-layer chip, a PDMS membrane was fabricated to separate two 

compartments. Figure 4 shows the HR-SEM images of the fabricated free-standing 

PDMS membrane with through-hole pores. The pore size and porosity of the 

membranes can be controlled by modifying the fabricated PR columns. Relative 

transparency of PDMS membranes compared to PC membranes allows for non-
invasive monitoring of cells during cell culture without additional labeling (Appendix 

Fig. B-1). Moreover, the relatively small thickness of ~ 2 µm of fabricated PDMS 

membrane can facilitate cell-cell interaction between the top and bottom 

compartments. 

We found that when the channel’s height was reduced to 50 µm, the membrane was 

attached to the bottom of the channel (Fig. 4 C, part of the membrane is in focus and 

another part is out of focus). We attribute this to the thin and flexible nature of the 

membrane, thus being easily attracted to the PDMS surface of the channel when 

released from the wafer in acetone. To prevent the binding of the PDMS membrane to 

the bottom of the channel, the height of the channels was kept at 375 µm (Fig. 4 D).  

After the two-layer chip was assembled and sterilized with ethanol, hCMEC/D3 

endothelial cells were seeded at a cell density of 6·106 cells mL-1. Using a single 

pipetting action through the common access port, a visually equal cell monolayer was 

obtained in all channels after five days of culturing (Fig. 5). 

Cell monolayer formation was monitored using phase-contrast microscopy. 
hCMEC/D3 cell adherence to the PDMS membrane was already visible using phase-
contrast microscopy after 1 h of incubation (Appendix Fig. B-1, B). In addition, Live-
Dead staining together with mitochondrial staining confirmed viable cells during five 

days of culture (Appendix Fig. B-2). In a previous study, hCMEC/D3 were shown to 

form a monolayer already after three days of culture remaining unchanged for seven 

or ten days.32,33 However, long culture periods can lead to cell overgrowth 

compromising the physiological resemblance of the characteristic single-cell layer 

organization of the BBB.34  

The cells were fixed after five days of culture and the formation of tight junctions was 

investigated. Immunostaining of hCMEC/D3 cells revealed cytoplasmic expression of 
tight junction component ZO-1 with peripheral localization of VE-cadherin, an 

important endothelial adherens junction marker, (Fig. 5 A, B & Appendix Fig. B-3, A) 
indicating that hCMEC/D3 cells were able to form intracellular interactions required 

for barrier formation and showed cobblestone morphology when cultured in the 

multiplexed chips. Interestingly, in different studies, hCMEC/D3 cells were reported 

to show either cobblestone or spindle-like morphology.35–37 
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This difference in cell shape can be attributed to several factors together with the 

culture support material used. PDMS, the material of choice in our chip design, has 

different stiffness properties from PC membranes and the polystyrene surface of 
culture flasks. It is possible that surface stiffness properties induced the more 

elongated morphology of hCMEC/D3 cells when cultured in a flask compared to the 

more dense layer of cells with cobblestone-like morphology observed when cultured 

on PDMS (Appendix Fig. B-4). In addition, bovine aortic endothelial cells (BAEC) were 

shown before to attain a more rounded morphology on a PDMS substrate than on a 

stiffer membrane as a function of integrin and cadherin receptor sensing leading to 

cytoskeletal remodeling.38,39 Also, ZO-1 localization appeared dependent on the 

cellular substrate as it has been demonstrated that ZO-1 shows higher levels of 
cytoplasmic expression when cultured on glass compared to Transwell inserts.40 

Overall, our data are in line with previous observations showing that substrate 

properties impact cell morphology and cellular distribution of proteins. 

In vivo, the perivascular endfeet of astrocytes are physically associated with the 

microvasculature and were shown to interact intensively with the endothelial cells at 

Figure 4: (A) HR SEM image of a PDMS coated PR column array. (B) The resulted thickness of the 
spin-coated PDMS layer is ~2 μm. (C & D) A bright-field microscopy image of the integrated membrane 
in the chip with 50 μm height (C) and 375 μm height (D) of the channel. In (C), the membrane was 
attached to the bottom of the chip (the pores in the channel and the pores outside of the channel 
(separated by a white dashed line) are not in the same focus). (D) The channel part and the chip are 
at the same focus indicating no attachment of the membrane to the bottom of the channel. 
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the site of the BBB.41 To add physiological relevance to the BBB model HAc were 

seeded on the abluminal side (Fig. 5 C) of the chip while endothelial cells were cultured  

 

 

 

on the luminal side. Both cell types were separately imaged using specific antibodies 

and an overlay of two images for each channel was generated (Fig. 5 D, E & Appendix 

Fig. B-3). The membrane dimensions with a thickness of 2 μm and membrane pore 

Figure 5: Immunostaining of tight junction protein ZO‐1 and adherens junction protein VE‐cadherin 
in hCMEC/D3 (Alexa fluor 647, red and Alexa fluor 488, green, respectively), cell nuclei (NucBlue©, 
blue) and GFAP in HAc (Alexa fluor 488, green) after five days of culture. (A) Expression of ZO‐1 and 
VE‐cadherin markers by hCMEC/D3 cells in monoculture. VE‐cadherin is localized at the cell‐cell 
junctions. (B) Representative images of ZO‐1 expression and nuclei, (C) GFAP, and nuclei and (D) 
overlay of both channels with a side view. The distance between the two cell types was minimized due 
to the PDMS membrane. (E) Confocal microscopy suggests a complete coverage of the channels with 
HAc and hCMEC/D3 (Appendix Video B-5, https://www.youtube.com/watch?v=awmSy5PLjZU).  

https://www.youtube.com/watch?v=awmSy5PLjZU
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size of 5 μm, were aimed at the establishment of intercellular interactions that were 

previously shown to influence the growth and development of the BBB.41 The confocal 
images revealed a confluent monolayer of hCMEC/D3 cell and full coverage of the 

channels with both cell types (Appendix Video B- 5, https://www.youtube.com/watc
h?v=awmSy5PLjZU). 

The acquired images reveal a limitation of the presented multiplexed two-layer design. 
Since the thickness of the bottom part of the chip was 3 mm with a channel height of 
375 µm, the limited working distance of high magnification objectives hampered image 

acquisition. This problem can be solved by reducing the thickness of the bottom 

compartment or by creating a bottom-open chip attached to a glass substrate. This 

will significantly reduce the distance from the objective to the culture area and higher 

resolution imaging can be performed. 

3.3.4 Permeability 

To assess whether the BBB model generated in our chip formed a physiological 
barrier, a permeability assay was performed on the fifth day of hCMEC/D3 cell culture. 
When applying flow to both common access ports, a counter-current flow occurs 

which can form a transmembrane pressure gradient. The advection resulting from 

these pressure differences is therefore expected to influence the permeability 

measurements in a two-layer device. Moreover, even a small pressure difference in 

the upper or bottom channels can affect the flow, giving rise to backflow making it 
more complicated to collect the same volume of liquid from each channel. Therefore, 
here the permeability experiment was performed statically.  

In the absence of cells, 4 kDa and 20 kDa fluorescent molecules could diffuse through 

the PDMS membrane from the top channels as the fluorescence intensity in the bottom 

channels increased over time (Fig. 6 B). The measured intensity in the bottom channels 

was plotted as a function of time for all eight channels (Fig. 6 C, D) and the average 

permeability coefficient was determined. Using equations 1 & 2 the calculated 

permeability coefficient for 4 kDa decreased from 2.23·10−5 ± 5.75·10−6 cm s-1 (𝑃𝑃𝑚𝑚) 
when in the absence of cell to 8.92×10−6 ± 5.8×10−6 cm s-1 (𝑃𝑃𝑚𝑚) when hCMEC/D3 cells 

were present in the device. The same trend was seen for 20 kDa FITC Dextran 

molecules, thus permeability coefficient in the empty device 𝑃𝑃𝑚𝑚= 4.69·10−6 ± 5.54·10−7 

cm s-1 was significantly lower than permeability values in the presence of cells 𝑃𝑃𝑚𝑚 = 

1.06·10−6 ±  5.13·10−7 cm s-1 (Fig. 6 E). 

This significant difference suggests that the permeability of fluorescent molecules 

across the membrane was decreased by the cell monolayer and not by the fabricated 

PDMS membrane. 

https://www.youtube.com/watch?v=awmSy5PLjZU
https://www.youtube.com/watch?v=awmSy5PLjZU
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The reported apparent permeability values correlate well in both trend and magnitude 

with those found in other in vitro microfluidic models of the BBB. Therefore, reported 

values for 4 kDa were in the range of 5–13·10−6 cm s-1 and 0.45-~2·10−6 cm s-1 for 20 

kDa molecules.36,42–45 However, these reported permeability values are still higher 

than those reported in vivo.46  

Figure 6: Permeability assay of fluorescently labeled FITC Dextran of 4 and 20 kDa through 
hCMEC/D3 monolayer. (A) A representative schematic of the chip with an indication of where images 
were acquired during the permeability assay. All eight channels were analyzed. (B) Fluorescent 
images of 4 kDa (top) and 20 kDa (bottom) FITC Dextran penetration from top to bottom channel 
within the time. (C) Normalized intensity profiles of the transport of 4 kDa and (D) 20 kDa molecules 
through the multiplexed chip within 70 min. (E) Calculated permeability in the empty chips (Pm) and 
apparent permeability (Pa) of various molecular weight Dextrans through the microfluidic BBB model. 
The presence of hCMEC/D3 monolayer significantly reduced the permeability of both fluorescently 
labeled molecules. Significance determined by Student’s t-test; *P<0.05, **P<0.01; n=8. 
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3.4 Conclusion and Outlook  

We fabricated a functional multiplexed OOC device that provides the opportunity to 

simultaneously address eight channels through a common inlet. In addition, the 

separate access ports allow the independent collection of effluents from each culture 

for their individual study. The small thickness and transparency of the fabricated 

PDMS membrane improve the optical visualization of cells while decreasing spacing 

between two cultured cell types compared to commonly used PC membranes. Our 

fabricated chips can be used as a one-layer chip, or with an integrated thin PDMS 

membrane as a two-layer chip. The two-layer device can be incorporated with a 

plasma activation step, replacing the longer gluing process of membranes in between 

the PDMS parts.47 Computed simulations of the fluid flow and experimental results 

indicated that the proposed chip design allows an equal distribution of flow from the 

common inlet, thus equal conditions in each channel are created. Additionally, we 

demonstrated that eight independent conditions can be created using separate access 

ports. We also showed that this fabricated chip is suitable for maintaining a viable cell 
culture. The BBB was recapitulated in eight channels with tight junction and adherent 
junction expression in hCMEC/D3 cells and GFAP expression in HAc. The permeability 

assay showed a size-dependent trend for 𝑃𝑃𝑚𝑚 coefficients where our BBB model allowed 

faster passage of small molecules (4 kDa) compared to larger molecules (20 kDa), 
which is in accordance with other BBB models.  

We believe that our device can be used for the characterization of barrier tissues that 
allows better reproducibility and identical conditions, e.g. temperature, seeding 

density, and pH, within one single chip. This, in turn, will allow for monitoring of the 

effects of specific molecular signals and their contribution to pathological processes 

involving the BBB or increased screening possibilities for compounds to treat diseases 

inflicting the brain. 

TEER is another important parameter that can provide information on the barrier 

function. While TEER allows non-invasive, real-time monitoring of barrier formation, 
the electrodes require embedding in the model in close proximity to the culture 

channels involving specific design considerations which remains challenging in the 

OOC field. In Chapter 4, the possibility to integrate the electrodes in the multiplexed 

chip will be examined. 

Noteworthy, the reported device is not limited to an eight parallel channels 

configuration placed on the top and bottom. Alternatively, a multiplexed design 

approach can involve the placement of channels in the same plane for the higher 

resolution imaging, as has been shown previously and the number of channels can be 

increased for higher throughput of the device, however, certain aspects have to be 

taken into account.48 
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The channels have to be at the same distance from the inlet so that the same hydraulic 

resistance builds up in all channels leading to equal distribution of the flow. For this, 
the channel number has to be equal to 2n. Therefore it is possible to fabricate a device 

where a common inlet is symmetrically branching to 2, 4, 8, 16, 32, 64, 128 and so on 

chambers. The fabrication process has to be also automated to prevent fabrication 

inaccuracy (precise bonding of two-layer devices on top of each other) and to avoid 

cross-contamination by advection and diffusion as discussed previously. Finally, high-
throughput systems require the capacity of standardized tools to operate, monitor, 
and analyze the cultures inside the device which are yet to be developed.49  

The development of microfluidic high-throughput OOCs will help to transit from 

academia to the industry, opening up new possibilities for personalized drug screening 

and testing.  
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CHAPTER 4 

A cleanroom-free integration of electrodes 

for trans-endothelial electrical resistance 

measurement of barrier models on a chip 

When developing in vitro physiological organ-on-chip (OOC) models it is of interest to 

monitor cell function and response. For a blood-brain barrier (BBB) model, examining 

the integrity of the endothelial cell layer is important for ensuring reliable drug 

permeability studies. This can be achieved by integrating the electrodes into the OOC 

models. The transendothelial electrical resistance (TEER) is commonly measured in 

BBB. TEER is a non-invasive, quantitative method to monitor the barrier integrity and 

formation of tight junctions (TJs). There are several ways of electrode integration for 

assessing barrier functions, but these often require complex fabrication methods 

which limit the throughput of the devices. In this chapter, based on BBB on-chip as an 

example, we present a simple and reproducible method of electrode integration and 

compare two different post-processing methods to extract TEER values from the 

obtained impedance spectra. The results show that the presented method of electrode 

integration is suitable for monitoring barrier formation of brain endothelial cells over 

four days of culture without restricting the visual inspection of cells.  

