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Abstract 
 

The current standard for organ-on-chip substrate materials is polydimethylsiloxane (PDMS). 

PDMS has many beneficial properties such as biocompatibility, transparency, elasticity, and easy 

prototyping. The main disadvantages of PDMS are its hydrophobicity (reducing cell attachment and 

cell proliferation), quick hydrophobic recovery (within a few hours) after surface modification, and 

unselective absorption of small molecules, altering drug concentration during testing or causing cross-

contamination between channels. To overcome these shortcomings, an alternative material lacking 

the disadvantages and retaining the advantages of PDMS is needed in the field. Ostemer 324, Ostemer 

220 and a variation of PDMS (PDMS+) were characterized to determine whether they would be a 

suitable alternative to PDMS as substrate material. The materials were compared to PDMS and 

characterized for spin-coating and curing on silicon wafers, moulding, etching, surface wettability 

before and after surface modification (plasma treatment), stiffness, optical transparency, 

biocompatibility and absorption of small molecules. The results of this work show that Ostemer 324 

appears to be a promising alternative, with similar characteristics to PDMS. The main advantage is 

its hydrophilic surface, which becomes even more hydrophilic after plasma treatment, and slow 

hydrophobic recovery rate. However, its curing time is longer, the material is stiffer and not easy to 

mould. Ostemer 220 shows very poor adhesion on Teflon coated silicon wafers, is hard to mould, and 

shows inconsistent results during biocompatibility testing. PDMS+ is very similar to PDMS, and 

improves upon the latter in terms of surface wettability after surface modification, hydrophobic 

recovery and small molecule absorption.  
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1 Introduction 
 

1.1 Origin and Features of Organs-on-Chip 
 

1.1.1. Drug Development 
 

For development of new drugs, the pharmaceutical industry uses several models to test the 

effectiveness, toxicity and working principles of drugs on cells. Drugs discovery and development 

starts in the lab (pre-clinical screening stage) for the initial effectiveness and toxicity tests. After that, 

drugs are tested on actual patients (clinical trials stage) [1]. A complete indication of the drug 

development stages is provided in Figure 1. An ideal model during the pre-clinical trials should mimic 

human physiology and disease pathology including its proper mechanisms of action [2], [3].  

Two-dimensional (2D) cell culturing is used as a method to test cell function during pre-clinical 

trials. However, 2D cell culture models rely on cells cultured on flat rigid substrates under static 

conditions. This is not an accurate representation of the three dimensional cell environment, as these 

cells are only affected by one plane and lack influence of mechanical stimulation [4].  

Another pre-clinical testing method makes use of animals. However, the results of animal models 

have been shown to be inaccurate due to physiological differences between humans and animals [5]. 

Results obtained regarding drug efficacy in animal and other currently existing 2D models do not 

always translate to humans in the subsequent human clinical trials, thereby limiting drug development 

[2]. Therefore, improved, more accurate drug testing models are needed that better mimic human 

physiology in a 3D environment. 

 

1.1.2 Organ-on-Chip 
 

The challenges mentioned above are addressed by developing 3D in vitro models including 

human cells. Microfluidic systems can be employed to actively supply drugs and nutrients to the 3D 

tissues by mimicking a blood vessel. These microchannels help to simulate the mechanical and 

physiological environment of vessels present in an organ tissue [6].  

The combination of a 3D tissue and a microfluidic device is often referred to as an organ-on-chip 

(OoC). The OoC devices are used to test tissue function, cell behaviour, disease mechanisms, drug 

efficacy and toxicity [3], [7], [8]. OoC models have a wide field of application, as mentioned for 

drugs but also for food, cosmetics and the chemical industry [7]. By testing drugs for efficacy before 

the clinical trial, OoC technology has the potential to improve safety for the clinical trial itself and 

can cut cost, by preventing investment in clinical trials for ineffective or unsafe drugs [9].  

OoCs are commonly used in combination with human-induced pluripotent stem cells (hiPSCs), 

from which different cell types can be derived. iPSCs can for example develop into immune cells or 

lung cells [3]. The chip affects properties of the microenvironment in which the cells are cultured, 

altering the stiffness, pressure, pH, nutrients, toxins and microfluidic flow [10].  

Figure 1: Stages of the drug development process. Discovery and development: identification and gathering information of potential 

drug compounds. Preclinical research: testing in the lab on for example animals for initial effectiveness and toxicity. Clinical 

research: testing of drugs on people for effectiveness and safety. Review: review of the research data by a body such as the food and 

drug administration (FDA). Post-market safety monitoring to keep confirming drug safety once they are on the market [1].  
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Several types of OoC models are being developed, such as for brain, kidney, liver, lung, heart, 

intestine, blood-brain barrier and immune system [10], [11]. Previous work has also focused on 

developing complex multi-organ systems in OoC such as lymph node models, endothelial vascular 

models, breast cancer, kidney, and cancer development models [9], [12]. Moreover, OoCs have been 

used to develop disease models. Examples are neurological diseases such as Alzheimer, Parkinson, 

motor neuron disease but also rheumatoid arthritis, diabetes, heart failure and infectious diseases [3]. 

The current thesis will focus on a heart tissue model.  

 

1.1.3 Heart-on-Chip 
 

One of the biggest problems in drug development is cardiac toxicity of drugs, even when 

developed for treating non-heart related diseases, which results in for example cardiac arrhythmias 

[5], [13], [14]. Moreover, many people suffer from heart related diseases, and to better understand 

these and develop treatments, accurate models of the workings of heart tissue are necessary.  

The contracting part of the heart is called the myocardium, and consists of cardiomyocytes. The 

cardiomyocytes are arranged in a parallel fashion, composing the so-called myocardial fibres. Other, 

specialized, cardiomyocytes are for example pacemaker cells and Purkinje fibres, which are the 

conductors of the electrical signals through the heart. Approximately 50-60% of the heart cells are 

cardiac fibroblast, which form the extracellular matrix (ECM) of the heart [13].  

The heart is one of the organs that can be modelled with OoC technology. This kind of OoC can 

be called a heart-on-chip (HoC). A HoC model should at least include the cardiomyocytes, the 

important functional cells of the heart, and environmental factors of these cells. When allowing 

cardiac cells to self-assemble under the influence of environmental factors such as ECM-proteins, so-

called engineered heart tissue (EHT) is formed. The assembled cardiac cells form beating cardiac 

muscle strands around flexible anchoring points; for example two elastic pillars [15]. Various HoC 

platforms have been designed that support the formation of EHT. 

 

A HoC model has the potential to solve the 

problem of cardiomyocyte maturation (see next 

section) by developing adult cardiomyocytes in a 

three dimensional structure. One example of a three 

dimensional structure that provides maturation is the 

model by Eder et al. [14]. The model is formed by 

seeding the cells in an ECM-like gel. The substrate 

contains two flexible pillars. After 10 days the tissue 

starts to beat rhythmically and the contractile forces 

can be measured by measuring pillar deflection [14]. 

Unlike conventional 2D models, this particular 3D 

model allows for optical measurement of force, 

frequency, contraction and relaxation of the beating 

cardiac cells. Measurements can also be performed 

by direct integration of for example capacitive sensors or strain gauges into the substrate that can 

measure non-invasively [13], [14]. Dostanic et al. created a similar model on a miniature scale (Figure 

2). This miniature platform only requires 50.000 cells [15], compared to 1 to 2 million cells for the 

larger model [14]. The model by Dostanic et al. will be used as reference in this thesis to test and 

compare different substrate materials.  

 

 

 

 

Figure 2: A miniaturized heart on chip platform. PDMS in 

blue with tissue in brown assembled around two pillars. The 

platform fits in the well of standard 96-well culture plates. 

Modified from [15]. 
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1.1.4 Mechanotransduction 
 

Properly mimicking the in vivo microenvironment of cells in an OoC model is a critical aspect 

partly because of the concept of mechanotransduction, which plays a critical role in cell development 

and cell behaviour. Mechanotransduction is defined as all the molecular processes that contribute to 

transform physical cues into a biological response [16], [17]. This process is present in both the human 

body and in an engineered environment like an OoC. It starts by activation of proteins on the cell 

surface that are able to sense mechanical signals. These sensing proteins include integrins, stretch-

activated ion channels and g-protein coupled receptors. The activated proteins are the start of a 

signalling cascade towards the nucleus of the affected cell [16], [18]. The signal that arrives in the 

nucleus of the cell activates different genes by which the cell responds to the stimulus. The cell 

thereby alters its phenotype by adjusting features such as its stiffness, alignment or protein expression 

in response to its physical environment.  

A clear example of the effects of mechanotransduction is in seen in the maturation of 

cardiomyocytes derived from hiPSCs. Cultured hiPSC-derived cardiomyocytes in HoC models lack 

cell maturation in comparison to in vivo adult human cardiomyocytes [5], [19]. These underdeveloped 

cardiomyocytes are smaller and have less structural organization in terms of cell alignment and 

protein expression than matured cardiomyocytes. Improvement of the HoC model to improve 

cardiomyocyte maturation is important as underdevelopment of the cells results in a different 

electrical potential, lower cell contractile forces and in the end a different cell response to drugs [14]. 

Cardiomyocyte maturation can be improved by passive stretching [20], electrical cyclic stimulation 

(pacing), and co-culturing with other cardiac cells [21], [22]. Finally, a 3D structure and substrate 

material stiffness can affect maturation of the cells, therefore material selection for HoC is important. 

 

 

1.2  Substrate Material  
 

The effects of mechanotransduction are modulated by properties of the substrate material, for 

example the material stiffness. Currently, the majority of OoCs are made of polydimethylsiloxane 

(PDMS), a transparent, silicone-based elastomer [23]. PDMS has been used since the 1990’s and is 

still the most used polymer in prototyping of microfluidic and OoC devices [24]. Many properties of 

PDMS are beneficial for the field of OoC, such as its biocompatibility, optical transparency, gas 

(oxygen, carbon dioxide) permeability, and flexibility. PDMS is one of the substrate materials that 

has the right stiffness properties for the aforementioned mechanotransduction and cardiomyocyte 

development. Tissue stiffness can range from 1kPa to 1 GPa, where heart tissue falls within a range 

of about 50 kPa. The stiffness of PDMS ranges from 1 to 3 MPa [25], [26]. However, the material 

has a few disadvantages. Disadvantages of PDMS are its hydrophobicity and resulting unselective 

absorption of molecules (including drugs), its incompatibility with organic solvents, and its limited 

compatibility with large-scale production methods such as injection moulding and hot embossing [7]. 

Due to these disadvantages, there is a need for an alternative material to be used for OoC substrates.  

 

1.1.2 Alternative Material Selection 
 

When looking for a suitable alternative, several material properties need to be taken into account. 

These properties include low bulk cost, easy production, a modifiable surface, gas permeability, 

optical transparency in at least the visible spectrum, appropriate stiffness, easy bonding, ease of 

processing, achieving target feature size, and biocompatibility [27]–[29]. Most importantly, to 

overcome the current disadvantages of PDMS, an alternative material should be compatible, or at 

least potentially compatible with mass production, chemically resistant, have low hydrophobicity, 

long surface hydrophobic recovery rate, and have low absorption rates of small molecules.  
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An extensive literature review (see Appendix A) discusses alternative material options, based on 

these aforementioned properties. Table 1 summarizes the properties of the most promising materials 

resulting from this literature review and compares them to PDMS. The table indicates, for example, 

that all of the selected materials show a reduced absorption of small molecules compared to PDMS; 

the wettability is also improved for most materials. Particularly, cyclic olefin co-polymer (COC) 

shows many beneficial properties. However, the material is only available as solid pellets and 

therefore only suitable for large-scale fabrication techniques such as injection moulding.  

 

Ostemer is a very promising material as PDMS replacement. It is a UV curable, thermoset, off-

stoichiometric thiol-ene polymer [30], [31]. Ostemer is produced by combining 2 monomers, one 

with thiol active groups and the other with allyl functional groups [29]. When the thiol and allyl 

groups are balanced, the material is stoichiometric [29]. In an off-stoichiometric mixture, one of the 

monomers is in excess, with functional groups of either the allyl or thiol remaining.  

Ostemer is reportedly biocompatible, has good binding properties, is transparent and the stiffness 

is tuneable by altering the mixing ratio of its components. Most advantageous is that it has lower 

absorption of molecules and is more hydrophilic compared to PDMS [29], [32]–[36]. Disadvantages 

might be its reduced gas permeability, oxygen scavenging properties and increased cost [29]. 

Scavenging consumes the oxygen and reduces the oxygen concentration, while a reduced gas 

permeability would only block oxygen molecules. Reduced gas permeability could cause a problem 

if cells in an OoC platform are provided with oxygen trough material membranes. Specifically, 

Ostemer 324 and Ostemer 220 (Mercene labs) are interesting. According to datasheets, Ostemer 324 

has a better chemical resistance than Ostemer 220, and is more stiff compared to Ostemer 220. The 

stiffness according to literature ranges from 10 to 30 MPa, which could potentially be suitable for 

HoC applications [37], [38]. Both Ostemers are commercially available.  
 
Table 1: Material properties of selected alternatives to PDMS. Advantageous and disadvantageous material properties of PDMS in 

the first column. The other materials have their material properties indicated as better (+), equal (~) or worse (-) than PDMS (see 

legend). PFPE: Perfluoropolyether, COC: cyclic olefin co-polymer, LSR: liquid silicone rubber, SEBS: styrene ethylene/butylene 

styrene block copolymer.  

 PDMS PFPE COC LSR SEBS Flexdym 
Versaflex 

CL30 

Ostemer 

(322) 

Production ~ + ~ + + + ~ + 

Absorption - + + + + + + + 

Wettability - - + - + + + + 

Casting + + + + + + - + 

Transparency + + + + + + + + 

Chemical compatibility - + + + + ? ? ~ 

Adhesion + + + + ? ? ? + 

Min. feature size + + + + + + + + 

Stiffness + + ~ + + + + ~ 

Gas permeability + + + ? - - - - 

Cost + - + + + + + - 

 

 

 

 

 

 + Advantage  + As good as or better than PDMS 

 - Disadvantage  - Worse than PDMS 

 ~ Depending on application  ~ Depending on application 

    ? No information available / unknown 
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Four materials were selected based on the literature review to try to obtain and test them: 

Perfluoropolyether (PFPE, Fluorolink AD1700, Solvay), Flexdym (FlexaSpin, Eden tech), Ostemer 

324 and Ostemer 220 (Mercene labs). Unfortunately, PFPE and Flexaspin turned out not to be 

available in sample quantities (minimum 100kg) and not commercially available respectively, and 

are therefore not included in this thesis. PDMS (Sylgard-184) was used as the control.  

 

Moreover, during this project, we were provided with an additional and non-commercially 

available polymer designed by Philips Research, department Remote Patient Management & Chronic 

Care. The compound is a modified PDMS. The added compound changes the surface functional 

groups, meant to improve cell adhesion and proliferation. Tests in this thesis were conducted to assess 

whether the properties of PDMS changed or remained the same under the influence of the addition. 

In the remainder of the thesis this material will be referred to as PDMS+.  

 

 

1.2 Thesis Goal and Outline 
 

This master project will focus on testing and validating the material properties of Ostemer 324, 

Ostemer 220 and PDMS+ in the lab to confirm whether these materials are a suitable PDMS 

replacement for OoC applications and in particular HoC. PDMS will be used as a control. Tests with 

selected fabrication processes will provide clarity on the ease and possibilities of fabrication of OoC 

devices with these materials. Stiffness and wettability measurements indicate the effect of the material 

on cell proliferation. Optical transparency measurements will indicate compatibility with optical 

imaging techniques. Finally, biocompatibility in terms of toxicity and cell proliferation and 

absorption of small molecules is tested to form a complete picture of the material characteristics based 

on which a possible alternative material can be selected.  

First, Chapter 2 will describe the testing of the selected materials for compatibility with 

fabrication processes for OoC, such as, spin-coating, moulding, photolithography and etching. We 

also tried to use injection moulding with PDMS.  

Then, Chapter 3 will describe the mechanical characterization of the materials based on contact 

angle measurement to determine the hydrophobicity, uniaxial tensile test to determine the Young’s 

modulus, and transmittance measurements to determine optical transparency.  

Chapter 4 describes the biological characterization of the materials. Biocompatibility will be 

determined in terms of toxicity, cell adhesion and cell proliferation. And finally, by a newly designed 

method incubating Nile Red dye with the material, the absorption of the materials will be analysed. 
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2 Processing of Elastomers 
 

This chapter will introduce fabrication methods currently available for processing polymers on 

silicon wafers. Moreover, it presents my applications of these methods to the selected alternative 

materials (PDMS, Ostemer 324, Ostemer 220 and PDMS+) in the clean room 100 of the Else Kooi 

Laboratory located at Delft University of Technology. Industrial injection moulding was also 

considered for this work and preliminary results are included in Appendix B.  

 

2.1 Microfabrication 
 

The selected fabrication methods of spin-coating, curing and moulding are based on the 

fabrication process of the EHT platform of Dostanic et al., as described in Section 1.1.3. The 

elastomer platform consists of an elliptic well with two pillars and is fabricated by soft lithography. 

First, a mould is made by deep reactive ion etching of a silicon wafer. Before moulding, the mould is 

covered with a non-adhesive layer. PDMS is spin coated on top of the mould. Degassing under 

vacuum is performed to remove all trapped air from the mould. After curing the material, the polymer 

can be peeled off from the mould, revealing the moulded EHT platform. To check whether the EHT 

platform can be fabricated with the alternative materials, the materials will be spin coated and cured 

(Section 2.1.1) before performing the actual moulding process (Section 2.1.2).  

 

2.1.1 Spin-Coating and Curing 
 

The selected materials consist of multiple liquid 

components that are mixed together, spin coated on a 

coated (Figure 3a) silicon wafer and then cured (Figure 3b). 

