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Abstract 

Organ-on-Chip (OoC) systems culture human tissues in a controllable environment under 

microfluidic perfusion and enable a precise recapitulation of human physiology. Although 

recent studies demonstrate the potential of OoCs as alternative to traditional cell assays and 

animal models in drug development as well as personalized medicine, unmet challenges in 

device fabrication, parallelization and operation hinder their widespread application. In order 

to overcome these obstacles, this thesis focuses on the development of the Organ-on-a-Disc 

technology for the scalable generation and cultivation of microphysiological tissues. Organ-

Discs are fabricated using precise, rapid and scalable microfabrication techniques. They enable 

the pump- and tubing-free perfusion as well as the parallelized generation and culture of 

tailorable and functional microtissues using rotation-based operations. The Organ-Disc setup is 

suitable for versatile tissue readouts, treatments and even whole blood perfusion with minimal 

handling and equipment requirements. Overall, the Organ-Disc creates a scalable and user-

friendly platform technology for microphysiological tissue models and paves the way for their 

transition towards high-throughput systems. 

 

Kurzfassung 

In Organ-on-Chip (OoC)-Systemen werden menschliche Gewebe mittels mikrofluidischer 

Versorgung in einer kontrollierten Umgebung kultiviert und so die Physiologie des Menschen 

nachgebildet. Obwohl aktuelle Studien zeigen, dass dieser Ansatz Alternativen zu 

herkömmlichen Zellbasierten Tests und Tiermodellen in der Arzneimittelentwicklung und der 

personalisierten Medizin bietet, stehen einer breiteren Anwendung Hürden im Bereich der 

Herstellung, Parallelisierung und Handhabung im Weg. Deshalb ist das Ziel dieser Arbeit die 

Entwicklung der Organ-on-a-Disc-Technologie, die eine skalierbare Erzeugung und Kultur von 

mikrophysiologischen Geweben ermöglicht. Für die Herstellung von der Organ-Disc kommen 

präzise, schnelle und skalierbare Mikrofabrikationsmethoden zum Einsatz. Die Organ-Disc 

schafft die Basis für die parallelisierte Erzeugung und Kultur von maßgeschneiderten und 

funktionellen Mikrogeweben, sowie deren Versorgung durch rotationsbasierte Prozesse und 

ohne zur Hilfenahme von Pumpen oder Schläuchen. Die Organ-Disc eignet sich für 

unterschiedliche Charakterisierungsmethoden sowie der Gewebestimulation und sogar der 

Vollblutperfusion mit minimalem Aufwand und Equipment. Insgesamt stellt die Organ-Disc 

eine skalierbare und benutzerfreundliche Plattformtechnologie für mikrophysiologische 

Modelle dar und bereitet den Weg für Hochdurchsatzanwendungen. 
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1 Introduction 

It is widely accepted that the overall pharmaceutical research and development (R&D) 

efficiency is declining, which results in steadily rising drug development costs. From 1950-

2010, the amount of drugs approved by the Food and Drug Administration per development 

expenses has halved approx. every nine years [1]. Scannel et al. named this observation 

“Eroom’s law”, which reads “Moore’s law” backwards, to emphasize the opposite development 

progress compared to the microchip industry [1]. In recent years, the estimated total R&D costs 

per new drug have reached the range of 2.5 billion USD (United States dollar) [2], while the 

number of approved drugs remained on a relatively stable level for several decades [3]. 

In order to increase the productivity of the overall drug development process, a more stringent 

filtering of drug candidates in preclinical phases has been demanded in order to avoid 

unsuccessful drug candidates from entering the later and more expansive clinical phases [4]. 

However, an overall ‘fail early and fail cheap’ approach requires the right tools for decision 

making during preclinical phases. The low predictive power of current preclinical testing is 

drastically demonstrated by an overall success rate of a drug candidate entering the clinical 

phases to obtain a final approval below 12% [2]. Thereby, the reasons for failure in the clinical 

phases 2 and 3, which hence become visible during human testing, are primarily associated to 

efficacy and safety concerns [5]. This emphasizes that traditional preclinical models, such as 

cell assays and animal models, fail frequently to predict the effect of drugs in humans and to 

sufficiently filter unsafe drug candidates. Overall, this begs the question if there aren’t new 

preclinical tools that could perform better and allow for a more efficient as well as safer drug 

development process.  

Organ-on-Chip (OoC) technology offers a potential solution to this and targets a more precise 

recapitulation of human physiology as well as a reduction, up to the point of replacement, of 

ethically problematic animal testing [6]. OoCs are microfluidic systems that allow for the 

generation and culture of microtissues in a controllable, tissue-specific microenvironment with 

precisely tunable microfluidic perfusion. A variety of OoC systems have been developed in 

recent years and led to a continuously growing portfolio of physiologic models of various 

human tissues or organs [7]. These advances generate a new tool box for preclinical testing with 

higher predictive value compared to traditional cell culture or animal models, which has been 

successfully demonstrated in a number of proof-of-concept studies [7, 8]. Estimates from 

experts in the field of drug research and development predict that OoC can help to reduce 

development costs by up to 26% [9]. Unsurprisingly, OoC has gained increasing attention not 
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only from academy but also from industry, which resulted in the emergence of several start-ups 

commercializing OoC systems in the last decade [10].  

Nevertheless, the widespread application of OoC by pharma companies has yet to come [11]. 

One major drawback of current OoC systems is their low-throughput character compared to 

conventional cell assays [12]. Though the field of OoC has started the transition towards higher-

throughput applications, current efforts rely frequently on comparable concepts hence share the 

same limitations. Several factors limiting the throughput of current OoC systems can be 

identified, such as elaborate chip fabrication, low degrees of parallelization as well as manual 

and time-consuming operation steps [13].  

A role model for parallelization and automation in microfluidic research are centrifugal, 

microfluidic systems or Lab-on-a-Disc (LoD) devices. LoD systems achieve high levels of 

parallelization and automation by utilizing centrifugal unit operations that rely primarily on 

rotation of a microfluidic device with a rotationally symmetric channel layout [14]. Different 

to other high-throughput concepts trying to recreate microfluidic equivalents to electronic 

integrated circuits [15, 16], LoD technology provides a pump- and tubing-free approach. So far, 

LoD devices were mainly developed as analytical systems targeting, for instance, biomedical 

diagnostic applications [14, 17, 18]. Yet, LoD systems have been shown to be able to conduct 

essential unit operations of OoC approaches, such as cell transport and fluid actuation [19, 20].  

In order to pave the way towards high-throughput OoC applications, the focus of this thesis is 

the development of the so-called Organ-on-a-Disc technology. Organ-Discs combine aspects 

of centrifugal microfluidics, tissue engineering and OoC in order to create a novel platform 

technology for OoC systems. They enable the generation and culture of tailorable tissue 

structures under precisely tunable perfusion by utilizing user-friendly, rotation-based processes. 

The Organ-Disc concept allows for 1) the utilization of scalable chip fabrication techniques, 

2) pump- and tubing-free perfusion in single-pass as well as closed-loop configuration, 3) the 

parallelized formation of both three-dimensional (3D) microtissues and perfusable blood 

vessel-like tissues, 4) the compatibility to multiple characterization techniques demonstrating 

tissue functionality and even 5) the integrated perfusion of human whole blood. Overall, the 

Organ-Disc technology builds a versatile and powerful basis for the further progress of OoC 

research towards higher-throughput applications by transferring OoC models ‘on-disc’.  
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2 Background 

 

2.1 Fluid Dynamics 

The theoretical discourse about fluid dynamics in the following sections, unless otherwise 

specified, is based on the derivations of Henrik Bruus [21]. It is important to emphasize that the 

following sections will only focus on Newtonian fluids with a constant, dynamic viscosity η 

that are incompressible, hence feature a constant density ρ. Thereby, the following theoretical 

discourse is limited to the fluid dynamics relevant for the fluid actuation utilized in this thesis. 

 

2.1.1 Flow Equations 

The conservation of mass in classical mechanics results in the continuity equation. The 

continuity equation for a fluid describes that the fluid mass in a set region can only vary by 

mass flux across the boundary of that region. In the case of an incompressible fluid with 

ρ = constant and a flow velocity field �⃗� , the continuity equation is 

 ∇ ∙ �⃗� = 0 . (2.1) 

If transferred into Cartesian coordinates (x, y, z) and using the abbreviation ∂iX ≡ ∂X / ∂i, the 

continuity equation can be written as 

 ∂x𝑢x + ∂y𝑢y + ∂z𝑢z = 0 . (2.2) 

The momentum of a fluid inside a set region can vary by flux of momentum, such as convection, 

and through forces acting on the fluid. The individual forces can either act on the fluid surface, 

such as pressure and viscosity forces, or on the fluid volume, such as gravitational, electric or 

magnetic forces. Both the conservation of fluid mass and the rate of change in momentum in a 

fluid can be combined to an equation describing the fluid motion, the so-called Navier-Stokes 

equations. The Navier-Stokes equations in the form of 

 𝜌 [
𝜕�⃗� 

𝜕𝑡
+ (�⃗� ∙ ∇)�⃗� ] = −∇𝑝 + 𝜂∇2�⃗� + 𝑓  (2.3) 

describe an incompressible, Newtonian fluid with pressure p and external, volumetric forces 𝑓 . 
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The ratio of inertia to viscous forces in a fluid flowing through a channel is described by the 

dimensionless Reynolds number, 

 𝑅𝑒 =
𝜌𝑈0𝐿0
𝜂

 , (2.4) 

whereby U0 reflects a characteristic flow velocity of the fluid and L0 a characteristic channel 

dimension. For low Re, viscous forces dominate and the fluid flow is laminar (Figure 2.1 a). 

Laminar fluid flow occurs in parallel layers or streamlines without lateral transport. For high 

Re > Recrit the transition from laminar to turbulent flow occurs with flow perpendicular to the 

main flow direction and the formation of eddies (Figure 2.1 b). The reported values of Recrit, 

for instance, for perfused tubes range usually between 1,000-3,000 and are still focus of current 

research [22, 23]. 

 

 

Figure 2.1 Laminar and turbulent flow: a) Fluid flow with low Re is laminar with parallel 

streamlines. b) Fluid flow with high Re is turbulent with fluid transport perpendicular to the 

main flow direction and the formation of eddies. 

In microfluidic systems, the characteristic channel dimensions are in the µm to low mm range, 

which usually results in laminar fluid flow. Poiseuille, also called Hagen-Poiseuille flows, allow 

for an appropriate description of fluid flow in microfluidic systems. In principle, the theory of 

Poiseuille flows originates from studies on perfused tubes. However, Poiseuille flows can be 

further generalized to laminar, steady-state fluid flow through a channel with constant cross-

section C and rigid, channel walls ∂C, driven by a constant pressure gradient Δp across the 

channel length L (Figure 2.2).  
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Figure 2.2 Generalized Poiseuille flow: Steady-state fluid flow through a channel with constant 

cross-section C and rigid, channel walls ∂C driven by a constant pressure gradient Δp present 

along the channel length L (x-direction). Overall, a translation invariant system in x-direction 

is generated with a fluid velocity field ux (y, z). Figure inspired by Ref. [21]. 

Overall, a translation invariant system along the channel length (x-direction) is present and the 

velocity field is simplified to 

 �⃗� = [
𝑢x(𝑦, 𝑧)
0
0

] . (2.5) 

The assumption that the fluid in direct contact to the channel wall moves with the same speed 

as the wall results in the no-slip boundary condition. Therefore, in a stationary channel the fluid 

speed at the channel wall is zero with 

 𝑢x(𝑦, 𝑧) = 0,   for (𝑦, 𝑧) ∈ 𝜕𝐶. (2.6) 

In the absence of external, body forces, the Navier-Stokes equation is hence simplified to 

 𝜌 [
𝜕�⃗� 

𝜕𝑡⏟
=0

+ (�⃗� ∙ ∇)�⃗� ⏟    
= 0

] = −∇𝑝 + 𝜂∇2�⃗� + 𝑓 ⏟
=0

 (2.7) 

 0 =
∆𝑝

𝐿
+ 𝜂[∂y

2𝑢x(𝑦, 𝑧) + ∂z
2𝑢x(𝑦, 𝑧)] ,   for (𝑦, 𝑧) ∈ 𝐶 . (2.8) 

The solutions for ux (y, z) depend on the channel cross-section and are well-known for several 

geometries: 

• cylindrical pipes with radius r 

 

𝑢x(𝑦, 𝑧) =
Δ𝑝

4𝜂𝐿
(𝑟2 − 𝑦2 − 𝑧2) ,   for 𝑦2 + 𝑧2 ≤ 𝑟2 (2.9) 
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• infinite parallel-plate channels with distance H  

 

𝑢x(𝑧) =
Δ𝑝

2𝜂𝐿
(𝐻 − 𝑧)𝑧 ,   for 0 ≤ 𝑧 ≤ 𝐻 (2.10) 

• rectangular channel cross-sections with distance H, width W and H < W (derived by a 

Fourier series transformation [21]) 

 

𝑢x(𝑦, 𝑧) =
4H2Δ𝑝

𝜋3𝜂𝐿
∑

1

𝑛3
[1 −

cosh (𝑛𝜋
𝑦
𝐻)

cosh (𝑛𝜋
𝑊
2𝐻)

] sin (𝑛𝜋
𝑧

𝐻
)

∞

𝑛,odd

 , 

for −
1

2
𝑊 ≤ 𝑦 ≤

1

2
𝑊,   0 ≤ 𝑧 ≤ 𝐻 . 

(2.11) 

 

2.1.2 Hydraulic Resistance 

Once a solution is found for ux (y, z), the volumetric flow rate Q through the channel with cross-

section C can be calculated using 

 𝑄 =  ∫ 𝑢x(𝑦, 𝑧) 𝑑𝑦 𝑑𝑧
𝐶

 . (2.12) 

An important aspect of Poiseuille flows is that a constant pressure drop Δp results in a constant 

volumetric flow rate Q. According to the so-called Hagen-Poiseuille law, in a cylindrical pipe 

with radius r, a linear relationship between Δp and Q with 

 𝑄 =
𝜋𝑟4

8𝜂𝐿
∆𝑝 (2.13) 

exists. Thereby, the hydraulic resistance Rhyd can be defined as proportionality factor between 

Δp and Q with  

 𝑅hyd =
Δ𝑝

𝑄
 , (2.14) 

which resembles the fluidic equivalent to Ohm’s law for the relationship between electrical 

current through a conductor and the applied electrical potential across the conductor. 
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The hydraulic resistance can be formulated for several channel geometries: 

• cylindrical pipes with radius r 

 𝑅hyd,pipe =
8

𝜋
 
𝜂𝐿

𝑟4
 (2.15) 

• parallel-plate channels with distance H, width W and H < W (theoretically infinite plates 

without side walls) 

 𝑅hyd,plates = 12
𝜂𝐿

𝐻3𝑊
 (2.16) 

• rectangular channel cross-sections with distance H, width W and H < W 

 𝑅hyd,rect. =
12

1 −
192
𝜋5

𝐻
𝑊
∑

1
𝑛5

∞
𝑛,odd tanh (𝑛𝜋

𝑊
2𝐻)

𝜂𝐿

𝐻3𝑊
 , 

(2.17) 

which can be further simplified by using 

 𝑅hyd,rect. ≈
12

1 − 0.630
𝐻
𝑊

 
𝜂𝐿

𝐻3𝑊
 . 

(2.18) 

Equation (2.18) provides a suitable approximation for rectangular channels with H < W. The 

deviation is lower than 0.2% for channels with aspect ratios of H/W ≤ 0.5 [21]. 

 

2.1.3 Wall Shear Stress 

Many microfluidic systems culture cells directly on inner channel surfaces. These cells are 

exposed to fluid shear stress, the so-called wall shear stress (WSS). WSS effects on cells are 

frequently studied, for instance, in parallel-plate flow chambers. These systems are usually 

assumed to replicate infinite parallel plates without any influence from lateral side walls. The 

WSS τWSS is calculated with  

 

𝜏WSS = 𝜂
𝜕𝑢x(𝑦, 𝑧)

𝜕𝑧
 ,   for 𝑧 = 0 . (2.19) 

Using the velocity field ux (z) for parallel-plate flow from equation (2.10) and substituting the 

pressure gradient using equation (2.14) in combination with (2.16),  
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 𝜏WSS,plate =
6𝜂𝑄

𝐻2𝑊
 . (2.20) 

Besides parallel-plate flow, equation (2.20) provides a good estimate for the WSS in rectangular 

channels with side walls and low aspect ratios H/W. In principle, the WSS in rectangular 

channels varies along the channel width W in lateral direction (y-direction), as studied in detail 

in Ref. [24]. 

 

2.1.4 Centrifugal Microfluidics 

Centrifugal microfluidics relies primarily on rotation to actuate and manipulate fluid flows. In 

general, three distinct forces are present in a centrifugal platform spinning at an angular 

frequency �⃗⃗�  and act on a point-like body with mass m at a radial position 𝑟  [14]. These forces 

are (cf. Figure 2.3 a): 

• the centrifugal force 𝐹 𝑐 acting in radial outward direction: 

 𝐹 𝑐 = −𝑚�⃗⃗� × (�⃗⃗� × 𝑟 ) (2.21) 

• the Coriolis force 𝐹 𝐶𝑜  acting perpendicular to the rotation axis and the velocity of a 

moving object: 

 𝐹 𝐶𝑜 = −2𝑚�⃗⃗� × �⃗�  (2.22) 

• and the Euler force 𝐹 𝐸𝑢 acting perpendicular to 𝐹 𝑐 (zero for constant spinning speed): 

 𝐹 𝐸𝑢 = −𝑚
𝑑

𝑑𝑡
�⃗⃗� × 𝑟  . (2.23) 

These forces can be manipulated by the rotation velocity and acceleration as well as the channel 

design. For instance, centrifugal forces can be used for fluid or particle transport, whereas 

Coriolis and Euler forces allow for flow switching or mixing in centrifugal systems [14, 25].  