 

 

 

 

This chapter is adapted from: 

E.G.B.M. Bossink, M. Zakharova, D.S. de Bruijn, M. Odijk, L.I. Segerink, Lab Chip 2021.
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4.1 Introduction 

The blood-brain barrier (BBB) strictly regulates the passage of molecules from the 

blood to the central neural system and vice versa thereby critically preserving brain 

homeostasis.1 It is known that the passage of many brain targeting therapeutics 

compounds across the BBB is hampered by the presence of tight junctions (TJs) 
expressed by endothelial cells of the brain microvasculature, which are prime 

regulators for the intact barrier integrity. To address efficient brain delivery of such 

compounds when developing in vitro physiological models, it is important to assess 

barrier permeability for potential therapeutic compounds. Insight into membrane 

permeability can be achieved by (i) assessing the flux of macromolecules across the 

endothelial cell layer cultured on a permeable substrate or (ii) measuring the electrical 
resistance of the endothelial cell layer which is proportionally related to barrier 

integrity. Permeability measurements rely on the use of a fluorescently labeled 

molecule, such as Dextran of various molecular sizes. This fluorescently labeled 

Dextran is injected into the luminal part of the barrier model and its diffusion to the 

abluminal part is studied over time. While this method is commonly applied in various 

barrier models, it is usually used as an end-point experiment and is insensitive to rapid 

changes in barrier tightness.2 On the other hand, measurement of transendothelial 
electrical resistance (TEER) allows for label-free and real-time monitoring of the cell 
layer. TEER values can be obtained by applying direct current (DC) on electrodes 

positioned on each side of the barrier and measuring the ohmic resistance. Besides 

DC, TEER values can also be obtained by measuring the impedance at an alternating 

current (AC) at a fixed frequency or by employing impedance spectroscopy with a 

frequency sweep from for example 10 Hz to 1 MHz. The latter method provides more 

information about the cell culture without damage to the cells.3 

Measurement of TEER in organ-on-chip (OOC) devices requires integration of the 

electrodes into the chip. When the OOC device consists of two microfluidic channels 

separated by a permeable scaffold, the electrodes are placed on the opposite sides of 
the cell culture in the top and bottom channels.4 The electrodes are either sputtered 

on glass which is then bonded to the top and bottom channels or metal wires (Pt, Ag) 
are directly inserted inside the microfluidic channels.5,6  

Electric cell-substrate impedance sensing (ECIS) is another widely used way to 

measure cell adhesion and proliferation on the substrate. Here, the electrodes are 

designed on a flat surface (usually the well) and the cells are cultured directly on top 

of the electrodes. Recently, this method was transferred to the OOC device, where the 

electrodes were deposited on the polycarbonate (PC) membrane.7 

The variety of electrode integration allows finding a suitable way to measure TEER in 

many OOC designs. However, electrode placement plays a crucial role in obtaining 

correct values that can be then compared within different chip designs.8,9 In this work 
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we present a simple and reproducible method of electrode integration in an OOC 

device and show different methods to extract TEER values from the obtained 

impedance spectra.  

4.2 A cleanroom-free integration of the electrodes inside OOC  

Integrated TEER electrodes in microfluidic OOCs have already been reported.4,9–14 

Using advanced microfabrication technologies, miniaturized sensors can be directly 

embedded in, or close to the cell culture channels. This was accomplished previously 

by patterning electrodes on the top and bottom substrates of the channels.4,11,15 

Although these methods provide stable and reliable TEER measurements, the 

electrodes often block the possibility of visual inspection of the cells at the site of the 

electrode. This issue has been solved before by using very thin electrodes of gold or 

indium tin oxide.9,14 However, they all require the sputtering of electrodes, an 

expensive cleanroom process. Additionally, such an approach creates additional layers 

that are difficult to align together (e.g. top channel, bottom channel, membrane, top 

slide with electrodes, and bottom slide with electrodes).  

Therefore, a cleanroom-free method for TEER electrode integration in an OOC was 

developed and tested here. A simple, but elegant way to integrate platinum electrode 

wires horizontally in the microfluidic device which does not require cleanroom 

facilities has already been reported by Van der Helm et al.16 A special configuration of 
four electrodes was used to minimize the error while measuring. However, such 

configuration is only compatible with the proposed device design (containing two 

crossed channels) making it difficult to apply for typical polydimethylsiloxane (PDMS) 
OOC device (containing two parallel channels) while also limiting the cell culture area 

of the OOC. 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 chip. Ideally, we would like to have a method to study the TEER in a 

typical PDMS OOC with a cleanroom-free, accessible fabrication method, which allows 

parallelization and the visual inspection of the cells in the culture device. 

In this chapter, we present a cleanroom-free fabrication method for the integration of 
platinum electrode wires which allows real-time measuring of the barrier resistance 

in an OOC by means of impedance spectroscopy. To illustrate the applicability of the 

new method, a PDMS device was fabricated and lined with brain endothelial cells 

hCMEC/D3 to mimic the BBB. We also study the possibility to apply the proposed 

method for an increased throughput measurement in a multiplexed chip. 
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4.3 Materials and Methods 

4.3.1 Design of the OOC  

The microfluidic chip has a two-layer structure (Fig. 1) and consists of the top 

(1 mm × 1 mm × 24 mm, H×W×L) and bottom (0.2 mm × 1 mm × 30 mm, H×W×L) 
PDMS channels and a porous 2 µm thick PDMS membrane fabricated using the 

protocol described in Chapter 2.17 Two polymethylmethacrylate (PMMA) molds for 

top and bottom channels were designed in a 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). The PDMS was cast 
on the two PMMA molds and cured for 4 h at 60 °C. In- and outlets were punched in 

the PDMS top layer with a 1 mm biopsy puncher (Ted Pella Inc, US). The inlets for the 

platinum electrodes (E1-E4) were punched with a 0.5 mm puncher (Harris Uni-Core 

TM, via Sigma-Aldrich). After punching, any potential dust at the surface was removed 

using scotch tape.18 Four platinum (Pt) wires (0.25 mm diameter, Alfa Aesar, Thermo 

Fisher Scientific) were cleaned and inserted in the pre-punched holes and secured 

using ultraviolet (UV) curable glue (NOA 86H, Norland Products).18 To completely cure 

the NOA, the chips were baked for 4 h at 60 °C. 

 

4.3.2 Cell culture 

For modeling the BBB, the commercially available human cerebral microvascular 

endothelial (hCMEC/D3) immortalized cell line was chosen. The hCMEC/D3 cells have 

been shown to express various important functional parameters of relevance to 

barrier tightness such as zonula occludens-1 (ZO-1), VE-Cadherin, and Claudin-5 and 

showed the applicability for drug transport studies.19–22 The hCMEC/D3 cells were 

cultured in endothelial cell growth medium (EGM) in 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 sec, 50 W, 
Femto Science, Cute), flushed with 70 % ethanol (Boom, the Netherlands), and 

Figure 1: Device design. (A) The chip consists of the top (blue) and bottom (red) channels separated 
by the 2 µm porous PDMS membrane. (B & C) Side view of the chip. The hCMEC/D3 cells were placed 
in the bottom channel and four Pt electrodes were inserted on the sides and fixed with the glue. 



A cleanroom-free integration of electrodes for trans-endothelial electrical resistance 
measurement of barrier models on a chip 

 

85 

4 

subsequently flushed with phosphate-buffered saline (PBS, Sigma-Aldrich). The 

channels were coated with 100 µg mL-1 collagen-I (Gibco) in PBS for 30 min at 37 °C. 
The collagen solution was washed away and replaced by a cell culture medium. The 

chips were incubated for an additional 2 h at 37 °C and 5 % CO2. 

The hCMEC/D3 cells (passage number 31-35) were obtained from a T75 flask at 90 % 

confluency, using 1X Trypsin (Gibco), and resuspended in the cell culture medium. The 

hCMEC/D3 cells were seeded at a seeding density 2·105 cells cm-2 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 h. Subsequently, the chips were inverted back, and the fresh medium 

was introduced into each channel to flush non-attached cells. The cell culture was 

maintained for four days and the medium was refreshed every day by replacing the 

pipette tips with fresh medium. For the control measurements, blank chips were 

prepared by following the protocol without the hCMEC/D3 cell seeding step. 

The effect of astrocytes on the barrier tightness in the co-culture model was also 

studied. For this, the human astrocytes (7.5·104 cells cm-2, passage 2–5, 3H Biomedical 
AB, Uppsala, Sweden in astrocyte medium (AM) with supplements (2 % v/v fetal 
bovine serum (FBS), 1 % astrocyte growth supplement (AGS, 100x), and 1 % 

penicillin/streptomycin solution (P/S, 10 000 units mL-1 of penicillin and 

10 000 μg mL-1 of streptomycin, ScienCell Research Laboratories, CA, USA) were 

seeded in the top collagen-coated channel and left to attach for 6 h in the incubator. 
On the same day, the hCMEC/D3 cells (2·105 cells cm-2) were seeded at the bottom 

channel as described previously. The chips were flipped upside down for 1 h, to ensure 

the cell attachment to the bottom of the membrane. The coculture measurements were 

taken for seven days and after, the cells were fixed and stained for the specific 

markers. 

4.3.3 Immunofluorescence staining 

The hCMEC/D3 cells were stained after four days of culture on-chip. The cells were 

stained for the adherens junctions marker-vascular endothelial cadherin (VE-
Cadherin) and tight junction protein marker ZO-1. When a coculture was performed, 
glial fibrillary acidic protein (GFAP) in astrocytes was stained. After fixing and 

permeabilizing cells, the primary rabbit anti-ZO-1 (1:100, polyclonal, Invitrogen), 
primary mouse VE-Cadherin (1:100, Santa Cruz Biotechnology) and GFAP (1:100, 
monoclonal anti-mouse, Invitrogen) were diluted in 0.5 % bovine serum albumin 

(BSA) and incubated at 4 °C overnight. Subsequently, the cells were washed three 

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 and/or 

Alexa Fluor 488, goat anti-mouse, dilution 1:500, Invitrogen) for 1 h at room 
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temperature (RT). The cell nuclei were stained with DAPI (NucBlueTM Fixed Cell 
ReadyProbesTM Reagent, Thermo Fisher Scientific) at RT for 20 min. The fluorescence 

images were taken using a confocal microscope (Nikon Instruments A1 Confocal Laser 

Microscope) with 10x air objective. 

4.3.4 Impedance spectroscopy 

Prior to measuring, the cell culture medium in every compartment of the chip was 

replaced with EGM at RT by gravity-driven flow, inserting empty pipette tips at the 

outlets and 100 µL RT EGM at the inlets. This was done to minimize the error due to 

the temperature change during the recording. Impedance spectra were recorded daily 

using the Zurich Instruments HF2IS Impedance Spectroscope (Zurich Instruments, 
Switzerland). The impedance was recorded using an AC signal with an amplitude of 
0.1 V for six combinations of the four electrodes indicated in Fig. 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 described.16 Before performing the frequency sweep, 
the impedance magnitude at 1 MHz was checked to ensure the correct connection of 
the electrodes. After recording the impedance spectra, the cell culture medium was 

replaced at 37 °C and the chips were placed in an incubator (37 °C, 5 % CO2). On day 

zero, the impedance spectra were recorded twice, before and after cell seeding.  

The measured data were processed in Matlab® (version r2019b) and TEER values 

were obtained by using two methods. The first method relied on the equivalent 
electrical circuit model fitting and the second method was based on determining a 

suitable readout frequency from the impedance and phase plots. The information on 

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|).  

4.4 Results and Discussion 

4.4.1 Obtaining TEER from the impedance spectra 

For impedance spectroscopy, a small amplitude AC signal with a frequency sweep 

(usually ranging from 100 Hz to 1 MHz) is applied and the resulting alternating voltage 

is recorded. The measured impedance is a complex number and contains the real and 

the imaginary parts, where the real part is representing the resistance and the 

imaginary part is the reactance. By performing the frequency sweep one or another 
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part is dominant, leading to the characteristic impedance spectrum shape. For the cell 
layer, this spectrum can be predicted and explained by introducing the equivalent 
circuit model (Fig. 2).  

When excitation is provided, the generated current can flow either through the 

junction between the cells (paracellular route) or through the cell membrane 

(transcellular route). The tight junction proteins present in the paracellular route 

result in resistance (RTEER) (Fig. 2). The lipid bilayers present in the transcellular route 

are represented as an electrical capacitance (Ccell). The RTEER and Ccell elements are 

connected in parallel. The double-layer capacitance element (Cdl) is connected to the 

medium resistance (Rmed) in series. This equivalent electric circuit model is then used 

to fit the obtained impedance data by non-linear least-square fit (MATLAB®), 
retrieving the resistance values. In the method I as described by Griep et. al., the 

double-layer capacitance Cdl and medium resistance Rmed were kept constant while 

two parameters were fitted (barrier resistance RTEER and cell capacitance Ccell).24  

  

Based on this model, the formula for fitting the complex impedance |Z| can be written 

as: 

|𝑍𝑍| = �(𝑍𝑍𝑑𝑑𝑑𝑑𝑙𝑙2 + 𝑅𝑅𝑚𝑚𝑒𝑒𝑑𝑑2 + 𝑍𝑍𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙2)  [Ω]  (1) 

ZCdl can be written as ZCPEdl: 

𝑍𝑍𝑑𝑑𝑃𝑃𝐶𝐶𝑑𝑑𝑙𝑙 = 1
(𝑑𝑑𝑑𝑑𝑑𝑑∗(j∗2∗𝜋𝜋∗f)n)

 [Ω]   (2) 

where j is an imaginary number, 2 ∗ 𝜋𝜋 ∗ 𝑓𝑓 is a constant phase and n is a number 

between 0 (purely resistive) and 1 (purely conductive).  

The cell impedance 𝑍𝑍𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙: 

𝑍𝑍𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 = 𝑅𝑅𝑑𝑑𝑒𝑒𝑒𝑒𝑅𝑅
j∗2∗π∗f∗𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑∗𝑅𝑅𝑑𝑑𝑒𝑒𝑒𝑒𝑅𝑅+1

 [Ω]   (3) 

Figure 2: Equivalent model used for the method I to fit parameters. The figure was created with 
BioRender.com.  
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An alternative way (method II) to extract resistance values is by selecting the 

impedance data at a fixed frequency. This method is commonly used in literature, 
where a certain frequency is chosen as a readout point, representing the resistive part 
of the model. In our case, this was set at 20 kHz corresponding to the maximum 

difference in the impedance spectra of empty chip and chip with confluent cells (Fig. 
3). Nevertheless, 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. Therefore, 
two different TEER extraction methods from impedance spectra were studied and 

compared with each other.  

The TEER values were normalized to the estimated culture area of 0.04 cm2 to obtain 

TEER in Ω·cm2.18 The 0.04 cm2, is approximately the culture area between the four-
electrode wells which is 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 the measured value than others.4,9 

 

The hCMEC/D3 cells in a microfluidic chip are known to have TEER values of 5-50 

Ω cm2 under static culture conditions.20,25,26 The results of BBB formation over four 

days are shown in Fig.4. Interestingly, three different methods of TEER extraction 

showed similar results indicating that both fitting and selecting a fixed frequency for 

the TEER readout can be used in this model. Overall, TEER values for method I reached 

30±7.5 Ω cm2 and method II: 29±12 Ω cm2. 

Figure 3: (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 at day four (dotted, blue line). (B) The relative impedance difference between day 
four and day zero with respect to day zero 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. 

A B 
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The presented TEER results are in agreement with other studies.13,16,22,24,27 However, 
after four days of culture, the TEER values did not reach the plateau as reported 

previously.16,24 This may be due to the cellular transmigration through the 5 μm pores 

to the other side of the membrane.28 Additionally, astrocytes are known to influence 

the tightness of the BBB, therefore co-culture can be performed in the future to 

enhance the barrier property and mimic more functional BBB.29,30  

 

4.4.2 Accessing the effect of astrocytes on endothelial barrier tightness  

For the development of a functional barrier in vitro, the interplay of the endothelial 
layer with astrocytes may be of key importance. It was already shown that the TEER 

is increased in coculture models. However, it was not discussed whether this is caused 

by an interplay between the cells, or just by the addition of another cell layer. 