Cross-linking of the resulting polymers is performed by 

UV curing, thermal curing or both depending on the 

material. Afterwards, if the substrate is coated with a non-

adhesive layer, the patterned elastomer can be peeled from 

the mould, as illustrated in Figure 3c [7]. This method is 

referred to as casting when the substrate is patterned [23], 

[39], [40].  

 

The materials were all deposited on silicon wafers and 

cured. The silicon wafers used were either coated with a 

SiO2 layer to improve adhesion or with a Teflon layer to 

reduce adhesion (Figure 3a). The SiO2 layer (2 μm 

thickness) was made by plasma-enhanced chemical vapour 

deposition (PECVD) at 400°C. Radio frequency induces 

plasma formation of precursor gasses, which in turn induce 

a chemical reaction that results in SiO2 deposition [41]. A Teflon layer of 300 nm was produced by 

C4F8 deposition at 20°C for 60 sec. The wettability of these surfaces are specified in Section 3.1.1.1. 

 

The materials were first spun on Teflon-coated wafers. If Teflon coating did not work properly 

the material was spun on a SiO2 coated wafer. After initial characterization of the spin coating and 

curing process, the materials were in general spun on Teflon-coated wafers when loose polymer 

membranes were needed for testing (tensile test, biocompatibility), and spun on SiO2 coated wafers 

when the polymer could or had to remain on the wafer during the test (etching).  

Figure 3: Spin-coating and curing a polymer on a 

silicon wafer. (a) Non-adhesive Teflon layer. (b) 

Spin coated polymer. (c) Peeling off of polymer 

membrane.  
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PDMS consists of two components (elastomer and curing agent) which were mixed in a 10:1 

weight ratio using a speedmixer (Thinky ARE-250 mixing and degassing machine; 30 s 500 rpm 

followed by 90 s 2000 rpm), to improve mixing and reduce bubble formation. The PDMS was spin 

coated for 30 s using a Brewer Science Manual Spinner (Figure 4a). The thickness of the resulting 

polymer layer depends on the viscosity of the liquid, the rotation speed of the spinner and the spin 

duration (spin coating profile). PDMS can be cured at room temperature, but to speed up the process 

the wafers were cured thermally at 90°C for 60 minutes in a Memmert UM 200 oven (Table 2). 

 

The Ostemer 324 and Ostemer 220 also consist of two components (hardener A and base B) 

mixed in a 1.24:1 and 1.86:1 ratio respectively. After mixing, the Ostemers were spin-coated on a 

silicon wafer and cured. Ostemer 324 was spun for 60 seconds to ensure proper spreading of the 

material. Ostemer 220 was spun for 30 s. The curing mechanism is different for each Ostemer. 

Ostemer 324 was cured under UV light of 365 nm for 20 to 60 seconds (Figure 5) in a SUSS MicroTec 

MA/BA8 mask aligner (4.6 mWatt/cm2 light intensity) and subsequently cured thermally in a 

Memmert UM 200 oven for 2.5 hours at 100°C (Figure 6). The Ostemer 220 was cured only with UV 

curing, also under 365 nm for 20 to 60 seconds. Throughout this thesis the samples of both Ostemers 

were UV-cured for 60 seconds unless stated otherwise. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

(c) (d) 

(a) 

PDMS Ostemer 324 

Ostemer 220 PDMS+ 

Figure 4: (a) PDMS spin coated on Teflon coated wafer, before curing. (b) Ostemer 324 spin coated on Teflon coated wafer, before 

curing. (c) Ostemer 220 spin coated on SiO2 coated wafer after curing, including measurement points for thickness measurement. (d) 

PDMS+ spin coated on Teflon coated wafer before curing. 
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Table 2: Spin-coating and curing procedure for the materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PDMS+ is a modification of PDMS. The details of the modification is proprietary information 

and therefore not shared. The mixture is poured on a silicon wafer and spun for 30 seconds. The 

samples are left out for at least 1 hour before thermally curing the samples for 1.5 h at 120°C in the 

oven (Memmert UM 200).  

 

Ostemer 324 and PDMS+ compare to PDMS for the spin coating procedure (Figure 4a, Figure 

4b, Figure 4d). The materials spread uniformly on the silicon wafers when spin coated and could be 

peeled off from the Teflon coated wafer after curing. Spinning on a SiO2 coated wafer worked 

properly for these three materials; the materials spread uniformly.  

 

When Ostemer 220 was poured on a wafer, the adhesion between the liquid polymer and the 

Teflon coated wafer was insufficient for spin coating. During spinning, the material on a Teflon 

coated wafer did not adhere and spun off from the wafer (Figure 7a). The remaining liquid pulled 

together due to the surface tension of the liquid and low chemical affinity with the non-adhesive 

substrate, leaving only a small drop of material remaining on the wafer (Figure 7b). When spin-coated 

on SiO2 the Ostemer 220 adhered properly and spread without any problems (Figure 4c).  

 

 

Material Spin time [s] Spin speed [rpm] UV curing [s] Thermal curing 

PDMS 30 - 50  300 - 4000 - 90°C    1 hour 

Ostemer 324 60 300 - 4000 60 100°C  2.5 hours 

Ostemer 220 30 300 - 4000 60 - 

PDMS+ 30 300 - 6000 - 120°C  1.5 hours 

Figure 5: SUSS MicroTec MA/BA8 Mask aligner during 

UV exposure of the polymers. 
Figure 6: Oven for thermal curing of the polymers. 
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2.1.1.1 Peeling Off of Ostemer 220 
 

Some of the characterization required the polymer layers to peel off from the silicon wafer. For 

PDMS, PDMS+ and Ostemer 324 this was not a problem as they spun and cured on Teflon coated 

wafers, and could be peeled off afterwards. However, it was a problem for Ostemer 220 due to poor 

adhesion. In a first effort to fabricate loose samples of Ostemer 220, the polymer was deposited on a 

Teflon coated wafer and tilted by hand to cover the wafer (Figure 7c). The Ostemer properly cured 

but the resulting layer was thick (~632 μm; measured by a single measurement with Dektak 8 stylus 

profiler as described in the next section) and had a visible non-uniform surface and was therefore not 

optimal for further testing. 

 

To obtain better and thinner samples, an alternative 

deposition method was devised whereby photoresist was 

used as sacrificial release layer, similar to the method used 

in Quirós-Solano et al. [42]. A SiO2 coated wafer was first 

coated with a 4 μm-thick layer of photoresist (AZ ECI 

3027) (Figure 8). The photoresist coated wafer was baked 

for 2 minutes at 90 degrees and then the Ostemer 220 was 

spin coated (300 rpm 30 seconds) on top of the photoresist 

layer an cured for 60 seconds under UV light.  

 

Figure 9a shows the polymer 5 minutes after curing, 

and shows that air bubbles have formed underneath the 

polymer. A theory for the bubble formation is poor 

adhesion between the Ostemer 220 and photoresist layer. 

The bubbles started to form immediately after curing and 

continued for a few days at least. Figure 9b shows the 

bubble formation 4 days after curing. After curing the 

Ostemer 220, the photoresist layer was dissolved to 

release the polymer membrane from the substrate. First, 

acetone was used to dissolve the photoresist. However, 

Ostemer 220 swells when in contact with acetone. The 

material then tore into small pieces (less than 1x1cm) 

when pulled from the wafer. To try and obtain larger samples, the entire wafer was left submerged in 

acetone for 10 minutes (Figure 9c). The acetone dissolved the photoresist and the polymer came loose 

from the wafer; however, the membrane also showed tears spread across the surface. The tears were 

probably a result from the swelling of the material, which caused ripples in the materials as seen in 

Figure 9c.  

Figure 8: Illustration of the method using a sacrificial 

photoresist layer before spinning Ostemer 220 to 

facilitate peeling off of the material from the wafer. 

(a) SiO2 coated wafer with a photoresist layer. (b) 

Ostemer 220 spin-coated on top. (c) Dissolving 

photoresist with isopropanol to release the polymer 

membrane.  

(b) 

Ostemer 220 

(a) 

Ostemer 220 

(c) 

Ostemer 220 

Figure 7: (a) Ostemer 220 spin coated on Teflon coated wafer before curing. (b) Ostemer 220 spin coated on Teflon coated wafer 

before curing, 30 seconds after (a). (c) Ostemer 220 tilted on Teflon coated wafer after curing. 
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In a second effort, IPA was used to dissolve the photoresist. This solvent did not appear to affect 

the material but detached the material from the wafer more slowly. Submerging the wafer for 10 

minutes had no beneficial effect. Cutting the polymer up while on the wafer and carefully pulling off 

small samples between a finger and knife worked. This way samples of the Ostemer 220 were 

successfully obtained for tensile, transparency and biocompatibility testing with the desired thickness. 

The cut samples of Ostemer 220 were cleaned properly by submerging and flushing them in IPA to 

remove all trace of photoresist off the surface and then rinsing them with DI water to remove the IPA. 

The samples were left to dry at room temperature.  

 

2.1.1.2 Spin curve 
After spinning and curing the samples, the thickness of the resulting polymer layer was 

determined using a stylus profiler (Dektak 8). The layer thickness was determined by removing a 

small section from a cured material layer on a silicon wafer and then measuring the material thickness 

at 7 points on the material edge, respectively 4 points on the centre axis and 3 points on a line closer 

to the edge of the wafer (Figure 10). The Dektak machine performs contact based topography 

measurements by tracking the height of a diamond tipped stylus across the material surface. The 

stylus deflection is measured and can thereby measure a change in height between the material and 

the exposed silicon wafer surface. The seven measurements were averaged. Based on the spinning 

speeds used during spin-coating (300, 500, 1000, 2000, and 4000 rpm) related to the thickness of the 

resulting layer, the spin-coating curve of each material was determined and is shown in Figure 11. 

The spin curve for PDMS was not fully determined. Indications from literature and existing recipes 

were used to prepare the samples. An often used spin coating recipe for PDMS throughout this thesis 

is 800 rpm for 50 seconds, used to create a 70.8 ± 1.8 μm-thick layer of polymer.  

 

The spin curve is comparable for each of the four materials (Figure 11). Even though Ostemer 

324 is the most viscous material in its liquid form, the curve falls below PDMS and PDMS+ due to 

the increased spin time (60 s compared to 30 s). PDMS+ is slightly less viscous than PDMS. Of each 

material, thin layers down to about 6 μm to 9 μm were made. The thickest layers achieved range from 

about 75 μm to 175 μm.  

 

 

 

 

 

 

 

 

 

 

Figure 9: Ostemer 220 spin coated  (300 rpm 30 seconds) on a 4000 nm layer of photoresist on a SiO2 coated wafer and cured, in 

three different conditions. (a) About 5 minutes after curing showing bubble formation. (b) Four days after curing showing increased 

bubble formation and (c) submerged in acetone. 

(a) (b) (c) 
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Figure 11: Spin curve of all materials. Ostemer 220 and PDMS+ 

spun for 30 seconds and Ostemer 324 for 60 seconds. PDMS data 

from literature is spun for 60 seconds from [110], [111]. 

Figure 10: Schematic indication of measurement points for 

polymer layer thickness on a wafer. Two strips of polymer 

are cut away and the step height between the remaining 

polymer layer and wafer is measured on the measurement 

points.  
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2.1.2 Moulding 
 

A parameter that should be taken into consideration 

is the size of the features that are possible to create with a 

material. Feature size depends on the manufacturing 

method in combination with material properties. Many 

OoCs have nanometre scale features, and micrometer 

scale channels, therefore the selected fabrication method 

should be able to create nano- or micrometer features with 

the selected material.  

 

To test whether the materials are suitable for 

moulding, they were used to mould the EHT platform of 

Dostanic et al., described in Section 1.1.3 [15]. The 

mould was a silicon wafer wherein the platform shapes 

were etched by dry etching using a SiO2 layer as a hard 

mask (shown in Figure 12a and b). The platform size was 

2.8 mm along the major axis of the elliptic well and had a 

pillar height of ± 370 μm. The mould was covered with 

an anti-adhesive layer, deposited by evaporation of 

perfluorooctyl-trichlosorsilane (silane) in a vacuum 

chamber, to facilitate removal of the polymer from the 

mould (Figure 12c) [15]. The polymer was spin-coated on 

the mould and subsequently degassed under vacuum for 

about 20 minutes to remove the trapped air bubbles that 

remained inside the cavities of the mould (Figure 12d). 

Then the polymer was cured according to the associated 

curing procedure. After curing, the polymer could be 

peeled off from the mould, as illustrated in Figure 12e. 

The resulting platforms were imaged with a Keyence VK-

X250 laser microscope.  

 

PDMS, Ostemer 324, Ostemer 220 and PDMS+ were moulded using the same mould. No 

problems occurred during moulding of PDMS, the resulting platform is shown in Figure 13a. The 

mould was coated with silane to reduce adherence after curing. However, on the initial try with 

Ostemer 324, the adhesion to the mould was insufficient with the liquid material. The material spread 

poorly and pulled together into a droplet due to the surface tension of the material, similar to spin 

coating Ostemer 220 on a Teflon coated wafer. To fully cover the mould, an excess of material was 

used. Unfortunately the excess and viscosity of the material prevented bubbles to exit the liquid 

during degassing, resulting in poorly shaped platforms.  

Since spin coating Ostemer 324 worked properly on Teflon coated wafers, the mould was 

recoated with Teflon. This indeed improved the adherence of Ostemer 324 making it possible to cover 

the mould without an excess of material. However, due to the viscosity of the material, bubbles still 

exited the material poorly during degassing (Figure 14a). On areas where the layer was thin, the air 

bubbles did exit the material layer. However, the exiting bubbles pushed away the material and 

thereby left spots on the mould without material. The layer thickness turned out to be essential: too 

thin or too thick layers resulted in problems with degassing. After degassing for 2 hours in increments 

of 15 minutes, spreading the material again in between, the material was cured. After curing, the 

material could be pulled from the mould. This needed to be done carefully to prevent tearing of the 

stiff material. Some of the shapes did tear off and remained inside the mould. Complete platforms 

were formed as shown in Figure 13b.  

Figure 12: Illustration of polymer moulding. (a) SiO2 

coated wafer. (b) Deep reactive ion etching  to form 

the mould. (c) Non-adhesive coating of Teflon (or 

silane). (d) Spin-coating, degassing and curing 

polymer layer. (e) Peeling the shaped substrate from 

the mould.  
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Figure 13: Moulded engineered heart platform under 10x enlargement. (a) PDMS. (b). Ostemer 324. (c) Ostemer 220. (d) 

PDMS+. Left column (1) confocal laser microscopy image, scale bar indicates 500 μm. Right column (2) 3D image based on 

confocal laser microscopy.  

(a1) 

(b1) 

(c1) 

(a2) 

(d1) 

(d2) 

(c2) 

(b2) 
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The adherence problems on non-adhesive layers were expected to be worse for Ostemer 220 

compared to Ostemer 324. Moulding the material indeed showed poor adhesion between the liquid 

and the Teflon-coated mould. Degassing of the material showed the same problems as for Ostemer 

324, bubbles did not clear from the material (Figure 14b), or locally removed the material when they 

did clear (Figure 14c). The wells and pillars only formed partially, as seen in Figure 13c.  

 

Moulding the PDMS+ material went without any problems, equal to PDMS. During degassing 

no bubbles appeared (Figure 14d). The reduced viscosity compared to PDMS explains the improved 

ability of the material to enter the holes in the mould. The resulting platform is shown in Figure 13d. 

The substrate surface surrounding the well in Figure 13 shows a patterning. The pattern is transferred 

from the mould surface, which is scratched slightly during cleaning of the mould after each moulding 

session.  

 

Conclusion 
The engineered heart tissue platform was successfully moulded with Ostemer 324. Ostemer 324 

can thus be moulded, taking into account the thickness of the poured layer. Based on observations 

during re-distributing of the material during the degassing process, excess material prevents bubbles 

from exiting the mould, while insufficient material limits entry of material into the mould shapes. 

Moulding with Ostemer 220 was unsuccessful, only a few partially shaped platforms were created. 

The PDMS+ material behaves as PDMS, and was successfully moulded.  

  

Figure 14: Wafer mould with polymer during the degassing process. (a) Ostemer 324 during degassing. (b) Ostemer 220 during 

degassing (c) Ostemer 220 after degassing. (d) PDMS+ during degassing.  

(a) (b) 

(c) 
(d) 
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2.1.3 Sputtering and Etching 
 

Microfluidic systems can be produced by several existing technologies. For example 

microfabrication techniques such as photolithography, wet and dry etching [23]. These 

microfabrication techniques can be applied to PDMS. To see whether the techniques are also 

applicable to Ostemer 324, Ostemer 220 and PDMS+, lithography and etching of a pattern of small 

holes was performed on thin polymer layers. Dr. N. Gaio from Bi/ond aided in the etching processing.  

 

2.1.3.1 Degassing test 
The degassing rate of a material determines whether a material is suitable for processing steps 

under vacuum, such as etching and vapour deposition. To make sure the selected materials are suitable 

for lithography and etching, a test was performed to determine the degassing rate of the materials.  

 

Ostemer 324, Ostemer 220 and PDMS+, spin coated and cured on SiO2 coated wafers in different 

thicknesses, were tested with the Leak-up-rate test (LUR) in a Trikon Sigma 204 deposition system. 

The LUR test determines the amount of degassing from the material, for example the curing agent 

from the polymer [43]. The amount of degassing from the material is tested by putting the sample in 

a vacuum chamber and measuring the change in pressure. After 10 minutes the final leak rate is 

calculated based on the starting pressure and final pressure (Torr), depending on the time (seconds), 

and corrected for the chamber volume (46) according to Equation (1). 