For the calculation of fluid flow due to centrifugation, the scalar pressure difference over a 

liquid column can be used [14]. The centrifugal pressure gradient is 

whereas r1 and r2 are the radial inner and outer edge of the liquid respectively (Figure 2.3 a). 

Additional scalar pressure gradients that can be present are hydrostatic pressure gradients  

 Δ𝑝𝑐 =
1

2
𝜌 ∙ 𝜔2(𝑟2

2 − 𝑟1
2) , (2.24) 
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due to standard gravity on earth g and a difference in height h of liquid columns in connected 

reservoirs (Figure 2.3 b), or pressure gradients due to capillary forces (Figure 2.3 c). The latter 

can, e.g., lead to pinning of a liquid at a diverging channel section. Considering a circular 

capillary with diameter D, the capillary pressure gradient is  

which is built up by a pinned droplet with contact angle θ from a liquid with surface tension σ 

[26]. Capillary pinning at a diverging channel section can be used for capillary burst valves 

counteracting, for instance, centrifugal pressure gradients. These valves retain fluid until a 

critical centrifugal pressure (or corresponding angular frequency) is reached that exceeds the 

maximum capillary pressure Δpv of the valve and the liquid can spread beyond the diverging 

section [27]. The exact value for Δpv depends on multiple aspects including channel fabrication 

methods and is usually hard to predict [28]. 

 

 

Figure 2.3 Forces and pressure gradients in centrifugal microfluidics: a) Forces acting on a fluid 

during rotation at an angular frequency ω. The centrifugal force Fc acts in radial direction 

outwards. The Coriolis force FCo acts perpendicular to ω and the velocity u of the fluid. The 

Euler force FEu acts perpendicular to Fc. Figure inspired by Ref. [14]. b) Hydrostatic pressure 

gradient Δph due to (earth) gravitational acceleration g and height difference h of liquid in 

connected reservoirs. c) Capillary pressure difference Δpcap due to pinning of liquid at a 

diverging channel section. 

  

 Δ𝑝ℎ = 𝜌 ∙ 𝑔 ∙ ℎ (2.25) 

 Δ𝑝𝑐𝑎𝑝 = −
4𝜎 ∙ cos θ

𝐷
 , (2.26) 
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2.2 Microfluidic Chip Fabrication 

In the field of microfluidic cell culture and OoC, the general fabrication process of microfluidic 

devices includes three main steps: 1) the selection of a suitable chip material, 2) the precise 

structuring of the channels into the material and, finally, 3) the tight connection of the individual 

layers to seal the chip and its channels. 

 

2.2.1 Chip Materials 

Over the last decades, polymers became the material of choice for microfluidic cell culture 

devices and displaced almost entirely silicon or glass as chip material [29]. The characteristics 

of polymers depend on their chemical structure, which leads to three main polymer groups [30, 

31]: 

• Thermoplastics are based on linear or branched polymer chains. They are usually 

amorphous (glass-like) or semi-crystalline with both crystalline and amorphous phases. 

Amorphous polymers or amorphous phases in semi-crystalline polymers change from a 

glassy to a soft, rubbery state above the glass transition temperature Tg and become 

steadily less viscous with increasing temperature. Crystalline phases melt above their 

melting temperature Tm, which is generally higher than Tg of the amorphous phases [31]. 

• Elastomers feature a low degree of cross-linking between polymer chains and allow for 

reversible deformation without permanent flow. The polymer network of elastomers can 

extend if stress is applied but returns into its original shape once stress is released again. 

Common types of elastomers feature a Tg below 0 °C hence are flexible at room 

temperature (RT) but are incapable of melting. 

• Thermosets feature a highly crosslinked polymer chain network. This structure limits 

polymer chain extension to a minimal amount and results in a rigid and highly stable 

material. Thermosets are as well incapable of melting and solely degrade at high 

temperatures.  

The most frequently applied material for microfluidic chips is the elastomer 

polydimethylsiloxane (PDMS) as it allows for a simple chip fabrication process (cf. sections 

2.2.2 and 2.2.3). After curing, PDMS features a low stiffness with an elastic modulus of 

1-3 MPa that simplifies subsequent fabrication steps, such as demolding or bonding of chip 

layers, but also enables the integration of flexible components into microfluidic systems [32]. 

Moreover, PDMS is popular in the field of microfluidics because of its high optical clarity 
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(transparent for wavelengths of 240-1100 nm) enabling optical readouts in microchannels [33]. 

PDMS has also a high permeability to several gases, such as oxygen and carbon dioxide [34, 

35], as well as to water vapor [36]. Further important aspects of PDMS are its tendency to 

absorb small, hydrophobic compounds [37] and the leaching of uncrosslinked oligomers from 

PDMS [38]. 

Compared to elastomers, thermoplastic materials are rigid and usually feature a Young’s 

modulus of approx. 2-3 GPa [39]. Polymethylmethacrylate (PMMA), polycarbonate (PC) or 

cyclic olefin copolymer (COC) are examples for popular thermoplastic materials in the field of 

microfluidics. These polymers usually feature a Tg of 70-155 °C, low water absorption, good 

chemical resistance and high optical transmittance [39, 40]. Further, important aspect of 

thermoplastics are their compatibility to mass production techniques, such as injection molding, 

and their lower material price compared to PDMS [41]. 

Thermosets are also used for microfluidic chips, however, to a much lower extend than PDMS 

or thermoplastics and mainly for chips requiring rather extreme pressure, solvent or temperature 

tolerances [42, 43]. Some examples are photocurable epoxy or polyimide [44], thermoset 

polyester [45], adhesives for optical applications [46] and off-stoichiometry thiol–ene–epoxy 

(OSTE(+), also called Ostemer) [47, 48]. 

An interesting material group that does not directly fall into one of these mentioned categories 

are thermoplastic elastomers (TPE) that combine characteristics of both elastomers and 

thermoplastics. Styrene block copolymers are an important subtype of TPE and ideally suited 

for biomedical applications as they achieve elasticity without the need for chemical crosslinkers 

[49]. Styrene–ethylene/butylene–styrene (SEBS) is a styrene block copolymer that has been 

used frequently for microfluidic chip fabrication [50–52]. SEBS consists of a soft, rubbery 

phase (ethylene/butylene segments) between hard phases (polystyrene blocks) and features two 

glass transition temperatures [53]. SEBS becomes elastic above the Tg of the soft segments 

(approx. -65 °C), comparable to the elasticity of PDMS, and starts to flow above the Tg of the 

polystyrene phase (approx. 90 °C) [51], which allows for shaping using the same techniques as 

for thermoplastics. 
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2.2.2 Microstructuring 

The general, polymer-based microstructuring process starts with the design of the microfluidic 

system (Figure 2.4). Whereas replication techniques, such as casting or embossing, require an 

intermediate master structure featuring the negative of the final, desired channel layout, 

subtractive and additive methods allow for the direct transfer of the design into the chip 

material. 

 

Figure 2.4 Polymer-based microstructuring: Replication techniques, such as casting or hot 

embossing, require an intermediate master fabrication step. Subtractive or additive 

manufacturing, such as cutting/engraving or 3D printing, allow for a direct transfer of the 

designed structures into the chip material. 

Casting, also called replica molding, is the standard structuring technique for elastomers, such 

as PDMS [54], but also for multiple thermoset materials [45, 46, 48]. It involves preparing of a 

prepolymer mixture, pouring it onto the master and curing of the prepolymer. After demolding, 

the microfluidic module features the negative structure profile of the initial master. In the case 

of PDMS replica molding, the master is most commonly fabricated by ultraviolet (UV) 

lithography using SU-8 photoresist. The fabrication of SU-8 microstructures is well-established 

and discussed in detail in Ref. [55]. 

In contrast to elastomers and thermosets, thermoplastics become soft and start to flow at high 

temperatures. This allows for shaping of a thermoplastic material by replication techniques, 

such as hot embossing. Thereby, the thermoplastic material is heated above its Tg and a master 

is pushed into the soft polymer, which generates a negative microstructure profile in the 

material [56]. After cooling, the polymer solidifies again and can be demolded from the master. 

Alternative replication techniques are injection molding, which involves pressing of a polymer 
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melt into a microstructured cavity [57], or thermoforming, which is achieved by 3D stretching 

of a thermoplastic film against a master [58]. Replication, for instance, by hot embossing [59] 

or injection molding [60], is as well possible for TPE materials as they melt and behave as 

thermoplastics at high temperatures. A general requirement of these replication techniques is, 

however, the availability of rigid and temperature stable masters due to the relatively high 

process temperatures and pressures. Those replication masters are commonly fabricated using 

epoxy resin [61–63], metal [64] or silicon [65].  

Subtractive or additive manufacturing provide a different structuring strategy and do not require 

an intermediate master. Subtractive manufacturing generates channels directly in the chip 

material by cutting or engraving. Frequently applied methods are micromilling [66], 

xurography with a cutting plotter [67] or laser structuring [68–70]. In contrast to the mechanical 

removal of material by milling or plotting, laser cutting relies on thermal and/or photochemical 

processes depending, for instance, on the laser source and the structured polymer [71]. 

Additive manufacturing or 3D printing is a relatively new technique for microfluidic chip 

fabrication. For instance, stereolithography (SLA) printing has gained attention in recent years 

and is based on layer-by-layer printing of a photocurable resin by localized light exposure [72]. 

Besides SLA, alternative printing techniques, such as multi jet modeling or fused deposition 

modeling, are being explored in the field of microfluidics [73].  

 

2.2.3 Bonding 

To assemble microfluidic platforms featuring enclosed channels and chambers, the individual 

microstructured layers have to be bonded together. PDMS devices are typically bonded via 

surface oxidation utilizing an oxygen plasma and bringing these surfaces into conformal contact 

to each other [54]. After an oxygen plasma treatment of a crosslinked PDMS surface, the 

amount of oxygen atoms is increased and the amount of carbon atoms is decreased [74]. It is 

further widely accepted that oxygen plasma results in the formation of silanol groups (-Si-OH) 

on the PDMS surface [75]. It is expected that the underlying bonding mechanism relies on a 

condensation reaction between silanol groups to covalent siloxane (-Si-O-Si-) bonds [54]. 

Plasma-activated PDMS can form stable bonds to another plasma-activated PDMS or glass 

surface [76, 77], or chemically modified thermoplastic substrates [78, 79]. 

Different to the well-established and relatively simple to perform PDMS bonding, the fusion of 

thermoplastic materials is usually more challenging. This has resulted in a wide spectrum of 
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bonding techniques for thermoplastic systems [40, 80]. Especially thermal fusion bonding and 

solvent bonding are popular in the field of microfluidics and provide a good compromise 

between the required equipment, the overall process time and scalability as well as the freedom 

in chip design and feature sizes [80]. Thermal fusion bonding relies on the interdiffusion of 

polymer chains across a contact interface of two thermoplastic substrates under the influence 

of pressure for intimate contact and heat for increasing the polymer chain mobility [81]. For 

sufficient mobility of the polymer chains, the work pieces have to be heated close or above their 

Tg, which bears the risk of channel distortion or collapse due to the accompanied softening of 

the polymer [40]. Solvent bonding or solvent welding similarly relies on the interdiffusion of 

polymer chains between two substrates but uses a suitable solvent for solvation of polymer 

chains [82, 40]. This results in the increase of chain mobility and leaves a permanent connection 

after interdiffusion and subsequent evaporation of the solvent [82]. However, solvent bonding 

can also result in channel distortion or collapse if the materials are over exposed to the solvent 

[40]. 

In comparison to the bonding of thermoplastic systems, TPE, such as SEBS, facilitates the 

connection of individual layers due to their self-adhesive properties. They enable a reversible 

bond between multiple SEBS layers or to other thermoplastic substrates and glass just by 

conformal contact at RT or a further improved, irreversible bonding when combined with a 

simple heating step [52, 83, 84].  
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3 State of the Art 

 

3.1 Cell Culture Systems 

Cell culture systems can be roughly categorized into static and dynamic cell culture systems 

whereas both configurations allow for the culture of two-dimensional (2D) and 3D cell 

structures. According to Berthier et al., static cell culture techniques in 2D can be traced back 

to the beginning of the 20th century, when Ross G. Harrison observed nerve fiber outgrowth 

from a frog embryo on a glass surface [32, 85]. Further important landmarks in the history of 

cell culture techniques are the development of aseptic culture techniques, the generation of 

immortalized cell lines, cryopreservation, and achievements in stem cell research [32]. Over 

the last decades cell culture became a tool for both basic research in biology but also for 

biotechnology applications, such as cell-based high throughput screening in drug discovery 

[12], or mass production of vaccines [86] and antibodies [87]. 

In 2D cell culture systems, cells form monolayers on flat surfaces, whereas 3D cell culture 

systems incorporate cells growing e.g. on scaffolds or densely packed in a spheroid [88]. In 

recent years, advances in the field of 3D cell culture techniques have pointed out that 2D 

systems lack important aspects of in vivo tissues, such as cell-to-cell and cell-to-extracellular 

matrix (ECM) interaction [89]. 

Both 2D and 3D systems are usually kept under static conditions and rely on periodic media 

exchanges for the supply of nutrients and the removal of waste products and metabolites. The 

relatively simple procedures in static cell culture workflows have resulted in automated cell 

culture equipment that allow for high-throughput cell expansion and maintenance [90, 91]. 

However, the lack of continuous fluid flow and convective transport in static cell culture results 

in poorly controlled, time dependent gradients between the supernatant and the cells and overall 

concentrations hence an uncontrolled microenvironment [92, 93].  

Therefore, novel cell culture technologies have been developed that add convective fluid flow 

for improved mass transport or targeted cell simulation, for instance, due to fluid forces. An 

example of perfused 2D culture systems are parallel-plate flow chambers that achieve defined 

fluid flow over a cell monolayer, which has enabled studies focusing on the effect of shear 

stress on endothelial cells [94]. An important tool for dynamic, 3D cell culture are bioreactors 

and their use in tissue engineering during cell expansion and maturation of 3D tissues for later 

diagnostic in vitro applications or implantation in humans [95]. Bioreactor designs are diverse 
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and range from flasks with elements for media agitation to continuously perfused columns and 

hollow fibers over to miniaturized, microfluidic bioreactors [96, 97].  

Thereby, microfluidic systems have gained interest as capable tools for cell culture applications 

with unique advantages compared to their macroscopic counterpart, among them precisely 

controllable, laminar fluid flows, generation of concentration gradients, more physiologic cell-

to-media ratios as well as high potential for scale-up [92, 93]. 

 

3.2 3D Tissue Generation in Microfluidic Systems 

It is generally accepted that standard 2D cell culture on hard glass or polymer surfaces lacks 

physiologic relevance and that 3D tissues represent better models of in vivo tissues and organs 

[89]. Several techniques have been established to generate more physiological 3D tissues and 

integrate them into a microfluidic system for improved control over the microenvironment of 

the tissue (Figure 3.1). 

3D tissues are frequently formed via injection of cell-laden hydrogels (mixtures of cells in 

hydrogels) into a microfluidic channel or cavity, followed by the gelation of the hydrogel 

(Figure 3.1 a). This technique allows for the self-assembly of cells into a 3D construct with 

structural support of the hydrogel scaffold. Cell-laden hydrogels are used, for instance, for the 

generation of cardiac tissue [98], white-adipose-tissue (WAT) [99], as well as liver and tumor 

tissues on-chip [100]. 

Bioprinting is another technique for the generation of 3D tissues from cell-laden hydrogels 

[101]. 3D printing a cell-laden hydrogel allows for a precise deposition and for the generation 

of a predefined scaffold geometry with embedded cells (Figure 3.1 b). Whereas many 

bioprinting applications aim at the fabrication of tissue or organ replacements for 

transplantation, some combinations of bioprinting and microfluidic systems have been 

presented as well [102]. The integration of bioprinted cell structures into microfluidic systems 

is achieved by either direct printing into channels or cavities [103], placing cell-seeded scaffolds 

into a microfluidic setup [104], or printing both the 3D cell construct and the surrounding chip 

parts [105]. 

An alternative scaffold-free tissue generation in the micrometer range is achieved by filtration 

of a cell suspension using a microchannel with porous channel wall [106–108]. The cell 

suspension is pumped in the channel, the cells retained by the porous barrier and the excess 
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media removed out of the filter structure (Figure 3.1 c). This has been applied, for instance, in 

systems emulating heart [106], or liver structures [107]. 

3D tissues can also be generated off-chip, for instance, using cell culture plates with low 

attachment surfaces preventing cell adhesion, thereby enabling the transformation of single 

cells into dense spheroids (Figure 3.1 d). These pre-formed cell aggregates can be transferred 

into microfluidic systems for subsequent perfused culture [109, 110]. This approach allows for 

the integration of off-chip generated organoids [111], as well as, the arrangement of multiple 

spheroids on-chip by using microfluidic trapping structures [112].  

Alternatively, spheroid formation and perfusion can be achieved in a single, microfluidic 

device, so-called hanging drop systems (Figure 3.1 e). In hanging drop systems, the spheroid 

can be formed directly at the liquid air interface of a stationary fluid drop that is stabilized by 

capillary forces [113].  
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Figure 3.1 3D tissue generation in microfluidic systems: a-b) Hydrogel-based 3D tissue 

generation by a) mixing cells with a hydrogel and injecting the cell-laden hydrogel into a chip 

or by b) bioprinting a cell-laden hydrogel into a pre-defined print geometry. c) Filtration-based 

cell loading for 3D structure formation by cell retention in front of pores and removal of the 

excess media. d) Off-chip spheroid generation and integration into a chip for perfusion. e) On-

chip spheroid generation and perfusion in hanging-drop system.  



State of the Art 

19 

3.3 Organ-on-Chip 

OoC systems culture human cells arranged into tissue or organ replicates under microfluidic 

perfusion and, thereby, aim at a more precise recapitulation of human physiology compared to 

traditional cell assays and animal models. A definition trying to cover all relevant aspects of an 

OoC device is as follows: 

An OoC system is “a fit-for-purpose microfluidic device, containing living engineered organ 

substructures in a controlled microenvironment, that recapitulates one or more aspects of the 

organ’s dynamics, functionality and (patho) physiological response in vivo under real-time 

monitoring [emphasis in original]”, as defined in Ref. [114, p. 651]. 