Figure 4: (A) The impedance magnitude and phase are plotted against the frequency for a blank chip 
containing only EGM culture medium and (B) a chip with hCMEC/D3 cells cultured for four days. 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 through the channel between top electrodes 
(E2-E3) and bottom electrodes (E1-E4). (C) A comparison of final impedance values extracted using 
two proposed methods. Method I used fitting to the equivalent circuit model while with method II the 
values were extracted at 20 kHz, (n=3) (D) A phase-contrast image of the channel lined with 
hCMEC/D3 cells cultured for four 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, VE-Cadherin, and NucBlue. Scale bar 
represents 50 µm. 
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Therefore, we aimed to model a functional BBB on-chip with an electrical readout for 

the assessment of barrier formation. We analyzed the effect of astrocytes on the 

barrier tightness in the co-culture model. 

The astrocytes do not form the tight junctions between each other as endothelial cells 

do, however, the increase in resistance was still seen. The two data points measured 

in the morning and evening reached 16±3 Ω cm2 and 21±10 Ω cm2 respectively. 
Measuring transcellular electrical resistance of adherent cells such as astrocytes is not 
a common practice reported in the literature but a few papers did it. For example, 
Bernard-Patrzynski et al. measured transcellular electrical resistance of only 

astrocytes and pericytes.31 For both cell types the resistance increased over days, 
however, they concluded that it is much smaller than the resistance of only endothelial 
cells. Nevertheless, for the first 24 h, the resistance of all cell types is comparable.  

Additionally, the increase in resistance during a coculture may be attributed to the 

additional volume resistance added. When astrocytes are proliferating, they may cover 

all pores on the PDMS membrane, which leads to increased resistance.  

Overall, more research has to be done to ensure that the increase in TEER is solely 

attributed to endothelial cells and not because of the addition of other cell types.  

 

4.4.3 Multiplexing the impedance measurement 

The proposed electrode integration can also be applied for increased readouts in our 

previous OOC model. Thus, the design of the multiplexed chip shown in Chapter 3, was 

modified, so every other channel has access wells for the electrode integration (Fig. 
6). For this, the 3D-CAD model of the top and bottom parts (SolidWorks®, 2018) was 

designed and two PMMA molds were micromilled (Datron Neo, Germany). The channel 
dimensions were kept the same (0.5 mm × 0.375 mm × 8 mm, W×H×L) as in Chapter 

3. The 0.5 mm wells were 1 mm apart from each other. The same principle of insertion 

Figure 5: (A & B) A coculture of hCMEC/D3 and astrocytes stained for ZO-1, VE-Cadherin 
(hCMEC/D3), GFAP (astrocytes), and Nuclei (both cells). (C) Fitted TEER values [Ω·cm2] over the 
coculture period (n=3). 
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electrodes as described in subchapter 4.3.1 was applied. The hCMEC/D3 cells were 

seeded for four days and impedance spectroscopy was performed every day.  

The analyzed impedance measurements showed a comparable TEER increase in three 

channels (the fourth channel was not measured).  

 

This method of multiplexing the channels as well as electrodes can be applied for even 

higher throughputs, however, ideally, the automated connection to the electrodes has 

to be designed in the future. This will prevent laborious manual connection to each 

electrode and will decrease the time of the measurements.  

4.5 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 results show that the 

presented method of electrode integration is scalable and suitable for the monitoring 

of barrier formation without restricting visual inspection. The cleanroom-free 

approach is cost-effective and compatible with standard OOC designs.  

The two methods of TEER extraction showed similarities, indicating the applicability 

of all methods for data processing. The integration of other cell types such as 

astrocytes or pericytes in BBB are known to positively affect the barrier tightness, 
however, care has to be taken when measuring TEER in co-culture models, as 

additional cell types also increase the resistance of the system.  
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CHAPTER 5 

Quadro - channel organ-on-chip for 
monitoring the barrier tissue formation 

Different organs have been already successfully emulated and studied in various chip 

designs, however, there are still limitations such as low throughput of the devices, and 

lack of integrated real-time monitoring and sensing. To overcome these drawbacks, 
we present a design of the organ-on-chip (OOC) device which allows studying the 

barrier tissues fourfold with integrated electrodes for real-time monitoring of the 

barrier formation by transendothelial electrical resistance (TEER) measurement. First, 
the chip without the electrodes was experimentally validated recapitulating the blood-
brain barrier and the possibility of creating different experimental conditions in one 

chip was tested. Next, finite element modeling was performed to simulate the TEER 

measurement using the proposed electrode configuration. The simulations provided 

the opportunity to detect and correct the error due to the electrode placement. 
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5.1  Introduction 

The transepithelial or transendothelial electrical resistance (TEER) measurement is 

an important and integral part of barrier tissue characterization. Many examples of 
TEER measurement in the organ-on-chip (OOC) devices were presented in the 

literature. The electrodes that are integrated inside the OOC are normally wire 

electrodes or thin-film planar electrodes deposited on a glass or polycarbonate (PC) 
substrate.1–8 In the previous chapter a cleanroom-free method for the integration of 
wire electrodes was shown. Despite the advantages that this method brings, there are 

some disadvantages: 

1) The electrodes are placed in the middle of the channels, providing only local 
information on the barrier tightness.  

2) The electrode connection to the impedance spectroscope is manual and takes 

around 10 min to measure one channel with four electrodes. This time will increase 

even more when higher throughput is required and more electrodes will have to be 

connected manually.  

3) Currently, the measurement setup requires the OOCs to be taken out of the 

incubator and the measurements are performed at room temperature (RT). 

4) The electrical field in the configuration is not uniform due to the electrode position 

on the sides, which leads to the non-uniform probing of the cell layer. 

To overcome these challenges, a new chip was designed which allows fourfold 

studying of the barrier formation with the array of electrodes covering the top and 

bottom channels. The multielectrode system was designed in such a way to allow 

access to the channels individually with each channel having a four-point 
measurement setup. Such a setup eliminates the influence of the double-layer 

capacitance leading to more sensitive measurements of the cell layer. In this chapter, 
the design of the OOC as well as the design requirements of the electrodes for reliable 

TEER measurement will be discussed.  

5.2 Materials and Methods 

5.2.1 Chip design and fabrication 

The designed OOC is sandwich-like polydimethylsiloxane (PDMS) device with four 

channels in the top and bottom parts (Fig. 1). The polymethylmethacrylate (PMMA) 
molds for the top and bottom channels were designed in a 3D-CAD software 

(SolidWorks®, 2018) and micromilled (Datron Neo, Germany). The top four channels 

were designed for abluminal culture with the dimensions of 1 mm × 0.5 mm × 8 mm 

(H×W×L), (Fig. 1 A & B, blue channels). These four channels are divided into two pairs 
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with each having a common inlet. The bottom part representing the luminal 
compartment has four channels with the dimensions 0.2 mm × 0.5 mm × 8 mm 

(H×W×L) branching from one central inlet (Fig. 1 A & B, red channels).  

The chips were fabricated using two methods. First chips were fabricated using the 

conventional fabrication protocol and were used for the preliminary cell culture 

experiments. In brief, the top and bottom chip parts were fabricated by casting PDMS 

(10:1 w/w PDMS to base) and curing at 60 °C in the oven. Next, the parts were 

assembled with a 2 μm thick PDMS membrane (3 μm pore size, Chapters 2 & 3). 

  

The second chips were fabricated using the injection molding technique.9 This method 

prevents the laborious alignment of the chip parts and the membrane is incorporated 

inside the chip without the need for any glue. The permeable polycarbonate (PC) or 

polyester (PET) membranes with different pore sizes were placed on top of the PMMA-
positive replica of the channels (Fig. 1 C). Next, the two mold parts were clamped with 

each other and fresh degassed PDMS (10:1 w/w) was injected into the PMMA 

assembly through the inlet port. When applying the injection molding technique, the 

mold structures must have perfect contact with each other, otherwise, the uncured 

PDMS may leak through the replica of channels, creating an extra layer on top/bottom 

of the membrane while also clogging pores. The tight contact was achieved by applying 

a clamp that pushed the two mold parts together creating a good bond. The assembly 

was left at RT for 1 h so the bubbles that appeared during the filling can rise away 

from the structures. Next, the molds were put into the oven at 60 °C for 2-3 h. The 

Figure 1: (A) The design of the Quadro-channel chip with top and bottom PDMS channels. (B) The 
schematic view of the cross-section of the channel. (C) The PMMA molds for top and bottom parts 
with cut permeable membranes that are placed in between the positive replica of the channels. After 
clamping these parts, the PDMS is injected through the inlet port.  
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PDMS chip was then taken out of the mold, and the bottom inlets were punched with 

a 1 mm biopsy punch. Such fabrication method leads to open access to the upper and 

bottom channels for the electrodes.  

The mask for the electrodes was designed using CleWin5 (MESA+ research institute) 
and is shown in Appendix Fig. C-2. The platinum (Pt) electrodes were sputtered on 

the glass slides using standard cleanroom fabrication steps (Appendix, C-1). The 

electrodes were designed to address each channel separately with eight connection 

pads (Fig. 2 A). For each channel, there were two separately addressable interdigitated 

(IDE) electrode arrays in the upper compartment and two IDE in the bottom. The 

electrode width (wel) was 300 μm. The fabricated glass slides with the Pt electrodes 

were plasma-activated and aligned with the chip (Fig. 2 B). The PMMA chip holder 

was designed in SolidWorks® 2018 and micromilled (Datron Neo, Germany).  

 

In figure 2 C, the final assembly of the chip together with the electrodes and holder is 

presented. The gold pins were connected on each side of the electrodes and clamped 

by PMMA slabs for proper contact. Thus, eight gold pins were inserted from the 

bottom of the holder (Fig. 2 C, (VI)) in order to have contact with the top electrodes, 

Figure 2: (A) The fabricated Pt electrodes on glass. (B) The exploded view of the fabricated PDMS 
chip using injection molding with the top and bottom electrodes. (C) The exploded view of the final 
assembly: (I) The PMMA block to push the top electrodes (II) to the golden pins which are situated at 
the bottom of the chip holder (VI), (III) the OOC which is bonded to the top (II) and bottom (IV) glass 
slides with electrodes, (V) the golden pins inserted in PMMA block which is screwed down to the chip 
holder ensuring the contact to the electrode pads.  
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and the other eight gold pins were connected from the top to the bottom electrodes 

(Fig. 2 C, (V)). Next, the device was connected to the Zurich Instruments HF2IS 

Impedance Spectroscope (Zurich Instruments, Switzerland) for four-point 
measurements and the possibility for the readouts was tested.  

5.2.2 Cell culture 

Before cell seeding, the PDMS chips were treated with oxygen plasma (40 sec, 50 W, 
Femto Science, Cute), flushed with 70 % ethanol (Boom, the Netherlands), and 

subsequently flushed with phosphate-buffered saline (PBS, Sigma-Aldrich). 

To check the applicability of the new device for cell culture, in the bottom 

compartment the human cerebral microvascular endothelial (hCMEC/D3) cells were 

monocultured or co-cultured with human astrocytes in the top compartment to 

emulate the BBB. The same procedure as in Chapter 4 was performed. Briefly, the 

channels were coated with 100 µg mL-1 collagen-I (Gibco) in PBS for 30 minutes at 
37 °C and 5 % CO2. Next, the collagen solution was washed away and replaced with a 

cell culture medium. The human astrocytes (7.5·104 cells cm-2, passage 2–5, 3H 

Biomedical AB, Uppsala, Sweden in astrocyte medium (AM) with supplements (2 % 

v/v fetal bovine serum (FBS), 1 % astrocyte growth supplement (AGS, 100x), and 1 % 

penicillin/streptomycin solution (P/S, 10 000 units mL-1 of penicillin and 10 000 

μg mL-1 of streptomycin, ScienCell Research Laboratories, CA, USA)) were seeded in 

the top collagen-coated channels and left to attach for 6 h in the incubator. On the 

same day, the hCMEC/D3 cells (passage number 31-35) at a seeding density of 2·105 

cells cm-2 were seeded at the bottom channels through the common inlet. The chips 

were flipped upside down for 1 h, to ensure the cell attachment to the bottom of the 

membrane. Subsequently, the chips were inverted back, and the fresh medium was 

introduced into each channel to flush non-attached cells. The cell culture was 

maintained for four days while refreshing the medium every day.  

Next, to check whether the design allows equal cell distribution during the seeding 

process in monoculture, the cell nuclei were counted on day four. Moreover, the 

possibility of individually addressing the channels was tested by introducing 10 % 

ethanol, 1X Trypsin (0.5 % Trypsin-EDTA (10X), no-phenol red, GibcoTM), and fresh 

EGM in each channel and pumping those liquids from the common inlet at the flow 

rate of 10 μL min-1. After 3 min, the Live-Dead assay was performed to visualize the 

cells. Additionally, the cells were checked for specific protein markers: ZO-1 for 

endothelial cells and GFAP for astrocytes (staining protocol Appendix A-3). 

5.2.3 COMSOL simulations 

The finite element modeling (FEM) was used to find an optimal electrode position. To 

perform the study on the electrical response of the cell layer and the sensitivity of the 
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electrode system, the AC/DC module with Electric Current (ec) study of COMSOL 

Multiphysics® v5.5 was used. The simulations were performed based on the work of 
Yeste et al. and van der Helm et al.7,10 

All parameters used in this simulation are presented in Figure 3. The model comprised 

a top channel (for astrocyte culture) and a bottom channel (endothelial culture). The 

height of the top channel (htop) was either 0.6 mm or 1 mm, while the height of the 

bottom channel (hbot) was set constant to 0.2 mm. The cells were cultured on a porous 

membrane which for simplicity, was not taken into consideration for the simulations. 
The cell layer height (hcell) was set to 0.01 mm for the simulation. The length of the 

channels and the cell layer was 4 mm and their width has been considered 0.5 mm. 
For the simulation, a total of six pairs of electrodes were used. The electrode width 

(wel) was 0.3 mm and electrode spacing (del) from center to center was set to 0.65 

mm, 0.8 mm, or 1.3 mm.  

To produce a frequency-domain study, a parametric frequency sweep from 100 Hz to 

1 MHz was performed. Another parametric sweep was used to vary the TEER of the 

cell layer from 1 Ω cm2 to 1000 Ω cm2 to simulate the growth of the cell layer from an 

undeveloped to a fully developed monolayer. The excitation current was provided to 

the excitation pair (current-carrying (CC) electrodes) by using terminals with a 

current of 10 μA. The readout pairs (pickup (PU) electrode) were set as terminals with 

zero current and voltage. The mesh size was set to extremely fine with average 

element quality of 0.9. 