 

 

 𝐿𝑒𝑎𝑘 𝑟𝑎𝑡𝑒 =  
(𝑝𝑒𝑛𝑑 −  𝑝𝑏𝑒𝑔𝑖𝑛) × 46

𝑡𝑖𝑚𝑒
 

 

(1) 

 

The calculated value determines whether or not the sample passed or failed the test [43]. The test 

is failed when the leak rate is higher than 2 × 10−6 𝑇𝑜𝑟𝑟 × 𝐿

𝑠𝑒𝑐
 at the time point of 10 minutes. Table 3, 

Table 4 and Table 5 show the layer thickness and result for the LUR test.  

 
Table 3: LUR test for Ostemer 324. 

Ostemer 324 

Rotation speed Thickness Leak rate [𝑇𝑜𝑟𝑟 × 𝐿

𝑠𝑒𝑐
] Result 

500 rpm 76.1 ± 0.2 μm 4.21 × 10−5 failed 

2000 rpm 18.8 ± 0.3 μm 1.6 × 10−6 passed after 70 min degassing 

4000 rpm 9.1 ± 0.1 μm 1.95 × 10−6 passed after 20 min degassing 

 

 
Table 4: LUR test for Ostemer 220. 

Ostemer 220 

Rotation Speed Thickness Leak rate [𝑇𝑜𝑟𝑟 × 𝐿

𝑠𝑒𝑐
] Result 

300 rpm 78.8 ± 2.0 μm 3.91 × 10−4 failed 

2000 rpm 12.8 ± 0.6 μm 7.15 × 10−7 passed immediately  

4000 rpm 6.7 ± 0.0 μm  5.52 × 10−7 passed immediately  
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Table 5: LUR test for PDMS+.  

PDMS+ 

Rotation Speed Thickness Leak rate [𝑇𝑜𝑟𝑟 × 𝐿

𝑠𝑒𝑐
] Result 

300 rpm 175.6 ± 5.0 μm 6.08 × 10−6 passed immediately 

750 rpm 73.2 ± 2.1 μm 5.99 × 10−6 passed immediately 

4000 rpm 18.7 ± 0.3 μm 5.93 × 10−6 passed immediately  

 

Ostemer 324 and Ostemer 220 are only suitable for deposition with thin layers (up to at least 18 

μm), while the PDMS+ material is suitable for much thicker layers (at least 175.6 μm). If the sample 

is left in vacuum for a certain amount of time before starting the measurements, this initial time of 

degassing reduces the leak rate. This was necessary for the Ostemer 324: the samples only passed the 

test after initial degassing of 70 and 30 minutes before the actual 10 minute test. These results 

confirmed that the next processing steps of sputtering and etching could be performed.  

 

2.1.3.2 Sputtering and Etching 
Three samples were prepared for each material. SiO2 was deposited on three silicon wafers by 

PECVD. Then Ostemer 324 was spin coated on top of the SiO2 layer at 4000 rpm for 60 seconds and 

cured for 60 seconds under UV light and subsequently 2.5 hours at 100°C, resulting in a layer of 9.1 

μm thickness. Three more SiO2 coated wafers were made and Ostemer 220 was spin coated on top at 

4000 rpm for 30 seconds (cured for 60 seconds under UV light) resulting in a 6.7 μm-thick layer 

(Figure 15b). Three more SiO2 coated silicon wafers were made for PDMS+, which was deposited at 

6000 rpm for 30 seconds to obtain a 10.7 μm layer. The degassing test (see Section 2.1.3.1) 

determined that layers of these thicknesses for these materials are suitable to start the etching process.  

A layer of 250 nm aluminium was sputtered on top of the polymer layer (Figure 15c) using a 

Trikon Sigma 204 sputter machine at low power (1kW) and low temperature (25°C). The aluminium 

layer functions as a protecting layer (hard mask) for the etching of the polymer layer underneath. 

Deposition of the aluminium occurs under vacuum. The wrinkles seen within the resulting aluminium 

film, as shown in Figure 16, are caused by a deformation mismatch between the metal film and the 

polymer layer. The wavelength of the wrinkles is affected by the layer thickness and elasticity of the 

aluminium film and of the substrate. Deformation is mainly due to the thermal expansion and 

compression during the deposition process as well as compression by the vacuum environment [44], 

[45].  

Figure 15: Schematic view of the etching process. (a) Wafer. (b) Wafer with spin coated polymer. (c) Additional sputtered layer of 

250 nm aluminium. (d) Additional photoresist layer. (e) Patterned photoresist layer and etched aluminium layer. (f) Etch result.  
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Interestingly, the different materials indeed showed a different size of the wrinkle pattern, 

visualized with an Olympus MX61L optical microscope at 50x magnification (Figure 16). Additional 

images using a SEM Hitachi Regulus 823 are shown in appendix C. Different stiffness of the materials 

affects the deformation during the deposition process. The much stiffer Ostemer 324 indeed shows 

much smaller wrinkles compared to the less stiff other three materials. The differences between 

PDMS, Ostemer 220 and PDMS+, even though they have a similar stiffness, can be explained by the 

difference in layer thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

On top of the aluminium layer, a photoresist layer was deposited 

(Figure 15d), the photoresist layer was exposed in the mask aligner 

with a mask. The used mask pattern contained small circles of two 

different sizes, 600 μm and 4 μm in diameter (Figure 17). The 

photoresist was then baked for 90 seconds on 115 degrees and 

subsequently developed.  

After photoresist development (Figure 15e), the aluminium in the 

exposed areas was etched (Trikon Omega 201 etcher; CL:HB, 1:1.3, 

P: 5 mTorr, RIE Bias: 50 W, ICP Power: 500W [43]), creating circular 

holes. Additional reactive ion etching used the patterned aluminium as 

a mask to etch the polymer layer (CH4:SF6:O2,1:1:1, P: 20mTorr, RIE 

Bias: 20W, ICP Power: 500W [43]; illustrated in Figure 15f). After 25 

minutes of etching the holes reached down onto the SiO2. This is 

similar to the time it takes for holes to be fully etched in PDMS. 

 

To check whether the material was completely etched, the holes were imaged using an Olympus 

MX61L microscope (Figure 18) and scanning electron microscope (SEM Hitachi Regulus 823) 

(Figure 19, Figure 20 and Figure 21). For some holes the polymer on top was cut away to reveal the 

underlying SiO2 layer. If the pattern of the hole is visible in this SiO2 layer, this indicates the hole 

was fully etched trough, landing on the silicon oxide.  

 

The images show that etching of Ostemer 324, Ostemer 220 and PDMS+ was successful on the 

first try with the same procedure used for PDMS. The holes are fully formed with sharp edges. The 

hole pattern is still visible even when the polymer layer is scratched away showing that the polymer 

layer is etched all the way through to the SiO2 layer (Figure 19, Figure 20 and Figure 21). The landed 

pattern for PDMS+ is less clear in Figure 21d but visible in Figure 21f.  

 

These results show that the three new materials can be patterned with etching technology. 

Reactive ion etching can be used to produce small features on all three of the tested materials, down 

to at least 4μm scale holes. Additional processing is needed to optimise the etching procedure for 

each of the materials, and to see which other types of structures can be achieved.  

 

Figure 16: 250nm Aluminium sputtered on top of a polymer layer at 50x magnification. (a) 7.0μm layer PDMS, (b) 9.1μm layer 

Ostemer 324, (c) 6.7μm layer of Ostemer 220 and (d) 10.7μm layer PDMS+. 

Figure 17: Image of an etched wafer. 

SiO2 coated silicon wafer with 

Ostemer 324, patterned and etched 

with two different sizes of holes. The 

large holes are visible on the image.  

(a) (b) (c) (d) 

20μm 20μm 20μm 20μm 
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Figure 18: Etching of Ostemer 324, Ostemer 220 and PDMS+. (a-c) under 5x magnification showing the larger hole (600 μm 

diameter). (c-f) under 50x magnification showing the smaller holes (4 μm diameter).  

a 

Figure 19 SEM imaging of the etched holes in Ostemer 324. (a) Tilted (45°) top view of the larger hole. (b) Top view of the larger 

hole with scratching in the polymer showing the over-etched area. (c) Tilted side view of the edge of the larger hole, showing the 

different layers. (d) Top view of the smaller holes with scratching in the polymer. (e) Tilted top view of the smaller hole. (f) Tilted top 

view of the smaller holes, showing the pattern on the SiO2 layer in the lower left corner of the image where the polymer is scratched 

away, as well as the etched holes in the top right corner.  

 

(a) 

(d) 

Ostemer 324 50x 

Ostemer 324 5x 

(e) 

(b) 

Ostemer 220 50x 

PDMS+ 5x 

PDMS+ 50x 

(c) 

(f) 

300 μm 300 μm 300 μm 

20 μm 20 μm 20 μm 

Ostemer 220 5x 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 20 SEM imaging of the etched holes in Ostemer 220. (a) Tilted (45°) top view of the 

larger hole. (b) Top view of the larger hole with scratching in the polymer showing the over-

etched area. (c) Tilted side view of the edge of the larger hole, showing the different layers. 

(d) Top view of the smaller holes with scratching in the polymer. (e) Tilted top view of the 

smaller hole. (f)  Tilted top view of the smaller holes, showing the pattern on the SiO2 layer in 

the lower halve of the image where the polymer is scratched away, as well as the etched holes 

in the top half. 

Figure 21: SEM imaging of the etched holes in PDMS+. (a) Tilted (45°) top view of the 

larger hole. (b) Top view of the larger hole with scratching in the polymer showing the over-

etched area. (c) Tilted side view of the edge of the larger hole, showing the different layers. 

(d) Top view of the smaller holes with scratching in the polymer. (e) Tilted top view of the 

smaller hole. (f) Tilted top view of the smaller holes, showing the pattern on the SiO2 layer in 

the lower right halve of the image where the polymer is scratched away, as well as the etched 

holes in the top left half. 

 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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3 Mechanical Characterization 
 

This chapter shows the results of mechanical characterization of the materials based on several 

tests. These tests are performed after curing of the material and can help to determine whether the 

materials are suitable for fabrication of OoC devices. The tested characteristics are: surface properties 

before and after plasma treatment, stiffness and optical transparency. The samples prepared for these 

tests were cured according to the method defined in Chapter 1.  

 

3.1  Wettability 
 

Wettability refers to the affinity of a material surface with another material in liquid form. With 

respect to water, possibly the most common liquid used to quantify wettability, the material surface 

can either be hydrophobic or hydrophilic. The wettability of the material affects the ability of cells to 

adhere to the material and the interaction of the material with added fluids such as cell culture medium. 

Cells adhere better to hydrophilic materials, hence the importance of this parameter.  

 

Hydrophilic materials are polar materials, which means the molecules of the material have partial 

positive and negative charges. Negatively charged proteoglycans on a cell surface attach to the 

positively charged hydrophilic material surface. Wettability also affects flow rate of for example the 

cell culture medium through a microfluidic channel [46]. Hydrophilicity can be measured by the 

contact angle of water droplets on the surface of the material, as shown by α in Figure 22. The 

preferred contact angle for cell adherence is 20° to 40° for fibroblasts [47]. Lee et al. showed an 

optimal cell adhesion for endothelial cells on a polymer surface with contact angle of 55° under fluid 

shear stress conditions [48]. Ikonen et al. in turn showed that a (hydrophilic) hydrogel surface 

supported cadiomyocyte growth, without quantifying the contact angle [49], indicating that there is 

no exact contact angle for the optimal condition.  

 

Treatments with oxygen plasma or ultraviolet light can alter the wetting properties of a material 

surface, [5], [27], [50]. Other options are salinization, chemical vapour deposition or the use of 

coatings such as acrylic acid [50]. PDMS can also be coated to make it more hydrophilic. However, 

these coatings can affect cell response and the test result and are therefore not always desirable [51] 

A surface modification technique for increasing hydrophilicity used in the field, not just on 

PDMS, is plasma treatment. Plasma is a partially ionized gas, where electrons are free instead of 

bound to an atom. These free electrons react with the material surface, creating so-called chemical 

functional groups [27]. This surface treatment oxidizes the material, by including more oxygen in the 

functional groups on the surface (Figure 23). Since 

oxygen is a polar molecule, the surface becomes more 

polar and thus more hydrophilic. This treatment makes 

the surface permanently or temporarily hydrophilic. 

After some time, the surface of the polymer can become 

hydrophobic again, a process known as hydrophobic 

recovery [28]. During this recovery the untreated 

molecules from inside the material move towards the 

surface, or the surface molecules turn towards the inside 

[52]. It depends on the material whether this happens and 

how long the recovery takes. Surface modifications on 

thermoplastics can give hydrophilicity for up to a few 

years, while on elastomers the time range is a few days 

Figure 22: Illustration of contact angle measurement 

on a droplet of water on a solid material surface, 

adapted from [112]. 
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up to a few weeks [53]. The disadvantage of PDMS is that the recovery happens quite rapidly (within 

24 hours), making it less convenient for long-term cell testing as the tests need to be performed 

directly after the plasma treatment to ensure the highest hydrophilicity.  

 

3.1.1 Contact Angle Measurements 
 

3.1.1.1 General wettability 
The wettability of the materials was determined based on water contact angle measurements and 

measured after curing, after plasma treatment and over time after the plasma treatment. The contact 

angle 𝛼 is the angle composed by a droplet on a the material surface, as illustrated in Figure 22. For 

a contact angle 𝛼 < 90°, the surface is formally considered to be hydrophilic, while a contact angle 

𝛼 > 90° indicates a hydrophobic surface [54]. However, there is no clear data for this split to be at 

90°, so hydrophilicity is somewhat open to interpretation. The focus is mainly on obtaining the values 

of wettability.  

 

Contact angle measurements were performed on cured PDMS, Ostemer 324, Ostemer 220 and 

PDMS+ with a DataPhysics Instruments contact angle system OCA-20 (Figure 24). A water droplet 

of 3 μl was positioned on the material and the angle of the static droplet surface with the material 

surface was measured (Figure 22). Four individual measurements on four different materials are 

shown in Figure 25. For PDMS, both the mixing ratio of 10:1 and 5:1 were tested. Ostemer 220 was 

tested for two processing types: cured on a SiO2 wafer and cured on a layer of photoresist to check 

whether the photoresist and IPA process described in Section 2.1.1.1 affected the wettability of the 

material.  

 

Contact angles of the materials, calculated as an average of 

six or more measurements, outliers excluded, are shown in Table 

6. These indicate that the wettability of PDMS in mixing ratio 

10:1 and 5:1 are similar (106.6 ± 0.4° and 105.8 ± 0.4°). Both 

Ostemers are more hydrophilic than PDMS, with contact angles 

of 62.2 ± 3.6° (Ostemer 324) and 64.2 ± 3.2° (Ostemer 220). The 

contact angle of the Ostemer 220 obtained from the method with 

photoresist and dissolving in IPA appears to have increased 

slightly compared to the material untreated with IPA, but is still 

very similar (64.2 ± 3.2° compared to 68.3 ± 5.0°). Based on a 

two-tailed t-test, equal variance, this difference is significant (p = 

0.03).  

 

Figure 23: schematic representation of change in functional groups on the surface of PDMS after plasma treatment. Adapted from 

[43], [60] .  

Figure 24: Schematic representation of 

Optical Contact Angle system. (red) 

optics, (blue) liquid dosing, (green) 

sample positioning platform. From  [112].  
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Table 6: Contact angle measurements in degrees, measured after curing. 

Material n Contact angle [°] 

PDMS 10:1 6 106.6 ± 0.4 

PDMS 5:1  7 105.8 ± 0.4 

Oste 324  11 62.2 ± 3.6 

Oste 220  11 64.2 ± 3.2 

Oste 220 IPA  14 68.3 ± 5.0 

PDMS+ 8 106.1 ± 0.5 

 

The increased hydrophilicity of Ostemer 324 and Ostemer 220 has the potential to greatly 

improve cell attachment and cell proliferation in OoC devices compared to PDMS.  

 

Surface Coating Characterization 
Spinning Ostemer 324 and Ostemer 220 on Teflon, Silane or SiO2 coated wafers showed 

differences in adhesion. The wettability of these surface coatings was therefore determined. Table 7 

shows the wettability of three surface treatments of silicon wafers, without any additional material 

spun on top. The values clearly show that Teflon (102.2 ± 0.2°) and Silane (95.2 ± 0.8°) are more 

hydrophobic than SiO2 (16.7 ± 2.3°). 

 
Table 7: Contact angle measurements of wafer coatings. 

Coating n Contact angle [°] 

Teflon  5 102.2 ± 0.2 

SiO2  5 16.7 ± 2.3 

Silane  5 95.2 ± 0.8 

 

 

3.1.1.2 Surface modification: Plasma treatment 
The wettability of PDMS, Ostemer 324, Ostemer 220 an PDMS+ was tested with 3 different 

plasma treatment settings using a Diener low power oxygen plasma system (ATTO-BL-PCCA). The 

goal was to quantify the time it takes for the materials to return to their original wettability, not 

necessarily to optimize the process. The samples were cured polymer layers still attached to the wafer. 

The performed plasma treatments were 3 minutes at 20 W, 1 or 2 minutes at 74 W and 18 minutes at 

Figure 25: Contact angle measurements of a 3μl droplet of DI water on  (a) PDMS 10:1, (b) Ostemer 324. (c) Ostemer 220 and (d) 

PDMS+. After curing without any surface treatment.   

CA 105.9° CA 66.8° CA 60.4° CA 105.6° 

(a) (b) (c) (d) 
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20 W, respectively. The first and second settings are standard recipes used to reduce the contact angle 

of PDMS towards zero. In the third setting the time of the plasma treatment for 20 W was elongated 

to try to lower the contact angle of the Ostemer 324. Contact angle measurements were repeated after 

the plasma treatment over time and are visualized in bar plots, with standard deviation as error bars. 