On the one hand, the definition highlights that the scope of OoC technology goes beyond the 

efficient culture of cells in a miniaturized or microfluidic system. On the other hand, it makes 

clear that OoC systems are not aiming at building real organs but try to replicate specific 

functions of an organ or tissue. Thereby, the degree of complexity is depending on the specific 

application or research question that an OoC system is designed for (Figure 3.2).  

The microfluidic chip allows for the control over the environment in which the tissue is 

embedded. The microfluidic channels in OoC systems, often in combination with porous 

membranes, aim at a recapitulation of a blood vessel including a vasculature-like perfusion of 

the tissue [115, 116]. Similarly, a popular barrier model uses a chip layout with two microfluidic 

channels sandwiching a porous membrane and 2D cell layers on both sides of the membrane 

[117, 118]. Cells and tissues in an OoC device can be stimulated in a targeted manner. Different 

substances or even cells can be transported through the chip [119]. Furthermore, OoC systems 

have the potential to exert controlled mechanical forces on a tissue [118, 120, 121]. Besides 

real-time monitoring by microscopy and off-chip analysis of the perfused media, OoC systems 

can be equipped with on-chip sensors for specific in situ readouts such as dissolved oxygen in 

the media [122]. 
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Figure 3.2 Elements of a fit-for-purpose OoC system: Different levels of complexity can be 

implemented on an OoC system, such as, the integration of a vasculature-like perfusion, the 

exertion of mechanical forces or the perfusion of substances for the targeted stimulation of cells 

and tissues. In addition to the optical readout of cells and tissues, the perfused media can be 

analyzed off-chip or with on-chip sensors. 

In general, OoCs combine achievements in microfluidic, cell-based research, cell biology and 

tissue engineering [7]. Thereby, the term organ-on-chip is usually attributed to the pioneer work 

of Donald E. Ingber and co-workers due to the famous lung-on-chip system from Huh et al. 

that demonstrated organ-level functions in a stretchable microfluidic device [118]. However, 

this systems shares similarities to an earlier microfluidic airway system from Huh et al. without 

mechanical actuation [123]. This demonstrates that the basis for OoC research origins from 

even earlier work. According to Zhang et al., it can be traced back to the early 1990s [7], with 

an in vitro system for the patterned growth of rat heart cells marking one of the earliest 

milestones [124].  

Other important devices paving the way of OoC were developed by Michael L. Shuler and co-

workers that achieved the connection of lung and liver cells by fabricating a microfluidic 

network with culture chambers in a silicon-based cell culture analogue [125, 126]. For instance, 

Viravaidya et al. demonstrated that their system is capable of replicating a physiologically 

based pharmacokinetics (PBPK) model showing the impact of toxin metabolites produced from 

liver cells in one of the chip compartments on lung cells embedded in another, connected 

chamber [125]. 
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A disruptive biologic discovery impacting OoC is the reprogramming of adult cells from mice 

or human into induced pluripotent stem cells (iPSC) [127, 128]. It has been shown that it is 

possible to generate iPSC from humans, for instance with different genetic diseases [129]. In 

combination with the recent development of differentiation protocols of iPSC into various 

single cell types or multi-cell type organoids, a basis is created for complex, patient-specific 

and disease-specific cell and tissue models [130, 131]. This technology has also found its way 

into OoC research and resulted, for instance, in OoC systems integrating cardiomyocytes [106], 

or retinal organoids [111] both derived from human iPSC. An alternative way for the 

personalization of OoC systems is the integration of adult cells directly from patient-derived 

biopsies. Recent examples are the integration of white adipocytes from skin biopsies in a WAT 

chip [99], or lung epithelial cells from lung biopsies [132].  

Overall, the combination of a precisely controllable microfluidic environment, readout 

technology and patient-specific cells demonstrates the potential of OoCs as microphysiological 

tissue models for the discovery and development of new drug candidates or even for 

personalized medicine [8, 133]. 

Even though OoC is still an emerging technology, the overall interest in OoC has led to multiple 

commercialized systems [10]. So far, already a few OoCs have been used as supporting tools 

by the pharmaceutical industry in the development process of new drugs [6]. However, it is also 

worth mentioning that up to now no submission for drug approval is known that included data 

from OoC systems [11], which shows that there are still several hurdles in the way of OoC 

research.  
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3.4 Scale-up of Organ-on-Chip Systems 

A general concern regarding the future progress of OoC is the transition from individual 

modules with only one or a few tissues per chip to parallelized and automated systems for 

higher-throughput applications. Though current OoC systems are still far away from high-

throughput systems, first milestones towards OoC scale-up have been presented in recent years 

[13]. Thereby, important key aspects that determine the scalability of OoCs are suitable 

industry-compatible fabrication techniques, parallelization in order to increase the number of 

tissues per chip and automation approaches for perfusion and readouts. 

 

3.4.1 Scalable Fabrication Technologies 

The emergence of PDMS fabrication technologies in the late 1990s has immensely influenced 

the field of microfluidic research [54, 33, 134]. Compared to traditional glass or silicon-based 

approaches, PDMS replica molding and plasma-activated bonding are simpler, faster and 

require less sophisticated equipment. Therefore, it is not surprising that most OoC devices in 

academia and even a few commercial system use PDMS components [7, 10, 117]. 

Highly optimized PDMS fabrication protocols have been developed, for instance, using 

multiple 3D printed molds placed in a rig for parallelized molding of channel modules [135]. 

However, several manual handling steps, such as PDMS degassing and pouring, demolding, 

chip trimming as well as alignment of multiple chip layers during bonding, remain in the overall 

fabrication process. Furthermore, the throughput of PDMS fabrication is especially limited by 

the curing times required for crosslinking PDMS and take usually several hours for each chip 

component. Reduced curing times are achievable by increased curing temperature but go hand 

in hand with higher shrinkage of the PDMS mold after crosslinking [136]. This is especially a 

limitation for large PDMS modules [137]. This indicates that the fabrication of OoC devices in 

PDMS with larger footprints, for instance well plate size, is difficult if correct channel 

alignment between multiple fluidic layers is required.  

Furthermore, there is growing awareness that PDMS can interfere with microfluidic cell culture 

and especially OoC systems [32, 138]. Observations such as small molecule or drug absorption 

into the bulk of PDMS [37, 139], leaching of uncrosslinked PDMS components into the cell 

culture media [38, 140] and osmolality shifts due to high evaporation [141] raise the question 

if PDMS is reliable enough for OoC applications (Figure 3.3).  
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Figure 3.3 Known challenges of PDMS-use for OoC systems: Absorption of small, 

hydrophobic molecules into the bulk of PDMS channel walls, leaching of uncrosslinked PDMS 

oligomers into the cell culture media and high water transmission rates that can lead to changes 

in osmotic concentrations. 

Due to the challenges related to PDMS as chip material and to its limited fabrication scalability, 

alternative materials are being explored in microfluidic research [138]. Promising substitutes 

are thermoplastics that enable microfluidic systems featuring less absorption and water 

transmission than PDMS-based devices and are based on cheaper raw materials with 

comparable transparency [41]. Thermoplastic device fabrication ranges from in-house, rapid 

prototyping techniques [62, 142] to industry-scale production using micro-injection molding 

[39, 57]. However, the latter requires expansive machinery that is unusual for labs focusing on 

OoC development. In recent years, external contract manufacturing became an affordable 

option for medium scale fabrication. For instance, so-called rapid injection molding became a 

feasible method for higher-throughput fabrication of thermoplastic systems with batches in the 

range of 500-10,000 chips without the need for in-house machinery [143].  

A limitation of rigid thermoplastic systems is that some OoC models require mechanical 

actuation [144–146], the integration of thin, porous membranes [111, 99, 147], or even a 
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combination of both [118, 120, 121]. For all of these aspects, PDMS remains the most 

prominent chip material. However, there are several, alternative strategies to achieve flexible 

chip components or to integrate membranes into PDMS-free systems. 

If flexible chip elements are essential for the respective OoC device, TPE is a promising 

alternative to PDMS. Thermoplastic fabrication approaches are transferable to TPE and allow 

for thermal bonding between flexible TPE layers and thermoplastics [148]. Furthermore, it has 

been shown that the complete transfer of monolithic PDMS systems into TPE is feasible and 

achieved by using industry-scale techniques, such as injection molding [60].  

An advantage of PDMS-based fabrication approaches is that the integration of membranes is 

well established. PDMS allows for membrane integration by joining PDMS chip parts and 

PDMS membranes using plasma activation [135] or using different amounts of curing agent in 

the respective chip parts [149]. Similarly, membranes from other materials are frequently 

simply sandwiched between clamped or plasma-bonded PDMS chip parts [150–152], or surface 

functionalized for covalent connections to PDMS [78, 79]. 

The integration of membranes into PDMS-free systems poses more challenges but is also 

possible. Promising techniques and substitutes for PDMS have been recently reviewed in detail 

in a collaborative study (cf. Table 3.1) [80]. The use of clamping setups [153, 154], adhesives 

[155] and surface functionalization [156, 157] are rather manual but in-expansive approaches 

ideally suited for prototypes. Sophisticated fabrication techniques for the direct patterning of 

pores into chips by ion-track etching or phase separation have been presented but might either 

not be feasible with the standard lab equipment of OoC developers [158], or result in 

undesirable, opaque chips [159]. Therefore, scalable integration techniques for thermoplastic 

systems that are promising for higher-throughput OoC fabrication are thermal fusion bonding 

[160, 161], ultrasonic welding [162], laser welding [163] and solvent bonding [164–166]. 

Besides thermoplastics, Ostemer/OSTE(+) [47, 48], or TPE [60, 167] are further PDMS 

substitutes that have been successfully used for membrane integration. 
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Table 3.1 PDMS-free membrane integration. Classification: “+” (good), “+/−“ (medium), 

“−“ (poor). Reproduced from Ref. [80] with permission from the Royal Society of Chemistry. 

Integration 
Equipment 

requirements 

Process 

time 
Scalability 

Freedom 

in design 

and 

structure 

size 

Remarks 

Clamping + + +/− − Usually requires gaskets. 

Adhesives +/− +/− +/− +/− 

Potential cytotoxicity of 

adhesives; Precautions 

against channel clogging 

required. 

Thermal 

fusion 

bonding 

+/− +/− + + 

Risk of membrane 

deformation during 

process. 

Ultrasonic 

welding 
− + + − 

Usually requires energy 

directors surrounding 

channel structures. 

Laser 

welding 
− + +/− − 

Requires absorbing, not 

transparent material or 

specialized coating. 

Solvent 

bonding 
+/− +/− +/− +/− 

Complete removal of 

toxic solvents is crucial; 

Precautions against 

excessive solvent 

exposure required. 

Surface 

chemistry 
+/− − − + 

Complete removal of 

toxic solvents and 

unbound reagents 

required. 

TPE-based 

bonding 
+/− + +/− + 

Usually requires hot 

embossing for 

structuring; Flexible TPE 

with low structural 

support. 

OSTE(+)-

based 

bonding 

+/− + +/− + 

Relative high material 

costs; Reduced 

transparency < 420 nm. 

Porous 

chip 

material 

− +/− − +/− 

Ion-track generation: 

access to irradiation 

apparatus (e.g. particle 

accelerators) required; 

Phase separation: opaque 

materials. 
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3.4.2 Parallelization Approaches 

Most OoC systems are still individual units that integrate one or only a few tissues per system 

but in recent years more and more parallelized OoC platforms evolved and increased the 

number of microtissues per chip. Thereby, microwell plates act as model for most parallelized 

OoC systems. Microwell plates feature a standardized arrangement of open wells in a 

rectangular matrix with equal distance according to the number of wells per plate. Well plates 

are the common platform for parallelized experimentation in biomedical research and drug 

discovery and compatible to automated workflows, for instance, high-throughput screening 

applications with cell assays [12].  

Therefore, a frequent approach to parallelize OoC devices is to arrange multiple, identical 

systems on a single platform with a well plate conform arrangement. For instance, Phan et al. 

placed twelve identical systems on a 96-well plate format and used some of the wells as ports 

for the individual microchannels [168]. In order to fit to the standardized well layout, 

parallelization required the adaption of the initial system, which was earlier presented for the 

generation of vascularized microtumors [169]. Thereby, Phan et al. used a single PDMS mold 

featuring the multiple, individual systems and bonded it to a bottom-less well plate [168]. 

Another possibility is to insert individual OoC devices into an adapter or cartridge featuring the 

outer dimensions of a standardized well plate [110]. This approach is attractive for integrating 

OoC prototypes that are frequently based on microscope slides into a parallelized workflow 

without changing the overall chip design. Using this approach, Lohasz et al. integrated four 

chips with microscope slide dimensions in a well plate adapter that enabled the use of liquid 

handling robots for loading 80 pre-formed spheroids into the individual ports, which were 

located on standard well positions [110].  

An even higher amount of individual OoC systems on a single plate was presented previously 

[170]. Thereby, 96 two channel systems and 40 three channel systems were arranged on a well 

plate footprint and enabled later studies, for instance, on barrier integrity in intestinal tubes 

[171], or on endothelial cell sprouting [172]. The underlying concept of these systems relies on 

so-called phaseguides [173]. Phaseguides line neighboring channels and allow for meniscus 

pinning of a fluid, such as a cell-laden hydrogel, during injection. After gelation, channels next 

to the hydrogel can be perfused without the need for a separating, porous structure. 

Alternatively, a parallelized version of common two-channel setups with a sandwiched 

membrane have also been presented recently [174, 175]. This platform distributes in total 96 

systems with two perfused channels each homogeneously on the footprint of a 384-well plate. 
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Thereby, the central region of the individual OoC systems form a standard 96-well plate matrix, 

which enabled the use of a rapid imaging system for high content screening [176].  

It is a common approach to ‘outsource’ complexity and integrate further, functional components 

to well plate sized OoC systems through an additional well plate lid or base. For instance, Tan 

et al. developed a well plate lid for their system that integrates multiple micropumps for 

perfusion [174, 175]. In a later version an additional electric sensing setup for trans-epithelial 

electrical resistance (TEER) measurements was integrated by using the perfusion cannulas from 

the perfusion lid as electric contacts [176]. Similarly, but lacking components for perfusion, a 

lid for TEER measurements has been introduced to phaseguide-based, parallelized OoC 

systems [177].  

Following the alternative approach of a well plate base, Domansky et al. developed a pumping 

manifold into the base of a parallelized liver system allowing for perfusion in the individual 

wells [178]. In this version, up to twelve scaffolds seeded with cells can be cultured in parallel. 

Besides increasing the number of independent replicates, updated versions of this system aimed 

at the perfusion and connection of multiple, different organs in a single device [179, 180]. 

Thereby, the individual organ models are formed by seeding porous scaffolds in-chip with cells 

or prepared off-chip in transwell inserts before being transferred into the platform [179, 180]. 

Another multi-OoC system uses a comparable perfusion platform underneath the well plate 

system but allows for a customizable arrangement of up to twelve open, plug-in wells that hold 

the individual transwell inserts or cell-seed scaffolds [181]. 

Hanging drop technology provides another possibility to arrange and perfuse multiple spheroids 

in a homogenous matrix arrangement. Thereby, up to 192 spheroids have been generated on 

chip by flushing cell suspension into each row of the drop array [113]. At the same time, each 

line of the drop matrix can be individually perfused by a pump in perpendicular direction to cell 

loading. 

In principle, systems have been developed that generate drastically higher amounts of 

microtissues per chip, such as a previously presented system generating 500 cell-laden hydrogel 

compartments [182]. However, this device lacks the possibility to independently address the 

individual hydrogel compartments and to create different conditions on the chip. 

For this purpose, monolithic valves, often called Quake-valves referring to the work by Stephen 

R. Quake and co-workers [183], provide a powerful tool for on-chip fluid manipulation. These 

valves have been integrated into highly-multiplexed, microfluidic bioreactors, which usually 
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lack the flexibility in tissue generation required for OoC but demonstrate successful 

parallelization and automation approaches in principle adaptable to OoC. Thereby, an important 

achievement of these systems is the possibility to program a fluidic path on the chip and 

independently perfuse the individual culture compartments on the device. For instance, Gómez-

Sjöberg et al. integrated in total 96 independent addressable culture chambers in a single device 

[184]. More recently, parallelized bioreactors have been presented with 1,500 independent 

culture compartments [185]. However, another limitation of those systems are the numerous 

tubing connections and pressure controllers that are required for actuating the individual valves. 

Similarly to the outsourcing of complexity in well plate OoCs, Vollertsen et al. developed a 

base for their system that enables a modular bioreactor configuration [186]. Thereby, up to three 

modules with each featuring a bioreactor with 64 culture chambers can be plugged into the base 

module. All pressurized control channels for valve actuation are connected to the base and 

guided to the individual modules with built-in connectors. Though, the overall number of 

connected tubing is still high, solely lines that are required for actual transport of media or cell 

suspension are connected to the individual bioreactors.  

 

3.4.3 Integrated Fluid Actuation 

Defined fluid flow is one of the key components in OoC systems that allows to control the 

microenvironment of the cultured tissues and organs and is required for emulating the in vivo 

blood flow. Several technologies have been developed for fluid actuation in microfluidic 

channels and have found adaption in microfluidic cell culture and OoC systems [187]. 

OoC systems can be categorized depending on the respective fluid circuit on the chip. Open-

loop, also called single-pass, systems pump fluid only a single time through the chip, while 

closed-loop systems recirculate the effluent back to the inlet of the chip (Figure 3.4 a). Open- 

and closed-loop setups allow for different applications. For instance, open-loop systems allow 

for steady input concentrations and one-way, consecutive organ communication, whereas 

closed-loop systems enable the study of time-dependent effects and bidirectional multi-organ 

effects [188]. 