 

 

 

Parameter Value 

Height of cell layer (hcell) 0.01 mm 

Height of top channel 
(htop) 

0.6 mm, 
1mm 

Height of bottom channel 
(hbot) 0.2 mm 

Width of the channel (w) 0.5 mm 

Conductivity of culture 
medium (𝜎𝜎𝑚𝑚𝑒𝑒𝑑𝑑) 

1.67 S·m-1 

Relative permittivity of 
culture medium (𝜀𝜀𝑚𝑚𝑒𝑒𝑑𝑑)  

78 

Input current (I) 10 μA 

Cell barrier resistance 
(TEER) 

1 -1000 
Ω·cm2 

Cell barrier conductivity 
(𝜎𝜎𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙) 

ℎ𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙
𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅 

Figure 3: Schematic of the applied parameters for COMSOL simulations.  
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The permittivity of the cell was determined from equation 1: 

𝜀𝜀∗ = 𝜀𝜀0 ∙ 𝜀𝜀𝑅𝑅 − 𝑖𝑖 ∙ 𝜎𝜎
2∙𝜋𝜋∙𝑓𝑓

    (1) 

where εr is the relative permittivity, ε0 the vacuum permittivity (8.854∙10-12 F m-1), 
and σ the electrical conductivity (S m−1). 

The sensitivity of the model was calculated using equation 2 (subchapter 5.3.2) and 

plotted over the length of the channel by determining the cutline passing through the 

center of the cell layer domain. 

5.3 Results and Discussion 

Various OOC with integrated electrodes for TEER measurements were presented in 

the literature. Most of them rely on a sandwich-like design with the electrodes placed 

on the opposite sides of the cell culture.8,11–14 However, most of the presented devices 

have a low throughput, with the electrodes integrated only in one organ per chip. One 

example of multiplexed TEER measurement was presented by S. Jeong et al., where 

the authors measured TEER in 16 BBB units on a chip.15 However, the units themselves 

were not individually addressable. Therefore, we present an alternative chip design 

that allows selective addressing of the channels both fluidically and electrically.  

5.3.1 Validation of the Quadro-channel BBB chip  

The BBB was recapitulated in the fabricated chip. After hCMEC/D3 seeding steps, the 

distribution of the cells was checked under the microscope. After four days of culture, 
cell nuclei were stained. The results showed a visually equal distribution of the 

hCMEC/D3 cells in the bottom compartment. The nuclei counting confirmed a 

relatively equal amount of cells in four channels per analyzed area (20.9·103, 20.8·103, 
19.8·103, 20·103 cells mm-2).  

The possibility to address the channels individually can be seen in Figure 4. In the 

channel, where the ethanol was introduced, the cells were dead. In the channel with 

the trypsin, the cells were almost flushed away, while in the channels where EGM was 

introduced, the cells remained viable and attached. This shows the potential of the 

designed chip for testing different compounds in one experiment.  

Additionally, a co-culture of hCMEC/D3 and astrocytes was performed. The cells were 

positive for the ZO-1 tight junction marker, and GFAP-astrocyte marker, proving the 

identity of the cells (Fig. 5). Figure 5 A, shows an example of misaligned channels 

which leads to a reduced crossectional area. The manual alignment of the four 

channels is complicated as they are long and do not fit in the field of view of the 

microscope. Therefore, special care has to be taken when assembling the chip. 
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The next step was to integrate the electrodes inside the designed chip. For this, FEM 
was performed to find an optimal electrode design and position. 

5.3.2 Electrode design requirements 

To obtain an accurate TEER measurement of the area of interest, a uniform current 
density distribution is essential.10,16 It is highly dependent on electrode configuration 

and channel dimensions. To ensure equal current density distribution, the electrodes 

Figure 4: An example of the possibility to create four different conditions in the bottom channels. (A) 
The Quadro-channel chip with food dyes and (B) with 10% ethanol, trypsin, and EGM introduced into 
the cell culture. The cells are visualized with a Live-Dead assay. The dyes, as well as, solutions added 
to the channels are not mixed in the branching point due to the laminar flow.  

Figure 5: The coculture in the Quadro-channel device. (A) The hCMEC/D3 and astrocytes cultured in 
the bottom and top channels respectively. During the bonding process, the channels were not aligned, 
leading to a reduced cross-sectional area. The Scale bar is 150 µm. (B) ZO-1 staining of hCMEC/D3 
(scale bar 50 µm) and (C) GFAP staining of human astrocytes. Scale bar 50 µm. 
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have to be arranged above and below the cell layer, but this will lead to a blocked view 

on the cells. Therefore, the common design of the electrodes for TEER measurements 

is an IDE structure with two individually addressable electrodes in the top channel 
and two in the bottom. These electrodes form pairs of working and reference 

electrodes. The current is injected into the top and bottom pair of electrodes (CC 

electrodes) and the voltage drop is measured between another pair of electrodes (PU 

electrodes) to enable a four-point measurement. Each of these electrodes generates 

its current density field (J [A·m-2]) when an input current is injected into them (I [A]). 
If a current I is injected into the CC electrodes, it generates a current density vector J1. 
If the same current I is injected into the PU electrodes, it generates another current 
density vector J2, and following the reciprocity theorem, these two densities are equal. 
The two density fields are used to calculate the normalized sensitivity that provides 

the accuracy of the measured change and can be calculated as: 

𝑆𝑆𝑛𝑛 = 𝐽𝐽1∙𝐽𝐽2
𝐼𝐼2

∙ 𝐴𝐴2 [1]     (2) 

Where A [m2], is the cross-sectional area of the cell layer. Ideally, Sn should be equal 
to 1 throughout the cell layer which indicates a uniform contribution of each part of 
the cell layer to the measured impedance. However, the non-uniformity of the field 

lines generated by a specific configuration of the electrodes not covering all culture 

areas results in the non-uniform distribution of the current density in the cell layer. 
Due to this, the impedance of some parts of the cell layer will be more dominant than 

other parts. By varying the distance between the electrodes, this measuring error can 

be altered. Additionally, a geometric correction factor (GCF) can be introduced to 

correct the measurement error.10 The GCF is the ratio between the theoretical TEER 

value and the simulated one. The theoretical TEER values were set to 1, 10, 100 and 

1000 Ω cm2. The simulated TEER values were determined from the sensitivity plots 

multiplying Sn by the resistivity of the cell layer. 

The different electrode distance del and top channel height htop were simulated to find 

an optimal electrode configuration. The results of the simulations are shown in Figure 

6 and Table 1. It can be seen that the higher the TEER value, the more uniform 

sensitivity of the setup and GCF is close to 1. For low TEER values, a decrease in 

sensitivity is seen on both sides of the graph with Sn approaching 0. Those zones 

correspond to the region, where there were no electrodes present, thus there is less 

contribution to the measurement. With an increase in TEER, the Sn on the sides 

increases towards 1.  

Additionally, it was found that the electrode distance is also influencing the sensitivity. 
Thus, the further the CC electrodes from the PU, the lower the sensitivity is and the 

higher GCF is required, which is especially noticeable for lower TEER values (Fig. 6, 
del 1mm). If the electrodes are placed closer to each other, the variation in sensitivity 
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is minimized. However, this will interfere with optical cell screening, therefore del of 
300 μm was chosen.  

Table 1: Summary of GCF values obtained for htop 0.6 mm or 1mm, del 0.65 mm, 0.8 

mm, and 1.3 mm, and TEER values 1-1000 Ω cm2. 

 del =0.65 mm del =0.8 mm del =1.3 mm 

TEER 

Ω cm2 

GCF htop 
0.6 mm 

GCF htop 
1 mm 

GCF htop  
0.6 mm 

GCF htop  
1 mm 

GCF htop  
0.6 mm 

GCF htop  
1 mm 

1 1.123 1.098 1.354 1.253 4.481 2.901 

10 0.999 1.002 1.0249 1.019 1.472 1.354 

100 1.001 1.001 1.001 1.001 1.015 1.012 

1000 0.999 1.002 1.000 1.002 0.999 1.002 

Finally, the variation in htop did not influence the sensitivity a lot, and the GCF was 

similar between the cases of 0.6 mm or 1 mm. For small TEER values (1 Ω cm2), the 

GCF was slightly lower for htop 1 mm, meaning the sensitivity, in that case, was closer 

to 1 compared to htop 0.6 mm, and less correction was needed.  

 

Figure 6: Sensitivity plot over the modeled cell layer for different TEER values and space between 
the electrodes (del). The htop  was set either at 0.6 mm or 1 mm. 
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Taking into account the results of simulations, it was decided to fabricate the top 

channel with a height of 1 mm. Additionally, the final thickness of the chip was also 

considered. Because the electrodes require direct access to the top and bottom 

channels, the height of those channels determines the final thickness of the chip. The 

thicker chip is easier to handle and manipulate when performing the experiments. 
Therefore, the total thickness of the chip was set to 1.2 mm.  

5.4 Conclusion 

In this chapter, we aimed at addressing the main limitations of the current OOCs which 
are the low throughput per chip and lack of integrated sensing capabilities. We 
presented a Quadro-channel device design with integrated electrodes for TEER 
measurements. The proposed geometry promotes efficient cell culture in one step by 
pipetting cell suspension through the common inlet and allows to perform 
quadruplicate experiments. The FEM simulations helped to choose the most optimal 
electrode position and gave an indication of possible errors during the measurement. 
The next steps would be to culture cells and perform the impedance measurement in 
the presented device.  
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CHAPTER 6 

Transient disruption of a blood-brain 

barrier on-chip using focused ultrasound 

and monodisperse microbubbles 

The presence of the highly selective, semipermeable blood-brain barrier (BBB) is the 

main obstacle to the delivery of therapeutics to the central nervous system (CNS). The 

available drug delivery methods to treat brain diseases lack specificity or are invasive 

and not reliable. A potential new way to deliver drugs to the BBB employs gas-filled 

microbubbles (MB) driven into oscillation by focused ultrasound (FUS). This novel 
approach is non-invasive, transient, tunable, and allows localized drug delivery that 
can be monitored through the received bubble echoes. The ultrasound-driven MBs 

oscillations result in mechanical forces (e.g. shear stress) on the cell layer, causing the 

BBB to open temporarily. Although the efficacy of the technique is demonstrated 

already in clinical trials, the exact mechanisms by which the oscillating MBs open the 

BBB remain unclear.  

In this chapter, a BBB-on-chip model is developed to study the effect of FUS (1 MHz, 
25, 100, or 1000 cycles, and 500 kPa or 1 MPa acoustic pressure) and MBs on barrier 

permeability. To control the MB response, monodisperse MB suspensions are used 

that are driven in a dedicated setup while their dynamical response is measured using 

high-speed imaging at 10 million frames per second. The viability of the cells after 

applying the FUS is measured with a live/dead assay. Transendothelial electrical 
resistance (TEER) measurements are performed to monitor barrier disruption. Finally, 
actin staining together with tight-junction staining are performed to determine 

potential morphological changes. The obtained preliminary results provide a base for 

future studies on the fundamentals of MB-assisted BBB opening.
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6.1 Introduction 

According to a United Nations report from 2007, nearly one in six of the world’s 

population suffers from neurological disorders and 24 million people from Alzheimer's 

disease and dementia.1 The previous statistics showed that by 2020, the number of 
people living with dementia increased to 55 million and is predicted to double every 

20 years.2 Temporarily opening the BBB could be beneficial for drug administration 

to the CNS to potentially treat these brain disorders. Microbubble (MB)-assisted BBB 

disruption proved to be a promising non-invasive, transient and localized technique 

for transient BBB disruption.3–6 The efficacy and safety of MB-assisted BBB disruption 

have already been demonstrated in animals and humans using commercially available 

ultrasound contrast agents (UCAs).7,8 UCAs consist of a suspension of polydisperse 

MBs with diameters ranging from 1 to 10 µm. UCA bubbles are encapsulated by a 

biocompatible shell, typically composed of phospholipids, to stabilize them against 
coalescence and dissolution.9,10 To increase their stability even further, UCA 

microbubbles are filled with a high molecular weight gas with low aqueous 

solubility.9,10 The intended and clinical use of UCAs is to enhance the contrast of the 

blood pool during ultrasound imaging. However, over the last decade, the use of 
bubbles for therapeutic applications has also been recognized and this led to the vast 
amount of potential therapeutic applications of bubbles and ultrasound that are 

currently under investigation.6,11–13 

Therapeutic applications of bubbles and ultrasound, such as MB-assisted BBB 

disruption, rely on the ability of the MBs to expand and compress in response to US. 
These volumetric oscillations can induce biological effects when in contact with the 

cells.6,14 One such biological effect is the disruption of the BBB. Microbubbles are 

resonators with a characteristic resonance frequency that is inversely proportional to 

the microbubble size. The volumetric oscillation amplitude of a bubble is at maximum 

when it is driven at its resonance frequency.10 Therefore, the extent of BBB opening 

likely depends on many parameters: on the one hand - on the US parameters such as 

frequency, acoustic pressure, and pulse duration, and on the other hand-on the MB 

properties such as size, shell composition, and bubble concentration.4,15–17 This huge 

parameter space has so far limited the development of a fundamental understanding 

of the mechanisms involved in MB-assisted BBB disruption. Generally speaking, 
several mechanisms have been identified by which bubbles interact with tissue. First, 
at relatively low MB oscillation amplitudes (also referred to as stable cavitation), the 

oscillating bubbles can induce shear and normal stresses on endothelial cells, which 

may induce intercellular opening and/or endocytosis.18,19 When higher US pressures 

are applied, inertial cavitation can occur which is characterized by more violent bubble 

oscillations leading to jetting, bubble collapse, fragmentation, and shock waves.20 Such 

cavitation may cause pores in the cell membrane, also known as sonoporation, and 

can even lead to unwanted tissue damage and hemorrhage.6,9,21 On the other hand, 
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sonoporation can also occur at a lower acoustic pressure when the US frequency is 

matched with the MB resonance frequency leading to high amplitude 

oscillations.6,9,22,23 The latter could partially clarify the wide variety of acoustic 

pressures and frequencies reported in studies on MB-assisted BBB disruption. This is 

especially a problem when polydisperse (i.e. wide size distribution) MBs are used in 

studies because the majority of the MBs will always be off-resonance and thus 

hindering the control over the MBs oscillations.6,9 

In the present work, monodisperse microbubble suspensions with 6 µm-diameter 

bubbles are used to gain control over the MB-cell interactions.24 Furthermore, in vitro 

organ-on-chip (OOC) model is used to gain insight into the relationship between the 

FUS parameters, MB oscillations, and BBB disruption. The effect of the MB oscillations 

on the barrier integrity is studied by immunofluorescent imaging and TEER 

measurements.  