Outliers were excluded from the data. Almost all measurements were done using the accompanying 

software of the optical contact angle system. However this software could not detect contact angles 

< 10°, therefore these measurements were done manually using ImageJ software.  

  

The first setting treated the material for 3 mins in the plasma machine on a power setting of 20 

W (10% of the maximum machine power). The graph (Figure 26) shows the contact angle of PDMS 

was, as expected, lowered to 3.8 ± 1.3° (a reduction of 102.7°), Ostemer 324 was only lowered by 

10.5° to 51.7 ± 2.2°, Ostemer 220 was significantly lowered by about 45.9° degrees to 18.3 ± 0.3° 

and PDMS+ was, similarly to PDMS, reduced from 106.1 ± 0.5° to 6.8 ± 1.9°. After 72 hours the 

contact angles returned towards the original values. Notably the contact angle of PDMS+ did not 

return as quickly towards the starting value compared to PDMS. The droplets are visualised in Figure 

29 for PDMS and Figure 30 for Ostemer 220. 

 

The second setting was a plasma treatment for 1 minute at 74 W (37% of the maximum machine 

power). This hardly affected the Ostemers, hence Ostemer 324 and Ostemer 220 were subjected to 

another minute of treatment, for a total of 2 mins at 74 W. Figure 27 shows the contact angle over 

time from 1 hour until 4 weeks. 2 data points for PDMS+ were not measured due to logistical 

problems (2 and 4 weeks).  

 

In the final setting (Figure 28) the plasma treatment was at 20 W for 18 mins to reduce the contact 

angle of Ostemer 324. This seemed to work, however it was a less suitable setting for the Ostemer 

220 and PDMS as their contact angle was not reduced as much as in the earlier settings. The graph 

shows the contact angle over time, from 24h until 6 weeks.  

 

For the 1 or 2 minute plasma treatment test at 

74 W, PDMS was already back to the original 

contact angle after 24 hours, Ostemer 324 and 

Ostemer 220 both took 5 days. The contact angle of 

PDMS+ reduced comparably with PDMS, and yet 

the window of hydrophilicity is 5 times longer for 

PDMS+, as the contact angle returned towards the 

original angle after 5 days. 

 

The results for the 18 minute treatment show a 

slightly longer recovery time for PDMS of 

somewhere between 24 and 72 hours. Ostemer 324 

underwent a large reduction of the contact angle 

after the treatment (17.1 ± 1.4°) and recovery time 

was 2 to 3 weeks. The measurements for Ostemer 

220 are less clear, and also less relevant as the initial 

reduction of contact angle was only to 38.5 ± 2.0°.  

 

 

 

Figure 26: Contact angle measurement of PDMS, Ostemer 

324, Ostemer 220 and PDMS+ before, directly after and 72 

hours after a 3 minute plasma treatment on 20 W. Error bars 

indicate standard deviation.  
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Figure 30: Water droplet of 3 ul on Ostemer 220 surface for contact angle measurement, (a) before plasma treatment (b) directly 

after plasma treatment of 3 minutes at 20 W and (c) after 72 hours. 

(a) (b) (c) 

(a) (b) (c) 

Figure 29: Water droplet of 3 μl on PDMS surface for contact angle measurement, (a) before plasma treatment (b) directly after 

plasma treatment of 3 minutes at 20 W and (c) after 72 hours.  

Figure 28: Contact angle measurement of 4 materials before, 

directly after and on several time points after a 18 min plasma 

treatment at 20 W.  

Figure 27: Contact angle measurement of 4 materials before, 

directly after and on several time points after a 1 or 2 minutes 

plasma treatment at 74 W.  
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Conclusion 
Ostemer 324, Ostemer 220 and PDMS+ show good results in terms of wettability after plasma 

treatment. For the Ostemers the initial contact angle is already less than that of PDMS. Plasma 

treatment does not reduce the contact angle as strongly as for PDMS and PDMS+, but does reduce 

the contact angle towards the optimal wettability of 20 to 40°. The hydrophobic recovery of both 

Ostemers and PDMS+ are better compared to PDMS, as the window of hydrophilicity is much longer.  

 

3.1.1.3 Wettability depending on UV curing time 
In a separate test, dependency of wettability to UV curing time of Ostemer 324 and Ostemer 220 

was checked (Table 8). The contact angle of Ostemer 324 is not affected by UV curing time, the 

difference is not significant, determined by a one-way ANOVA test. The difference between the 

contact angle for Ostemer 220 is significant (one-way ANOVA, p<0.01). More specifically, the 

contact angle of Ostemer 220 with curing time of 20 s is increased more significantly (vs 60 s) than 

for 20 s vs 40 s curing, p=0.0002 and p=0.016 respectively (two-tailed t-test, equal variance for 20 vs 

60 seconds, unequal variance for 20 vs 40 seconds).  

 
Table 8: Contact angle measurement of Ostemer 324 depending on UV curing time, including 2.5 hours of thermal curing at 100°C 

and contact angle measurement of Ostemer 220 depending on UV curing time.  

 

 

 

 

 

 

  

Ostemer 324 

 

Ostemer 220  

UV curing time Contact angle UV curing time Contact angle 

60 sec 62.2 ± 3.6 60 sec 64.2 ± 3.2 

40 sec 62.5 ± 0.7 40 sec 64.7 ± 0.6 

20 sec 64.0 ± 1.0 20 sec 75.1 ± 2.2 
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3.2  Stiffness 
 

Different tissues require different substrate stiffness for optimal cell and tissue development. 

Additionally, material stiffness is important in dynamic OoC systems, for example platforms with an 

inflatable membrane. Tissue stiffness itself differs greatly, for example brain tissue has a Young’s 

modulus of 1kPa and bone of 1 GPa [16]. The stiffness of healthy heart tissue ranges below 50 kPa, 

while damaged heart tissue ranges above 100 kPa [25]. PDMS has a stiffness of 1 to 3 MPa, while 

that of glass is 50 GPa, and thermoplastics used for petri-dishes such as polystyrene have a stiffness 

of 3 GPa [26].  

The stiffness of the material should mimic the stiffness of the natural tissue environment. A 

material with tuneable stiffness would be preferable. The stiffness of all four materials can 

theoretically be tuned by altering the mixing ratio of the components and altering the curing process. 

The next experiment will determine the stiffness of the four materials.  

 

3.2.1 Uniaxial Tensile Test 
 

To determine the Young’s modulus of the materials, strips of the polymers were tested with an 

uniaxial tensile test using a Dynamic mechanical analyser (DMA), TA instruments Q800 at the 

Precision and Microsystem Engineering department of TU Delft. The samples were cut and peeled 

off a wafer after curing. The samples where approximately 80 μm thick, 8 mm wide and 20 mm in 

length. Within the testing setup the length of the tested sample was only 5 to 10 mm as the rest of the 

sample was clamped in the system (Figure 31).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The setup clamps the samples on each end and slowly pulls them apart, increasing the pulling 

force over time at a rate of 3 N per minute up to 15 N. The measurement stops when the maximum 

stretched length of 25 mm is reached or when the sample fractures. The outcome is a stress-strain 

curve (Figure 32), from which the Young’s moduli of the materials were determined by calculating 

the slope of the graphs. Other parameters such as the yield and fracture point were also determined 

from the graph (Table 9). All outliers were excluded from the data and the standard deviation is shown. 

The yield point for Ostemer 324 in UV curing time of 40 and 20 seconds could not be determined 

from the graph, as no clear yield point was visible in the measurements.  

 

 

 

 

 

Figure 31: Tensile test of Ostemer 324 sample. (a) At the start of the experiment, (b) during stretching of the sample and (c) after 

fracture of the sample.  

(a) (b) (c) 8 mm 
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Table 9: Mechanical properties of PDMS, Ostemer 324, Ostemer 220 and PDMS+ based on tensile test including standard deviation. 

The stiffness for Ostemer 220 is not expected to be but possibly affected by the use of isopropanol (IPA) in the sample preparation.  

Material 
Thickness 

(μm) 

UV curing 

time (sec) 

Young’s 

modulus (MPa) 

Yield point 

(MPa) 

Fracture 

point 

(MPa) 

Strain until 

break (%) 

PDMS 10:1 70.8 ± 1.8 - 1.1 ± 0.2  2.3 ± 0.6  4.4 ± 1.8  262.4 ± 103.6 

PDMS 5:1 76.7 ± 0.1 - 2.4 ± 0.5 2.7 ± 0.4 8.3 ± 1.6  209.0 ± 47.7 

Oste 324 76.1 ± 0.2 60 sec 5.2 ± 1.3  4.2 ± 0.9 4.8 ± 1.2  89.3 ± 3.4 

Oste 324 76.1 ± 0.2 40 sec 4.6 ± 0.3  - 4.7 ± 0.9  88.3 ± 9.2 

Oste 324 76.1 ± 0.2 20 sec 4.9 ± 0.7  - 3.7 ± 0.3  70.1 ± 12.7 

Oste 220 

IPA 
78.8 ± 2.0 60 sec 1.4 ± 0.2  1.0 ± 0.3  1.1 ± 0.2  82.4 ± 7.8 

PDMS+ 94.6 ± 2.2 - 2.3 ± 0.5 2.8 ± 0.3 8.1 ± 1.0 254.7 ± 85.3 

 

As expected, the PDMS 5:1 mixing ratio of elastomer and curing agent was stiffer (2.4 ± 0.5 

MPa) than the 10:1 mixing ratio (1.1 ± 0.2 MPa). The Young’s modulus of PDMS+ (2.3 ± 0.5 MPa) 

is a bit stiffer than PDMS 10:1 and just as stiff as PDMS 5:1. The difference between PDMS+ and 

PDMS 10:1 can be explained by the different curing procedure. The thermal curing of PDMS+ is 

longer and at a higher temperature, resulting in a higher stiffness. Ostemer 324 (5.2 ± 1.3 MPa) is 

stiffer than PDMS 10:1. Ostemer 220 (1.4 ± 0.2 MPa) compares well to PDMS 10:1, and is as 

expected based on the material data sheet lower than Ostemer 324 [38].  

 

For Ostemer 324, the Young’s modulus was determined for 3 different UV curing times (60, 40 

and 20 seconds), to determine whether there is a relation between curing time and Young’s modulus. 

From the data (Table 9) can be concluded that there is no significant difference between the Young’s 

modulus and UV curing time for Ostemer 324 based on a one way ANOVA test. However the sample 

size is small (n=4, n=3, n=3 for 

60 s, 40 s and 20 s respectively). 

A larger sample size is needed to 

really confirm these results.  

 

The yield point on the stress 

strain curve indicates the limit of 

the elastic range of the material. 

Below the yield point the 

material will return to the original 

shape and above the yield point 

the material is deformed 

permanently. The yield point for 

PDMS 10:1, PDMS 5:1 and 

PDMS+ are similar (2.3 ± 0.6, 
Figure 32: Stress-strain curve output from the DMA showing a single measurement for 

PDMS 5:1.  
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2.7 ± 0.4 and 2.8 ± 0.3 MPa). The yield point for Ostemer 324 is almost twice as large (4.2 ± 0.9 MPa) 

while the yield point for Ostemer 220 (1.0 ± 0.3 MPa) is about half compared to PDMS and PDMS+.  

The fracture point is the point where the material breaks and separates into two pieces. Notable 

is that PDMS 10:1 and Ostemer 324 have very similar values (4.4 ± 1.8 and 4.8 ± 1.2 MPa) and the 

point is much lower for Ostemer 220 (1.1 ± 0.2 MPa). The values are again very similar for PDMS 

5:1 and PDMS+ (8.3 ± 1.6 and 8.1 ± 1.0 MPa).  

Finally the strain until break shows the percentage of change in length between the starting length 

and the length at the breaking point. Here both Ostemers have lower values in the range of 80 to 90% 

compared to the other materials with a 200 to 260% range. 

 

According to the data provided by the company supplying the Ostemers (Mercene Labs), for 

Ostemer 220 the Young’s modulus is 10-30 MPa [38], compared to 1.4 ± 0.2 MPa in our 

measurements. For Ostemer 324 the Young’s modulus is provided as 30 MPa and the strain until 

break as 30% [37]. Our measurements show a lower Young’s modulus of 5.2 ± 1.3 MPa and strain 

until break of 89.3 ± 3.4%. This difference between the reference data and the current measurements 

can be explained by the sensitivity of the material to the mixing ratio, layer thickness and intensity of 

curing, both UV light intensity and the thermal curing temperature. The reference data used much 

larger samples for their stiffness measurement. The company confirmed that curing intensity and time 

combined with a different size of material sample can result in differences during the curing process 

and therefore result in differences in the resulting stiffness of the material compared to the reference 

data. Furthermore, Ostemer 220 is possibly affected by the use of isopropanol in the sample 

preparation. 

 

Conclusion 
The stiffness measurements for the materials provides important data for future use of the 

materials. The overall differences between the materials are not large and falls within a range of 1 to 

5 MPa. The stiffness of the new materials does not differ greatly from PDMS, and the materials could 

therefore in terms of stiffness be compatible with similar applications of PDMS. Further testing with 

tissues or moving components is needed to see whether the materials are suitable for more specific 

applications.  

 

 

3.2.2 Nano-Indentation test 
 

To determine the stiffness of the moulded 

pillars (Chapter 2.1.2), nanoindentation was 

performed on moulded pillars of each material 

using a FemtoTools Nanomechanical testing 

system (FT-NMT03). The tool uses a silicon-

tip sensing probe to apply force and measure 

displacement of in this case the elastic pillars 

(Figure 33). Single pillars were cut out from the 

moulded substrate. The dimensions (L, w, h) of 

each micropillar were first determined with a 

Keyence VK-X250 laser microscope. The 

pillars were then mounted on a sample holder 

of the nanomechanical system next to the sensing probe. The probe was positioned at a predetermined 

height halfway the width of the pillar. During the measurement, the probe applied force to the 

micropillar until a set force value was met (Figure 34). The displacement of the tip was measured 

continuously by a piezo-scanner. After reaching a set displacement or set force, the tip stops applying 

Figure 33: Setup of the nanoindentation tool. The image shows the 

circular sample platform with the silicon sensing probe touching 

one of the pillars.  

3mm 
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force and is pushed back by the micropillar moving back to its original position [15]. This force was 

also measured. The slope of the resulting force-displacement curve of the returning pillar movement 

represents the stiffness of the pillar k. Multiple measurements were performed along the height of 

three pillars for each material.  

 

 Equation 2 for cantilever beam displacement y at position x along a beam with a load F on 

position a along the beam, was rewritten for E (Young’s modulus). The measured stiffness k [N/m] 

was corrected for the 15° angle of the probe to obtain the horizontal vector of F. Using the measured 

pillar dimensions and horizontal vector k, the average Young’s modulus for the micro pillars was 

calculated. The results are shown in Table 10.  

 

 

 

 𝑦 =
𝐹𝑥2

6𝐸𝐼
(3𝑥 − 𝑎) 

 

(2) 

 

 

 𝐸 = 𝑘
2𝑥3

0.5𝑤ℎ
 

 

(3) 

 

 
Table 10: Young’s moduli of materials based on nanoindentation of moulded micro-pillars. 

Material Young’s Modulus [MPa] 

PDMS 0.80 ± 0.25 

Ostemer 324 4.46 ± 1.98 

Ostemer 220 1.15 ± 1.24 

PDMS+ 1.25 ± 0.64 

 

 The measurements for Ostemer 220 were challenging as the pillars were not fully formed and 

the pillar substrate was slightly tilted for some of the samples. The variability of the overall data is 

quite large. More measurements are needed to confirm the results. The current results do compare 

well to the results from the uniaxial tensile test, where Ostemer 324 is also the stiffest material, 

followed by PDMS+, Ostemer 220 and PDMS.  

 

 

 

 

 

 

 

  

Figure 34: Illustration of bending micro pillars from an EHT under applied load during nanoindentation. The probe applies a force 

under 15° angle, measuring displacement of the pillar and the backwards pushing force of the elastic pillar during the returning 

movement of the probe.  
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3.3 Optical Transparency 
 

The material used as a substrate in an OoC should be transparent enough to be compatible and 

not interfere with microscopy and other monitoring techniques. The material should also have a low 

amount of auto fluorescence and low absorbance of light. For example when using fluorescent 

microscopy, light absorption by a material decreases the sensitivity of the fluorescence assays, by 

reducing the total fluorescence. Not only absorption of light, but also auto fluorescence of the material 

decreases sensitivity of fluorescence assays, as it increases the total fluorescence [46], [55]. The 

transparency and fluorescence of the material are thus important properties as they affect the data 

quality of visualization and monitoring techniques.  

 

Transparency of a material is important for imaging of the samples or devices. This can pertain 

to imaging of material structures, or imaging of cells on top or within the material. For biological 

imaging, the visible light spectrum is the most important. Imaging can be done either by regular bright 

field microscopy, or, to increase resolution, with fluorescent microscopy. In fluorescent microscopy, 

fluorescent dyes are used to stain sample structures. Each component of a cell reacts best to a specific 

dye, and in turn each dye has its own emission spectrum. For example, cell nuclei can be imaged with 

a yellow dye, and the actin of the cell with a red dye, to give a high resolution image where the 

structures can be seen in detail. A light source in the microscope excites the dye within the sample, 

to which the dye emits light back into a detector [56], [57]. This measured emission spectrum is a 

specific wavelength or range of wavelengths depending on the dye and is referred to as a channel. 

The wavelengths 405 nm (blue), 488 nm (green), 594 nm (orange) and 647 nm (red) are frequently 

used channels for fluorescent imaging [58]. These wavelengths are indicated as vertical lines within 

the shown measurement results (Figure 36). This section will show the result of a transparency test, 

measuring the transmittance of light through the material.  