Off-the-shelf solutions are available for both open-loop and closed-loop perfusion. Syringe 

pumps create a precisely controllable volumetric flow rate by moving the plunger of a syringe 

with a set speed (Figure 3.4 b). Those pumps are frequently used for unidirectional fluid flow 

and have been applied in numerous OoC systems [111, 118, 189]. Commercially available 

pumps for closed-loop perfusion are, for instance, peristaltic pumps and pressure pumps (Figure 
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3.4 c, d). Common peristaltic pumps displace fluid in a flexible tubing and can be connected 

into a closed circuit with in-line connected chip and reservoir for unidirectional circulation 

[190]. Pressure pumps usually create a single-pass fluid flow from a pressurized reservoir 

through a microfluidic channel. However, setups for unidirectional, closed-loop perfusion are 

available as well. Those setups use multiple, periodically actuated valves for switching air 

pressure levels and fluid flow between two reservoirs that periodically switch between feeding 

or collecting media to or from the perfused chip [119, 191]. 

Though external pumps provide a straightforward solution for fluid actuation, they are usually 

expansive, bulky and require tubing connections to the channels. Overall, this increases the 

complexity of an OoC system and its operation hence interferes with automation approaches. 

Especially the tubing is problematic as it requires time consuming preparation, increases the 

overall systems’ dead volume and bears the risk of leakage and molecule ad- and absorption 

[192–194].  

Integrated fluid actuation in microfluidic systems provides an alternative to external pumps and 

allows for a tubing-free perfusion, for instance, by frequently applied hydrostatic or gravity-

driven pumping. Gravity-driven pumping is based on a difference in fluid level between in- and 

outlet reservoirs. A prolonged hydrostatic fluid flow can be achieved by fluidic resistors [195], 

however, a constant flow rate due to the declining level difference requires adaptions to gravity-

driven pumping. This has been achieved, for instance, using horizontally tilted reservoirs [196]. 

For closed-loop perfusion, several OoC systems are mounted on rocker setups for periodic 

tilting, which results in a bidirectional circulation [110, 171]. However, the physiologic 

emulation of in vivo blood flow requires unidirectional circulation. Especially endothelial cells 

are sensitive to bidirectional flow patterns, which can trigger inflammatory reactions [197]. 

Thereto, adaptions to gravity-driven pumping are required that prevent backflow during reverse 

tilting (Figure 3.4 e). A possible adaption is, for instance, including a bypass between the 

reservoirs that guides the effluent back into the inlet reservoir together with capillary valves 

that limit backflow in the perfused channel during reverse tilting [198]. However, this technique 

leads to inevitable, periodic flow interruptions. Though flow without interruption using a rocker 

has been presented, it only achieved unidirectional perfusion in a short-cut channel between 

two bidirectional perfused channels [199]. Alternatively, unidirectional and closed-loop flow is 

as well achievable by refilling feed reservoirs with effluent (Figure 3.4 f). This has been recently 

presented in a parallelized, OoC in well plate format [174, 175]. However, the presented setup 

requires a complex multi-layer lid featuring a pneumatic actuated micropump for each channel 

on the plate. 
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Another approach for integrated fluid actuation are peristaltic pumps that are directly integrated 

into the chip. Identically to their macroscopic counterparts, these miniaturized, integrated 

pumps are ideally suited for unidirectional, closed-loop perfusion. Identical to external 

peristaltic pumps, the underlying fluid transport relies on fluid displacement by mechanical 

actuation, for instance, an elastic, dense membrane (Figure 3.4 g). Pneumatic actuation of 

integrated, peristaltic pumps is a frequently applied method, for instance, for perfusion of a 

multi-well system [200], or a parallelized liver-on-chip [178]. 

A general limitation of pneumatic actuated pumps is that they are not (pneumatic-)tubing-free. 

Common concepts of pneumatic diaphragm micropumps require three externally controlled gas 

pressure lines to the chip for each individually addressable pump [201]. For instance, a recently 

presented platform connecting up to ten organs in a multi-OoC uses in total 36 pneumatic lines 

switching between two pressure levels [179].  

Several alternatives to pneumatic actuation for integrated peristaltic pumps have been 

presented. For instance, moveable braille pins from a tactile display [202], deflectable 

piezoelectric discs [203], electromagnetic actuators [181], or integrated permanent magnets that 

are actuated with magnets outside the chip [204]. Besides, periodic actuation of multiple, in-

line connected valves, peristaltic pumping is achievable by compressing flexible channels with 

an object and moving it along the channel (Figure 3.4 h). This approach has been presented in 

external, micropumps using dragged steel balls on top of a flexible PDMS channel, which were 

actuated with moving, permanent magnets [205, 206]. 
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Figure 3.4 Fluid actuation in OoC systems: a) Open-loop configuration for steady input 

condition and one-way communication. Closed-loop configuration for time dependent effects 

and bidirectional organ communication. b) Open-loop perfusion with external syringe pump. c) 

External, peristaltic pump system with in-line connected chip and reservoir. d) Pressure pump 

setup with external, controlled pneumatic and fluidic valves for fluid circulation. e) Hydrostatic 

perfusion through periodic tilting of a chip. Unidirectional, circulatory flow requires measures 

against backflow in the microchannel during back tilting. f) Stabilized, hydrostatic perfusion 

by pumping the effluent continuously back into the inlet reservoir. g-h) Integrated, peristaltic 

pumps allow for circulatory perfusion by g) periodic actuation of a flexible, dense membrane 

or h) dragging an object on top of a flexible channel for fluid displacement.  
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3.5 Centrifugal Microfluidics 

Different to conventional Lab-on-a-Chip (LoC), centrifugal LoD systems enable the actuation 

of various steps of analysis workflows primarily by centrifugation and capillary forces.  

Centrifugal microfluidic systems evolved over the last decades mainly as a sample-to-answer 

tool in diagnostic settings [17]. As reviewed in Ref. [17], early centrifugal analyzers were 

already developed in the 1960s to 1970s [207, 208], whereas the overall field of LoD expanded 

rapidly after Marc J. Madou and Gregory J. Kellogg introduced their centrifugal platform for 

miniaturized, diagnostic tools aiming at point-of-care applications and field use [209]. 

Centrifugal microfluidic platforms unite two important aspects: 1) centrifugal systems do not 

require external pumps or tubing as they rely primarily on centrifugation and 2) several systems 

can be operated simultaneously on a single device by arranging them symmetrically around the 

rotation axis. Thereby, centrifugal microfluidics provides a promising alternative to 

conventional, microfluidics for automatable high-throughput applications.  

So far, numerous unit operations have been implemented on microfluidic discs, such as liquid 

transport, valving, flow switching, aliquoting, mixing, separations and optical detections [14]. 

LoD research focuses primarily on biomedical diagnostic applications [14, 17, 18]. Recent 

examples are: 

• isolation of extracellular vesicles (EV) [210], platelets [211], or circulating tumor cells 

from biological samples [212]. 

• detection of respiratory tract infection pathogens [213], or mosquito-borne diseases both 

by on-disc reverse transcriptase polymerase chain reaction [214] 

• incubation, lysis and analysis of bacteria focusing on antibiotic susceptibility tests [215] 

In principle, microfluidic discs are capable of processes that are also important for an OoC 

system, such as pumping of media and cell transport by centrifugal forces. For instance, 

centrifugal, single-cell trapping has been presented using discs [216, 217] and combined more 

recently with optical tweezers for cell manipulation [218], as well as with label-free, optical 

readout approaches [219]. 

Besides single-cell trapping, centrifugal cell loading into microwells at the periphery of a disc 

has been used to generate single and multi-cell type spheroids under continuous hyper-gravity 

(≥ 26 × g) but without perfusion during self-assembly of the cells into spheroids [220]. 

Therefore, this technique provides primarily an alternative to static cell culture techniques for 
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spheroid formation, such as centrifugation of well plates with pyramid-shaped microwells 

[221], however demonstrates as well the feasibility of on-disc tissue generation. 

Besides cell centrifugation, centrifugal systems are as well suited for versatile fluid transport 

by so-called centrifugal pumping that solely requires rotation of the disc [27, 209]. First 

attempts in the direction of perfused cell culture using centrifugal pumping have been presented. 

Focusing on the implementation of cell-based assays on disc, centrifugal pumping has been 

used for media and assay reagent transport in and out of chambers with adherent 2D cell layers 

[222]. Other disc systems achieved media agitation, similar to shake flask culture, in a chamber 

for Pichia pastoris (yeast) culture [223], or periodic media exchanges for the culture or 

Caenorhabditis elegans (worms) [224]. Though these systems present important operations 

required for cell assays or microfluidic cell culture systems, they are lacking important aspects 

of OoC, such as physiologic tissues with continuous, vasculature-like perfusion. 

Finally, recent studies demonstrate the overall compatibility of centrifugal unit operations and 

OoC research. For instance, breast cancer-derived EV were isolated using a centrifugal disc and 

then injected into a conventional liver-on-chip system in order to study the roll of EV during 

breast cancer metastasis [225]. Alternatively, placing an OoC device into a centrifuge tube and 

using a lab centrifuge for centrifugal cell loading allowed for dense cell packing in a heart-on-

chip that was afterwards perfused with conventional syringe pumps during culture [147].  
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4 Objectives 

The focus of this thesis is the development of a novel platform technology that provides a 

foundation for higher-throughput OoC applications. Thereby, the primary goal was to build the 

basis for a parallelizable and automatable generation of microtissues with precisely tailorable 

shape and cellular composition as well as their culture under controllable microfluidic flow. 

Building on the achievements of centrifugal microfluidics, this platform technology should 

adapt and implement rotation-based processes for the individual unit operations in order to 

reduce manual handling and equipment requirements. 

To realize this the following sub goals featuring distinct requirements needed to be achieved: 

The platform should feature a compact footprint and allow for industry-compatible fabrication 

processes. This includes the application of materials that eliminate the limitations of PDMS and 

enable a rapid but also precise microfabrication. The individual processes for structuring and 

bonding should be compatible with a wide range of materials and pave the way for a scalable, 

higher-throughput fabrication. 

The tissue generation in this platform should allow for the construction of microtissues with a 

precisely tailorable structure and physiologic function. The platform should demonstrate 

compatibility with processes for different cell and tissue types. At the same time, the tissue 

generation should be parallelizable, cell-efficient and require minimal, manual handling steps. 

The microfluidic perfusion during cell culture should be achieved without external pumping 

equipment and avoid obstructive tubing connections. The integrated fluid actuation in this 

platform should stand out through low technical requirements in terms of chip material, 

fabrication and operation hardware as well as precisely controllable flow conditions. 

The platform requires compatibility to different readout technologies that allow for the 

assessment of cell and tissue viability and functionality. This includes the possibility for visual 

inspection by high-resolution microscopy and the continuous access to the perfused media. The 

latter should be amenable for analysis of the perfused media as well as treatment of tissues 

during culture.  
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5 Materials and Methods 

 

5.1 Organ-Disc Fabrication 

 

5.1.1 Materials 

Organ-Discs were fabricated using commercial PMMA, PC and COC foils as well as track-

etched polyethylene terephthalate (PET) membranes (Table 5.1). Custom TPE foils were used 

for the fabrication of flexible Organ-Disc layers, which were extruded from commercial SEBS 

pellets into approx. 750 µm thick films by an external service provider (Fraunhofer Institute for 

Process Engineering and Packaging IVV). 

 

Table 5.1 Materials used for Organ-Disc fabrication and the applied structuring method for the 

individual materials. 

Material Product, Manufacturer Structuring 

175 µm PMMA 
PLEXIGLAS Resist Clear 99524 

GT, Röhm 
Laser cutting, plotting 

75 µm PMMA PLEXIGLAS Film 0F072, Röhm Plotting 

15 µm PET 
track-etched membrane, 3 µm 

pores, 030444, SABEU 
Plotting 

2 mm PMMA 
Oroglas cast acrylic glass, Trinseo 

(former: Arkema) 
Laser cutting 

750 µm SEBS 
Mediprene OF400M, HEXPOL 

TPE AB 
Hot embossing 

500 µm PC Makrofol DE 1-1, Covestro Hot embossing 

175 µm PC Makrofol DE 1-1, Covestro Plotting 

240 µm COC EUROPLEX Film 0F305, Röhm Plotting 

80 µm COC EUROPLEX Film 0F305, Röhm Plotting 
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5.1.2 2D Structuring 

Channels in thermoplastic Organ-Disc layers were generated by 2D structuring techniques as 

described in Ref. [226] and Ref. [227]. Briefly, in Organ-Discs, used for centrifugal cell loading 

and perfusion, PMMA layers as well as PET membranes were structured using a CO2 laser 

cutter (VLS2.30, Universal Laser Systems). Solely the media channels in 75 µm PMMA as well 

as 175 µm PMMA for Organ-Discs with a peristaltic pump were structured using a knife plotter 

(Graphtec CE6000–40 Plus, Graphtec).  

In the case of COC and PC foils, all channel structures were generated by plotting. In both 

structuring processes, cuts through the whole material thickness were performed. Afterwards, 

cutouts were peeled out and the surfaces cleaned with cleanroom tissues soaked with 

isopropanol (IPA) and compressed nitrogen before bonding the individual Organ-Disc layers. 

 

5.1.3 Hot Embossing 

The hot embossing stamp fabrication as well as hot embossing of TPE was used for the 

fabrication of peristaltic pump modules and TPE-hybrid fabrication, as described in detail in 

Ref. [227] and Ref. [228] respectively. 

 

Stamp Fabrication 

The overall epoxy stamp fabrication was adapted from previous studies [83, 229] and is based 

on three, successive steps: i) generation of SU-8 structures, ii) replica molding of SU-8 with 

PDMS and iii) replica molding of PDMS with epoxy resin.  

This procedure is here exemplary described for the fabrication of TPE pump modules [227]. In 

the first step, photoresist (SU-8 2075, Kayaku Advanced Materials) was spin coated with 

1500 revolutions per minute (rpm) final speed on a silicon wafer (150 mm, Siegert Wafer) and 

soft baked (7 min at 65 °C, 30 min at 95 °C). Microchannel layouts were designed (CorelCAD 

2018, Corel Corporation), printed on transparent films by an external service provider (KOPP-

desktopmedia) and used for UV light exposure of the SU-8 (275 mJ/cm2, ABM Series 60 

Exposure Systems, ABM, Inc.). After post-exposure baking (5 min at 65 °C, 12 min at 95 °C), 

SU-8 was developed (16 min, SU-8 developer, Kayaku Advanced Materials) and washed with 

IPA. After the following hard bake (30 min at 160 °C), wafers were coated overnight with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) in a desiccator at reduced 

pressure. 
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In the second step, intermediate PDMS molds were generated by replica molding of the SU-8 

structures with freshly mixed PDMS (Sylgard 184, Dow Corning) in a 10 : 1 base : curing agent 

mass ratio. In order to achieve molds with a homogenous thickness and without meniscus, an 

O-ring (138 × 2 mm FPM 75, Dichtelemente arcus) was mounted around the photoresist 

structures on the wafer and both clamped between PMMA plates. PDMS was degassed and 

injected by under pressure into the generated cavity above the microstructures with syringes 

(50 mL, BD Plastipak, BD) connected to ports in the upper PMMA plate. After curing overnight 

at 60 °C (Universal Oven UN110, Memmert), PDMS was demolded, cleaned with IPA and 

compressed nitrogen. 

For the third step of epoxy replica molding, a molding tool was developed and CNC-

manufactured in aluminum by an external service provider (CNCTeile24). Intermediate PDMS 

molds were inserted into the tool and replica molded with a two-component (100 : 16 parts 

A : B mass ratio) epoxy resin (EpoxAcast 670 HT, Smooth-On). For reduced viscosity of the 

resin, part A was supplemented with 10% (w/w) epoxy thinner (Epic Epoxy Thinner, Smooth-

on). Prior injection, the resin was degassed for 3 min in a desiccator and inserted for 10 min in 

an ultrasound bath (JP-031S, RS PRO). For the first 24 h for partial curing of the epoxy inside 

the tool, a vacuum pump was connected to the tool’s base plate (LABOPORT N 86 KN.18, 

KNF), which generated a vacuum underneath the PDMS for air bubble removal. The epoxy-

filled syringes remained attached to the tool after resin injection and during the first 24 h of RT 

curing. This is intended to counteract the small (0.2% according to the manufacturer) shrinkage 

of the epoxy resin during curing. 

Subsequently, the pump and syringes were disconnected and the tool placed for 24 h at 60 °C 

for complete epoxy curing. At this point, the epoxy was demolded from the tool and tempered 

(2 h at 80°C, 3 h at 150 °C, Universal Oven UN30, Memmert) and then slowly cooled-down to 

RT. 

Hot embossing stamps with semicircular channel structures were fabricated by 3D printing of 

a temperature stable resin (High Temp Resin, Formlabs) using a SLA printer (Form 3, 

Formlabs). After printing, stamps were washed (Form Wash, Formlabs), dried at RT for 30 min 

and cured for 60 min at 60 °C as well as UV light exposure (Form Cure, Formlabs). 
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TPE Hot Embossing 

For TPE structuring, hot embossing stamps were placed on the extruded TPE films, which were 

previously laminated on 250 µm polytetrafluoroethylene (PTFE) carrier foil (High-tech-flon 

films and fabrics) and supported by a 150 mm silicon wafer. The stamps were hot embossed 

into TPE using a manual hot press (LabManual 300, Fontijne Presses) at 140 °C for 10 min 

with 0.4 MPa in the case of peristaltic pump channels and 0.8 MPa for channels with 

semicircular cross-section. Before opening the hot press, the plates were water cooled in 4-

5 min below 40 °C. TPE layers were demolded applying a few drops of IPA and cut to size. 

Through holes in the TPE were punched (World Precision Instruments) or drilled (RoNa 

Werkzeuge). 

PC/TPE-hybrid embossing was identical to standard TPE structuring but with the difference 

that TPE was laminated on to 500 µm PC instead to PTFE carrier foils and embossed at 130 °C 

with 0.8 MPa. During embossing, PC layers were placed on mirror polished, stainless steel 

plates (TGA GmbH), which were previously coated with a release agent (Weicon). 