6.2 Materials and Methods  

6.2.1 Chip fabrication  

As a BBB-on-chip model, we selected the cross-channel device for the experiments 

with FUS and MBs (Fig. 1 A).25 The chip was fabricated by pouring a degassed 

polydimethylsiloxane (PDMS) mixture of 10:1 w/w of the base to curing agent (Sylgard 

184 elastomer kit, Dow, MI, USA) over a silicon wafer patterned with the features of 
the top and bottom layers. The PDMS was cured for 4 h at 60 °C, and subsequently 

removed from the wafer and cut to size. Inlets and outlets were punched in the top 

parts using a 1 mm puncher. A 2 μm thick membrane, described in Chapter 2, was 

incorporated in between the PDMS parts as shown in Chapter 3. The top and bottom 

parts with the membrane were plasma-activated and bonded together, so that the 

channels intersected perpendicularly, creating an intersectional area of 0.5 mm × 0.5 

mm.  

Additional electrode input channels from the sides were used for TEER analysis.26 Four 

platinum wires (99.5 % Platinum, Thermo Fisher Scientific, MA, USA) with a diameter 

of 0.025 mm were cut into 1 cm pieces. The electrodes were cleaned in acetone for 

30 min, then immersed in deionized water, and immediately to 70 % v/v ethanol 
(>99.5 %, Boom B.V., Meppel, the Netherlands). Subsequently, the electrodes were air-
dried and glued with photosensitive glue (NOA 86H, Norland Products Inc., NJ, USA) 
into the PDMS chip at the electrode insertion channels. The chips were placed in an 

oven at 60 °C for 2 h, to ensure the evaporation of the toxic compounds present in the 

glue.  
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6.2.2 Setup design  

The experimental setup was built to investigate the MB-mediated FUS opening of the 

BBB in the chip (Fig. 1 B). In this setup, the microfluidic chip was immersed in the 

water bath, and exposed to the FUS using a transducer (Panametrics-NDT A302S-SU, 
General Electric, MA, USA) with a focal length of 25 mm placed at 45° to the chip 

surface to prevent that the reflections of the US at the bottom of the water tank arrive 

at the BBB. The focal diameter (FD) can be estimated from the formula presented by 

the manufacturer (Olympus NDT, https://www.yumpu.com/en/document/view/124
01514/ultrasonic-transducers-envirocoustics): 

𝐹𝐹𝐷𝐷 ≈ 1.02𝐹𝐹𝐹𝐹𝜆𝜆 

Where FN is the ratio of the system's focal length (25 mm) to the aperture diameter 

(31.75 mm); λ is the acoustic wavelength and can be calculated by dividing the speed 

of sound in water (1480 m s-1) by the frequency (1 MHz). For our setup, the estimated 

FD is 1.2 mm, which was deliberately chosen to be larger than the intersectional area 

of the top and bottom channels of the BBB chip to ensure a homogenous acoustic 

pressure in the experiments. 

An objective (Olympus SLMplan N 50x, Tokyo, Japan) with an 18 mm working distance 

was used to image the MB oscillations. An external stroboscopic light source (Vision 

Light Tech, Uden, the Netherlands) was used to generate the light for the imaging of 
the MB oscillations by the high-speed camera (Shimadzu HPV-X2, Kyoto, Japan). The 

chip was fixed in the water bath using a designed in-house three-dimensional (3D) 
printed holder which is connected to an xyz moving stage. The moving xyz stage allows 

placing the chip in the focus of the transducer and the optical focus of the objective, 
which were co-aligned using a hydrophone (HNR-0500 ONDA, Casablanca, Morocco). 

To perform the experiment, a pulse-delay generator (BNC 575, Laser 2000, Vinkeveen, 
the Netherlands) was used to trigger the waveform generator (Agilent 33220A, CA, 
USA), the external light source, and the high-speed camera at their appropriate delays. 
The output of the waveform generator was recorded using an oscilloscope (TDS 2022, 
Tektronix, OR, USA) and amplified by an amplifier (WMA-300, Falco systems, Katwijk 

aan Zee, the Netherlands), of which the output was connected to the transducer. The 

sensitivity of the transducer in a frequency range of 0.5 MHz – 2 MHz at 100 kPa, and 

at 1 MHz in a pressure range of 0 kPa – 500 kPa, was measured using a calibrated 

fiber optical hydrophone. 

For the experiments, the water was kept at 37 °C using a pumping system and a heat 
exchanger.  

 

https://www.yumpu.com/en/document/view/12401514/ultrasonic-transducers-envirocoustics
https://www.yumpu.com/en/document/view/12401514/ultrasonic-transducers-envirocoustics
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6.2.3 Microbubble suspension  

Monodisperse MBs were fabricated in a microfluidic flow-focusing device.27 The gas 

core of the MBs contained 13 % v/v perfluorobutane (C4F10) in CO2 to obtain a narrow 

size distribution.24 The MBs shell comprised a DSPC and DPPE-PEG5000 mixture at a 

9:1 molar ratio. The MB size distribution was determined using a Coulter Counter 

(Beckman Coulter, CA, USA). MBs with a radius of approximately 3 μm were used in 

the experiments as their resonance frequency is approximately 1 MHz. 

The MBs were diluted in an endothelial growth medium (EGM) to a concentration of 
approximately 1·106 bubbles mL-1. Then, 10 μL of the MB suspension was pipetted in 

the bottom channel. As the bubbles have a gaseous core, they rise to the top of the 

channel and accumulate close to the cells cultured on the membrane. The inlets of the 

top channel were plugged and the distribution and quantity of MBs in the channel 
were analyzed using the EVOS microscope. Next, the chip was placed in the chip holder 

and MBs in the cross-sectional area were brought into the optical focus using the 

translation stage. To study the effect of the oscillation amplitude of the MBs, several 
US pressure amplitudes were used: 100 kPa, 500 kPa, and 1 MPa all at a frequency of 
1 MHz. The number of cycles was also varied at 25, 100, and 1000 cycles. 

Videos made by the high-speed camera were analyzed using a method described by 

Segers et al.28 A region of interest in the video was selected around a single bubble, 
and each frame of the resulting video was binarized to determine the center of the 

MB. The frame was subsequently transformed to polar coordinates (r,Ɵ) with the 

center of the bubble at the coordinates (0,0). The angle-averaged intensity as a 

function of the radial coordinate was then obtained from the polar-transformed image. 

Figure 1: (A) Schematic representation of the BBB-on-chip with a 2 μm thick PDMS membrane 
between the channels with a dimension of 0.375 mm x 0.5 mm x 18 mm (H x W x L). Four platinum 
electrodes can be inserted on both sides of the channels. (B) Schematic representation of setup used 
for the FUS experiments. The chips prepared for FUS treatment were placed in the water bath. The 
FUS was generated by the transducer placed under a 45o angle with the chip’s surface. A stroboscopic 
light source illuminated the chip while the high-speed camera captured the MB dynamics. (C) 
Schematic representation of the principle of MB-assisted cell disruption.  



Chapter 6 

 

114 

The maximum of the first derivative of the angle-averaged intensity profile was taken 

to be the radius of the MB in a single frame. Each frame was analyzed to obtain a 

radius-time curve. 

6.2.4 Cell culture  

The human brain microvascular endothelial cells hCMEC/D3 (passage 30-35, Merck 

Milipore, the Netherlands) were used in this research. Prior to cell seeding, the chips 

were oxygen plasma treated and flushed with 70 % ethanol. Next, the chips were 

transferred to the laminar flow cabinet where they were flushed multiple times with 

phosphate-buffered saline (PBS, Sigma-Alderich Chemie GmbH, Steinheim, Germany). 
For the hCMEC/D3 culture, the chips were coated with 100 μg mL-1 collagen type I rat 
tail (Corning Inc., NY, USA and, Gibco, Thermo Fischer Scientific, MA, USA) in PBS for 

30 minutes at 37 °C. The coated surfaces were washed with PBS and incubated with 

an endothelial growth medium (EGM, Sigma-Alderich Chemie GmbH, Steinheim, 
Germany) until cell seeding. The cells were diluted in EGM to obtain a cell 
concentration of 5·106 cells mL-1. A 10 μL of cell suspension was pipetted into the 

bottom channel and the chip was flipped to allow adhesion of the cells to the 

membrane. The chips were incubated upside down in the incubator at 37 °C and 5% 

CO2 for 1 h. Subsequently, the chips were flipped back and the medium was refreshed 

by pipetting 100 μL in the channels. During culture, the morphology of the cells was 

observed using phase-contrast microscopy (EVOS m5000, Invitrogen, Thermo Fisher 

Scientific, MA, USA) and the medium was refreshed each day. The US+MBs 

experiments were performed on day four of the culture.  

6.2.5 Immunostaining  

Tight junction protein expressions and cell morphology were analyzed by 

immunofluorescence imaging. Prior to staining, the cells were fixated with 4 % 

formaldehyde (FA, Sigma Aldrich, MO, USA) solution at RT for 15-20 min. The cells 

were washed three times with PBS and subsequently permeabilized with 0.3 % Triton-
X-100 (Sigma Aldrich, MO, USA) and 5 % bovine serum albumin (BSA, Sigma Aldrich, 
MO, USA) for 30 min at RT. Again, the cells were washed three times with PBS and 

incubated with primary antibodies (ABs) for endothelial cell culture anti-ZO-1 (rabbit 
polyclonal, 1:100 dilution, 61-7300, Thermo Fisher Scientific, MA, USA) in 0.5 % BSA 

for 4 h at RT or overnight at 4 °C. After primary AB incubation, the cells were washed 

three times with PBS and incubated with secondary ABs Alexa Fluor 647 donkey anti-
rabbit (1:500 dilution, A31573, Thermo Fisher Scientific, MA, USA) for ZO-1 and 

NucBlue (2 drops per mL, NucBlueTM Live ReadyProbesTM Reagent, MA, USA). For 

visualization of the cells, fluorescence imaging using phase-contrast microscopy 

(EVOS) and confocal microscopy (Nikon, Tokyo, Japan) were performed. When the F-
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actin was studied, ActinGreen (2 drops per mL, Thermo Fisher Scientific, MA, USA) 
was added to the secondary AB dilution. 

6.2.6 Live-Dead assay 

To determine the viability of the cells, a viability/cytotoxicity kit for mammalian cells 

(Invitrogen, Massachusetts, US), containing Calcein AM and ethidium homodimer-1 

(EthD-1), was used. Two conditions were compared, one with US treatment and one 

without to check whether cells survive the exposure. For this 1 μL Calcein AM, 4 μL 

and 42 μL of Nucblue in 60 μL PBS were introduced into both channels of the chip. 
After 30 min of incubation time and three washes with PBS, the fluorescent intensity 

was imaged using an EVOS microscope. 

6.2.7 Transendothelial electrical resistance measurements  

Impedance spectroscopy measurements were performed to determine the TEER 

values before and after the FUS+MBs experiment. After the coating of the chips with 

collagen, the channels were filled with medium and incubated for a minimum of 1 h. 
Since impedance spectra are strongly affected by the pH and the temperature, the 

medium was refreshed, and the chips were left for at least 10 min in the laminar flow 

cabinet to allow the chips to cool down to RT before each measurement. Impedance 

spectra with the frequency sweep from 100 Hz to 1 MHz were recorded with each 

electrode combination using an impedance spectrometer (Zurich instruments, Zurich, 
Switzerland) before cell seeding and on the subsequent days. The TEER values were 

determined at a fixed frequency of 10 kHz as described by van der Helm et al. 25. 

6.3  Results and Discussion  

6.3.1 TEER decreased after FUS+MBs exposure, while cell culture remained 
viable  

The effect of MB oscillations on the endothelial cell cultured in the BBB-on-chip was 

investigated. First, the cells were exposed to FUS+MB treatment of 100 or 1000 cycles 

with a frequency of 1 MHz and acoustic pressure of 1 MPa. Such a high acoustic 

pressure amplitude was chosen to be able to clearly see the disruptive effect of 
oscillating bubbles on the cell barrier.3 The MBs position was checked before and after 

the experiment using bright-field microscopy (Fig. 2). By knowing the initial position 

of MBs, the effect of a single MB on the cells can be determined.  
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Additionally, the MBs behavior can be tracked, e.g. their coalescence due to Bjerknes 

forces (Fig. 2 B). 

TEER was recorded before and after the exposure to FUS and the normalized values 

expressed as a percentage are presented in Figure 3. A drop in TEER values is 

observed for both 100 and 1000 cycles. However, the decrease in TEER was much 

larger for the case with a larger number of US cycles, i.e., leading to a 50 % decrease 

in barrier tightness for 1000 cycles as compared to a 20 % decrease for 100 cycles. 
Additionally, the cells were not able to fully recover after 16 h, as can be observed 

from the TEER values for 100 and 1000 cycles. The recovery was only observed in 1 

chip for parameters: 1000 cycles, 1 MPa. The previous studies showed that the BBB 

recovery was observed 24 h after the US exposure, depending on the US parameters 

applied.30–32  

The obtained values in Ω cm2 are shown in Appendix D. The TEER measurements after 

four days of culture reached on average 12 Ω cm2, which is comparable with the 

results obtained in culture inserts but lower than measured previously in the same 

chip.25,33 These results indicate a rather low barrier tightness and high permeability 

of hCMEC/D3 cells. To reach a tighter barrier, optimization of endothelial cell culture 

in a chip is required. For this, a tighter endothelial cell line such as hBMECs or iBMECs 

can be used.33,34  

Figure 2: (A) The monodisperse MBs (black dots) inside the bottom channels before the FUS and (B) 
after the FUS exposure of 1000 cycles. Note that the microbubbles clustered due to the secondary 
Bjerknes force.29 Scale bar 250 µm.  
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The Live-Dead staining was performed immediately after the experiment and two days 

later (Fig. 3 B & C). The results indicate that the FUS + MBs did not cause extensive 

cell death, and the culture remained viable two days after the experiment. This 

indicates that selected parameters are safe and do not cause significant damage to the 

formed barrier.  

6.3.2 ZO-1 and F-actin filament expression are altered after FUS+MB 
treatment 

ZO-1 expression was visualized to study the presence of intercellular openings due to 

the oscillations of the MBs while F-actin filaments were visualized to observe changes 

in cell morphology caused by the MB oscillations. 

Since the self-assembly of hCMEC/D3 into 3D microvasculature was observed in the 
experiments, the collagen coating was adjusted to 60 μg  mL-1, and the concentration 
of the cell suspension was adjusted to 4·106 cells mL-1. The US settings were adjusted 
to a lower acoustic pressure to prevent fragmentation and uncontrolled MB dynamics 
(100 kPa or 500 kPa) while the frequency was kept at 1 MHz. The number of cycles 
was limited to 25 to control the MB dynamics as much as possible (i.e., to avoid bubble 
clustering due to secondary radiation forces as typically observed for longer pulse 
durations, Fig. 2B). Another advantage of these relatively short-cycle US pulses is that 
most of the MB dynamics during the US pulse could be imaged using the high-speed 
camera, i.e. the duration of the light pulse was limited to 15 μs, and therefore, MB 
oscillations could be recorded over a total duration of 15 of the 25 cycles. It can be 
assumed that the bubble response during the last 10 cycles is similar to the first cycles 
as the oscillation amplitude reached a steady state already after several cycles, see 
Figure 4. 