 

3.3.1 Transmittance Measurement 
 

The transparency of PDMS, Ostemer 324, Ostemer 220 

and PDMS+ was tested by transmittance measurements 

using a PerkinElmer Lambda 1050+ UV/VIS/NIR 

spectrometer at the Photovoltaic Materials and Devices 

department of TU Delft. The machine transmits a beam of 

light through the sample towards a detector to determine the 

percentage of incident light that passes through the material 

and reaches the detector, depending on its wavelength. The 

tested samples were four membranes each for all four 

polymers, 3x3 cm2 in size with a thickness of approximately 

70μm. The transparency was measured for wavelengths 

between 350 and 750 nm in increments of 5 nm. Figure 35 

shows me positioning a sample in the clamp of the 

spectrometer. Figure 36 shows the measurement results.  

 

The materials have a transparency ranging from 90% to 94% in the visible light spectrum (~400 

to 700 nm) measured at 400 to 750 nm, where PDMS is the most transparent. PDMS is also the most 

transparent in the UV light spectrum (10 to 380 nm), measured at 350 to 400 nm, while the 

transparency for the Ostemers drops in the UV spectrum to around 85%. The datasheet provided by 

the Ostemer company indicates a transparency of 97% from 370 nm to 1200 nm for Ostemer 324 

[37], which is higher than the measured values. The performed test only measured up until 750 nm. 

The datasheet also indicates an absorption of light below 380 nm, which corresponds to the measured 

Figure 35: Sample of Ostemer 324 placed in the 

clamp of the spectrometer 
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data. This difference between the reference data and the current measurements can be explained by 

the sensitivity of the material to different mixing ratio and intensity of curing, for both UV light 

intensity and thermal curing temperature and time.  

 

Conclusion 
As Figure 36 shows, the materials are all transparent for the indicated commonly used channels 

for fluorescent dyes, as well as in the visible light spectrum and are therefore suitable for bright field 

microscopy and fluorescent imaging. Additional testing can provide more information on the possible 

auto-fluorescence and absorption spectrum of the materials. The current transparency is suitable for 

the biocompatibility test and fluorescent measurements in the upcoming absorption test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 36: Transparency measurement of the materials, by percentage of light that passes through the sample depending on 

wavelength. Vertical lines roughly indicate the channels commonly used in fluorescent microscopy. The shaded area indicates the 

UV light spectrum below 380nm. The x-axis shows a representation of the corresponding colour to the wavelength.  
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4  Biological Characterization 
 

This chapter will examine the biocompatibility of PDMS, Ostemer 324, Ostemer 220 and 

PDMS+ in terms of cytotoxicity and cell morphology directly; by seeding cells on material samples 

and indirectly; by incubating the cells with medium that was conditioned by the material samples. 

Biocompatibility tests were performed by A. Othman, biologist at Bi/ond. Absorption of small 

molecules by the materials will be tested as well using a fluorescent dye and fluorescent imaging 

techniques. The absorption test was performed at the Bionanoscience Department of the faculty of 

Applied Science (TU Delft) and executed by Dr. J. Capoulade.  

 

4.1 Biocompatibility 
 

Biocompatibility of the material is important when cells are used in OoC devices for testing. 

Biocompatibility is a general term, relating to the interaction between the material and a biological 

system. For this thesis, the relevant factors for biocompatibility are considered to be non-cytotoxicity 

and the effect on cell morphology. The material should ideally be non-toxic and improve cell adhesion 

between the cells and the material, as well as between cells. Cell adhesion can be adjusted by surface 

hydrophilicity and surface morphology (roughness). The tests performed in this thesis are not set to 

optimise the cell adhesion, rather to give a first indication of toxicity and the effect of the new 

materials on cell morphology. Other examples of factors for biocompatibility are for example non-

immunogenic, non-thrombogenic and non-carcinogenic [59].  

 

4.1.1 Biocompatibility Tests 
 

Biocompatibility of the materials was determined with two tests, both performed twice. First 

round of tests included PDMS, Ostemer 324 and Ostemer 220. The layer thickness of the materials 

were 70.8 ± 1.8 μm (800 rpm 50 sec), 76.1 ± 0.1 μm (500 rpm 60 sec) and 632 μm (tilted by hand) 

respectively. The second round of the tests included PDMS, Ostemer 324, Ostemer 220 and PDMS+. 

The layer thickness of the materials were 70.8 ±1.8 μm (800 rpm 50 sec), 76.1 ± 0.1 μm (500 rpm 60 

sec), 78.8 ± 2.0 μm (300 rpm 30sec) and 73.2 ± 2.1 μm (750 rpm, 30 sec) respectively. 

Biocompatibility and specifically cell morphology is affected by surface energy, hydrophilicity, 

topography and surface functional groups [60]. Therefore, the tests were performed with a non-

plasma treated sample set and a plasma treated sample set. As discussed in Chapter 3, plasma 

treatment increases surface hydrophilicity of the materials, which is beneficial for cell attachment.  

 

4.1.1.1 Polymer Preparation 
Squares of 1x1 cm2 were prepared for this test. These squares were sterilized by submerging 

them for 10 mins in 70% ethanol solution and subsequently cleaned for 10 mins submerged in DI 

water. For each material two samples were tested. One sample of each material was plasma treated 

in Diener low pressure plasma system (ATTO-BL-PCCA) for 3 mins at 20 W to improve 

hydrophilicity. A second round of testing included twelve samples for each material, for which six 

samples were plasma treated for 6 mins at 20 W and six samples were not plasma treated. The samples 

were brought to the lab for the biocompatibility test directly after plasma treatment to minimize the 

effect of hydrophobic recovery.  
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4.1.1.2 Cell Preparation 
Human dermal microvascular endothelial cells (HMEC-1, cat# CRL-3243™) were commercially 

acquired (ATCC, USA). Cells were grown in MCDB131 basal medium (without L-Glutamine; Life 

Technologies cat# 10372019) containing 10 ng/mL Epidermal Growth Factor (EGF; Thermofisher 

cat# PHG0314), 1 µg/mL Hydrocortisone (Sigma cat# H0396), 10 mM Glutamine (ATCC 30-2214), 

and Fetal Bovine Serum (FBS; ATCC 30-2020) to a final concentration of 10%. Cells were passaged 

upon reaching 80-90% confluency using Trypsin-EDTA solution (ATCC 30-2101). 

HMEC-1 cells were harvested from their culture flasks by trypsinisation and centrifuged at 125 g 

for 6 minutes. The pellet was re-suspended in MCDB131 full growth medium at a concentration of 

2x105 cells/mL. 

 

4.1.1.3 Conditioned Cell Culture Medium Biocompatibility Test 
The first test was an indirect and qualitative measurement of biocompatibility. The material 

samples were incubated in MCDB131 full growth medium at 37°C for 1 and 24 hours (24-48 hours 

for the second round) before removing them again from the medium (Figure 37). Control medium 

was incubated without test samples. 100 μl of HMEC-1 cell suspension (at a concentration of 2x105 

cells/mL) was seeded in each well of a 96-well plate. The cells were left to grow to confluency for 

48-72 hours. At complete confluence (referring to the surface coverage of adherent cells), the growth 

medium was aspirated and replaced with the conditioned medium from the test samples. The cells 

were cultured in the conditioned medium to check the cell lividity at three different time points: 0, 24 

and 48 hours for the first round (24 and 48 hours for the second round). The biocompatibility was 

determined visually based on bright field images taken using a JuliTM smart fluorescent cell viewer. 

The ratio of living and death cells on the image determines the biocompatibility. If the cell culture 

medium absorbed toxic components of the material, cell lividity would be affected. The tested 

conditions were compared to cells incubated with unconditioned medium, where there occurs a basal 

levels of cell debris and cell death. 

The test was performed twice on PDMS, Ostemer 324 and Ostemer 220, and once on PDMS+. 

The results, based on visual comparison, are shown in Table 11 

 

Figure 37: Schematic view of biocompatibility test 1. (a) Polymer membrane added to cell culture medium. (b) Incubated for 1 and 

24 hours. (c) Polymer membrane removed. (d) Cells added to culture medium. (e) Cells were cultured for 0, 24 and 48 hours and 

visually checked for lividity.  
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Table 11: Biocompatibility: conditioned cell culture medium. Results of round 1 and round 2 of indirect biocompatibility test trough 

incubation of cell culture medium. There was no difference between the plasma treated and non-plasma treated samples.  

 

  Round 1   Round 2  

Material  Thickness  Result  Thickness  Result  

PDMS   70.8 ±1.8 μm Biocompatible  70.8 ±1.8 μm Biocompatible 

Ostemer 324  76.1 ± 0.1 μm Biocompatible  76.1 ± 0.1 μm Biocompatible 

Ostemer 220  632μm Biocompatible  78.8 ± 2.0 μm Incompatible 

PDMS+  - Not tested  73.2 ± 2.1μm Biocompatible 

 

The images show that during the first round for three materials the cells did not die more than 

expected for both plasma an non-plasma treated samples (see Appendix D), indicating 

biocompatibility for PDMS, Ostemer 324 and Ostemer 220. The test is not sufficient to quantify the 

result. The second round showed a different result (Figure 39). Biocompatibility was again confirmed 

for PDMS and Ostemer 324. Biocompatibility was also indicated for PDMS+, showing no difference 

between plasma treated and non-plasma treated samples. However, all samples of Ostemer 220 

resulted in a large number of dead cells, indicating a toxicity of the material. The cell death appeared 

in both plasma and non-plasma treated samples and for each sample, ruling out contamination. No 

signs of contamination were observed in the cell culture or cell medium. The cell death might be 

explained by the use of isopropanol and photoresist in the preparation process of the loose membrane 

samples for Ostemer 220 (see Section 2.1.1.1).  

 

4.1.1.4 Direct Cell Seeding Biocompatibility Test 
The second test was a more direct test for biocompatibility, yet still qualitative. The polymer 

samples were transferred to a 24-well plate (three samples for each condition). The cells were seeded 

directly on top of the material to determine the interaction of the cells with the material and the cells 

with each other (Figure 38). 500 μl of cell suspension (at a concentration of 2x105 cells/mL) was 

added on top of the material samples and the plate was then transferred to the incubator at 37 °C. The 

medium was changed every 24 hours. The result was determined visually based on bright field images 

at 4x magnification after 1 and 24 hours after cell seeding (24 and 48 hours for the second testing 

round) with a JuliTM smart fluorescent cell viewer. Biocompatibility is determined visually based on 

cell adhesion, cell morphology and cell proliferation.  

 

This test was also performed twice on PDMS, Ostemer 324 

and Ostemer 220, and once on PDMS+. In round one, the 

microscopy images show that the cell morphology and 

proliferation is as expected (appendix D). Additionally, the cells 

did not die more than expected, indicating PDMS and Ostemer 324 

to be biocompatible. Unfortunately, the sample for Ostemer 220 

was too thick (632μm) and the surface too rough for sharp imaging. 

The cells seeded on top of the layer could not be visualized. A new 

method was used to prepare a thinner Ostemer 220 sample for 

additional tests (described in Section 2.1.1.1). The Ostemer 324 in 

the non-plasma treatment even performed as good as PDMS in the 

plasma treated sample.   

Figure 38: Schematic view of 

biocompatibility test 2: direct seeding 

of the cells on a polymer membrane. 

(Cells not to scale). 
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Figure 39: Conditioned medium biocompatibility test round 2. Brightfield imaging at 4x magnification of human dermal 

microvascular endothelial cells seeded in a 96-well plate with growth medium grown until confluency (48-72h). Then the growth 

medium was replaced with conditioned medium from the test samples. Images taken 48h after addition of conditioned medium. 

Images for non-plasma treated samples look similar to the plasma treated samples. The control was performed with unconditioned 

medium.  

Biocompatibility: Conditioned Medium (48h) 

PDMS plasma Ostemer 324 plasma 

Ostemer 220 plasma PDMS+ plasma 

Control 

100 μm 100 μm 

100 μm 100 μm 

100 μm 
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The results of round two are shown in Table 12. Round two of direct cell seeding showed an 

increase in confluence for Ostemer 324 and PDMS+ for both plasma treated and non-plasma treated 

samples between the 24 hour and 48 hour time point. The 48h confluence for Ostemer 324 (85-95%) 

and PDMS+ (70-75%) at the non-plasma treated samples where already better than PDMS in the 

plasma treated sample (50-60%). PDMS was equal for the plasma treated samples at 24 and 28 h (50-

60%). The PDMS non-plasma treated sample showed only a 5-10% confluence (Figure 40). 

 
Table 12: Biocompatibility: direct cell Seeding. Results of round 2 of direct cell seeding test for biocompatibility.  

   24h  48h   

Material Thickness [μm]   Confluence  Confluence  Result  

PDMS  70.8 ±1.8        

  Plasma   50-60%  50-60%  Biocompatible 

  Non-plasma   10%  5-10%  Low compatibility 

Ostemer 324 76.1 ± 0.1        

  Plasma   70-85%  85-95%  Biocompatible 

  Non-plasma   70-85%  85-95%  Biocompatible 

Ostemer 220 78.8 ± 2.0        

  Plasma   0%  0%  Incompatible 

  Non-plasma   0%   0%   Incompatible 

PDMS+ 73.2 ± 2.1       

  Plasma   50-60%  85-90%  Biocompatible 

  Non-plasma   50-60%  70-75%  Biocompatible 

 

Conclusion 
An indirect biocompatibility test, incubating material samples in cell culture medium, indicated 

non-toxicity for PDMS, Ostemer 324, and PDMS+. The direct seeding of cells on these materials also 

showed promising results. Ostemer 324 and PDMS+ appear to have improved biocompatibility 

compared to PDMS in terms of cell attachment and morphology already in non-plasma treated 

samples and even better in plasma treated samples. This is very promising for Ostemer 324 and 

PDMS+, as the previous wettability testing (Chapter 3) indicate that the surface hydrophilicity after 

plasma treatment is maintained longer compared to PDMS, and therefore the window for desirable 

cell attachment is longer. Biocompatibility of Ostemer 220 was confirmed with the first conditioned 

medium test. However, in the second round of testing both direct and indirect tests showed very poor 

biocompatibility for Ostemer 220 indicated by a large number of dead cells. This might be explained 

by the preparation method of the samples that included photoresist and isopropanol. Additional 

testing with other types of cells and more quantitative tests is needed in the future to confirm the 

biocompatibility of the materials.  
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Ostemer 324 plasma: 85-95% 

PDMS plasma: 50-60% PDMS non-plasma: 5-10% 

Ostemer 220 non-plasma: 0% Ostemer 220 plasma: 0% 

PDMS+ non-plasma: 70-75% PDMS+ plasma: 85-95% 

Ostemer 324 non-plasma: 85-95% 

Figure 40: Brightfield imaging at 4x magnification of human dermal microvascular endothelial cells seeded directly on 

polymer membranes of PDMS, Ostemer 324, Ostemer 220 and PDMS+, 48 hours after seeding.  

Biocompatibility: Direct Cell Seeding (48h) 
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4.2 Absorption 
 

Absorption is defined as the accumulation of molecules from a liquid into the bulk volume of a 

material in contact with this liquid, whereas adsorption is defined as the accumulation of molecules 

on the exposed surface of the material [61]. Previous works have shown that small molecule 

absorption for OoC polymers reduces the available drug dose inside OoC models [62]. As a 

consequence, when testing drugs on tissue this can cause misrepresentation of effect and dosage of 

the drugs. Due to the absorption, part of the drugs can remain inside the material or cross into other 

microfluidic channels instead of completely reaching the tissue [5], [62]–[64].  

In a suitable material, the rate of absorption should be limited or at least known. Predicting the 

level of absorption in an OoC is not an easy task, as absorption depends on several factors such as 

medium concentration, fluid velocity, channel size, temperature, experimentation time and diffusion 

coefficient for the specific drug for the specific material [63]. Due to the influence of these many 

factors, it is challenging to establish a quantitative value for drug absorption.  

Absorption is more pronounced in microfluidic devices because of their size. As the size of 

channels becomes smaller, the surface-to-volume ratio increases and thus the effect of surface 

properties increases [39], [65], stressing the importance of finding a material with reduced absorption 

properties.  

 

4.2.1 Experimental Design 
 

Based on existing literature on material absorption, I developed an absorption test to characterize 

and compare the polymers tested in this thesis. To measure the absorbance, a fluorescent dye was 

added to the material, incubated to promote absorption, removed and then the fluorescent intensity 

remaining in the material was measured as an indicator of absorption.  

 

According to Nianzen Li et al., several dyes can be used to test absorption as they mimic chemical 

characteristics of commonly used drugs [66]. Characteristics such as molecular weight, 

hydrophobicity, hydrogen-bond donor atoms and sum of nitrogen and oxygen atoms that affect the 

absorption of the compound [66]. Besides the compound itself, the properties of the substrate also 

affect the absorption. Because PDMS is hydrophobic, and has a porous structure, these drug-like 

compounds penetrate into PDMS. Many variables need to be taken into account when performing an 

absorption test, for example, as reported in the literature, the diffusion rate of the molecules within 

the solution, the characteristics of the dye dissolved in a solvent and the possibly changed 

characteristics of this same dye once absorbed in a material. According to Nianzen Li et al. and 

Toepke et al. and Beebe and Brewer et al., Nile Red can be used as the fluorescent dye for such kind 

of studies [62], [66]–[68]. Nianzen et al. do note that the emission spectrum of Nile Red changes in 

non-polar environment, which is the case once it is absorbed by PDMS, and therefore the solution 

concentration in the well in relation to the concentration within the material cannot be quantified 

based on imaging. The fluorescence of the Nile Red dye in the experiment thus needs to be measured 

only within the material after absorption, which indicates an absorbed amount of molecules, but this 

amount cannot exactly be quantified based on the solution concentration. Nile Red was readily 

available and ordered from Sigma Aldrich (mw 318.37).  