 

5.1.4 Bonding 

 

Solvent Vapor Bonding 

Solvent vapor bonding was adapted from the original protocol in Ref. [230] and used for 

stepwise bonding of Organ-Discs consisting of PMMA layers and a PET membrane, as 

described in detail in Ref. [226]. Briefly, PMMA was exposed for 4 min to evaporating 

chloroform (pure, stabilized with ethanol, neoLab) at RT, whereas PET surfaces remained 

untreated. For this step, the PMMA layers were attached to the lid of a glass Petri dish 

(Anumbra, 120 × 20mm2, neoLab) using small magnets and the bottom dish filled with 

chloroform. After 4 min of exposure to the chloroform vapor, PMMA layers developed an 

adhesive surface and were then laminated on another, untreated PMMA layer using an 

alignment jig based on two 8 mm PMMA plates with aluminum pins. Silicone layers (2 mm, 

Elastomer plate VMQ 50 Shore A, Angst+Pfister) were added on both sides of the jig for a 

homogenous pressure distribution during subsequent bonding in an automated hydraulic press 

(LabEcon 150, Fontijne Presses). PMMA-PMMA and PMMA-PET membrane bonds were 

pressed for 10 min with 50 kN (approx. 6.4 MPa) and 25 kN (approx. 10.4 MPa) respectively 

at RT. Then, Organ-Discs were placed overnight in a vacuum oven (60 °C, 20 mbar, Model VD 

23, Binder) for solvent removal.  
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Thermal Fusion Bonding 

Thermal fusion bonding was used for the fabrication of the disc-shaped module in Organ-Discs 

with a peristaltic pump, as described in detail in Ref. [227]. A thermal fusion bonding tool for 

parallelized bonding of up to seven Organ-Discs was developed and manufactured in aluminum 

by an external service provider (MAAS Vorrichtungsbau). The aluminum base plate was 

equipped with pins (DIN 427 M5 screws, Reidl) for the alignment of individual disc layers. 

Inside the tool, the individual thermoplastic layers were sandwiched between two polished, 

stainless steel plates (0.8 mm, TGA GmbH), as well as two silicone layers (1 mm, Elastomer 

plate VMQ 50 Shore A, Angst+Pfister) facing the bottom and top aluminum plate of the tool. 

For temperature measurements, four thermocouples (type K, class 1, KA01-3, TM Electronics) 

were attached to different spots inside the tool and read out in 1 s intervals with a data logger 

(RS-1384, RS Components). Thermal fusion bonding was conducted in a pre-heated, automated 

hot press (LabEcon 150, Fontijne Presses). After reaching a stable plate temperature, the tool 

was inserted and the hot press closed at the lowest possible pressure (approx. 0.18 MPa per 

disc). After reaching a stable temperature inside the tool, the pressure was increased to the 

respective bonding pressure. After the respective bonding time, the press was opened and the 

tool removed from the press and cooled down to RT overnight before removing the bonded 

discs. 

 

TPE Bonding 

For peristaltic pump integration into Organ-Disc, both TPE layers of the pump module were 

bonded after each other on top of PMMA-based discs, as described in Ref. [227]. Briefly, the 

TPE surface was activated for 1 min with a pressure < 2 mbar, 3.3 standard cubic centimeters 

per minute (sccm) O2-flow and a power of 50 W inside a plasma generator (Zepto, Diener), 

laminated on top of the respective substrate and temporarily covered with a release liner film 

(3M Scotchpak 1022 Release Liner, 3M). For thermal fusion bonding, disc and TPE were 

placed between stainless steel plates, a weight (2-5 kg or 6-15 kPa) was added on top and all 

components placed in an oven (Universal Oven UN30, Memmert) for 1 h at 95 °C. 

PC/TPE-hybrid layers were bonded by a similar protocol to various substrates by overnight 

incubation at 60 °C in an oven (Universal Oven UN30, Memmert) but without additional 

pressure, as described in more detail in Ref. [228]. The substrates were extruded, unprocessed 

TPE films, commercial COC and PC foils (cf. Table 5.1) as well as polystyrene (PS) cell culture 

dish surfaces (CELLSTAR, Greiner Bio-One). 
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5.1.5 Characterization Methods 

The following characterization methods were used for the individual Organ-Discs from 

different material combinations including Organ-Discs used for centrifugal cell loading and 

perfusion [226], or peristaltic pumping [227], as well as for the characterization of PC/TPE-

hybrid modules [228]. 

 

Structure Sizes 

Structure sizes were measured from bright field microscopy images of channel top views and 

channel cross-sections that were obtained by cutting through the channels with scalpels or 

scissors. Images were acquired with a stereomicroscope (SteREO Discovery.V8, Carl Zeiss 

MicroImaging) and structure sizes measured with Fiji (Image J version 1.53c) [231]. 

 

Bonding Strength 

The bonding strength of different material combinations was analyzed by connecting channels 

to an in-house nitrogen pressure line. For this, luer connectors (BDMFTLL-9, Nordson 

MEDICAL) were glued to channel inlets, whereas channel outlets were sealed in order to 

generate a dead-end channel. In both cases, epoxy glue (UHU PLUS ENDFEST, UHU) was 

applied and cured at RT for at least 24 h. The pressure was stepwise increased approx. every 

10 s until either the bonding failed or the maximum pressure of the respective pressure setup 

was reached. Bonds in thermoplastic Organ-Discs and TPE pump layers were tested up to the 

highest possible pressure of 3.5 bar of the applied gas pressure controller (DR 022-00-3, 

Landefeld Druckluft und Hydraulik). 

Bonds between PC/TPE-hybrid layers and respective substrates were tested in collaboration 

with Eduardo J. S. Brás [228]. In this case, all material combinations were stress tested 

immediately after bonding and after seven days submerged in phosphate buffered saline (PBS) 

(Dulbecco’s phosphate buffered saline w/o calcium w/o magnesium, Biowest) at 37 °C inside 

an incubator (Heraeus BBD 6220, Thermo Scientific). For subsequent tests of the bonding 

strength, nitrogen gas pressures were increased up to 7.5 bar (maximum output pressure of the 

in-house nitrogen line). 

During the bond strength test, the Organ-Disc and PC/TPE-hybrid devices were placed in a 

water bath for the observation of potential gas leaks. Nitrogen pressures were increased in 0.2-

0.5 bar steps and holding the pressure for at least 10 s before going to the next, higher pressure. 
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Pressures were increased until gas leaked out of the channels, layers visibly bended or the 

maximum gas pressure was reached without failure.  

 

Optical Properties 

The optical properties of PC/TPE-hybrid layers, the base materials of the hybrid layers – 

unprocessed 750 µm TPE film and the 500 µm PC foil – as well as 1 mm PDMS and Ostemer 

layers (Ostemer 322 Crystal Clear, Ostemers) were analyzed in collaboration with Eduardo J. 

S. Brás, as described in Ref. [228]. Briefly, light absorption of the individual layers at 

wavelengths of 300-600 nm was analyzed using a plate reader (Infinite M200 Pro, Tecan). 

Thereto, the individual layers were placed in a 6-well plate (CELLSTAR, Greiner Bio-One) 

and the individual absorbance values were corrected for the absorbance of an empty well of the 

used 6-well plate and then converted into transmittance values. 

 

5.2 Organ-Disc Spinner 

The centrifugal loading and centrifugal perfusion setup were developed in collaboration with 

Oliver Schneider (Fraunhofer Institute for Interfacial Engineering and Biotechnology IGB, 

Stuttgart, Germany) [226]. 

 

5.2.1 Centrifugal Loading Setup 

The centrifugal loading spinner was used for the initial filling of Organ-Discs with liquid, cell 

loading by centrifugal forces and initialization of the centrifugal perfusion. The cubicle case of 

the spinner was built from PMMA plates (5mm, Oroglas cast acrylic glass, Trinseo, former: 

Arkema) that were laser cut (VLS2.30, Universal Laser Systems) and connected with adhesive 

(45570, UHU). A brushless, direct current (DC) motor (QBL4208–41-04–006, TRINAMIC 

Motion Control) inside the spinner was controlled by a speed controller (367661, maxon motor) 

and a microcontroller (ATmega328P Board, Eckstein). A liquid-crystal display (LCD; I2C 

16 × 2 LCD Display Module, Eckstein) and a rotary encoder (KY-040, reichelt elektronik) were 

connected to the spinner case and provided a user interface together with the microcontroller 

for setting rotation parameters. 
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5.2.2 Centrifugal Perfusion Setup 

The basis of the centrifugal perfusion setup was a PMMA base plate equipped with a stepper 

motor (SY42STH38–1684A, Pololu Corporation) that was attached to the shelf of an incubator 

(Heraeus BBD 6220, Thermo Scientific). The stepper motor was controlled by a motor driver 

(2128, Pololu Corporation). The centrifugal perfusion spinner featured an identical user 

interface of display, rotary encoder and microcontroller, however, connected by a thin cable to 

the electric motor.  

 

5.2.3 Peristaltic Pumping Setup 

The peristaltic pumping setup was used for integrated, closed-loop perfusion in Organ-Discs 

[227]. It featured the same electronic components as the centrifugal perfusion spinner, however, 

Organ-Discs were mounted on an elevated platform connected to the spinner’s base plate. 

Thereby, Organ-Discs were standing still and positioned above a magnet holder connected to 

the motor shaft and spinning below the disc. In total eight magnets (S-10-05-N52N, maximum 

adhesion 32.4 N, remanence 1.42-1.47 T, Webcraft) were inserted into the holder. Each magnet 

dragged a steel ball above the disc (diameter 5 mm, stainless steel 1.4034, HSI-Solutions). A 

thrust ball bearing (S51204, CQ GmbH) assured that the steel balls were rolling on a defined 

circular path above the Organ-Disc’s pump channels. Another magnet holder (8× S-05-05-N, 

maximum adhesion 9.22 N, remanence 1.32-1.37 T, Webcraft) was added on top of the thrust 

ball bearing for a sufficient compression of the steel balls into the pump channels. 

 

5.3 Organ-Disc Perfusion 

The Organ-Disc perfusion was achieved by either centrifugal perfusion [226], or peristaltic 

perfusion [227]. 

 

5.3.1 Centrifugal Perfusion 

Organ-Disc reservoirs for centrifugal perfusion consisted of a 2 mm bottom plate, 8 mm middle 

segment, and 2 mm lid on top of each other. All layers were fabricated from PMMA plates (all 

Oroglas cast acrylic glass, Trinseo, former: Arkema) that were laser cut (VLS2.30, Universal 

Laser Systems) and connected with adhesive (45570, UHU). For complete curing of the 

adhesive, reservoirs were left overnight at RT.  
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For centrifugal perfusion, the reservoirs were cleaned with IPA and left under a laminar flow 

cabinet for drying. Then, the reservoirs were connected to Organ-Discs by either biocompatible, 

double-sided adhesive tape (ARcare 90106, Adhesives Research) or by clamping a 2 mm thick 

layer of cured PDMS between reservoir and disc. Before mounting the Organ-Disc to the 

centrifugal perfusion spinner for continuous rotation, the inner reservoir compartment was 

filled with media and the media channels of the Organ-Disc were flushed for 30 s at 500–

1000 rpm using the centrifugal loading setup.  

Centrifugal pumping experiments for flow rate measurements were conducted in Organ-Disc 

versions only containing media channels and de-ionized water instead of cell culture media, 

however, using the identical procedure and conditions as used for centrifugal perfusion for 3D 

tissue generation. Effluents were pumped at 0-200 rpm under culture conditions, collected over 

1 h and weighed using a fine balance (40SM-200A, Precisa Gravimetrics). The flow rates were 

approximated using OriginPro (Version 2019b, OriginLab Corporation). 

 

5.3.2 Peristaltic Perfusion 

The reservoirs for closed-loop peristaltic perfusion were fabricated in polypropylene (PP) by 

an external service provider (CNCTeile24) and autoclaved before connection to Organ-Discs 

with adhesive tape (ARcare 90106, Adhesives Research). The reservoir compartments were 

filled with the respective media and sealed with a gas permeable tape (Z380059, Sigma-

Aldrich). Organ-Discs were fixed on the PMMA platform of the peristaltic perfusion setup and 

then equipped with steel balls, the thrust ball bearing and the upper magnet holder. 

The flow rate was measured at RT by using a linear perfusion configuration. Two syringes with 

a volumetric scale (1 mL, Omnifix-F, B. Braun Melsungen) were connected to in- and outlet 

instead of the reservoir. The syringes were attached to the Organ-Disc using custom connecters 

consisting of a 2 mm PMMA plate, a Luer adapter (BDMFTLL-9, Nordson MEDICAL) and 

double-sided adhesive tape (ARcare 90106, Adhesives Research).  

Before each measurement, equal amounts of de-ionized water, colored with a few drops of 

watercolor (Ecoline Liquid Watercolour, Royal Talens), were filled in both syringes. After 

ramping the motor up to its final speed in 5 s, fluid levels in both syringes were monitored over 

time. For each measurement, 6-8 data points, which represent the time for a 0.05 mL volume 

change in the syringe, were recorded and averaged.  
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5.4 Preparatory Cell Culture 

Three human, primary cell types were used for on-disc culture: 

• juvenile fibroblasts (FB) from foreskin 

• adipose tissue-derived stem cells (ASC) from adult skin 

• human umbilical vein endothelial cells (HUVEC) from pooled donors 

Cryopreserved HUVEC were obtained from a commercial supplier (C2519A, Lonza) and used 

for blood vessel-like tissues [227]. FB and ASC were isolated from patient-derived biopsies by 

Silvia Kolbus-Hernandez, Kirstin Linke and Julia Roosz (all: Fraunhofer Institute for Interfacial 

Engineering and Biotechnology IGB, Stuttgart, Germany) according to previously published 

procedures in Ref. [232, 233] and used for on-disc 3D tissue generation [226].  

Foreskin biopsies were provided by Dr. med. Zekeriya Yurttas (Praxisklinik, Stuttgart, 

Germany) and skin biopsies from Dr. med. Ulrich E. Ziegler (Klinik Charlottenhaus, Stuttgart, 

Germany) from volunteers under informed consent according to the permission of the 

“Landesärztekammer Baden-Württemberg” (F-2012–078). All procedures were done 

according to the Declaration of Helsinki defining the rules for medical research of human 

subjects. 

All cell types were pre-cultured in filter cap cell culture flasks (75 and 175 cm2, CELLSTAR, 

Greiner Bio-One). The individual cell culture media were the same for pre-culture and on-disc 

culture, unless otherwise specified. FB were cultured using Dulbecco’s modified Eagle’s 

medium (DMEM; FG0445, Biochrom) containing 10% (v/v) fetal bovine serum (FBS; 

HyClone FetalClone II, Thermo Scientific) and 1% (v/v) antibiotics (penicillin/streptomycin, 

10.000 U/ml, Gibco). The cell culture media for ASC was mesenchymal stem cell medium 

enhanced, serum-free (PB-C-MH-675–0511-ad, PELOBiotech) containing 1% (v/v) antibiotic-

antimycotic (100X, Thermo Fisher Scientific). For co-culture experiments, FB and ASC were 

both cultured in the same media used for FB mono-cultures. The cell culture media for HUVEC 

was endothelial cell growth medium (EGM-2 BulletKit, CC-3162, Lonza) supplemented with 

1% (v/v) antibiotics (gentamicin 10 ng/mL, Gibco). 

Cell suspensions for cell loading into Organ-Discs were generated by washing the confluent 

cell layers in the culture flasks with PBS and then detached by a 2-3 min incubation step at 

37 °C in 0.05% (v/v) trypsin in versene (Trypsin-EDTA Solution 10X, SIGMA Life Science; 

Versene 1:5000 1X, Gibco). The detached cells were transferred into centrifuge tubes (50 mL 

CELLSTAR Polypropylene Tube, Greiner Bio-One) and supplemented with 10% (v/v) FBS in 
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order to inactivate trypsin. The viable cell number of FB and ASC in the cell suspension was 

determined in a 10 µL sample of the cell suspension by adding 10 µL trypan blue (Trypan blue 

4 g/l in aqueous solution, VWR chemicals) for staining dead or damaged cells. The viable cell 

number was then counted in 10 µL of the mixture using a hemocytometer (C-Chip Neubauer 

improved DHC-N01, NanoEnTek). FB and ASC were subsequently centrifuged for 5 min at 

1000 rpm or 216 × g (Multifuge 3S-R, Heraeus). In the case of HUVEC, the procedure was 

identical with the only difference that cell counting was conducted after centrifugation and 

adding 1 mL of cell culture media to the cell pellet. 

In all cases, the cell concentration for cell loading was subsequently adjusted by adding 

respective amounts of the individual cell culture media to the cells.  

 

5.5 Organ-Disc Cell Loading 

Organ-Disc cell loading was achieved by centrifugal cell loading for 3D tissues [226] or by an 

endothelial-lining for blood vessel-like tissues [227]. 

 

5.5.1 Centrifugal Cell Loading 

Before centrifugal cell loading, Organ-Discs were plasma activated (5 min, < 2 mbar, 3.3 sccm 

O2, 50 W; Zepto, Diener) for sterilization and improved hydrophilic properties. Then, all 

channels were filled with PBS and the disc spun for 5 min at 4,000 rpm (743 × g at the tissue 

chambers) for air bubble removal. In the case of single cell type tissues, 5 µL of a cell 

suspension with 4,000 cells/µL of FB or ASC were injected into the inlet region of each cell 

channel. For cell loading, the Organ-Disc was spun at 1,000 rpm (46 × g). In the case of an 

insufficient filling of the tissue chamber, this loading procedure was repeated a second time. 

For the generation of stratified tissues from ASC and FB, a previously published protocol was 

used as a guideline for sequential cell loading [220]. For each cell layer, 5 µL cell suspension 

of fluorescently labeled FB or ASC with 1,000 cells/µL were injected into the inlet region (cf. 