Figure 3: (A) Change in TEER values (%) after exposure to FUS at different cycles and MB. n=2 chips 
per experiment; (B) Live-Dead staining immediately after the FUS+MBs exposure and (C) Two days 
after the experiment. Scale bar 250 μm. 
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MB oscillations were imaged using the high-speed camera and radius-time curves 
were obtained (Fig. 4). The mean of the relative oscillation amplitudes of the 
microbubbles was 0.37±0.08 (n=3) for FUS with a pressure of 100 kPa and 0.59±0.12 
(n=4) for FUS with a pressure of 500 kPa, which shows that indeed, MBs exposed to a 
higher pressure have a larger maximum oscillation amplitude.9  

 

The F-actin and ZO-1 stainings were performed and compared in hCMEC/D3 cells that 
were not exposed to treatment (Fig. 5 A) and 30 min after exposure to FUS+MB (Fig. 
5 B).  

Despite some non-specific signals of ZO-1 and F-actin, the staining showed differences 

in specific regions in the cross-sectional area after US treatment with 100 kPa (one of 
the regions is marked by the white arrows in Fig. 5 B). The hCMEC/D3 morphology 

after the treatment was altered and ZO-1 was expressed in the cell nuclei, while the 

cells that were not exposed to MBs had ZO-1 expressed in the peripheral membrane 

(region appointed by the orange arrow) similar to the control (Fig. 5 A). Moreover, 
the F-actin filaments were less expressed in the same regions where different 
expression of ZO-1 was observed.  

The effect of the MB oscillations on F-actin filaments is in accordance with the study 

of Chen et al.35 Chen et al. studied the effect of sonoporation of MB on the actin 

filaments of a single endothelial cell. They observed that F-actin filaments were 

immediately ruptured after the oscillations of a MB with a radius of 1.3 μm using FUS 

of 30 cycles with a frequency of 1 MHz and a pressure of 450 kPa. Therefore, it is 

suggested that the FUS+MB treatment induces intercellular opening and sonoporation. 
Moreover, Chen et al. also observed different F-actin morphologies between viable 

cells after FUS+MB treatment and non-viable cells. Nevertheless, for the experiments 

with 500 kPa acoustic pressure, the cells did not form a monolayer and therefore, the 

conclusion about the effectiveness of the treatment cannot be made. 

Figure 4: Radius time curves of a MB excited with FUS of 25 cycles, 1 MHz and 100 kPa (A), and 500 
kPa (B). The initial radius is represented as a red line and the oscillation behavior of the MBs is in 
grey. 
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Figure 5: Channels with a monolayer of hCMEC/D3 that did not receive FUS+MB treatment (A), and received FUS+MB treatment of 25 cycles, 1 MHz, 
and 100 kPa (B). The white dashed box in A and B represents the cross-sectional area of the channel. The white arrow appoints the region with some 
areas with cellular response to FUS+MB treatment with ZO-1 and F-actin. The orange arrow appoints the region without a cellular response to FUS+MB. 
Scale bar 100 µm. 
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6.4  Outlook 

After performing these preliminary experiments using our setup some disadvantages 

of the system became clear. Firstly, the resolution of the obtained images was not 
enough to clearly observe the morphological changes and actin rearrangement. 
Therefore, a different endothelial cell line with a clear expression of the tight 
junctional markers should be selected for the next experiments, as well as a higher 

magnification objective with a high working distance must be employed.  

The next limitation is that real-time imaging of the cells is not possible. For the 

experiments, the fluorescent imaging was performed on a separate microscope instead 

of imaging directly on the setup. Therefore, it is difficult to link the impact of a single 

MB on the cells next to it. To investigate the mechanisms (i.e. sonoporation, 
endocytosis, and intercellular opening) involved in MB-assisted BBB disruption, real-
time imaging should be performed using fluorescence microscopy to correlate the 

local cellular effect to an oscillating MB. For example, propidium iodide can be used to 

image sonoporation. Propidium iodide is a membrane impermeant dye and would only 

be taken up if the permeability of the cell membrane increases, meaning that 
sonoporation could be observed.35–37 Moreover, F-actin filaments can be fluorescently 

labeled using transfection, which was done by Chen et al., or using staining that does 

not require fixation of cells, as the CellMask of Thermo Fisher Scientific (MA, USA), in 

order to observe real-time filament rearrangement by the oscillations of MBs and also 

pore formation between cells.35 The real-time fluorescence imaging would give more 

knowledge of the interaction of MB oscillation to cells. Moreover, oscillations of a 

single MB to a single cell can be imaged. Therefore, the mechanisms involved in the 

transient disruption of the BBB-on-chip by FUS+MB treatment could be determined 

better. 

Additionally, the barrier was not often formed after four days in culture and cell 
migration was observed to another side of the membrane. It is expected that cells in 

the cross-sectional area endure more stress and thus are less likely to proliferate in 

this area. Therefore, it is recommended to change the chip design to a parallel channel 
stacked on top of each other (sandwich-like design). With such a configuration, the 

cells have unidirectional flow in the top and bottom compartments and thus less 

stress.  

Next, the permeability of BBB using FITC (fluorescein isothiocyanate)-Dextran 

molecules should be performed to quantify the barrier disruption after the FUS 

treatment. For this, the high and low molecular weight of FITC-Dextran can be injected 

into one of the channels after the US exposure, and the molecule diffusion can be 

detected over time.19,38 The FITC-Dextran can also be used to demonstrate the 

sonoporation as well as endocytosis of the cells.19,37 
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Finally, after the tight barrier model is achieved, the required US settings to transiently 

open the BBB have to be identified and optimized for the fabricated setup. For this, a 

robust biological model is required to run the high throughput experiments for the 

comparison of different US parameters and parallel comparison.  

Different US settings were applied in the current work. The results showed, that the 

response of the cell was not robust. It was found, that small bubbles from the water 

bath accumulated on the transducer, thus affecting the US propagation. Therefore, it 
is important to check the setup each time before applying the US.  

6.5  Conclusion  

MB-assisted BBB disruption using US shows great promise in delivering medication to 

the CNS and thereby opening the way for curing neurodegenerative diseases and 

tumors. Despite the profound studies which prove that it is possible to temporarily 

open the BBB, the exact mechanisms behind this technique are still unclear. This study 

provides a way to correlate MB oscillations to their effect on a cell layer, by combining 

highspeed imaging and OOC technology. A setup was created in which a BBB-on-chip 

model could receive FUS while the oscillations of the MBs could be captured 

simultaneously. Multiple experiments were performed to correlate the microbubble 

oscillation to the effect it has on the cell layer. In order to determine whether MB-
assisted BBB disruption was generated by oscillating FUS+MB treatment, TEER, ZO-1 

and F-actin filaments were studied. TEER values decreased after US treatment while 

the cells remained viable after performing the experiment. ZO-1 expression was 

localized to the nuclei and F-actin filaments were less expressed in hCMEC/D3 after 

the FUS+MB treatment, which was in accordance with the literature. Therefore, it is 

suggested that FUS+MB treatment induced intercellular opening and sonoporation. 
However, this effect was only observed once, because hCMEC/D3 cells were often 

stressed in the BBB-on-chip near and in the cross-sectional area. Higher resolution 

and magnification images have to be obtained to conclude the MB-assisted BBB 

disruption by intercellular opening and sonoporation. 

The approach used in this research has the potential to provide a better understanding 

of the microbubble-assisted BBB disruption mechanisms in the future by following the 

suggested setup and protocol improvements. 
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CHAPTER 7 

Summary and Outlook 

In this chapter, the results and conclusions presented in the thesis are summarized. 
The recommendations for future work as well as challenges that have to be overcome 

for organ-on-chip to reach the market are presented in the outlook.  
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7.1  Summary 

A variety of platforms were developed since the first introduction of the organ-on-
chip (OOC) concept. The ability of OOCs to closely recapitulate the micro physiological 
environment and organ-specific functions allows them to be a potential replacement 
for static in vitro models and partially experimental animal models for drug studies. 
Several companies and startups are already proposing their OOC technologies for 

broad use. However, their customers are mostly the researchers, while wide use in 

clinical trials is not seen yet. The OOCs require optimization and scale-up before they 

can reach wide use in industry. In this thesis, the first step toward optimization and 

scale-up is shown. The aim of the research was the development of a blood-brain 

barrier (BBB) on-chip with increased throughput and integrated readouts. 

The important factors of the BBB-on-chip development such as material choice, design 

of the device, cell source, online readouts, and high throughput are reviewed in 

Chapter 1. The most common design for modeling BBB is a sandwich-like design, 
where compartmentalized microfluidic channels enable the interplay between 

multiple cell types. This interaction is directly dependent on the thickness of the 

porous substrate on which cells are seeded. In Chapter 2, we presented a 2 μm thin 

polydimethylsiloxane (PDMS) membrane which significantly limits the distance 

between the adjacent cells compared to commercial Transwell 10-20 µm thick 

membranes. Despite several disadvantages, PDMS is still the most often used material 
in OOCs, and fabricating the membrane from the same material simplifies its 

integration into the microfluidic device. We analyzed and performed a parallel 
comparison of the cell function and protein expression on 2 μm thick PDMS membrane 

and 10 μm thick PC membranes in Transwells. The use of PDMS membrane allowed 

for the optical inspections of the cells, control over the pore size, and thus the cell 
transmigration. The results suggest that reduced membrane thickness is beneficial for 

cell-cell communication and the formation of a tight barrier. The fabricated membrane 

was further integrated into the OOC, and the mechanical properties were studied. It 
was found, that the membrane can be deformed for up to 85 % without rupture which 

makes it ideal for applications where mechanical actuation is required.  

The possibility to increase the throughput per OOC was further discussed in Chapter 

3. While many researchers achieve higher throughput by parallelization of the 

experiments, they cannot guarantee the initial identical conditions in every chip as 

there is no automatization available and the chips have to be processed manually. 
Therefore, we developed and studied the possibility to increase the number of 
channels per chip. The main idea of the designed chip is that the channels can be 

addressed simultaneously through the common inlet thus minimizing the required 

processing steps and ensuring parallel culture with identical conditions in all channels. 
At the same time, eight separate access ports may be used for selective addressing of 
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the channels. The chip was studied for the possibility to recapitulate BBB with seeded 

endothelial cells (ECs) in the bottom channels and astrocytes in the top. The 

permeability of fluorescently labeled FITC-Dextran was studied.  

When modeling BBB, transendothelial electrical resistance (TEER) is one of the 

important parameters to study. In this thesis, two different ways to integrate the 

electrodes for non-invasive monitoring of the barrier formation were explored. In 

Chapter 4, we presented the method to incorporate the wire electrodes on the sides 

of the microfluidic channel. Such a configuration does not block the view of the culture, 
making visual inspection possible. The two side wells along the microfluidic top and 

bottom channels were designed for four platinum wires integration in each. The brain 

ECs (hCMEC/D3) were seeded and impedance spectra were recorded every day. The 

obtained impedance spectra were analyzed to extract TEER values. We demonstrated 

two different ways to obtain the information about the barrier state. Thus, this 

information was obtained by fitting the equivalent electrical models to the impedance 

spectra or by finding a fixed readout frequency, at which the resistive part of the cells 

is dominating. It was found that the two extraction methods lead to comparable 

results, thus each of them can be used for our chip design. It was also shown that such 

electrode configuration can be applied for our eight-channel chip presented in 

Chapter 3. Despite the easy integration of the electrodes, the connections to them are 

performed manually, thus it is time-consuming. Additionally, we realize that the 

presented integration of the electrodes provides only local information about the 

barrier. Therefore, a second method for the integration of the electrodes from the top 

and bottom of the cell culture is presented in Chapter 5. In this approach, the 

electrodes are interdigitated and cover all channels. The chip design was modified in 

such a way to allow fluidic access to four channels at the same time while the electrical 
access can be performed individually. The PDMS chip was manufactured by injection 

molding, thereby ensuring direct access to the top and bottom channels for the 

electrodes. Simulations were performed to check the sensitivity of the designed 

electrodes and find an optimal chip design.  

Lastly, in Chapter 6, we studied the possibility of reversibly opening the BBB by 

monodisperse microbubbles and ultrasound (US). Although this method is already 

successfully applied in clinical trials, the mechanism behind is still not clear. Therefore, 
we designed a setup where the chip can receive an US and the microbubble oscillation 

inside the channel can be recorded with an ultra-high-speed camera. The analyzed 

oscillation can then be correlated with the effect it has on the cell barrier. A Live/Dead 

assay, immunofluorescence staining, and TEER measurement were performed after 

the ultrasound application. The first results showed that applied focused US affects 

the cell barrier, however, several optimizations are required to perform robust 
experiments and to be able to conclude how different US parameters affect the 

biological response.  
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7.2  Outlook 

It is essential to understand the BBB pathology and physiology for the development 
of the new drugs that can efficiently cross it. The presented BBB on-chip model can be 

further improved by taking into account recent developments in the OOC technology.  

In this thesis, immortalized endothelial cells hCMEC/D3 were used to model the BBB. 
While working with this cell type, its disadvantages became clear. The hCMEC/D3 

failed to present the high expression of tight-junctions (ZO-1) and form a tight barrier. 
In the future, it is suggested to use induced pluripotent stem cell (iPSC)-derived brain 

endothelial cells as they have key characteristics of in vivo BBB with high TEER, low 

permeability, and expression of tight-junctional markers.1  

We compared three endothelial cell types such as hCMEC/D3, HUVECs, and hiPSC-EC 

(kindly provided by AST group, University of Twente). The expression of tight 
junctional protein ZO-1 was studied in these cells. The seeding protocol and cell 
staining are described in Appendix E.  

 

ZO-1 expression was found to be the highest in hiPSC-BMEC and the lowest in 

hCMEC/D3, as shown in the figure above. The ZO-1 expression in hiPSC-EC was 

continuous and localized near the peripheral membrane, while HUVECs showed lower 

ZO-1 expression. hCMEC/D3 showed ZO-1 expression localized near nuclei and a low, 
discontinuous ZO-1 expression near the peripheral membrane. This lower ZO-1 

expression was also observed by Biemans et al. on a transwell system.2 The lack of 
tight junction formation could be evidence for negligible barrier formation. The lower 

expression of ZO-1 in HUVECs compared to hiPSC-ECs can be explained by the more 

extensive tight junction formation in cerebra microvasculature ECs than in other 

vascular ECs in vivo.3 Despite the use of HUVECs, this cell type lacks a specific 

phenotype and is not a reliable model to mimic the BBB. Therefore, in the future, the 

hiPSCs-ECs are recommended to use for modeling the BBB. Additionally, the BBB-on-
chip model can be further improved by adding pericytes which are shown to be 

important for the recovery of the BBB.  
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In Chapter 2, we presented the application of the PDMS membrane. However, the 

PDMS is not an ideal material for drug testing, therefore other membranes from 

different materials have been developed.  