The intention of the developed absorption test was to mimic the experiment of Toepke et al., 

where 1 μM solution of Nile Red in dimethyl sulfoxide (DMSO) was put in a microchannel and 

incubated for 1 minute, and then rinsed with DI water. They made multiple images on different time-

points by adding dye to the same channel repeatedly, incrementally increasing the incubation time. 

The cross-section of the channel showed an absorption halo from the edge of the channel into the 

material. More papers confirmed they used a solution of Nile red in pure DMSO, or after dissolving 

in DMSO it was again diluted in phosphor buffered saline. The concentrations of Nile red used in 



39 

 

pure DMSO was 1 μM. Incubation time differed between one minute and 90 minutes. Based on the 

images of Toepke et al., of incubation of 2 minutes and 6 minutes, and the solution in Yao et al., a 3 

minute incubation period was chosen for a 1 μg/mL concentration [67]. The absorption reached over 

100 μm in the Toepke experiment, so we expected a result on the same scale. Many experiments in 

literature were done over time, however we decided to only measure one time-point in our experiment 

to first check whether the set up would work at all. 

 

4.2.2 Absorption Test 
 

The experimental setup was as follows. Membranes from the polymer, about 70 to 80 μm-thick, 

were cut in squares of 1 by 1 centimetre. A hole with a diameter of 5 mm was punched in the middle 

using a biopsy needle (Figure 41a). 60 μl Nile Red, dissolved in DMSO at 1 μg/mL, was added to the 

hole, incubated for three minutes and subsequently removed and flushed with DI water (Figure 41b 

and c). A Nikon Eclipse Ti inverted fluorescent microscope with A1R confocal module was used to 

image the edge of the hole, as shown in Figure 41d. The test was performed on one sample each of 

PDMS, Ostemer 324, Ostemer 220 and PDMS+. The layer thickness of the materials were 70.8 ± 1.8 

μm (800 rpm, 50 sec), 76.1 ± 0.1 μm (500 rpm, 60 sec), 78.8 ± 2.0 (300 rpm 30 sec) and 73.2 ± 2.1μm 

(750 rpm, 30 sec) respectively. The absorption test was executed by Dr. J. Capoulade. 

 

Surprisingly, Ostemer 324 and Ostemer 220 were affected by the dye or solution and crumbled 

and dissolved, making them unsuitable for imaging. The material safety data sheet (MSDS) for 

Ostemer 324 indicates resistance against DMSO [37], the MSDS for Ostemer 220 does not mention 

it under resistant chemicals [38]. After contacting the company (Mercene Labs) they confirmed that 

indeed Ostemer 324 does partly absorb DMSO in the material matrix and that this information 

should be corrected in the data sheet. PDMS and PDMS+ could be tested and imaged without 

problems.  

Of both samples (PDMS and PDMS+), 3 images where made on different locations along the 

edge of the hole. Of each sample, 3 images where taken. Each image is a stack of 31 to 40 images 

covering the material sample from bottom to top. I averaged these stack images, resulting in a single 

image of the average intensity of fluorescence within the material indicated by the grey value (Figure 

42). Images of PDMS and PDMS+ showed the expected pattern of absorption into the material as 

predicted in Figure 41. The images show a high intensity of fluorescence at the edge of the material, 

with a reduction in intensity along the x axis (towards the right in the image). The images were 

analysed using ImageJ software.  

Figure 41: Schematic representation of absorption test. (a) Polymer membrane sample with hole punched in the middle. (b) 60 μl dye 

is added for 3 minutes. (c) Dye is removed leaving the laterally absorbed molecules within the material. (d) Expected result taken as 

a stacked image with a confocal fluorescent microscope.  
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From the averaged images, which were rotated until the material edge was straight, in the y axis, 

the cross-section was plotted to show a fluorescence intensity profile along the x axis, indicative of 

the profile of absorption from the edge of the hole inwards into the material along in the xz plane. 

Figure 43 and Figure 44 show individual measurements of the profile as well as their average. The 

maxima of the graphs are aligned on the arbitrarily chosen 100μm point. The data as well as the 

images are normalized based on the background fluorescence of the area without material (grey value 

of 50). The plots were made from a rectangular selection (see Appendix E), which results in a column 

average plot, where the x-axis of the graph is the horizontal distance of the selection and the y-axis 

of the graph shows the averaged pixel intensity indicative of the fluorescent intensity along the z axis 

of the sample plane. Figure 45 shows both averaged measurements for PDMS and PDMS+ including 

the standard deviation.  

 

 

The measurements for PDMS+ are more consistent compared to the measurements for PDMS. 

The range of values for the PDMS measurements are quite large, and can possibly be explained by a 

tilt of the sample or tilt of the dye droplet within the well or by a different handling between the 

samples. Based on the averaged measurements, the maximum value of intensity is higher for PDMS 

(68.5 ± 28.9 grey value) than for PDMS+ (38.6 ± 10.7 grey value). When we look at the absorbed 

distance along the x-axis, the graph returns to a grey value of 10 at 196.9 μm from the material edge 

for PDMS and at 123.0 μm from the edge for PDMS+. Further along the x-axis, and thus deeper for 

the molecules into the material, the fluorescent intensity gets closer together for both materials. At  

Figure 42: Z-axis projection of each image stack of the averaged fluorescent intensity (grey value). Three measurements for PDMS 

and three for PDMS+. Including an optical image of the corresponding material edge.  

PDMS 1 PDMS 2 PDMS 3 

PDMS+ 2 PDMS+ 3 PDMS+ 1 
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200 μm distance from the edge of the material, 

intensity in PDMS is at 9.6 ± 3.9, while in PDMS+ 

at 4.3 ± 1.1. The distance travelled by the absorbed 

molecules, appears to be larger for PDMS than for 

PDMS+. The intensity does not return to the 

starting value outside of the material, within the 

measurement frame. Overall the absorption pattern 

is quite similar. The measurements for PDMS+ 

slightly overlap the standard deviation range of the 

PDMS measurements (Figure 45). The scale of 

these values compare well to the range of values 

from Toepke et al. at a 2 to 6 minute incubation 

time. 

 

An error that can be expected in the experiment is the droplet of dye leaking underneath the 

sample, or even on top of the sample and thereby altering the intensity profile. To check whether this 

happened, the z-axis profile of the samples was plotted (Figure 46), and showed a larger intensity in 

the middle of the cross-section compared to the top and the bottom, confirming the dye did not leak. 

Figure 47 shows images of the sample cross-section of two separate measurements.  

 

Additional measurements 

could give more clarity on the 

differences between these 

materials. Furthermore it would be 

very interesting to obtain data of 

absorbance over time, as well as 

with different dyes to get a better 

view of the absorption of different 

drug-like compounds. Another 

interesting thing to see is what 

would happen to the absorption 

profile on longer exposure with the 

dye, or at higher or lower 

concentrations. Would the absorption reach deeper into the material, would the intensity increase or 

both. Likely there is a saturation point of absorption where an equilibrium between the solution and 

the material is reached. Future testing with a different solvent could give an indication of absorption 

for Ostemer 324 and Ostemer 220. 

Figure 43: Three separate measurements of grey value for 

PDMS and the average of these three measurements.  
Figure 44: Three separate measurements of grey value for 

PDMS+ and the average of these three measurements.  

Figure 45: Averaged measurements of PDMS and PDMS+ 

with their corresponding standard deviation.  

Figure 46: Z-axis profile of fluorescent intensity for the cross-section of PDMS 

and PDMS+. 
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The current test was successful for PDMS and PDMS+. PDMS and PDMS+ could, based on their 

material composition, be expected to have similar results. However the data does show that the dye 

is absorbed deeper into PDMS and with a higher intensity, compared to PDMS+. This difference 

could be related to the reduced speed of hydrophobic recovery that was seen in the PDMS+ material 

after plasma treatment, caused by the additional component or possibly be caused by the increased 

stiffness of the material. 

  

Conclusion 
Reduced absorption of small molecules by PDMS+ could indicate that, at least for a drug 

compounds with similar properties on which the Nile Red dye was selected, absorption of drugs 

molecules is less pronounced compared to PDMS. This can improve testing data of drug 

concentrations in PDMS based OoC platforms.  

 

 

 

 

  

80 μm 80 μm 

 
0 

 
0 

PDMS 2 PDMS+ 2 

Figure 47: Cross-section (zx plane) of two individual absorption measurements for PDMS and PDMS+. The cross-section shows the 

diffusion pattern of absorbed Nile red molecules in the x direction.  
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5  Discussion 
 

The current standard for OoC substrate materials is PDMS. PDMS has many beneficial properties 

such as biocompatibility, transparency, elasticity and easy prototyping. The main disadvantages of 

PDMS are its hydrophobicity (reducing cell attachment and cell proliferation), quick hydrophobic 

recovery (within a few hours) after surface modification and absorption of small molecules, altering 

drug concentration during testing or causing cross-contamination between channels.  
 

Ostemer 324 is a promising alternative material. The results of fabrication testing show the off-

stoichiometric material can be easily spin coated and cured on both Teflon and SiO2 coated silicon 

wafers. UV light quickly cures the material, however the additional thermal curing time is 2.5x longer 

compared to PDMS. Moulding an engineered heart platform turned out to be challenging due to the 

viscosity of the uncured material and pour adhesion with the mould, but was successful for a few 

platforms. An additional moulding test where a solvent such as isopropanol is added to the initial 

Ostemer mixture might make the material less viscous and could potentially improve the moulding 

process. In such a test we need to make sure that the isopropanol is completely removed at the end of 

curing and see whether this affected any of the other properties such as stiffness, wettability and 

biocompatibility.  

A degassing test to determine compatibility with processing under vacuum unfortunately showed 

the material is only compatible for thin layers (9.1 μm-thick). Slightly thicker layers (18.8 μm) 

already need over an hour to degas in vacuum before the processing parameter is met. After degassing, 

the processing was performed: etching of Ostemer 324 was successful and resulted in sharp and fully 

etched holes (600 μm and 4 μm in diameter) through the polymer layer.  

The material is 5x stiffer (5.2 MPa) than PDMS (1.1 MPa), which is not necessarily a problem 

depending on the OoC application. Differences between the measured stiffness and data from the 

company data sheet can be explained by the sensitivity of the material to its mixing ratio and curing 

procedure. Curing time of less than 60 seconds was tested and showed no differences. Interesting 

would be to see how longer curing times, as well as a higher UV light intensity will affect the material.  

Ostemer 324 is almost as transparent as PDMS (92% vs 94% transparency in the visible range) 

and thus compatible for visualization techniques. The transparency of Ostemer 324 does drop to 85% 

in the UV spectrum range. It is biocompatible in terms of toxicity, cell attachment and cell 

proliferation. Ostemer 324 showed a larger confluence in a direct cell seeding test for both plasma 

and non-plasma treated samples (85-95%) compared to the best PDMS condition (plasma, 50-60% 

confluence). Its increased biocompatibility is very promising. Additional, more quantifiable testing 

is needed to confirm whether Ostemer 324 is indeed a better cell substrate than PDMS. It would also 

be interesting to see the interaction of cells in actual OoC platforms such as the EHT platform. Such 

a test combines the effect of the material surface, hydrophobicity and stiffness on cell adhesion, 

proliferation and maturation.  

Absorption of small molecules is less compared to PDMS according to literature. Our test for 

small molecule absorption unfortunately failed for Ostemer 324 due to unexpected incompatibility 

with the used solvent DMSO. Additional testing with a suitable solvent will show a better comparison 

to PDMS. The gas permeability is reported to be less than in PDMS, which in the case of the EHT 

platform is not a problem, but could be in other types of designs that include membranes or 

microchannels. Finally, current costs of Ostemer 324 is about twice as much as PDMS.  

The main advantage of Ostemer 324 is its hydrophilicity (CA of 62.2 ± 3.6°) and long window 

of hydrophobic recovery of 2 to 3 weeks, providing additional preparation time for samples before 

and during testing. Interesting would be to see whether a possibly stiffer material from longer/more 

intense UV curing will affect the rate of hydrophobic recovery. Optimization of the plasma treatment 

could reduce the initially reduced contact angle even more as well as elongate the hydrophobic 

recovery.  
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Ostemer 220 performed less well than Ostemer 324, and less well than PDMS. Spin coating the 

material was already problematic due to poor adhesion between the material and Teflon coated wafers. 

A new method using an additional photoresist layer between the silicon wafer and polymer made it 

possible to obtain loose membrane samples by dissolving the photoresist after curing. Curing the 

material is very quick as it only takes 60 seconds UV curing without additional thermal curing. 

Moulding the material into engineered heart platforms failed, as due to the poor adherence of the 

material the platforms in the mould were only partially formed. From the complete mould, only 3 

individual micro-pillars were formed and 2 separate wells.  

The degassing test was more successful compared to Ostemer 324, but less compared to PDMS. 

A 12.8 μm layer of cured polymer passed the test immediately. The next thickness tested of 78.8μm 

failed. Additional testing is needed to find a more precise thickness limit for vacuum processing. 

Etching the material was successful, with the same procedure as PDMS, sharp round holes were 

formed and fully etched trough the material.  

The uniaxial tensile test showed a similar stiffness (1.4 MPa) compared to PDMS (1.1 MPa). The 

obtained Young’s modulus form the nanoindentation test was in the same range (1.15 ± 1.24 MPa), 

however due to the poorly formed pillars these measurements have a large variability and can 

therefore not give a solid indication for the pillar stiffness.  

Optical transparency of Ostemer 220 (90%) was close to PDMS (94%) and similar to Ostemer 

324 (92%) in the visible spectrum, showing compatibility for imaging.  

During the biocompatibility testing Ostemer 220 showed inconsistent results. The first indirect 

biocompatibility test with conditioned culture medium indicated biocompatibility of the material. The 

first direct cell seeding test could not be visualized due to thickness of the material. However, the 

repeated biocompatibility tests with thinner samples both failed (conditioned medium and direct cell 

seeding) as a large amount of cells died. The only difference between the first and second round, and 

therefore the most likely explanation for failure is the use of photoresist and isopropanol in the method 

to obtain loose membrane samples affecting the material and or cells.  

Ostemer 220 is unfortunately not very chemically resistant, for example its incompatibility with 

DMSO caused it to dissolve during the small molecule absorption test. DMSO is also an often used 

solution in biological applications and is therefore the incompatibility is a great disadvantage. The 

material is also twice as expensive as PDMS.  

Besides the quick curing time, the main advantage of the material is its hydrophilicity (68.3° 

contact angle). Also the hydrophobic recovery rate is about 5 days and therefore slower than PDMS. 

The tested plasma treatments were not optimized, but a 3 minute treatment at 20 Watts showed a large 

reduction to a contact angle of 18.3°.  

 

PDMS+ performed very well compared to PDMS. Besides having to mix the additional 

component, spinning and curing the material is the same as for PDMS. Moulding the material went 

without any problems. The thickest tested layer of 175.6 μm passed the degassing test immediately 

showing compatibility for processing under vacuum conditions. The initial surface wettability is 

similar to PDMS (105.8° contact angle). After surface oxidation with plasma treatment, the contact 

angle reduces drastically, again comparable to PDMS. After many similarities, this is where PDMS+ 

becomes different and improved, as the hydrophobic recovery is about five times longer compared to 

PDMS. This is consistent with the intention of the modification to improve cell adhesion and cell 

proliferation. Within the biocompatibility test, the PDMS+ material performed better than PDMS. 48 

hours after direct cell seeding, the confluence for PDMS plasma was about 50-60%, while PDMS+ 

showed a confluence of 85-90%. The non-plasma treated PDMS only showed a 5-10% confluence 

while PDMS+ again showed a much higher 70-75% confluence. This means that PDMS+ is better 

for cell adhesion and proliferation in non-plasma treated condition compared to the current standard 

of PDMS in plasma-treated condition. PDMS+ in plasma condition is comparable to Ostemer 324 in 

both plasma and non-plasma treatment.  
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The material was twice as stiff (2.3 MPa) as PDMS, explained by the increased time and 

temperature of the thermal curing process. The optical transparency was the same (94%). Interestingly, 

besides the improved hydrophobic recovery also the absorption of small molecules appeared to be 

reduced compared to non-modified PDMS. The measurements of fluorescent intensity of the 

absorbed Nile Red dye into the material were very consistent. The maximum intensity value was 

lower for PDMS+ compared to PDMS (38.6 vs 68.5 grey value). The distance of absorption into the 

material was shorter as well (123.0 μm PDMS+, 196.9 μm PDMS). Additional and more extensive 

absorption testing are needed to confirm these results. The measurements for PDMS showed quite a 

large variability, the measurements were only performed on one sample and on one time point. 

Interesting to know would be the stability of the PDMS+ mixture and whether these beneficial 

properties in terms of hydrophobicity and biocompatibility remain in aged samples as well. 
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6 Conclusion 
 

Based on testing of important material properties, Ostemer 324 and PDMS+ are potential 

alternative materials to PDMS for organ-on-chip applications. Table 13 shows a scoring of the tested 

properties for each material from 1 (poor) to 5 (beneficial). For PDMS+ many of the characteristics 

are the same as PDMS, the hydrophobic recovery is improved and the absorption is reduced. Ostemer 

324 is a very good candidate as well. A few minor disadvantages are the longer curing times and 

difficulty in moulding. The main advantage is its reduced hydrophobicity and longer window of 

hydrophilicity due to reduced hydrophobic recovery rate, which in my opinion weighs strongly 

against these disadvantages, depending on whether the slightly stiffer material is suitable for the 

desired cells.  

 
Table 13: Scoring of the material properties for each material from 1 to 5. Poor (1) till 5 being suitable (5) for OoC application 

based on measurements and processing in this thesis.  