5.6.1, “Live Cell Labeling” for details about the staining procedure). Compared to single cell 

type tissues, denser, individual cell layers were generated by spinning the Organ-Disc at 

1,500 rpm (104 × g) for 5 min. Before adding another cell layer, an initial cell aggregation was 

achieved during a 2 h incubation step adding media-filled pipette tips to the media channels for 

media supply. 
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5.5.2 Endothelial-lining 

For sterilization and hydrophilization, Organ-Discs were first sprayed with 70% (v/v) ethanol 

and then plasma activated (4 min, < 2 mbar, 3.3 sccm O2, 50 W; Zepto, Diener). Afterwards, 

each system was flushed with 70% (v/v) ethanol in order to achieve a complete, initial filling 

and sterilization of inner channel surfaces. Ethanol was removed by flushing the individual 

systems with PBS. 

The inner channel surfaces were coated for improved cell adhesion by filling PBS with 

0.1 mg/mL collagen-I (FibriCol, Catalog #5133, Advanced BioMatrix) into each system. The 

coating solution remained inside the channels during an incubation step of 1 h at 37 °C. Then, 

the excess coating solution was flushed out with PBS and all channels were filled with cell 

culture media before cell loading. 

HUVEC were injected into the cell channels by connecting pipette tips with 75 µL cell 

suspension containing 6 × 106 cells/mL to each cell channel outlet. Cells were injected with 

gentle pressure on the pipette tip from the micropipette or pressing with a thumb on the tip. This 

process was monitored using a brightfield microscope (Leica DMi1, Leica Microsystems) in 

order to achieve complete cell channel filling with cell suspension and to stop the injection just 

before cells enter the TPE module and to avoid cells from entering the pump channels. 

Endothelial cells were seeded on the ceiling of the cell channel by flipping the disc upside down 

for 1 h at 37 °C with a sub-confluent seeding density of approx. 1000 cells/mm2. Subsequently, 

endothelial cells were supplied with cell culture media using a gentle, closed-loop perfusion at 

ten revolutions per hour (rph) for 72 h. Endothelial cells spread onto all inner cell channel 

surfaces during that period and fresh cell culture media was added to the reservoir before 

following experiments. 
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5.6 Organ-Disc Cell Culture 

 

5.6.1 Staining and Imaging 

The staining and imaging procedures involving ASC and FB or HUVEC are described in more 

detail in Ref. [226] and Ref. [227] respectively. 

 

Live Cell Labeling 

ASC and FB were fluorescently labeled using different dyes before centrifugal cell loading into 

the Organ-Disc in order to distinguish between both cell types in the resulting stratified tissues. 

ASC were labeled in the cell culture flask before the cell detachment. Thereto, adherent ASC 

were treated with cell labeling solution containing 12.5 µM (CellTracker Green CMFDA Dye, 

Thermo Fisher Scientific) in FBS-free cell culture media during a 45 min incubation step at 

37 °C.  

FB were labeled in suspension after the dissociation step by adding another labeling solution 

(Vybrant DiD Cell-Labeling Solution, Thermo Fisher Scientific) in a 1 : 200 (v/v) ratio to the 

cell suspension. Cells were labeled during a 20 min incubation step at 37 °C. Subsequently, the 

cells were washed twice with cell culture media by centrifugation at 1500 rpm or 485 × g 

(Multifuge 3S-R, Heraeus) for 5 min and resuspension in cell culture media. 

Stratified cell pellets and tissues were imaged using a fluorescence microscope (BZ-X800, 

Keyence). 

 

Live/Dead Staining 

Live/dead staining after on-disc culture experiments were conducted using fluorescein diacetate 

(FDA, Sigma-Aldrich) for the labeling of viable cells and propidium iodide (PI, Sigma Aldrich) 

for the labeling of the nuclei of dead cells. The exact live/dead staining procedure varied with 

regards to the tissue structure.  

The 3D tissues of FB or ASC were first washed by attaching PBS-filled pipette tips to the media 

channels. Afterwards, the tissues were stained by injecting a labeling solution in the same way 

with 25 µg/mL FDA and 225 µg/mL PI in PBS into the media channel. The labeling solution 

was left inside the media channel for 3-5 min at 37 °C and was subsequently washed out by 

another flushing step with PBS. 
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Endothelial cells were stained similarly but using PBS+ (Dulbecco’s Phosphate Buffered Saline 

with MgCl2 and CaCl2, Sigma-Aldrich) instead of PBS. For HUVEC, the labeling solution 

contained 27 µg/mL of FDA and 135 µg/mL of PI. 

Images of stained tissues were acquired with a fluorescence microscope (Leica DMi8, Leica 

Microsystems) at 37 °C. In the case of 3D tissues, z-stack images were acquired and transferred 

into maximum intensity projections using Fiji (Image J version 1.52p–1.53c) [231]. 

 

CD106 Staining 

Endothelial cells were stained for cluster of differentiation (CD) 106 in order to visualize the 

effect of cytokine-induced, inflammatory stimulation. Endothelial-lined cell channels were 

washed with PBS+ containing 10 mg/mL bovine serum albumin (BSA, Sigma-Aldrich). 

HUVEC were then stained with CD106 staining solution (130-104-164, CD106 Antibody, anti-

human, REAfinity, APC, Miltenyi Biotec, diluted 1 : 10 (v/v) in PBS+ containing 10 mg/mL 

BSA) for 30 min at 37 °C and washed with PBS+ before imaging. Images of the stained 

HUVEC were acquired with a fluorescence microscope (Leica DMi8, Leica Microsystems) at 

37 °C. 

 

CD41 Staining 

Platelets in human whole blood were labeled by a fluorescent antibody staining for CD41 

according to a previously published protocol [234]. Thereto, 1% (v/v) CD41 antibody 

(MHCD4104, CD41 Monoclonal Antibody, PE, Invitrogen) was added to freshly collected 

whole blood in blood collection tubes (VACUETTE TUBE 9 mL 9NC Coagulation sodium 

citrate 3.2%, Greiner Bio-One). The supplemented blood was stored at RT for 10 min in the 

dark for staining and before proceeding with subsequent blood perfusion experiments. 

 

Fixation, Permeabilization and Blocking 

After on-disc culture, 3D tissues were fixed by flushing a fixation solution (Roti-Histofix 4%, 

Carl Roth) into the media channels and a subsequent incubation step for 1 h at RT. Afterwards, 

the fixation solution was flushed out with PBS and the 3D tissues permeabilized for 30 min by 

filling the media channels with 0.1% (v/v) Triton X-100 (Sigma-Aldrich) in PBS at RT.  
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In the case of endothelial-lined channels, the fixation was comparable but using only a 15 min 

incubation step and adding 30 mg/mL BSA for blocking unspecific binding.  

 

Actin/Nuclei Staining 

Filamentous actin were stained with phalloidin (Alexa Fluor 488 phalloidin, Invitrogen) and 

cell nuclei labeled with 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-

Aldrich) in fixed and permeabilized 3D tissues. The staining solution contained 0.165 µM 

phalloidin, 1 µg/mL DAPI, 10 mg/mL BSA and 0.1% (v/v) Triton X-100 in PBS. The staining 

solution was filled into the media channel, left inside the channel for 60 min at RT and flushed 

out with PBS. 

Combined z-stacks and tile scans of the stained tissues were acquired with a confocal Laser-

Scanning-Microscope (LSM 710, Carl Zeiss MicroImaging), stitched (ZEN black edition 2.3 

SP1, Carl Zeiss Microscopy) and transferred into maximum intensity projections (Fiji, Image J 

version 1.52p–1.53c) [231]. 

 

CD31/Nuclei Staining 

After fixation, permeabilization and blocking, HUVEC were stained for CD31 and cell nuclei. 

Thereto, PBS supplemented with 30 mg/mL BSA and 0.1% (v/v) Triton X-100 was used for 

the dilution of all antibodies and dyes. In the first step, primary CD31 antibody (M0823, mouse 

anti-human, Agilent Technologies) was diluted 1 : 50 and injected into the endothelial-lined 

channels and washed out with PBS after 2 h at RT. Afterwards, the staining solution with 

1 : 100 diluted secondary antibody (A-11003, goat anti-mouse, Alexa Fluor 546, Invitrogen) 

and 1 µg/mL Hoechst (Hoechst 33342, Thermo Scientific) were injected and left inside the cell 

channels for 1 h at RT and flushed out using PBS. 

The stained endothelial cells were imaged with a confocal Laser-Scanning-Microscope (LSM 

710, Carl Zeiss MicroImaging). Combined z-stacks and tile scans over the full cell channel 

were first stitched (ZEN black edition 2.3 SP1, Carl Zeiss Microscopy) and then converted in 

maximum intensity projections (Fiji, Image J version 1.53c) [231]. Single z-stacks acquired in 

the center of the cell channel were either converted in maximum intensity projections with Fiji 

or rendered into 3D views with Fiji’s Volume Viewer plugin (Volume Viewer 2.01.2, 

https://github.com/fiji/Volume_Viewer; Last accessed: 14.10.2021). 
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5.6.2 Media Analysis 

The closed-loop perfused media was monitored during long-term HUVEC culture, as described 

in detail in Ref. [227]. Briefly, HUVEC were first injected into collagen-I-coated cell channels 

and left under static conditions for 1 h. Then, the pump was ramped up to 100 rph over 4 h and 

kept at 100 rph for 24 h. At this point (Day 0), the media was exchanged in order to remove 

non-adherent cells.  

In 24 h intervals (Day 1-7), the motor was stopped briefly, 110 µL of the perfused media were 

removed for analysis and replaced with fresh cell culture media before the motor was ramped 

up again to 100 rph within 1 h. The individual samples were frozen and kept at −80 °C until 

subsequent analysis. A complete media exchange was performed on day 3 and 6 after sampling. 

Throughout the perfusion experiment, qualitative flow tests were conducted on each day and 

included the connection of an empty pipette tip to the channel outlet. A raising fluid level in the 

pipette tip served as indication if fluid transport was present. 

The individual media samples were thawed and tested with a bioanalyte analyzer (Vi-CELL 

MetaFLEX, Beckman Coulter) for potassium (K+), sodium (Na+), chloride (Cl-) and calcium 

(Ca2+) in samples of a cell-free system (“reference system”) or for glucose and lactate in systems 

with HUVEC. Basal media concentrations of all components were measured as well in four 

samples of fresh cell culture media. 

 

5.6.3 Endothelial Cell Activation 

Inflammatory stimulation with tumor necrosis factor alpha (TNF-α) was analyzed in 

collaboration with Julia Rogal (Fraunhofer Institute for Interfacial Engineering and 

Biotechnology IGB, Stuttgart, Germany) and described in more detail in Ref. [227]. 

Briefly, cell channels were lined with HUVEC during 72 h of gentle perfusion using a pump 

speed of 10 rph. The cell lining process included a media exchange 48 h after the initial cell 

injection. This was done in order to assess the baseline cytokine release over the following 24 h 

by measuring the accumulating cytokines in the media. Thereto, samples of the perfused media 

were taken before conducting subsequent treatments. 

Afterwards, the media in all systems was exchanged completely and replaced with either cell 

culture media containing 20 ng/mL TNF-α (SRP3177, Sigma-Aldrich) or fresh, standard cell 

culture media without TNF-α. The respective media was perfused for another 24 h at 10 rph. 



Materials and Methods 

51 

Subsequently, the samples of the perfused media were taken in order to measure the 

accumulated cytokines from treated and untreated HUVEC. 

At each sampling time point, the respective media samples were first centrifuged at 3000 rpm 

or 1942 × g for 5 min (Multifuge 3S-R, Heraeus) in order to remove any debris and then frozen 

and kept at −80 °C until following analysis steps. 

Cytokine concentrations were measured by Julia Rogal using a fluorescent bead-based 

multiplex assay (LEGENDplex Human Angiogenesis Panel 1, 740697, BioLegend). The assay 

was read out by flow cytometry (Guava easyCyte 8HT, Merck) and analyzed with the 

LEGENDplex Cloud-Based Data Analysis Software Suite (BioLegend).  

Thereby, the concentrations of interleukin 6 (IL-6), interleukin 8 (IL-8) and angiopoietin 2 

(Ang-2) were measured in technical duplicates for each condition and time point. Cytokine 

release experiments included in total eight systems on two Organ-Discs, whereas half of the 

systems were either treated or not treated. 

 

5.6.4 Whole Blood Perfusion 

Blood was collected by Jun. Prof. Dr. med. Martin Weiss (Department of Women’s Health, 

Faculty of Medicine, Eberhard Karls University Tübingen, Tübingen, Germany) from 

volunteers under informed consent according to the permission of the ethical committee of the 

Eberhard Karls University Tübingen (Nr. 495/2018-BO02). All procedures were done 

according to the Declaration of Helsinki. 

Whole blood perfusion was conducted as described in more detail in Ref. [227]. After 

fluorescent labeling of platelets (cf. section 5.6.1 “CD41 Staining”), blood was supplemented 

with ions required for coagulation by adding a re-calcification buffer with a previously 

published composition [234]. This buffer contained 63.2 mM calcium chloride (CaCl2, Sigma-

Aldrich) and 31.6 mM magnesium chloride (MgCl2, Invitrogen) in 1 M 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, 1 M, Gibco) and was added 1 : 100 (v/v) to the blood 

sample. 

Before blood perfusion experiments, cell channels were lined with endothelial cells for 96 h 

under gentle, closed-loop perfusion at 10 rph, treated using PBS+ containing 10 mg/mL BSA 

and finally flushed with PBS+. Blood was perfused linearly through the system by adding a 
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blood-filled and an empty pipette tip to the reservoir ports. The reservoir compartments were 

filled with cell culture media for the preparation of the washing step after the blood perfusion. 

For blood pumping, the peristaltic pump was ramped up to 800 rph within 1 min and held at 

this speed for 5 min. Afterwards, both pipette tips in each system were pulled out, which 

initiated the washing step of the channels with media under closed-loop perfusion for 5 min at 

800 rph. After washing, the motor was stopped, the media was aspirated and the channels were 

flushed manually with PBS+ before the following CD31 and cell nuclei staining (cf. section 

5.6.1 “CD31/Nuclei Staining”). In this case, the staining procedure included incubation of the 

primary CD31 antibody at 4 °C overnight and a different secondary antibody (A32723, goat 

anti-mouse, Alexa Flour 488 Plus, Invitrogen) in order to avoid the overlapping of fluorescent 

signals related to CD41 and CD31. The fluorescently labeled platelets and the stained HUVEC 

were imaged using a fluorescence microscope (Leica DMi8, Leica Microsystems). 

 

5.7 Data Presentation and Statistics 

Unless stated differently, data is presented as mean or as mean ± standard deviation in text, 

tables and diagrams, whereas error-bars represent the standard deviation and the number of 

sample N is stated in each case. 

OriginPro (Version 2019b-2021, OriginLab Corporation) was used for the approximation of 

the flow rates of centrifugal pumping and for the linear regression between flow rates and motor 

speed of the Organ-Disc’s peristaltic pump. The Paired Comparison Plot plugin (version 3.6) 

of OriginPro was applied using Tukey’s range test in order to determine if cytokine 

concentrations were significantly different.  
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6 Concept and Design 

The concepts and designs presented in this chapter, as specified in each case, were published in 

Ref. [226] and Ref. [227]. 

6.1 Organ-Disc Technology 

The Organ-Disc technology enables the generation and culture of human microtissues using 

rotation-based processes. In the first step of the Organ-Disc process, tissues are generated by 

using either centrifugal cell loading into dead-end channels by spinning of the disc or by 

endothelial cell lining of perfused cell channels (Figure 6.1 a) [226, 227]. Thereby, different 

tissue structures can be generated. Whereas centrifugal loading achieves 3D tissues with high 

cell densities, cell-lining results in complete coverage of the inner channel surfaces with 

endothelial cells recapitulating a blood vessel-like setting. 

 

Figure 6.1 Organ-Disc concept: a) Tissue generation is achieved by i) centrifugal cell loading 

through Organ-Disc rotation for dense 3D tissues or ii) by endothelial cell lining of inner cell 

channel surfaces for blood vessel-like structures. b) Integrated perfusion in the Organ-Disc 

generated by i) spinning of the disc for centrifugal pumping or by ii) implementing peristaltic 

pumping on-disc. a-i), b-i) adapted from Ref. [226] available under the CC BY 4.0 license and 

a-ii), b-ii) adapted from Ref. [227] with permission from the Royal Society of Chemistry 

available under the CC BY-NC 3.0 license. 
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In the second step, continuous supply of cell culture media is achieved by perfusing the 

microchannels in the Organ-Disc. The media perfusion can be achieved either via centrifugal 

pumping by disc rotation or via an integrated peristaltic pumping mechanism (Figure 6.1 b) 

[226, 227]. In both cases, the Organ-Disc concept omits the need for external pumps for fluid 

transport in the microchannels as well as error-prone tubing connections to the microfluidic 

system. 

 

6.2 Organ-Disc Design 

Organ-Discs have an outer diameter of 10 cm and consist of multiple, thermoplastic layers 

stacked on top of each other, which form channels on both sides of a porous membrane (Figure 

6.2 a) [226]. The footprint of the Organ-Disc recapitulates the size of a 4” wafer in order to 

maintain compatibility to potential, alternative fabrication approaches in later settings.  

Each disc contains four systems, each featuring five cell channels, in order to achieve a 

parallelized platform with independent systems and to build the basis for future studies on 

tissue-tissue interactions within each system (Figure 6.2 b). Thereto, the cell channels are in-

line connected to a shared media channel for media supply to the individual tissues while a 

porous membrane separates the cell channels from the media channels. 

All cell channels are symmetrically arranged on the Organ-Disc and point radially outwards for 

cell loading by centrifugal forces into the tissue chambers at the end of each channel. The 

individual tissue chambers are located at identical radial positions (r = 41.5 mm) for equal, 

centrifugal conditions. The media channel requires different radial positions for in- and outlet 

in order to achieve a pressure gradient for perfusion due to centrifugation (cf. section 8.1). The 

outlet of the media channel is shifted towards the Organ-Disc center at the radial position of the 

inner cell channel loading port in order to prevent centrifugal pressure gradients across the 

membrane barrier during centrifugal loading and perfusion. 