Depending on the application, one or other membrane is chosen.  
The ultrathin membranes have been fabricated using silicon dioxide or silicon nitride 

(400 nm) materials.4 These membranes significantly reduce the distance between the 

cells allowing to monitor the cell migration. Additionally, high-resolution imaging and 

monitoring of cell migration are possible. The membranes were incorporated inside 

the device consisting of Silicon gasket and PDMS part using UV-ozone treatment. 
However, one has to keep in mind that these membranes are extremely brittle thus 

fabricating big surface areas for higher throughput is not possible. Moreover, the 

stiffness of such membranes does not recapitulate the one in vivo. Another membrane 

was fabricated from collagen-I and used in two-layer chips.5 Such membrane is 

physiologically relevant and biodegradable. It is only 2 μm thick and is dynamically 

bio-responsive. Unlike synthetic and biologically inert materials, this membrane is 

better at recapitulating the native microenvironment of the barrier tissue. The 

collagen-based membranes can be incorporated in the PDMS (or other 

thermoresponsive polymers) devices by injection molding technique which does not 
require any glue. An even thinner, physiologically relevant sheet-like scaffold made 

from collagen IV and laminin was presented.6 The ultra-thin membrane was 100 nm 

thick which closely recapitulates the in vivo basement membrane. Thus, thin, 
physiologically relevant membranes for OOC applications are available in the 

literature, and one can select the appropriate membrane for the study. When PDMS is 

preferred as a material for chip fabrication, there are several ways to alter its 

hydrophobicity and drug absorption.7 However, one should bear in mind that it is 

rather preferable to change the material than add additional steps in PDMS fabrication. 
There are a lot of alternative materials available with different properties and 

functionality (elastomers, thermoplastics, hydrogels, etc.).8 Finding the best material 
will depend on the biological question asked and its scalability.  

In Chapter 3, we covered the need for the high throughput of OOCs and presented an 

8-channel double-layer chip for BBB modeling. While the manual operation is 

minimized by special design considerations, the chip operation is still labor-intensive. 
The fluidic circuit board can be designed and adapted to the double-layer device for 

the automated addressing of the channels.9,10  

Integrating sensors in OOCs always leads to the increased complexity of the device, 
however, they are essential for online monitoring of the cell culture. In Chapters 4 

and 5, we presented different ways to integrate the electrodes for TEER 

measurements. The electrode operation can further be improved by designing a 

printed circuit board (PCB) enabling automatic addressing of the electrodes. For 
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example, a multiplexer can be connected to the electrodes, and they can be addressed 

in a programmed way.11–13 Integration of other sensors such as pH, NO, temperature, 
and O2 levels would improve the in situ monitoring. The sensors may be not directly 

integrated inside the chip but can also be connected to it through the microfluidic 

board.14 However, the scalability of such a platform is difficult.  

Finally, the fluid flow must be applied to the BBB-on-chip model to create shear stress 

on the endothelial cells. This, however, was not shown in the current thesis.  

Despite the numerous results showing the promise of OOCs for modeling diseases and 

drug testing, the widespread adaptation of such models in preclinical studies is not 
yet seen. This can be attributed to the lack of standardization. A big variety of available 

OOC designs with different functionalities are meant to answer a specific question but 
they are not applicable for every purpose. Additionally, the OOCs are often not 
compatible with the standard equipment available for the preclinical studies and their 

operation requires the training of the end-user. Automation of many processes, such 

as cell culture, fluid recirculation, data collection, and processing needs to be 

developed. And finally, the throughput has to be increased. Therefore, standardization, 
automation, and high throughput are interdependent and are necessary points to be 

addressed for the way forward for OOCs. To gain the approval of the end-user of OOC, 
a lot has still to be done. A more standardized approach for OOCs development with a 

balance between the complexity of the device and the high throughput has to be 

developed. Several papers were published describing the vision for the future of OOCs 

and the need for standardization.15–18 Despite the developed standards for OOCs, they 

should also be compatible with conventional analysis equipment and techniques. Ideal 
OOC should have such features: 

• A high throughput, high-quality imaging of every chip with the subsequent 
automated analysis of the acquired images. For this, the chip module has to 

be optically accessible and compatible with the imaging setup.  
• The automated fluidic access to the channels either by the robotic hand or 

valves embedded into the microfluidic platform. The valves can also be used 

for applying the flow to the channels. 
• Easy to manipulate. The prepared chips must have an option to be 

disassembled from the module. For example, when co-culture is performed, 
the chips often have to be flipped for the cell attachment on the required 

surface (e.g. in the sandwich-like design, one cell type is cultured on one side 

of the membrane, and another on the opposite side of the membrane).  
• Embedded sensors with automated connection to the microfluidic channels.  
• Standardized modules that are compatible with other platforms and can be 

easily interchanged (for example lego-like approach).19 Recently this idea was 

moved forward and an open platform technology has been developed to set 
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the standards for OOCs and facilitate their acceptance among the users.20 This 

platform will allow to mix and match of different modules to meet the final 
needs of the user.  

• Big data processing capabilities. The use of deep learning for automated data 

analysis is already reported in the literature and can help in developing highly 

automated and intelligent OOC systems.21  

Overall, creating a reliable, cost-effective, high throughput and easy-to-use OOC 

platform for future preclinical applications is a challenging task and requires a lot of 
communication between the end-user and the researchers of different disciplines.  
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Appendix A 

Protocols 

A-1. PDMS membrane fabrication protocol 

1. Clean Si <100> OSP wafers in HNO3 (standard cleaning protocol); 
2. Spin-coat HMDS; 
3. Spin-coat AZ 10 XT PR: 2000 rpm dynamic, 60 sec - results ~ 10 μm thick 

coating; 
4. Bake 110 °C for 2 min; 

Important! To avoid bubble formation in the thick PR after the exposure, leave the 

wafers for 1 h to lay on a bench after the baking step. This will help the excessive 

moisture to evaporate from the thick photoresist.  

5. Align the mask with arrays of 5 μm pore diameter and 30 μm pitch with the 

wafer, and follow 17 sec UV exposure at an intensity of 12 mW cm-2 using 

hard contact mode. Near UV range 350 - 450 nm (the settings depend on the 

exposure machine used); 
6. The microcolumns are obtained after developing the PR for 6 min in an 

OPD4246 developer, followed by rinsing with de-ionized (DI) water; 
7. Inspect the wafer under the microscope to check for irregularities;  
8. Prepare a PDMS solution 10:1 w/w (base to curing agent) and mix with 

Hexane in 2:5 w/w ratio (PDMS-Hexane);  
9. Spin coat the solution on the wafer with the PR columns at 4000 rpm for 60 s;  
10. Bake the wafers in the 60 °C oven for at least a few hours to make sure that 

Hexane is evaporated;  
11. Etch the PDMS layer using TEtske (ILP, in-house system) with indicated 

parameters: 
o 47 sccm SF6 

o 17 sccm O2  

o 100 W,  
o 50 mTorr  

o 2 min  

to remove the PDMS thin layer from the top of the columns to make the 

membrane porous. The etching rate was calculated to be 750 nm min-1.1 

When spin coating, PDMS covers the columns leading to a non-porous membrane, 
therefore, etching is an important step to remove this thin layer from the top of 
columns. 

12. Transferring the membrane: 
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12.1  To the Transwell: 
o Cut the needed size of the wafer with a PDMS membrane using a diamond 

pen; 
o Remove the original membrane from the Transwell using tweezers; 
o Apply the PDMS glue (10:1 w/w base: curing agent) to the rim of the 

Transwell and attach to the cut piece of the wafer with the membrane 

o Cure the glue in the oven at 60 °C for 2 h; 
o Prepare the solution of acetone and ethanol (70:30 v/v) in a petri dish 

(ethanol is added to prevent the damaging of Transwell plastic surface);  
o Transfer the assembly of the Transwell and the wafer to the prepared 

solution. Add the solution also inside the transwell, this will help to 

dissolve the PR; 
o Gently detach the Transwells from the wafer; 
o Check the membranes under the microscope and if needed, remove the 

excessive PDMS membrane from the top; 
o If needed, apply more glue to the edge of the Transwell rim for better 

attachment of the membrane and cure in the oven. 
12.2 To the OOC: 

o Cut the needed size of the wafer with a PDMS membrane using a 

diamond pen; 
o Select one part of the PDMS chip (for example bottom); 
o Transfer the chip and the cut wafer into the plasma oven and activate 

the surfaces; 
o Bond the wafer to the chip and leave it in the oven at 60 °C for ~10 

min for stronger bonding; 
o Take the assembly from the oven and place it in the acetone for ~ 

5 min; 
o Start gently detaching the chip from the wafer. Acetone will dissolve 

PR, leaving the membrane attached to the chip. 

Important! The resulting membrane is very thin, thus when immersed in the 

solution and subsequently dried, it can bend and attach to the bottom channel. 
Therefore, the channel height where the membrane is transferred should be > 250 

µm. As an example, we have a chip with a 200 µm bottom channel and a 1 mm 

top channel. To prevent the membrane from clogging the bottom channel, we 

attach the membrane to the top channel. Once the membrane is attached, it will 
not bend and it is possible to bond the remaining bottom part to the top part with 

the membrane.  

A-2. Culture protocols 

A-2.1 Monoculture protocol 



Appendices 

 

140 

1. Coat the plasma-activated Transwells/chips with collagen-I rat tail solution 

(100 μg mL-1) to promote cell attachment. Incubate at 37 °C for 30 min or 1h;  
2. Flush the Transwells/channels with phosphate-buffered saline (PBS) a few 

times;  
3. Prepare hCMEC/D3 cells in endothelial growth medium (EGM, Cell 

Applications, Inc);  
4. A) For cell culture in the Transwell: 

o Apply 600 µL of EGM in each well; 
o Pipette 100 µL of 15·104 cells mL-1 hCMEC/D3 cell suspension inside 

the 24-well Transwell (0.33 cm2 culture araea); 
o Check the cell density under the microscope; 
o Incubate the Transwells at 37 °C and 5 % CO2 for 1 h; 

B) For cell culture in the OOC: 
o Insert hCMEC/D3 cells at a seeding density of 2.25·105 cell cm-2 at the 

bottom channels;  
o Immediately, flip the chips upside down to allow cells to attach to 

another side of the membrane and incubate at 37 °C and 5 % CO2 for 

at least 1 h; 
o Place the chip back in a normal position, and flush the channels with 

fresh EGM.  
Replace the medium every day. 

A-2.2 Coculture protocol 

1. Coat the plasma-activated Transwell/OOC with collagen-I rat tail solution 

(100 μg mL-1) to promote cell attachment. Incubate at 37 °C for 30 min or 1 h;  
2. Flush the Transwell/channels with phosphate-buffered saline (PBS) a few 

times;  
3. Introduce astrocyte medium (AM) with supplements (2 % v/v fetal bovine 

serum (FBS), 1 % astrocyte growth supplement (AGS, 100x), and 1 % 

penicillin/streptomycin solution (P/S, 10 000 units mL−1 of penicillin and 

10 000 μg mL-1 of streptomycin, ScienCell Research Laboratories, CA, USA) in 

the wells/channels;  
4. Prepare the relevant astrocyte cell density in AM; 

A) Seed astrocyte cells into the Transwells: 
o Flip the Transwells so the bottom of the membrane is facing up and 

place them on a petri dish; 
o Pipette 50 µL of the 1·105 cells mL-1 astrocyte cell suspension on the 

membranes; 
o Transfer the petri dish with the flipped Transwells to the incubator 

and cover them with a beaker to prevent quick evaporation of the 

medium; 
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o Incubate the cells at 37 °C and 5 % CO2 for 1 h; 
o Add extra medium on top of the cells and incubate for another 2 h; 
o Remove the transwells from the incubator and place them in the wells 

filled with AM; 
o Incubate the wells with astrocytes for 6 h or overnight. 
B) Seed astrocyte cells into the OOC: 
o Resuspend the cell pellet in the appropriate volume of AM to arrive 

at a seeding density of 7.5·104 cells cm-2;  
o Pipette the cells into the top channel; 
o Check the seeding density under a microscope. A uniform distribution 

of cells throughout the top channel should be achieved; 
o Incubate the chips at 37 °C and 5 % CO2 for at least 4 h;  
o Check the adherence of the cells under the microscope and if the cells 

are mostly attached, flush the channels with fresh AM; 
o Incubate the chips for 6 h.  

5. Prepare hCMEC/D3 cells in endothelial growth medium (EGM, Cell 
Applications, Inc); 

A) Seed hCMEC/D3 cells into the Transwells: 
o Insert 100 µL of hCMEC/D3 cells at a seeding density of 

15·104 cells mL-1 inside the Transwell;  
o Check the seeding density under the microscope; 
o Incubate the wells in the incubator for 1 h; 
o Refresh the medium.  
B) Seed hCMEC/D3 cells into the OOC: 
o Insert hCMEC/D3 cells at a seeding density of 2.25·105 cell cm-2 at the 

bottom channels;  
o Immediately, flip the chips upside down to allow cells to attach to 

another side of the membrane and incubate at 37 °C and 5 % CO2 for 

at least 1 h; 
o Place the chip back in a normal position, and flush the channels with 

fresh EGM.  
6. Replace the medium every day: AM in the top channel and EGM in the bottom 

channel.  