Property  PDMS  Ostemer 324  Ostemer 220  PDMS+  

Spin-coating  5  5  1  5  

Curing  4  3  5  4  

Moulding  4  1  1  5  

Degassing  4  2  3  4  

Etching  4  4  4  4  

Wettability  1  5  4  3  

Stiffness  4  3  4  4  

Transparency  5  5  5  5  

Biocompatibility  4  5  2  5  

Absorption  2  No result  No result  3  

Total  37  33  29  42  

 

 

6.1 Future Testing  
 

Based on the literature review, Flexaspin and Fluorolink AD1700 were very promising materials. 

I recommend future testing to include these materials, to see whether they can live up to their 

expectations on paper.  

Theoretically the stiffness of the Ostemers can be adjusted by altering the mixing ratio of the 

hardener and the base. Additional testing with adjusted mixing ratios is needed to quantify the 

material stiffness. Longer UV curing time and even more importantly the effect of UV light intensity 

on the curing of Ostemer 324 and Ostemer 220 is also an interesting parameter to change and see its 

effect on material stiffness and possibly other properties. Durability testing of moving membranes 

could be tested as well.  

Moulding of the Ostemers was challenging. Increased viscosity and reduced adherence to the 

mould resulted in problems for degassing of the trapped air bubbles from the mould. Additional 

testing could include diluting the materials with a solvent such as isopropanol, or using a different 

surface coating for the mould. During this thesis double PDMS moulding was considered. First, 

mould the PDMS on an etched silicon wafer. Then, cover this moulded PDMS with a non-adhesive 
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layer. Then use the moulded PDMS as a negative mould to create a PDMS mould from which the 

Ostemers could then be moulded. We did not perform this as the Teflon coated mould already 

improved adhesion between Ostemer 324 and the mould. Covering the PDMS mould with silane 

would likely not improve on the adhesion either. A flexible mould might improve on removing 

trapped air.  

With regards to the surface modification by plasma treatment, the treatment parameters can be 

optimized for each material. Furthermore, wettability of the material surface can be tested under 

different conditions. For the current tests, the samples were stored in air. Additional tests could check 

wettability after storing the samples in water or liquids resembling culture medium and possibly 

include checking wettability of a sample after cell culture.  

More extensive transparency testing should be performed to check the effects of auto 

fluorescence and absorption of light by the materials.  

Biocompatibility testing can be extended by performing life-dead staining assays on the tested 

samples to create more accurately quantifiable results. The next step could be to culture cells in the 

moulded EHT platforms to check their proliferation and maturation. Additional testing with Ostemer 

220 should confirm whether or not the material is indeed biocompatible or not. Other biocompatibility 

parameters such as thrombogenicity, immunogenicity and effect on gene modification is needed for 

more extensive biocompatibility results. Another interesting test could be a sheer stress test on cell 

adhesion, where a sheer fluid flow is applied to cells seeded on the materials to quantify their 

attachment. Different wettability conditions for each sample can quantify the optimal surface contact 

angle for cell attachment.  

My designed absorption test showed to be a partially successful setup. Additional absorption 

testing with a different solvent can include results for Ostemer 324 and Ostemer 220. To expand on 

the test, we recommend testing multiple dyes (e.g. rhodamine B) and measure the absorbance over 

time. These tests can provide more comprehensive data and can check whether there is a point of 

saturation as well as verify the current results. More complex testing is needed to quantify absorbed 

concentrations of compounds.  

Other properties to be tested for the materials is the gas permeability, specifically oxygen 

permeability as it is needed to supply cells with oxygen when using moulded micro-channels. A setup 

where the material membrane separates a chamber into two parts, where the oxygen can be removed 

from one side, while remaining in the other can be used. Over time, if the material is gas permeable, 

oxygen levels should restore in the initially oxygen-free chamber. Additional chemical compatibility 

testing is need for example for DMSO and other solvents used often in biomedical and OoC 

applications to see whether and how they affect the materials. 

Eventually the materials can be applied to other OoC platform designs to test whether they are 

suitable for components such as micro-channels, moving membranes or incorporation of sensors.  
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Appendix A: Literature Review Chapter 5 

5 Material Overview 
 

Based on all the criteria mentioned in chapter 4, the most suitable type of materials for OoC 

application are polymers. Polymers can be classified in elastomers, thermosets and thermoplastics 

[53]. Elastomers are crosslinked polymers chains that can be stretched and compressed and afterwards 

return to their original shape [53]. PDMS is the most famous example [69]. Thermosets, such as SU-

9 photoresist and polyamide, crosslink upon heating or radiation exposure. Their shape after the 

crosslinking cannot be reversed [40]. The polymers in this category are often resistant to solvents and 

optically transparent. The third category is thermoplastics. Examples are PMMA, PC, polystyrene, 

polyethylene terephthalate (PET) and polyvinyl chloride (PVC). These polymers can be reshaped 

after they are initially cured, by reheating the material. Thermoplastics have better solvent 

compatibility than PDMS, but are incompatible with most organic solvents such as ketones. 

Thermoplastics are non-gas permeable and very rigid [53]. Another group of polymers are per-

fluorinated polymers, such as perfluoro-alkoxy and fluorinated ethylene-propylene (Teflon PFA and 

FEP). These are inert to chemicals and solvents, optically transparent, soft and moderately permeable 

to gases. Specific polymers and their properties will be discussed in the next chapter. The upcoming 

paragraphs will specify the properties of an optimal material for OoC.  

In this section, a list of materials and their properties will be discussed, starting with PDMS, 

followed by several alternatives. At the end of the section, table 1, 2 and 3 present a summary of the 

data collected in this literature review.  

 

 

1. Elastomer 
 

1.1 Material: PDMS 
PDMS is a crosslinked polymer composed of hydrophobic dimethyl siloxane oligomers. The 

backbone of the PDMS polymer chain consists of silicon-oxygen-silicon bonds [70]. PDMS is 

produced by mixing a base with a curing agent in a ratio of for example 10:1 [71]. Commercially 

available types of PDMS are Sylgard 184 and SE 1700 [71]. Sylgard 184 is the most used silicone in 

OoC [72]. 

PDMS has many advantages in the biomedical field. It is biocompatible, transparent, relatively 

cheap, easy to use, moldable, non-toxic, stable over a wide temperature range and flexible [5], [73]–

[75]. The material can be used to create a small number of devices and prototypes. It can also bind to 

glass, plastic and to itself [24]. 

Unfortunately, PDMS also has a number of important disadvantages. Different kinds of drugs 

are soluble in the PDMS material [62]. Moreover, residual un-crosslinked oligomers may leach into 

the culture medium from the material and incorporate into the cell membrane [24], [26], [76]. This 

absorption is one of the main disadvantages of PDMS and should be taken into account when 

performing experiments with the material [76]. Furthermore, PDMS is incompatible with organic 

solvents, and has limited surface stability after modification, because the surface hydrophobicity 

recovers over time [26], [77], [75]. The hydrophobicity of PDMS prevents direct cell adhesion and 

therefore needs surface treatment or coating [78].  

 

 

 



55 

 

PDMS has a high transparency and has a small amount of auto fluorescence [79], [64]. The 

fluorescence is small enough not to affect conventional microscopy imaging [80].  

PDMS is well suited for rapid prototyping, however it is not suitable for mass production due to 

low speed of casting and curing processes [65]. Possible production methods are replica molding, low 

cost membrane integrated microfluidic system fabrication [36], patterning with soft lithography [62], 

spinning and photo patterning through a mask [70]. High throughput production methods such as 

injection molding, rolling and embossing are less suitable for PDMS [24]. 

Oxygen and carbon dioxide can diffuse freely through PDMS [53], [62], [80]. This is a beneficial 

characteristic that allows it to easily supply cells with oxygen and remove the carbon dioxide without 

needing a perfusion system [64]. 

PDMS can bind to itself, as well as to silicon substrates by simple surface activation. The strong 

adhesion makes it possible to use the device under high pressure, as well as high temperature due to 

its temperature resistance [79]. PDMS binds to itself after plasma-oxygen treatment [80]. Cell 

adhesion to PDMS is very poor, unless surface modifications or coatings are applied to make the 

surface hydrophilic [71].  

PDMS absorbs organic solvents, evaporates water and both absorbs and adsorbs hydrophobic 

molecules [62], [80]. Depending on channel size and layer thickness, PDMS can absorb a significant 

amount of the tested drug and therefore greatly alter the concentration of the solution inside the 

channel. The effect can be a factor 100 difference between the initial inserted concentration into the 

channel and the resulting concentration inside the same channel after partial absorption by the 

material [62]. This is relevant to take into account when you want to determine the proper dosage of 

medicine, for toxicity and function [61]. 

PDMS has a hydrophobic surface, due to methyl groups present in the material [71], [81]. Plasma 

treatment can remove the methyl groups and make the surface more hydrophilic [81]. However, 

PDMS has the issue of hydrophobic recovery. This is caused by migration of uncured oligomers from 

the bulk material towards the surface [27], [50]. The shelf live is very short, therefore the most 

accurate experimentation is done around one hour after preparation of the PDMS [26].  

Due to its flexibility, PDMS can be used as a membrane or in pumping mechanisms that mimic 

mechanical movement of the naturally surrounding tissue such as in the lungs or heart [5], [50]. 

Moduli of the material are in the order of 1 MPa, depending on mixing ratio of the cross linker agent, 

curing temperature and baking time [72], [81].  

Examples of feature sizes made with PDMS are 15 μm thick membranes and micro pillars with 

a height of 151 μm [15], [53], [82]. 

 

1.2 Material: Perfluoropolyethers (PFPE)  
PFPE is a carbon based polyether also classified as a silicone, which is liquid at room temperature 

and can be photo cured. The polyether contains no hydrogens, is fluorinated, and is similar to liquid 

Teflon [80]. Some properties are: low surface energy, low modulus (3.9 MPa), high gas permeability, 

low toxicity and moreover, it is extremely chemically resistant [78], [80], [75], [83], [84]. The 

material is soft with elastomeric behavior [75]. It is transparent and can be patterned with 

photolithography, replica molding and spin coating. It is hydrophobic and is appropriate for small 

feature and pillar production [75], [83], [85], [86]. 

 

1.3 Material: Liquid silicone rubber 
Not much information is available as liquid silicone rubber (LSR) is not yet widely used for 

organ on chip application. Some properties include thermal stability, oxidation resistance, low 

temperature flexibility, low production cost [87] and biocompatibility [88]. LSR can be produced 

with injection, extrusion and compression molding [88]. Furthermore it absorbs only 1% of moisture 

after long exposure to water [88] and is suitable for submicron features and 50-100μm channels [87]. 
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2. Thermoplastic 
 

2.1 Material: COC/COP 
Cyclic olefin polymer (COP) is a thermoplastic polymer [61], [65]. It is commercially 

available as Apel, Arton, Topas, Zeonex and Zeonor and it can be bought in pellet form, in solution 

or in sheets [89].  

COP has high chemical resistance, low water absorption, good optical transparency in the near 

UV range of 250 nm, and has a high gas permeability [90]. The transparency results in high quality 

fluorescent imaging. It is highly resistant to chemicals and polar solvents such as methanol [89]. 

However, COP has poor chemical resistance in non-polar organic, aromatic and hydrocarbon solvents 

such as toluene and hexane [69], [90], [91], [89].  

COP can be produced with micro milling, hot embossing, injection molding or nanoimprint 

lithography [61]. In nanoimprint lithography the material is spin coated for example on silicon or 

glass [89] and then baked. Then UV photolithography is used with electron beam lithography and 

deep reactive ion etching to transfer a resist pattern [89].  

COP can be bonded with thermal bonding, preferably with material with slightly different 

glass transition temperature [89]. Plasma activation can improve bonding strength. It has less drug 

absorption than in PDMS and smaller drug penetration [61]. The depth of penetration of drugs is only 

100-300 nm into the surface compared to 5000 nm for PDMS [89]. 

The water contact angle is between 94 and 136 degrees meaning the material is hydrophobic 

[55], [89]. Oxygen plasma, UV ozone and chemical coating treatments are possible to modify the 

material surface. Oxygen plasma reduces the water contact angle to 7 degrees, low pressure plasma 

to 39 degrees and ozone to 49 degrees [89]. The hydrophobic recovery is slower than in PDMS. The 

water contact angle has been reported to be maintained at least for 4 weeks [28]. The feature size 

made with spin coating and plasma etching is on a 7 μm film and resulted in pillars of 4.4 μm wide, 

4.9 μm high and a distance between pillars of 1.6 μm [89].  

When COP is made from more than one kind of monomer it is a cyclic olefin copolymer 

(COC) [89]. COC is a thermoplastic polymer, commercially named: Topax or Zeonex/Zeonor [28]. 

It is hydrophobic, less porous than PDMS, does not significantly absorb water vapor and is 

biocompatible [80]. It does dissolve in organic solvents [69], [80]. Yet has chemical resistance to 

polar solvents such as acetone, methanol, and has a low melting point [39]. High quantity production 

is possible at reasonable pricing [26]. An advantage is that it has no oligomer leaking into the culture 

medium [32]. 

 

3. SEBS 
 

SEBS stands for styrene ethylene/butylene styrene block copolymer [77] and is based on 

styrene ethylene butylene styrene which is a synthetic thermoplastic elastomer [65], [77]. SEBS is a 

general term, many compositions of this material exist. Multiple companies make such a compound, 

such as Flexdym, Versaflex CL30, Zeonor 1060R, Kraton MD6945, Kraton G1657 and Mediprene 

500422 [65], [77]. SEBS is a biphasic material, which has combined properties of glassy 

thermoplastics and soft elastomers. This combination makes it possible that the rubbery material can 

be processed as a thermoplastic [92]. It is a single macromolecule with thermoplastic segments and 

rubbery segments covalently bonded [92]. 

Other properties of SEBS include low cost, transparency, biocompatibility and flexibility [92]. 

SEBS resists absorption of small hydrophobic molecules. Bonding between SEBS layers or with cells 

does not require plasma treatments of the surface [65]. Moreover, it is suitable for rapid prototyping 

using existing methods such as soft lithography, melt extrusion, hot embossing, solvent casting and 

injection molding [65], [77], [92]. The general wettability is a contact angle of around 97 degrees. 
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Feature sizes that have been made are a 25μm thick membrane and structures with a height of 30μm 

[93]. Two specific examples of SEBS are discussed next.  

 

3.1 Material: Flexdym 
Flexdym is a thermoplastic elastomer which falls under the SEBS category. The material is 

optically transparent, as clear as PDMS [94]–[96]. It is flexible (stretches up to a factor 7) and adheres 

to other materials. Flexdym can be used with hot embossing or extrusion moulding [94]–[96]. 

Lachaux et al. used a proprietary solution based Flexdym, from Eden microfluidics, and created a 

film with spin coating. The film thickness ranged from 5 μm to 28 μm depending on the solution used 

and rotation speed [95]. A channel of 20μm width has been produced, indicating the possible feature 

size [95]. Oxygen permeability and hydrophobic molecule absorption are less than for PDMS [94], 

[96]. Flexdym is biocompatible and hydrophilic after plasma treatment for at least 7 days [95]. The 

contact angle with water is 88°-100° before treatment, and 20° after treatment. The stiffness of the 

material is 1.15 MPa [96].  

The solution based compound for spin coating is not yet commercially available. Questions 

remain regarding the adhesion with silicon and the effect of oxygen permeability on cells. The main 

advantage is the reduced absorption of hydrophobic molecules.  

 

3.2 Material: Versaflex CL30 
Versaflex is another SEBS polymer, composed of di-block and triblock copolymer types [77]. 

Versaflex can be treated with plasma oxidation and has a high level of transparency in UV and visible 

range, slightly less transparent than PDMS [97]. It has 50% transmittance at 295 nm [77]. Moreover, 

it can be produced by hot embossing and injection moulding [98]. The surface is hydrophobic, with 

a water contact angle of 106°. After plasma treatment, the angle is 65°. 2 weeks after plasma treatment 

the contact angels settle to 79° [77]. Finally, it is stretchable with viscoelastic properties [77]. 

 

4. Thermoset 
 

4.1 Material: OSTEMER 
An OSTEMER is a UV curable, thermoset, off stoichiometric thiol-ene polymer [30], [31]. 

OSTEMER is made by combining 2 monomers, one with thiol active groups and the other with allyl 

functional groups [29]. When the thiol and allyl groups are balanced, the material is stoichiometric 

[29]. In an off-stoichiometric mixture, one of the monomers is in excess, with functional groups of 

either the allyl or thiol remaining (Figure A1). By adjusting the allyl and thiol concentration, the final 

material stiffness can be adjusted [34]. This ranges from MPa to GPa, more specifically in a young’s 

modulus range of about 250-1740 MPa [29], [34]. 

By applying surface modifications, and thus changing the surface density of active thiol 

groups, the surface can be modified to become stable (longer than 3 months) hydrophilic [29], [35].  

The material has a chemical resistance comparable to Teflon and less swelling than PDMS [34]. It is 

solvent resistant and has low shrinkage stress. Furthermore, it is biocompatible and it bonds to 

different materials without surface treatment [99]. OSTEMER has very good binding properties, as 

it can directly covalently bind to other materials and to itself, without the need of techniques that use 

high pressure and heat that thereby could deform the material [32]. In terms of optical properties, 

OSTEMER is transparent, has acceptable auto fluorescence and light absorption only below a 

wavelength of 380 nm [36]. 
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The material can be deposited and patterned with 

many techniques, such as photo-patternable surface 

modification, low temperature dry bonding [34], casting, 

surface grafting, bonding/sealing, dicing [34], direct 

lithography [100], dry etching, soft lithography and 

injection moulding [36], [30]. Specifically, the deposition of 

OSTEMER 322, is performed by initiating curing with UV 

light, to trigger polymerization between allyl and thiol 

monomers. The elastic modulus is 3.2 MPa at this point. 