The tissue chambers can be tailored to the desired tissue shape. For instance, both rectangular 

as well as dogbone-shaped chambers, as used in previous systems for the generation of an 

anisotropic, fiber-like tissue [147, 235], have been used (Figure 6.2 c). The tissue chambers in 

the Organ-Disc have a footprint of 0.3 mm2 and 0.5 mm2 for the rectangular and dogbone 

chamber respectively and are 175 µm high. The media channels above the tissue chambers are 

each 75 µm high and 1.4 mm wide. Media channels and tissue chambers are separated by an 
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approx. 15 µm thick membrane with 3 µm pores (cf. appendix, section 13.1 showing the 

complete 2D channel layout). 

The individual cell and media channel heights represent a compromise between multiple 

aspects. For both tissue and media layer, the channel heights are governed by the individual foil 

thicknesses, which sets a limit to the freedom of design with regards to the portfolio of 

commercially available foils.  

The thickness of the tissue layer sets the height of cell channels and tissue chambers. The 

desired thickness of the 3D microtissues, controlled by the tissue chamber height, is below 

approx. 200 µm, which arises out of the diffusion limitation in 3D spheroids. Spheroids usually 

feature a necrotic core if their size exceeds 500 µm in diameter due to insufficient mass 

transport to and from the spheroid center [236]. At the same time, the cell channel requires a 

sufficient height for reliable cell transport into the tissue chambers by centrifugal loading (cf. 

section 6.3), which makes a too thin tissue layer material unsuitable as otherwise cells could 

get stuck in the channel. 

The 75 µm thin media layer allows for an appropriate hydraulic resistance of the media channel 

and the achievement of suitable flow rates during centrifugal pumping (cf. section 8.1). 

Thereby, the media channel height is much smaller than the width hence the most effective 

parameter for adjusting the hydraulic resistance (cf. section 2.1.2). In principle, adjusting the 

channel resistance would be as well possible by changing the width of the channel. This was 

avoided as the media channel width above tissue chambers is set by the lateral size of the tissue 

chambers. Furthermore, the fabrication of narrow, lateral channel regions poses challenges to 

the microstructuring processes for through-hole structures (cf. section 7.1.1 “2D Structuring”).  

For access to the individual channels, a 2 mm thick port layer and 175 µm thick connector layer 

are added above the media layer. As bottom of the Organ-Disc, solely a 175 µm thin layer is 

added underneath the tissue chambers in order to allow for unrestricted, high-resolution 

microscopy of the microtissues. 
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Figure 6.2 Design of the centrifugal Organ-Disc: a) Individual layers of the Organ-Disc. b) 

Photograph of an Organ-Disc with a schematic close-up view of a single system with five cell 

channels, a shared media channel and the separating membrane. Scale bar: 20 mm. c) Top view 

of individual tissue chamber designs for tailored 3D tissues in rectangular or dogbone shape, as 

used in previous systems for anisotropic, fiber-like tissues [147, 235]. a) adapted from Ref. 

[226] available under the CC BY 4.0 license. 

 

6.3 Centrifugal Cell Loading 

The Organ-Disc allows for the generation of dense cell pellets in the tissue chambers by 

centrifugal cell loading [226], which is similar to previous systems using centrifugal forces for 

cell injection [147, 220]. In the first step of centrifugal cell loading, a cell suspension is injected 

into the cell channels through the loading ports of the Organ-Disc (Figure 6.3 a). In the 

following step, rotation of the Organ-Disc generates precisely controllable centrifugal forces. 

Thereby, the cells are transported radially outwards into the tissue chamber at the end of the 

cell channel (Figure 6.3 b). The cells accumulate in the tissue chamber and form dense cell 

pellets in the shape of the tissue chamber geometry (Figure 6.3 c). 
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Centrifugal cell loading provides an alternative to cell loading based on injection of a cell 

suspension by pressure gradients and retention of the cells in front of a porous barrier, e.g. 

membranes or channel walls with gaps [99, 106, 107]. Eventually, filtration-based cell loading 

results in cell accumulation in front of the porous barrier and clogging of the pores or gaps. The 

cell transport into those chambers will be limited at some point due to the increasing hydraulic 

resistance across the permeable barrier. Increasing pressure gradients are required in order to 

flush even more cells into the camber and to pump out the excess fluid of the cell suspension 

through the barrier and out of the chamber. In contrast to that, cell loading by centrifugation is 

independent of the filling state of the tissue chamber and allows for complete tissue chamber 

filling with a compact cell packing without high pressure gradients. Furthermore, cell transport 

happens in all cell channels at the same time as the centrifugal forces act on all cells inside the 

disc. This allows for parallelized cell loading and pellet formation in all tissue chambers and 

subsequent maturation into dense 3D tissues. 

 

 

Figure 6.3 Concept of centrifugal cell loading: a) A cell suspension is injected into the cell 

channels. b) Organ-Disc rotation generates centrifugal forces for cell loading. Cells are 

transported radially outwards along the cell channel and accumulate in the tissue chamber at 

the end of the cell channel. c) Thereby, dense 3D cell pellets are generated inside the tissue 

chamber, which adapt to the shape of the chamber. Figure adapted from Ref. [226] available 

under the CC BY 4.0 license. 
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6.4 Endothelial Cell Lining 

In addition to dense 3D tissues, the generation of an endothelial lining of perfused 

microchannels has been implemented in the Organ-Disc [227]. Cell channels are completely 

filled with an endothelial cell suspension using micropipettes for a homogenous cell distribution 

along the channel (Figure 6.4 a). After a short incubation, cells adhere on the inner channel 

surfaces and remaining, uncovered gaps between endothelial cells are closed through advancing 

cell proliferation (Figure 6.4 b). Thereby, endothelial cells spread and line the entire cell 

channel and form a blood vessel-like structure. After achieving confluent cell lining, this 

endothelium can be perfused with cell culture media or even with whole blood (Figure 6.4 c). 

 

 

Figure 6.4 Concept of endothelial cell lining: a) Injection of endothelial cells by flushing a cell 

suspension into a continuous cell channel using a micropipette. b) Lining of inner channel 

surfaces through cell attachment and proliferation. c) Completely lined channels with 

endothelial cells form blood vessel-like structure and can be perfused with media or blood. 

 

6.5 Centrifugal Perfusion 

Centrifugal perfusion is based on previously reported centrifugal pumping [27, 209], which 

allows for fluid transport in the Organ-Disc’s media channels by slow rotation of the disc [226]. 

During centrifugal pumping, the perfused media is stored in the Organ-Disc’s reservoir, which 

is added directly on top of the disc (Figure 6.5 a). The Organ-Disc reservoir does not require 

tubing connections to the disc and allows for fluid storage in a compact format. A central 

compartment stores fresh media flowing into the individual media channels of each system on 

the disc. The individual media channels on the Organ-Disc supply multiple microtissues in-line. 

Thereby, each system’s effluent is collected in individual compartments at the periphery of the 

reservoir. 

Fluid transport is achieved through the generation of centrifugal forces by rotation of the Organ-

Disc and its reservoir (Figure 6.5 b). Thereby, fluid is pumped radially outwards from the 
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central reservoir, through the media channel and into the effluent compartment. The generated, 

convective media flow is confined to the media channel above the tissue chambers (Figure 6.5 

c, d). A porous membrane separates the media channel from the microtissues and creates a 

permeable barrier, which is commonly applied in OoC research for artificial endothelial barriers 

[80, 99, 111, 147]. As demonstrated in previous studies, this allows for diffusive nutrient 

transport to the cells and shields the microtissues from excessive shear forces [115, 116]. 

 

 

Figure 6.5 Concept of the centrifugal Organ-Disc perfusion: a) During centrifugal perfusion, 

all fluids are stored in a reservoir with compartments for fresh media and individual effluents 

(here shown without lid), which is connected directly to the Organ-Disc (exploded view). b) 

Centrifugal pumping is achieved by slow rotation of the Organ-Disc. Media is pumped form 

the inner reservoir compartment radially outwards, through the media channel and then 

collected in the effluent compartment (radial side view). c) Convective media flow is confined 

to the media channels that are separated by a porous membrane from the tissue chambers (view 

from below). d) The membrane emulates an endothelial barrier that allows for diffusive 

transport to the microtissue and shields the cells from shear forces (tangential side view). Figure 

adapted from Ref. [226] available under the CC BY 4.0 license. 
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6.6 Peristaltic Perfusion 

Besides centrifugal perfusion, integrated peristaltic pumping has been implemented on the 

Organ-Disc and applied for the perfusion of cell channels lined with endothelial cells [227]. 

Peristaltic pumping in the Organ-Disc is based on previously presented concepts for fluid 

displacement in a flexible channel by magnetically dragged steel balls [205, 206]. During 

peristaltic perfusion, media is stored in a central reservoir on top of the Organ-Disc (Figure 6.6 

a). Identically to centrifugal perfusion, the fluid transport between Organ-Disc and reservoir 

compartments is achieved without interconnecting tubing by direct connection of the reservoir 

on top of the disc. 

 

Figure 6.6 Concept of closed-loop perfusion: a) The perfused media is stored in an open 

reservoir on top of the disc. b) For peristaltic pumping, steel balls are dragged over flexible 

pump channels by magnets moving underneath the stationary disc. c) Media is transported in 

closed-loop through cell channels and pumped back in to the reservoir. Figure adapted from 

Ref. [227] with permission from the Royal Society of Chemistry available under the CC BY-

NC 3.0 license. 

For peristaltic pumping, steel balls are dragged by moving magnets underneath the stationary 

disc and roll over flexible pump channels on top of the Organ-Disc (Figure 6.6 b). Thereby, the 

steel balls compress the flexible channel, displace the media inside the channel and transport it 

from the reservoir further through the cell channels (Figure 6.6 c). A closed-loop media 

perfusion is created by pumping the media leaving the cell channel back into the same reservoir 

compartment. 

For the implementation of peristaltic pumping on the Organ-Disc format, a flexible pump 

module is added on top the disc (Figure 6.7 a). The individual systems are arranged 

symmetrically on the Organ-Disc footprint and perfused simultaneously by the steel balls 

rolling on top of the pump module. Thereto, a magnetic holder underneath the disc keeps the 
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steel balls on a circular track around the central axis of the disc. Each system features a pump 

channel and cell channel as well as an individual compartment in the reservoir, which is 

connected to both inlet and outlet of the cell channel. The pump channels inside the flexible 

pump module are formed by adding two flexible layers – pump and pump support layer – on 

top of the disc (Figure 6.7 b). The disc module consists of three thermoplastic layers forming 

continuous cell channels for the formation of a blood vessel-like endothelial cell structure (cf. 

appendix, section 13.1 showing the complete 2D channel layout). 

 

 

Figure 6.7 Implementation of peristaltic pumping in Organ-Discs: a) A flexible pump module 

with pump channels is added on top of the Organ-Disc for peristaltic, on-disc perfusion. The 

symmetric arrangement of multiple systems and rolling steel balls allows for the simultaneous 

perfusion of several systems on the disc. b) Flexible, pump and pump support layer form 

together the pump module and are added on top of the three thermoplastic layers forming cell 

channels. Figure adapted from Ref. [227] with permission from the Royal Society of Chemistry 

available under the CC BY-NC 3.0 license. 
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7 Building Blocks 

The results presented in this chapter, as specified in each case, were published in Ref. [226–

228]. 

 

7.1 Microfabrication Technology 

The overall microfabrication of the Organ-Disc aims at a scalable and precise construction of 

microfluidic devices in industry-compatible materials. This included 2D structuring of 

thermoplastic foils and hot embossing of flexible TPE layers as well as fusing the individual 

microstructured layers by solvent or thermal bonding approaches. 

 

7.1.1 Structuring 

2D Structuring 

The Organ-Disc is a multi-layered, microfluidic system with channels formed by stacking 

several layers on top of each other [226]. Thereby, the channel side walls are generated by 

cutting through the entire material thickness of the middle layer, whereas channel ceiling and 

bottom are generated by adding closed layers on top and below.  

CO2 laser cutting (Figure 7.1 a) as well as plotting (Figure 7.1 b) – also called xurography [67] 

– have been applied for the generation of channel side walls in thermoplastic films. Both 

structuring techniques allow for rapid prototyping as they enable the direct transfer of channel 

layouts generated with computer-aided design (CAD) tools into thermoplastic layers without 

intermediate steps. 

In the case of 175 µm thick PMMA, CO2 laser cutting achieved minimal lateral dimensions of 

150-200 µm, as in the shaft region of the dogbone-shaped tissue chamber, which was adapted 

from previously presented heart-on-chip systems [147, 235]. Compared to structuring with a 

drag knife, laser cutting provided more freedom in structure design (cf. Table 7.1). In general 

for xurography, sharp, inner edges require modified cutting lines of the drag knife [67]. 

Therefore, laser cutting was chosen for Organ-Disc layers with sophisticated structures as the 

dogbone-shaped tissue chamber (Figure 7.1 c). An advantage of plotting, however, is the 

generation of smoother cuts through the material compared to the relatively rough edges 

generated with a CO2 laser. Therefore, plotting was well-suited for structuring of the media 

channels in order to limit air bubble trapping on rough channel edges (Figure 7.1 d). 
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Figure 7.1 2D structuring techniques: Microstructuring of the individual Organ-Disc layers by 

either a) CO2 laser cutting or b) plotting. c) Dogbone-shaped tissue chamber in 175 µm PMMA 

structured by CO2 laser cutting. d) Media channel cut into 75 µm PMMA by a cutting plotter. 

Scale bars: c), d) 750 µm. a), b) adapted from Ref. [226] available under the CC BY 4.0 license. 

Both 2D structuring processes allow for fast structuring in less than 5 min per Organ-Disc layer. 

The overall process time was mainly depending on the post processing such as removal of 

cutouts and cleaning of the surfaces for subsequent bonding steps. The two different structuring 

processes differed especially in the effort for cleaning of the surface. During CO2 laser cutting, 

particles formed on the substrate that had to be removed, e.g. by manual whipping with clean 

room tissues. On the other hand, plotting is a pure mechanical structuring process and formed 

no residues on the surface of the thermoplastic foils. 

 

Table 7.1 Comparison between CO2 laser cutting and plotting for 2D structuring of Organ-Disc 

layers. Classification: “+” (good), “+/−“ (medium), “−“ (poor) 

Process Freedom of design Quality of edges Post-processing 

CO2 laser + − − 

Plotting +/− + +/− 
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Hot Embossing 

The integration of peristaltic pumps required the fabrication of pump channels in an elastic 

material [227]. Flexible TPE, more precisely SEBS, provides a promising alternative to 

frequently used elastomers, such as PDMS [228]. TPE is usually structured by injection 

molding or hot embossing [59, 60]. Due to the lower demand in equipment and machining, hot 

embossing with temperature stable epoxy stamps fabricated by replica molding was chosen for 

TPE structuring [227, 228]. 

The overall fabrication of epoxy-based hot embossing stamps is adapted from previous studies 

[83, 229] and targets the accurate transfer of precise but often fragile microstructures into a 

rigid and temperature stable material. The stamp fabrication starts with the fabrication of initial 

SU-8 microstructures by standard UV lithography (Figure 7.2 a). In the second step, the 

photoresist structures are replica molded with PDMS (Figure 7.2 b). This results in an 

intermediate, negative PDMS mold, which acts as a master for the second replica molding step 

with epoxy resin (Figure 7.2 c). After curing and tempering for improved temperature stability, 

the epoxy stamp features the initial SU-8 microstructure profile and provides a rigid hot 

embossing stamp for subsequent structuring of TPE (Figure 7.2 d). 

 

  

Figure 7.2 Epoxy stamp fabrication: a) Standard UV lithography is used to generate 

microstructures in photoresist. b) An intermediate mold is generated with PDMS. c) PDMS is 

replica molded with epoxy resin. d) After curing and tempering, a temperature stable epoxy 

stamp with the initial structure profile is obtained. 
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For improved handling of the epoxy resin and precise structure transfer, a molding tool was 

designed for epoxy replica molding of the intermediate PDMS master. A vacuum chuck builds 

the basis of the tool and allows for the fixture of the PDMS master as well as the removal of 

trapped air bubbles during epoxy injection (Figure 7.3 a, b). An 8 mm high aluminum ring with 

an inner diameter of 110 mm is added on top of the PDMS master and forms a cavity for the 

injection of epoxy resin. A planar back side of the epoxy stamp is achieved by adding a PMMA 

plate on top of the aluminum ring. The interface between PMMA and aluminum ring is sealed 

with an O-ring to prevent leakage. Two syringes are connected to the PMMA top plate for 

epoxy injection (Figure 7.3 c). The first syringe is filled with epoxy resin that flows into the 

cavity by generating a small vacuum with the other syringe. If air bubbles are trapped during 

epoxy injection, applying vacuum underneath the PDMS layer allows for gas diffusion through 

the gas permeable PDMS and complete filling of the channel structures with epoxy resin (Figure 

7.3 d). 

 

Figure 7.3 Epoxy molding tool: a) 3D view of the CAD model and b) photograph of the epoxy 

molding tool for replica molding of PDMS structures with epoxy resin. b) Epoxy resin injection 

into the molding tool and c) air bubble removal by applying vacuum underneath the PDMS 

mold. a, c, d) adapted from Ref. [227] with permission from the Royal Society of Chemistry 

available under the CC BY-NC 3.0 license and b) adapted from Ref. [228] available under the 

CC BY 4.0 license.  
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Figure 7.4 Visualization of air bubble removal: Time lapse images of vacuum-assisted removal 

of air bubbles trapped in PDMS cavities that are covered by water. Air bubbles (white arrows) 

shrink over time and are completely removed within 20 min. Scale bar: 5 mm. Figure shows 

time-laps images adapted from Ref. [227] with permission from the Royal Society of Chemistry 

available under the CC BY-NC 3.0 license. 