A-3. Immunofluorescent staining 

1.  Dilute 37 % formaldehyde (Thermofisher) at a 1:10 v/v in PBS to obtain a 

3.7 % formaldehyde solution; 
2. Prepare the permeabilization and blocking buffer (PBB) by adding 0.1 % (v/v) 

Triton X-100 (Sigma) and 5 % bovine serum albumin (BSA, Sigma) to PBS; 
3. Prepare the primary antibody solutions: 



Appendices 

 

142 

o For hCMEC/D3 cell staining: Dilute rabbit anti-zonula occludens 1 

(ZO-1, Invitrogen) at 1:100 dilution factor and mouse anti-human 

vascular endothelial cadherin (VE-cadherin, Santa Cruz 

Biotechnology) at 1:200 dilution factor in 0.5 % BSA; 
o For astrocyte staining: Dilute mouse glial fibrillary acidic protein 

(GFAP, Invitrogen) in 0.5 % BSA (1:100 dilution factor).  
4. Prepare the secondary antibody solution by diluting Alexa fluor 647 donkey 

anti-rabbit (1:500 dilution, A31573, Thermo Fisher Scientific, MA, USA) and 

Alexa fluor 488 goat anti-mouse (1:200 dilution, A32723, Thermo Fisher 

Scientific, MA, USA). Add 1 drop of NucBlue reagent per 500 μl. For the 

astrocyte staining, dilute Alexa fluor 488 goat anti-mouse at 1:100 dilution in 

BBS; 
5. Flush both channels twice with PBS; 
6. Add the 3.7 % formaldehyde solution into both channels and incubate at room 

temperature for 20 min; 
7. Wash away the fixative by flushing both channels twice with PBS. 
8.  Add PBB to both channels and incubate at room temperature for 30 min to 

permeabilize the cell membranes and block any nonspecific protein binding 

sites; 
9. Add the primary antibody solution in the channels and incubate at 4 °C 

overnight; 
10. Wash the cells three times with 1 % BSA in PBS; 
11. Add the secondary antibody solution and cover the chips with the foil to 

protect them from photobleaching. Place the chips on the rocking platform and 

incubate at room temperature for 1 h; 
12. Wash the cells three times with PBS; 
13. Store the chips at 4 °C until imaging, in a closed Petri dish to prevent drying 

and protected from light.
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Appendix B 

Supplementary information for Chapter 3 

 

Figure B-1: Phase-contrast images of hCMEC/D3 cell culture: (A) hCMEC/D3 in the culture flask. (B) 
hCMEC/D3 cells after 1 h of incubation in the multiplexed chip. The cells adhered to the PDMS 
membrane. (C) & (D) hCMEC/D3 after being in culture for five days (with different magnification). 
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Figure B-2: Cell viability and mitochondrial activity of hCMEC/D3 culture. (A) Live-dead staining 
after five days of culture in all eight (scale bar 750 µm) channels and (B) magnified image (scale bar 
250 µm) with quantified cell viability (97.5±2 %, n=8). (C) Mitochondrial staining on day one (top 
image, scale bar 75 µm) and day five (bottom, scale bar 50 µm). The mitochondrial activity remained 
unchanged during the cell culture indicating a healthy monolayer. 
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Figure B-3: Protein expression in hCMEC/D3 and HAc. (A) Immunofluorescence staining of VE-
cadherin and ZO-1 in hCMEC/D3 and GFAP in HAc. Although the same color was used for staining 
VE-cadherin and GFAP, it was possible to distinguish both cell types by the characteristic morphology. 
(B) A confocal image revealed HAc and hCMEC/D3 cells growing on the opposite sides of the 
membrane and hCMEC/D3 growth on the walls of the channels (during the seeding process, cells can 
attach to the coated walls before completely sedimenting on the membrane). The scale bar is 150 μm. 

Figure B-4: hCMEC/D3 morphology on different culture substrates. The cells were cultured to 
confluency in the culture flask coated with collagen-I (left) and in the microfluidic chip also coated 
with collagen-I (right). Immunostaining of ZO-1 and Nuclei revealed spindle-like morphology on the 
polystyrene substrate while on PDMS, cells had cobblestone morphology. The scale bar is 75 µm.  
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Video B-5: Reconstruction video of the channels covered with hCMEC/D3 (cyan) cells and HAc 
(green). 
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Appendix C 

Supplementary information Chapter 5 

C-1 Electrode fabrication  

Process flow 
LITHOGRAPHY OF OLIN OIR 907-17 (POSITIVE RESIST - ILP) 

1. Cleaning the glass wafer in HNO3; 
2. Priming HMDS; 
3. Coating of Olin OiR 907-17 (4000 rpm, 30 sec); 
4. Prebake of Olin OiR 907-17 (95 °C, 90 sec); 
5. Alignment & exposure of Olin OiR 907-17 (EV620) and (EVG6200NT), (hard 

contact, 100 mJ cm-2); 
6. After exposure bake of Olin OiR resists (120 °C, 60 sec); 
7. Development of Olin OiR resists; 
8. Quick Dump Rinsing (QDR) to remove the traces of chemical agent; 
9. Substrate drying with a single-wafer spinner; 
10. Postbake of Olin OiR resists (120 °C, 10 min); 
11. Inspection by Optical Microscopy (Nikon). 

Sputtering of Platinum 

Deposit the Pt on the glass wafer (power 200 W, process time 5.5. min, pressure 

6.6·10-3 mbar). 

Lift-Off with positive resist 

1. Lift-Off by ultrasonication in Acetone; 
2. Substrate drying with a single-wafer spinner; 
3. Optical inspection (Olympus). 
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Figure C-2: The photolithography mask for the electrodes designed in CleWin 5. The mask for the 
powder blast to create the inlets for the top electrodes is represented in dark green.  
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Appendix D 

Supplementary information for Chapter 6 

 

Appendix E 

Supplementary information for Chapter 7 

hCMEC/D3, HUVECs and hiPSC ECs cell culture: 

HCMEC/D3 cells (passage 30-35, Merck Milipore, The Netherlands), HUVEC (passage 

3-8, Lonza, Basel, Switzerland) and hiPSC mEGFP-tagged TJP1 (passage 3, Allen 

institute, Washington, USA) were used. HiPSC mEGFP-tagged TJP1 were differentiated 

to ECs at the University of Twente in the chair Applied Stem Cell technologies (AST) 
following the protocol established by Orlova et al.2 During passaging of hiPSC-ECs, 
human endothelial serum-free medium (EC-FSM, Thermo Fisher Scientific, 
Massachusetts, USA) supplemented with 40 ng mL-1 vascular endothelial growth factor 

(VEGF, Miltenyi Biotec, Bergisch Gladbach, Germany), 20 ng mL-1 human fibroblast 
growth factor (hFGF, Miltenyi Biotec, Bergisch Gladbach, Germany) and 1 v/v% 

platelet-poor serum (Biomedical Technologies, Madrid, Spain) were used, to prevent 
cell differentiation into other cell types.  
The cells were cultured in 96 well plate. The well plates were coated with collagen 

type I rat tail 100 μg mL-1 (Corning Inc., New York, USA) in PBS for 1 h at 37 °C. 
hCMEC/D3, HUVECs and hiPSC-EC were resuspended in EGM. The concentration of 
10000 cells cm-2 was seeded in each well. The medium was refreshed, and cell 

Figure D-1: (A) Actual TEER values in Ω·cm2 over days and (B) Change in TEER values after exposure 

to FUS at different cycles and MB. N=2 chips per each experiment. Before starting the experiments, 
the TEER values reached an average of 12 Ω·cm2. 
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morphology was observed each day of the culture. The cells were fixated on day four 

of the cell culture and stained following the procedure described in Appendix A-3. 

Appendix F 

Information about the introductory images in front of each chapter: 

Chapter 1: An artistic impression of the astrocyte cells stained for GFAP. The image 

was taken with the EVOS microscope. 

Chapter 2: An artistic impression of the image acquired in the clean room. The positive 

photoresist cracked forming something similar to a star. 

Chapter 3: A stylized image of two channels in the multiplexed chip. The Green channel 
contains astrocytes and red – endothelial cells. The image was acquired with a 

DragonFly microscope by M. de Graaf.  

Chapter 4: A stylized representation of the image of the stained co-cultured cells in a 

chip. Green cells are astrocytes and in red – endothelial cells. The image was taken 

with the EVOS microscope. 

Chapter 5: A stylized photo of a Quadro-channel chip.  

Chapter 6: A stylized representation of the image of the endothelial cells cultured 

inside the microfluidic channel. The image was taken with the EVOS microscope.  

Chapter 7: A artistic impression of the SEM image which depicts a cracked endothelial 
monolayer after drying. The image was captured by A. Leferink.  

Appendices: An stylized image of the endothelial cells captured with the EVOS 

microscope.  
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Samenvatting 

Sinds de introductie van het organ-on-chip (OOC) concept zijn er verschillende 

platforms ontwikkeld. Het vermogen van OOC's om de microfysiologische omgeving 

en orgaan specifieke functies nauwkeurig na te bootsen, stelt hen in staat een 

potentiële vervanging te zijn voor statische in vitro-modellen en gedeeltelijk 

experimentele diermodellen voor geneesmiddelstudies. Verschillende bedrijven en 

startups stellen hun OOC-technologieën al beschikbaar voor breed gebruik. Hun 

klanten zijn echter meestal onderzoekers, terwijl wijdverbreid gebruik in klinische 

onderzoeken nog niet is gezien. De OOC's moeten worden geoptimaliseerd en 

opgeschaald voordat ze breed kunnen worden gebruikt in de industrie. In dit 
proefschrift wordt de eerste stap naar optimalisatie en opschaling getoond. Het doel 
van het onderzoek was de ontwikkeling van een bloed-hersenbarrière (BBB) op chip 

met verhoogde doorvoer en geïntegreerde uitlezingen. 

De belangrijke factoren van de ontwikkeling van BBB-op-chip, zoals materiaalkeuze, 
ontwerp van het apparaat, cel bron, online uitlezingen en hoge doorvoer, worden 

besproken in Hoofdstuk 1. Het meest voorkomende ontwerp voor het modelleren van 

BBB is een sandwich-achtig ontwerp, waar gecompartimenteerde microfluïdische 

kanalen het samenspel tussen meerdere celtypen mogelijk maken. Deze interactie is 

direct afhankelijk van de dikte van het poreuze substraat waarop cellen worden 

gezaaid. In Hoofdstuk 2 hebben we een 2 μm dun polydimethylsiloxaan (PDMS) 
membraan gepresenteerd dat de afstand tussen de aangrenzende cellen significant 
beperkt in vergelijking met de commerciële 10-20 µm dikke Transwell membranen. 
Ondanks verschillende nadelen is PDMS nog steeds het meest gebruikte materiaal in 

OOC's, en het fabriceren van het membraan van hetzelfde materiaal vereenvoudigt de 

integratie ervan in de microfluïdische chip. We analyseerden en voerden parallel een 

vergelijking uit van de celfunctie en eiwitexpressie op 2 μm dik PDMS-membraan en 

10 μm dik PC-membranen in Transwells. Het gebruik van het PDMS-membraan 

maakte optische inspecties van de cellen mogelijk en controle over de poriegrootte en 

daarmee cel migratie. De resultaten suggereren dat verminderde membraandikte 

gunstig is voor cel-cel communicatie en de vorming van een strakke barrière. Het 
gefabriceerde membraan werd verder geïntegreerd in de OOC en de mechanische 

eigenschappen werden bestudeerd. Gebleken is dat het membraan tot 85% kan 

worden vervormd zonder breuk, wat het ideaal maakt voor toepassingen waar 

mechanische activering vereist is. 

De mogelijkheid om de doorvoer per OOC te verhogen werd verder besproken in 

Hoofdstuk 3. Hoewel veel onderzoekers een hogere doorvoer bereiken door 

parallellisatie van de experimenten, kunnen ze de aanvankelijk identieke 

omstandigheden in elke chip niet garanderen, omdat het proces niet geautomatiseerd 

is en de chips handmatig worden verwerkt. Daarom hebben we de mogelijkheid 



Appendices 

 

152 

ontwikkeld en onderzocht om het aantal kanalen per chip te vergroten. Het 
belangrijkste idee van de ontworpen chip is dat de kanalen gelijktijdig kunnen worden 

aangesproken via de gemeenschappelijke inlaat, waardoor de vereiste 

verwerkingsstappen worden geminimaliseerd en parallelle cultuur met identieke 

omstandigheden in alle kanalen wordt gegarandeerd. Tegelijkertijd kunnen acht 
afzonderlijke ingangen worden gebruikt voor selectieve adressering van de kanalen. 
De chip werd onderzocht op de mogelijkheid om de BBB na te bootsen met gezaaide 

endotheelcellen (EC's) in de onderste kanalen en astrocyten in de top. De 

permeabiliteit van fluorescerend gelabeld FITC-Dextran werd bestudeerd. 

Bij het modelleren van de BBB is de Transendotheliaal elektrische weerstand (TEER) 
een van de belangrijke parameters om te bestuderen. In dit proefschrift werden twee 

verschillende manieren onderzocht om de elektroden te integreren voor niet-
invasieve monitoring van de barrièrevorming. In Hoofdstuk 4 hebben we de methode 

gepresenteerd om de elektroden (platinadraad) aan de zijkanten van het 
microfluïdische kanaal in te bouwen. Een dergelijke configuratie belemmert het zicht 
op de cellen niet, waardoor visuele inspectie mogelijk is. De vier zijgaten langs de 

microfluïdische boven- en onderkanalen zijn ontworpen voor integratie van een 

platinadraad elk. De hersenendotheelcellen (hCMEC/D3) werden gezaaid en 

impedantiespectra werden elke dag geregistreerd. De verkregen impedantiespectra 

werden geanalyseerd om de TEER-waarden te bepalen. We demonstreerden twee 

verschillende manieren om de informatie over de barrièretoestand te verkrijgen. Deze 

informatie werd verkregen door equivalente elektrische modellen aan te passen aan 

de impedantiespectra of door een vaste uitleesfrequentie te vinden waarbij de 

weerstand van de cellen domineert. Het bleek dat de twee extractiemethoden tot 
vergelijkbare resultaten leidde, dus elk van hen kan worden gebruikt voor ons 

chipontwerp. Er werd ook aangetoond dat een dergelijke elektrodeconfiguratie kan 

worden toegepast voor onze achtkanaalschip die in Hoofdstuk 3 wordt gepresenteerd. 
Ondanks de gemakkelijke integratie van de elektroden, worden de verbindingen 

ermee handmatig aangelegd, wat tijdrovend is. Bovendien realiseren we ons dat de 

gepresenteerde integratie van de elektroden alleen lokale informatie over de barrière 

geeft. Daarom wordt in Hoofdstuk 5 een tweede methode voor de integratie van de 

elektroden van de boven- en onderkant van de celkweek gepresenteerd. In deze 

benadering grijpen de elektroden als vingers in elkaar en bestrijken ze alle kanalen. 
Het chipontwerp is zodanig aangepast dat vloeistoftoegang tot vier kanalen 

tegelijkertijd mogelijk is, terwijl de elektrische toegang afzonderlijk kan worden 

uitgevoerd. De PDMS-chip is vervaardigd door middel van spuitgieten, waardoor 

directe toegang tot de boven- en onderkanalen voor de elektroden is gegarandeerd. 
Er werden simulaties uitgevoerd om de gevoeligheid van de ontworpen elektroden te 

controleren en een optimaal chipontwerp te vinden. 
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Ten slotte hebben we in Hoofdstuk 6 de mogelijkheid bestudeerd om de BBB 

reversibel te openen door middel van monodisperse microbellen en ultrasound (US). 
Hoewel deze methode al met succes wordt toegepast in klinische onderzoeken, is het 
mechanisme hierachter nog steeds niet duidelijk. Daarom hebben we een opstelling 

ontworpen waarbij de chip US kan ontvangen en de oscillatie van microbellen in het 
kanaal kan worden opgenomen met een ultrasnelle camera. De geanalyseerde 

oscillatie kan dan worden gecorreleerd aan het effect dat het heeft op de celbarrière. 
Een Live/Dead-assay, immunofluorescentiekleuring en TEER-metingen werden 

uitgevoerd na het toepassen van US. De eerste resultaten toonden aan dat gerichte US 

de celbarrière beïnvloedt, maar er zijn verscheidene optimalisaties nodig om robuuste 

experimenten uit te voeren en om te kunnen concluderen hoe verschillende US 

parameters de biologische respons beïnvloeden.
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