Curing is then thermally continued, increasing the bonding 

and creating a stiff material with a 2.3 GPa modulus [36]. 

An interesting property is that OSTEMER 322 is an 

oxygen scavenging material. OSTEMER can be used to 

control oxygen concentration in the tissue and thus culture 

cells under reduced oxygen concentration [31], [29],[101]. The material has low water vapuor 

permeability, 0.15 g mm-1 per 24 h per m2 [36]. Water absorption and oxygen permeability are very 

low compared to PDMS [29]. Finally, The material does not absorb other molecules and there is no 

oligomer leaking into the culture medium [32], [33]. 

 

 

 

 

 

 

 

 

 

  

Figure A1: Concept of stoichiometric and off 

stoichiometric materials [29]. 
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5. Overview 
 

Table A1 summarizes the properties of the materials discussed above and compares them to 

PDMS. Table A2 specifically summarizes which production methods are available for which 

materials. Finally, in Table A3 the data of each material and property is shown.  
 

 PDMS PFPE COP/ 

COC 

LSR SEBS Flexdym Versaflex 

CL30 

Ostemer 

(322) 

Production ~ + + + + + + + 
Absorption - + + + + + + + 
Wettability - - + - + + + + 
Casting + + + + + + - + 
Transparency + + + + + + + + 
Chemical compatibility - + + + + ?  + 
Adhesion + + + +  ?  + 
Min. feature size + + + + + + + + 
Stiffness + + ~ + + + + + 
Gas permeability + + +  - - - - 
Cost + - + + + + + - 

 

 

 
 

 PDMS PFPE COP/ 

COC 

LSR SEBS Flexdym Versaflex 

CL30 

Ostemer 

Soft lithography + + ~ + + + + + 

Spin coating + + [75] - [89]   + [95] -  

Photolithography + + [75] +      

Hot embossing ~  + + + + +  

Injection molding ~  + + + + + + 

Etching +  +  +   + 

Table A1: Advantageous and disadvantageous material properties of PDMS in the first column. The other materials 

have their material properties indicated as better/equal or worse than PDMS. 

Table A2: Production methods suitable for each material. 
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Table A3: Summary of material properties. 
 PDMS PFPE COP/COC LSR SEBS FLexdyn Versaflex CL30 Ostemer (322) 
Transparency High transparency [79], 

small fluorescence [80] 

Low refractive index [83] 

Extremely transparent [85], 

[96] 

 

Optical transparency from 

300 to 1200 nm range. Auto 

fluorescence higher than 

PDMS [89] 

 

Transparent: [102] 

 

More than 85% transmission 

throughout the entire 400-

800 nm visible spectrum. 

Transparent, clear as PDMS 

[95], [96] 

 

High level of transparency in 

UV and visible range. 

Slightly less transparent than 

PDMS. 50% transmittance at 

295 nm [77] 

Acceptable autofluoresence, 

transparent in visible region 

[29], [36]. 

Production methods Rapid prototyping, not mass 

production. soft lithography 

patterning, molding spin 

coating. 

Uv lithography, replica 

moling, photolithography 

[85]. Spin coated + 

photopolymerization [75]. 

 

Micromilling, hot embossing 

and solvent bonding [61] 

injection molding and 

nanoimprint lithography 

[89]. 

 

Injection molding, extrusion, 

compression molding, 

curing, casting, soft 

lithography [87], [88], [103], 

[104]. 

 

Soft thermoplastic 

lithography, melt extrusion, 

injection molding and 

casting [77], [92], [105]. 

 

Hot embossing, extrusion 

molding, spin coating. [94], 

[96]. 

 

Hot embossing [97]. 

 

Photopatternable, direct 

lithography, soft lithography, 

injection molding [36], [34], 

[104].  

Spin coating  Possible. Possible [75]. Spin coated and baking [89]. 

 

  Proprietary [95].   

Gas permeability Freely permeable [62],  

Diffusion coefficient 

oxygen: 2000 to 4000μm^2 

/s [26]. 

Water vapor permeability is 

1000-6000 μm^2/s [26].  

Oxygen permeability: 563.5 

Barrer [46]. 

High gas permeability [84]. High gas permeability [90] . 

 

 Gas permeability 

coefficients 20 to 400 times 

lower than PDMS [65], [93]. 

 

Less than PDMS [94]. 

 

 Oxygen scavenging material 

[31]. 

Adhesion Binds to itself.  bonded with thermal 

bonding [89]. Plasma 

activation can improve 

bonding strength.  

 

  Unknown to silicon. 

 

 Binds to itself and other 

materials without surface 

modification [33]. 

Absorption Absorbs organic solvents 

and small hydrophobic 

molecules [61]. 

Lower than PDMS [83]. Lower than PDMS, smaller 

drug penetration [61] only 

100-300 nm into the surface 

compared to 5000nm for 

PDMS. Low water 

absorption [89]. 

1% moisture absorption after 

long exposure [88]. 

Lower than PDMS [65]. Lower than PDMS [94]. 

 

Lower than PDMS [65]. 90% lower vapor 

permeability than PDMS: 

0.15 g mm-1 per 24 h per 

m^2 [29], [36]. 25 times 

lower absorption or organic 

molecules than PDMS [33]. 

Wettability (water contact 

angle) 

Sylgart 184: 104.3° degrees, 

30.5° after oxygen plasma 

treatment [65]. 

 

 

Hydrophobic, 114° [83]. Hydrophobic, 90° [89]. leaking of oligomers [87]. 

Hydrophobic [88].  

Kration G1643, and G1645 

97° and 98°. After treatment 

78° and 71°. Hydrophobic 

recovery over the course of a 

few days [106]. 

88°-104°. After treatment: 
20° for at least 7 days [95], 

[96]. 

 

Hydrophobic, 96.3° [65]. 

 

Hydrophilic, between 60° 

and 80° [29]. 

 

Stiffness (young’s 

modulus) 

Sylgard 184: 0.8 MPa [34].  

0.5 – 3 MPa [29]. 

 

3.9 – 9.4MPa [75]. 2.4 GPa [55] 

Around 1600 to 3400 MPa. 

[89] 

 

0.5 to 3.5 MPa [102]. 

 

 

Kraton G1643, 13.34 MPa.  

 

1.15 MPa [96]. 

 

Stretchable [77], 

Viscoelastic properties [77]. 

 

3.2 MPa to 2.3 GPa [36]. 

Tunable stiffness, 250 to 

1740 MPa [34]. 

Ostemer 322 – 1000 MPa, 

Ostemer 324 – 28 MPa, [29]. 

Feature size 151 μm pillar, 15μm 

membrane [15], [82]. 50 nm 

features [107].  

100 nm [75]. 7μm film, pillars of 4.4μm 

wide, 4.9μm high and a 

distance between pillars of 

1.6μm [89].  

8μm features, 50-100μm 

channels [87]. 

30 μm thick membrane 

(kraton G1645) [65]. 

25μm thick membrane, 

30μm feature height [93]. 

Film 5-28 μm. 20 μm 

channels [95]. 

 

 200 μm cross sectional 

channel [30]. layer 50 μm, 

45 μm high channel [36]. 

Cost $95 per kg at 20-kg kit of 

Sylgard 184 [65]. 

 

Cost: 20-40/kg. Comparable 

or higher than PDMS [108], 

[109]. 

Lower than PDMS [109].  9 times less expensive than 

PDMS [65]. $11 per kg for a 

23kg bag of Kraton G1643 

[65]. 

 Low cost: $5/Kg [77]. Cost is twice as much as 

PDMS bulk price [36]. 

 

Chemical compatibility Not resistant to organic 

solvents [109]. 

Resistant to organic solvents 

[109]. 

Resistant to organic solvents 

[109]. 

Excellent solvent 

compatibility. 

 

Solvent resistant [105]. 

 

  Resistant to organic solvents 

and acids [109]. 

Reusable No [32]. No [32]. Yes [32].  Yes [64]. 

 

  Yes [32]. 
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Appendix B: Injection Moulding 
 

PDMS is a widely used material, but not yet suitable for large scale production. The possibility 

of using it in injection moulding could greatly improve the scale of production, as well as the 

reproducibility of the products. This chapter discusses a separate project to the previous material 

characterisation. The goal of this project is to see whether PDMS can be produced on larger scale 

using the technique of injection moulding. This project is in collaboration with Besi, a developer of 

equipment and assembly processes for a wide range of applications, including electronics.  

 

Design 
Three moulds were designed to fit together. The PDMS was injected in between two of the three 

moulds to create the designed pattern. The end product was checked to compare to the design, to see 

if the production was successful. 

 

The company provided the first mask, what will be indicated as the top mould. The 

accompanying two moulds were designed according to the pattern on the top mould, a six by six 

matrix of cells. Each cell is 1x1cm in size and has a different design in terms of thickness and shapes 

of pillars and holes. Our design consisted of two moulds, the wafer mould and the photoresist mould. 

The wafer mould is a wafer with etched holes made in six-fold. The other mould, the photoresist 

mould, is a wafer with a patterned layer of photoresist on top, also made six-fold. Each wafer was cut 

into a square shape. Injection moulding of PDMS (Sylgard-182) was performed with the top mould 

in combination with a dummy wafer, with the wafer mould and with the photoresist mould.  

Figure 49 shows the schematic top view of the three moulds combined. The faded cells do not 

correspond to cells on our design and hence are marked as not relevant. Figure 48 shows the actual 

three moulds. 

 

During the production of the photoresist mould by photolithography, the pillars of cells 2.5, 5.5 

and 6.4 turned out to be too small and where partly washed off during the production process. Of the 

six photoresist moulds, half of cell 2.5 remains. Two cells of 5.5 and Two of 6.4. Production of the 

wafer mould by deep reactive ion etching was successful.  

 

Injection Moulding 
Injection moulding of an unprocessed wafer (dummy wafer) in combination with the top mould 

was successful (Figure 50a). The figure shows the dummy wafer and a layer of PDMS patterned by 

the top mould. Processing the wafer mould in combination with the top mould failed, as the wafer 

shattered under the pressure of the clamp. The etched holes possibly compromise the structural 

integrity of the wafer mould.  

Processing the photoresist mould in the injection moulding machine also shattered the photoresist 

mould. Figure 50b and Figure 51 show the resulting shattered photoresist wafer mould with a layer 

of PDMS on top. The topside of the PDMS layer shows the pattern of the top mould. It appears the 

photoresist structures react with the PDMS, resulting in poor curing of the material. It is unclear what 

exactly causes this reaction.  

 

Initial results show formation of micron scale structures appears possible using injection 

moulding for PDMS. Further investigation and testing is required to improve on the clamping 

procedure to prevent breaking the mould, to improve PDMS curing on the photoresist interface and 

to visualize the cross-section of the resulting structures to see whether they are properly formed. The 

resulting cross-section can be compared with Figure 52, which shows a schematic cross-section of 

the planned design for each cell.   
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Figure 49: Schematic combined design of 3 moulds used in the injection moulding experiment. Top mould, photoresist mould and 

wafer mould. The wafer mould and photoresist mould are in actuality not used at the same time.  

(a) (b) (c) 

Figure 48: The three moulds used in the Besi experiment. (a) Besi top mould. (b) Wafer mould. (c) Photoresist mould.  
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Figure 50: (a) Injection moulded PDMS on a flat silicon wafer visualizing the pattern of the top mould. (b) Injection moulded PDMS 

on the photoresist wafer mould, visualizing the pattern of the top mould. The wafer shattered under the pressure of the procedure. 

PDMS cured poorly on the photoresist structures. A schematic cross-section is included for both samples.  

Figure 51: Close up images of (a) photoresist mould, (b and c) photoresist mould with a patterned layer of injection moulded PDMS.  

(a) (b) 

(c) 

5mm 5mm 

5mm 

(a) (b) 

5mm 5mm 
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Figure 52: Illustration of combined mould design as presented in Figure 49 with the corresponding designed cross-section for each cell. The top view is to scale where the scale bar indicates 5 

mm. The illustrated cross sections are to scale where the scale bar indicates 300 μm. 

300μm 

5mm 
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Appendix C: SEM of Aluminium on Polymer 
  

Figure 53 shows the wrinkle pattern of a 250nm aluminium layer sputtered on top of a polymer 

layer as a result of material deformation during the sputtering process, explained in Section 2.1.3.2.  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 53: 250nm Aluminium sputtered on top of a polymer layer imaged by scanning electron microscopy at 2000x and 20.000x 

magnification. (a-b) 9.1μm layer Ostemer 324, (c-d) 6.7μm layer of Ostemer 220 and (e-f) 10.7μm layer PDMS+. 

(a) (b) 

(c) (d) 

(e) (f) 
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Appendix D: Biocompatibility Testing 
 

Table 14 and Table 15 show an overview of both biocompatibility tests for round 1 and round 

2 of testing as described in chapter4.1.1.3 and 4.1.1.4. Additional images are shown in figure x. 

 

Table 14: Test 1: Conditioned Medium: overview of conditioned medium test round 1 and round 2.  

  Round 1  Round 2 

Step     

1 Disinfection of the samples in 70% ethanol 10 mins   10 mins 

2 Rinsing of the samples in DI water 10 mins  10 mins 

3 Plasma treatment on half of the samples 3 mins 20 watt  6 mins 20 watt 

4 Preparation of endothelial cells    

5a Material sample incubation in cell medium 1h, 24h  24-48h 

5b Cell seeding 96 well plate until confluency 48-72h  48-72h 

6 
Culture medium replaced with conditioned 

medium in 96 well plate 
48h  48h 

7 Imaged at 0h, 24h, 48h  24h, 48h 

 

 

Table 15: Test 2: Direct Cell Seeding: overview of direct cell seeding test round 1 and round 2.  

  Round 1  Round 2 

Step     

1 Disinfection of the samples in 70% ethanol 10 mins   10 mins 

2 Rinsing of the samples in DI water 10 mins  10 mins 

3 Plasma treatment on half of the samples 3 mins 20 watt  6 mins 20 watt 

4 Preparation of endothelial cells    

5 Cell seeding on material surface 24h  48h 

6 Culture medium replaced  -  Every 24h 

7 Imaged at 1h, 24h  24h, 48h 
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1.1: Biocompatibility: Conditioned Medium 

PDMS non plasma 

Ostemer 324 non plasma 

Ostemer 220 non plasma 

PDMS plasma 

Ostemer 324 plasma 

Ostemer 220 plasma 

Control 
Figure 54: Conditioned medium biocompatibility test 

round 1. Brightfield imaging at 4x magnification of 

human dermal microvascular endothelial cells 

seeded in a 96 well plate with growth medium until 

confluency (48-72h). Then the growth medium was 

replaced with conditioned medium from the test 

samples (24h conditioning). Images taken 48h after 

addition of conditioned medium. The control was 

performed with unconditioned medium. PDMS, 

Ostemer 324 and PDMS+ show confluence. Ostemer 

220 shows a large amount  of dead cells.  

 

100 μm 
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1.2: Biocompatibility: Direct Cell Seeding (at 24h) 

PDMS non plasma 

Ostemer 324 non plasma 

Ostemer 220 non plasma 

PDMS plasma 

Ostemer 324 plasma 

Ostemer 220 plasma 

Figure 55: Round 1 of testing direct cell seeding on three materials. The sample for Ostemer 220 could not be 

imaged due to the thickness of the material. PDMS and Ostemer 324 show cell confluence.  

100 μm 
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2.1: Biocompatibility: Conditioned medium (at 48h) 

PDMS plasma 

Ostemer 324 plasma 

PDMS non plasma 

Ostemer 324 non plasma 

Ostemer 220 plasma 

PDMS+ non plasma PDMS+ plasma 

Ostemer 220 non plasma 

Control 

Control 

Control 

Control 

Figure 56: Conditioned medium biocompatibility test round 2. Brightfield imaging at 4x magnification of human dermal 

microvascular endothelial cells seeded in a 96 well plate with growth medium until confluency (48-72h). Then the growth medium 

was replaced with conditioned medium from the test samples. Images taken 48h after addition of conditioned medium. The control 

was performed with unconditioned medium. PDMS, Ostemer 324 and PDMS+ show confluence. Ostemer 220 shows a large amount  

of dead cells.  
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2.2: Biocompatibility: Direct Cell Seeding (at 24h) 

PDMS plasma 

50-60% 

Ostemer 324 plasma 

70-85% 
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0% 

PDMS+ non plasma 

50-60% 

Figure 57 Brightfield imaging at 4x magnification of the second round of testing human dermal microvascular 

endothelial cells seeded directly on polymer membranes of PDMS, Ostemer 324, Ostemer 220 and PDMS+, 24 

hours after seeding. Confluence indicated in percentage. 

100 μm 



71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PDMS non plasma 
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Ostemer 324 non plasma 
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Ostemer 220 non plasma 
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Figure 58: Brightfield imaging at 4x magnification of the second round of testing human dermal microvascular 

endothelial cells seeded directly on polymer membranes of PDMS, Ostemer 324, Ostemer 220 and PDMS+, 48 

hours after seeding. Confluence indicated in percentage. 

2.2: Biocompatibility: Direct Cell Seeding (at 48h) 
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Appendix E: Selection Area Absorption Data 
 

 Figure 59 shows the rectangular selection from each averaged stack of images from which the 

column average intensity profile was determined as shown in 4.2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PDMS 1 PDMS 2 PDMS 3 

PDMS+ 2 PDMS+ 3 PDMS+ 1 

Figure 59: Z-axis projection of each image-stack of the averaged fluorescent intensity (grey value). Three measurements for PDMS 

and three for PDMS+. Including the rectangular selection from which the column average intensity profile was determined.  



 

 

 

  



 

 

 