The removal of air bubbles through a PDMS master in the epoxy molding tool was 

demonstrated using water and monitored over time (Figure 7.4). Air bubbles trapped in the 

PDMS cavities disappeared completely within 20 min of vacuum application (≥ 100 mbar, 

absolute pressure). After the curing and tempering of epoxy stamps, they were used for 

structuring of extruded TPE layers by hot embossing. Therefore, epoxy stamps were pressed 

(140 °C, 0.4 MPa, 10 min) into TPE, laminated on a PTFE foil, which provided a temporary 

carrier layer during hot embossing (Figure 7.5 a). TPE layers were easily removable from both 

the epoxy stamp and the PTFE foil after cool-down (< 40 °C) by applying a few drops of IPA 

(Figure 7.5 b). Thereby, the epoxy stamps allowed for multiple hot embossing and demolding 

cycles without any visible damage to the microstructures. At the same time, a precise transfer 

of microstructures all the way from photoresist structures to the final hot embossed TPE was 

achieved. This was demonstrated by comparing channel dimensions measured from side cuts 

of PDMS replica molds of the initial photoresist microstructures and the fabricated epoxy stamp 

as well as cross-sections from the resulting TPE channels after hot embossing (Figure 7.5 c). 
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Figure 7.5 Structuring by hot embossing: a) Hot embossing of flexible TPE layers. Epoxy 

stamps are placed on top of TPE, laminated on a PTFE foil, and embossed using a hot press. b) 

After cool-down, TPE molds are removed from the epoxy and the PTFE foil. c) Images and 

dimensions of channel cross-sections of PDMS replica molds from initial SU-8 structures and 

the epoxy mold as well as the final, hot embossed TPE channel (N = 4 channels). Scale bar: 

300 µm. a, c) adapted from Ref. [227] with permission from the Royal Society of Chemistry 

available under the CC BY-NC 3.0 license. 

To provide more flexibility in terms of channel geometries, TPE hot embossing was combined 

with rapid-prototyping techniques for the stamp fabrication. Therefore, embossing stamps were 

fabricated by SLA 3D printing using a temperature stable printing resin (Figure 7.6 a, b). 

 Besides faster generation of the stamps compared to epoxy-based stamp fabrication, the 3D-

printed stamps allowed for more flexibility of the 3D structure of the embossed channels. This 

was demonstrated by SLA printed stamps with semicircular structures for hot embossing of 

round channels into TPE. The resulting channel cross-sections were precisely adaptable to a 

predefined object. This enabled, for instance, the integration of cylindrical objects (Figure 7.6 

c-e), such as a hollow fiber membrane provided by Dr. Thomas Schiestel (Fraunhofer Institute 

for Interfacial Engineering and Biotechnology IGB, Stuttgart, Germany). 
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Figure 7.6 Hot embossing of round channels: a) Hot embossing stamp fabrication by SLA 

printing using laser-based structuring of a photo-sensitive and temperature-stable resin. b) Hot 

embossing with 3D-printed stamps and semicircular channel geometries. c) Round channels in 

TPE enable the integration of a cylindrical object, e.g. a hollow fiber membrane. d) Side view 

of TPE channel after hot embossing with 3D printed stamp. e) Hollow fiber membrane, 

provided by Dr. Thomas Schiestel, between two TPE layers with round channels. Scale bars: 

c) 500 µm, d) 1 mm. 

Besides the fabrication of flexible layers, hot embossing was further optimized for the 

fabrication of a rigid composite material by combining TPE and thermoplastic PC [228]. 

Microstructured PC/TPE-hybrid layers are generated in a single hot embossing cycle that 

includes structuring of TPE and simultaneous fusing to PC (Figure 7.7 a, b).  

As analyzed in collaboration with Eduardo J. S. Brás (NMI Natural and Medical Sciences 

Institute at the University of Tübingen, Reutlingen, Germany), the resulting composite material 

combines features of both materials [228]. TPE allowed for precise structuring and robust 

bonding to several materials (cf. section 7.1.2). The PC layer provided a rigid and polished 

support for the flexible TPE and resulted in a PC/TPE composite module with increased 

structural support (Figure 7.7 c). This is especially important for multi-layered systems that 

require the alignment of several layers to each other. This fabrication step is, however, difficult 

in the case of standard TPE layers that tend to bend and spontaneously adhere to other surfaces 

during the alignment process. 



Building Blocks 

69 

 

Figure 7.7 PC/TPE-hybrid devices: a) Simultaneous structuring of TPE and fusing to PC by a 

single hot embossing step. b) After post-processing, TPE and PC layers are combined to a 

microstructured composite material. c) PC/TPE-hybrid layers allow for better structural support 

and improved microscopy compared to standard TPE layers. Scale bar: 300 µm. d) 

Transmittance of the base materials, the 0.75 mm, unprocessed TPE and 0.50 mm PC, as well 

as the final, 1.1 mm thick PC/TPE-hybrid. 1.0 mm Ostemer and 1.0 mm PDMS layers are 

included for comparison to other standard materials used for microfluidic systems. Results 

shown in c) and d) were obtained in collaboration with Eduardo J. S. Brás. c, d) adapted from 

Ref. [228] available under the CC BY 4.0 license. 

At the same time, the polished surface of the PC support improved the microcopy capabilities 

of the composite by reducing the overall roughness on the backside of the hybrid. Standard TPE 

layers featured a rougher backside due to the PTFE carrier layer. Furthermore, the transmittance 

of the 1.1 mm thick composite was in the same range as the individual base materials, 0.75 mm 

thick TPE and 0.50 mm thick PC (Figure 7.7 d). This demonstrates that the combination of both 

materials is not accompanied by loss of transparency. In comparison to common materials in 

microfluidic research, PC/TPE-hybrid layers were less transparent than PDMS but revealed 

better optical properties than Ostemer, another alternative material to PDMS [47, 48].  
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7.1.2 Bonding 

 

Solvent Vapor Bonding 

Solvent vapor bonding was used for the fabrication of multi-layer Organ-Discs that consisted 

of 2D structured thermoplastic layers [226]. The overall applied bonding approach is adapted 

from Ogilvie et al. demonstrating the solvent-based fabrication of microfluidic devices in 

PMMA and COC [230]. 

The individual layers of the Organ-Disc were stepwise joined by solvent vapor treatment 

(Figure 7.8 a) and subsequent bonding in a hydraulic press at ambient temperature (Figure 7.8 

b). Solvent vapor treatment was achieved by attaching PMMA layers to the lid of a Petri dish 

that was filled with chloroform. Thereby, only one side of the individual PMMA layers came 

in direct contact to the chloroform vapor and developed a softer and swollen surface. A 4 min 

solvent vapor exposure at RT was sufficient for rendering the treated PMMA layer adhesive to 

another untreated PMMA substrate. This allowed for a stepwise bonding at RT with pressures 

in the range of 6-10 MPa of the individual Organ-Disc layers. The individual bonding steps 

took 10 min each, which enabled the complete fabrication of Organ-Discs with up to six layers 

within 2 h, followed by overnight incubation in a vacuum oven for removal of remaining 

solvent (Figure 7.8 c). At the same time, single sided solvent exposure avoided repeated solvent 

exposure of already bonded layers. This bonding approach also allowed for the integration of 

thin and fragile PET membranes by only treating the PMMA counterpart and pressing it on the 

untreated membrane surface. 

In addition to fusion of thermoplastic layers, solvent vapor exposure is suitable for polishing of 

rough thermoplastic surfaces as shown by Ogilvie et al. [230]. This effect was beneficial for 

rough channel edges from 2D structuring and resulted in better channel wall quality after vapor 

exposure and bonding (Figure 7.8 d). However, longer solvent vapor exposure than 4 min 

resulted in severe loss of material stiffness. Especially for the thin media layer from 75 µm 

PMMA foils, this resulted in low yield for correct alignment and lamination to another 

substrate. 
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Figure 7.8 Solvent vapor bonding: a) Solvent vapor treatment of thermoplastic disc layers in a 

Petri dish filled with chloroform. b) After solvent exposure, layers were stepwise bonded in a 

hydraulic press. c) Organ-Disc after complete bonding and solvent removal using a vacuum 

oven. d) Bright field images of rectangular and dogbone-shaped tissue chambers have smooth 

channel edges after solvent vapor bonding. Scale bars: 500 µm. a), b) and c) adapted from Ref. 

[226] available under the CC BY 4.0 license. 

A limitation of this bonding approach is the dependence of the bond quality on the respective 

material combination. Solvent vapor bonding for membrane integration resulted in a relatively 

low yield compared to bonding two identical PMMA layers, such as the 175 µm PMMA layers 

for tissue and bottom layer. The main reasons for this were the general challenge of solvent 

bonding dissimilar materials, such as PET and PMMA [237], and the difficult handling of the 

15 µm thin membranes during alignment and lamination. Similarly, direct connections between 

media layers (75 µm thick PMMA) and port layers (2 mm thick PMMA), both from different 

manufactures, were often prone to delamination during subsequent disc operation. This was 

counteracted by adding an intermediate connector layer (175 µm thick PMMA) that showed 

sufficient bonding to both media and port layer material. 
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Thermal Fusion Bonding 

Thermal fusion bonding is based on controlled application of heat and pressure to fuse 

thermoplastic layers and provides an alternative to solvent-based bonding [40]. The main goals 

of implementing thermal bonding were the avoidance of toxic solvents and further scale-up of 

the Organ-Disc fabrication. 

A bonding tool for simultaneous bonding of up to seven discs was developed for robust and 

parallelizable thermal fusion bonding of the Organ-Disc [227]. The tool consists of two 

aluminum plates for base and cover, silicone layers as well as polished, stainless steel plates 

(Figure 7.9 a). The outer dimensions of the bonding tool are equal to the 320 × 320 mm2 large 

plates of the hot press and provide space for up to seven Organ-Discs, each with a footprint of 

a 10 cm circle (Figure 7.9 b). Elastic silicone was used for soft layers between aluminum and 

steel plates in order to compensate irregularities in parallelism and planarity as well as to 

achieve conformal contact for unrestricted heat conduction. The laser-cut, mirror polished steel 

plates on both sides of the polymer layer stacks provide a smooth and easily replaceable contact 

surface (Figure 7.9 c). Four pins are inserted into the base plate and allow for the correct 

alignment of the individual disc layers at each bonding position in the tool. 

 

Figure 7.9 Thermal fusion bonding setup: a) Cross-section of a single position in the bonding 

tool for thermal fusion bonding. b) 3D view of the CAD model of the bonding tool for bonding 

up to seven polymer stacks with a footprint of a 10 cm circle. c) Photograph of the open bonding 

tool with base plate, silicone layers, mirror polished steel plates and alignment pins. a), b) 

adapted from Ref. [227] with permission from the Royal Society of Chemistry available under 

the CC BY-NC 3.0 license. 
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The overall bonding process can be separated in three consecutive steps: 1) heating the tool 

inside a hot press to the bonding temperature, 2) increasing the pressure for bonding of the 

thermoplastic layers and 3) cooling down to RT (Figure 7.10 a). The third step is achieved by 

removing the tool from the press and leaving it overnight at RT before opening it since the 

applied hot press lacked active cooling capabilities. 

Temperature measurements at four different positions inside the tool confirmed the optimized 

temperature distribution inside the tool due to the symmetric arrangement of the bonding 

positions and the soft elastomer layers assuring that no air pockets limit the heat transfer (Figure 

7.10 a). The bonding temperature was highly stable after the pre-heating step and fluctuations 

were bellow 1 °C from the desired temperature. 

 

 

Figure 7.10 Thermal fusion bonding: a) PMMA bonding process. Temperature at four different 

positions in the tool as well as applied pressure over time. b-e) Channel cross-sections from 

discs fabricated in b, c) PMMA at different bonding temperatures as well as other thermoplastic 

materials, such as d) COC or e) a combination of PC and PMMA. Scale bars: b-e) 750 µm. b) 

adapted from Ref. [227] with permission from the Royal Society of Chemistry available under 

the CC BY-NC 3.0 license.  
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The developed bonding tool allowed for versatile and precise thermal fusion bonding of several 

thermoplastic materials, such as PMMA, PC and COC. Thereto, the respective bonding 

parameters – temperature, pressure and time – had to be adapted in each case (cf. Table 7.2). 

Suitable bonding results for PMMA were achieved by applying approx. 1.9 MPa for 30 min at 

103 °C, 10 °C below the material’s glass transition temperature (Figure 7.10 b). For instance, 

bonding at Tg = 113 °C resulted in increased collapse of bottom or top layer (Figure 7.10 c). 

Additionally to PMMA as the mainly explored materials for Organ-Disc fabrication, the 

fabrication of COC-based Organ-Discs was implemented in order to provide a wider material 

selection and to demonstrate the adaptability of the thermal fusion bonding setup. Bonding 5 °C 

below the material’s glass transition (Tg = 142 °C) allowed for the fabrication of approx. 72 µm 

high channels without channel collapse (Figure 7.10 d). 

Besides reduced bonding temperatures, distortion and collapse during thermal fusion bonding 

can be counteracted by combining materials with different glass transition temperatures [80, 

161, 238]. Thereto, PMMA, as low-Tg material, was used for channel side walls and PC, as a 

higher temperature stable polymer, for top and bottom layer. Bonding in between the glass 

transition temperatures of PMMA and PC at 133 °C prevented collapse of the top and bottom 

PC layer but led to slightly rounded channel side walls due to softening of the PMMA middle 

layer (Figure 7.10 d). However, the average deviation to the intended channel dimensions after 

bonding was below 10% for all materials (Table 7.2). Furthermore, the resulting bonds could 

stand a nitrogen pressure of 3.5 bar without failure. This was the highest possible pressure of 

the regulator used for the burst pressure test of the individual Organ-Discs. Thereby, thermal 

fusion bonding provides sufficient bond strength that exceeds the need of conventional OoC 

and microfluidic cell culture devices. 
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Table 7.2 Thermal fusion bonding parameters for different thermoplastic materials and resulting 

channel properties. N ≥ 4 channel cross-sections and N ≥ 3 burst pressure tests. Values of 

PMMA Organ-Discs are published in Ref. [227]. 

 
PMMA,  

cf. Ref. [227] 
COC PC-PMMA-PC 

Temperature [°C] 103 137 133 

Pressure [MPa] 1.9 2.7 1.9 

Time [min] 30 30 60 

Channel height 

(foil thickness) [µm] 

170 ± 15 

(175) 

72 ± 5 

(80) 

176 ± 9 

(175) 

Channel width 

(CAD) [µm] 

963 ± 28 

(1000) 

941 ± 55 

(1000) 

909 ± 100 

(1000) 

Deviation H | W [%] − 2.7% − 3.7% − 9.7% − 5.9% 0.1% − 9.1% 

Pressure test 

(max. 3.5 bar) 
passed passed passed 

 

 

TPE Bonding 

Thermal fusion bonding of TPE was applied for the integration of flexible, hot embossed pump 

layers on top of a PMMA-based disc module [227]. TPE was plasma activated for improved 

adhesion [239], laminated on top of the Organ-Disc (Figure 7.11 a) and then thermal fusion 

bonded (95 °C, 6-15 kPa, 1 h) with a small weight added on top (Figure 7.11 b). 

Due to the self-adhesive properties of the SEBS material, this simple bonding approach was 

sufficient for the integration of flexible pumping layers on top of the Organ-Disc  

(Figure 7.11 c) and allowed for distortion-free pump channels after bonding (Figure 7.11 d). 

Furthermore, the obtained bonds were stable up to a pressure of 3.1 ± 0.3 bar (N = 3, failure at 

TPE-TPE interface) and allowed for several days of peristaltic Organ-Disc perfusion at 95% 

humidity and 37 °C (cf. section 9.4). 
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Figure 7.11 TPE bonding: a) Lamination of flexible TPE layers on top of PMMA-based Organ-

Discs. b) Thermal fusion bonding of TPE using an oven and a small weight added on top. c) 

Organ-Disc with a TPE pump module on top. The disc is filled with colored water for 

visualization of the functional channel layout. d) Distortion-free pump channel in TPE after 

bonding to a PMMA disc. Scale bar: 750 µm. a), d) adapted from Ref. [227] with permission 

from the Royal Society of Chemistry available under the CC BY-NC 3.0 license. 

 

For further characterization of TPE-based microfluidic devices, PC/TPE-hybrid layers were 

combined with multiple materials and analyzed in collaboration with Eduardo J. S. Brás (NMI 

Natural and Medical Sciences Institute at the University of Tübingen, Reutlingen, Germany) 

[228]. Thereto, the SEBS surfaces of PC/TPE hybrid layers were bonded to extruded TPE sheets 

and alternative thermoplastic substrates, such as COC, PS and PC. The respective combinations 

were thermal fusion bonded by an even simpler approach using overnight incubation in an oven 

at 60 °C without any additional applied bonding pressure. 
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All material combinations were stress tested right after bonding and after seven days submerged 

in PBS at 37 °C. Maximum working pressures were tested by applying nitrogen pressure, 

sealing the outlet and placing the chip under water for observation of leakage (Figure 7.12 a). 

Under both conditions, bonds between PC/TPE-hybrid layers and COC, PS, or PC substrates 

did not delaminate even at the highest possible output pressure of 7.5 bar of the nitrogen line 

(Figure 7.12 b). Solely bonds between PC/TPE-hybrid layers to TPE substrates could not stand 

pressures above 4.7 ± 0.2 bar or 3.2 ± 0.9 bar after chip submersion respectively. Further 

increased gas pressure led to clearly visible deformation of the flexible TPE substrate, however, 

not in bond failure or gas leakage.  

Therefore, for all material combinations and under both exposure conditions, the achieved 

pressure stability is well-suited for OoC applications if, for instance, physiologic blood pressure 

is used as a reference [240]. Even after seven days under culture conditions, the obtained bond 

strength is still comparable or even higher than previously reported values [83, 84]. 

 

 

Figure 7.12 TPE bonding strength: a) Burst pressure setup used for bond strength assessment. 

A nitrogen pressure line is connected to a chip with sealed outlet. The chip is placed in a water 

bath for better observation of bond failure. b) Maximum working pressure of TPE-based 

microfluidic devices. Chips consisted of PC/TPE hybrid layers bonded to TPE and several 

thermoplastic substrates and were tested after bonding (Day 0) and after seven days submerged 

in PBS at 37 °C (Day 7). Results shown in b) were obtained in collaboration with Eduardo J. S. 

Brás. b) adapted from Ref. [228] available under the CC BY 4.0 license.  
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7.2 Organ-Disc Spinner 

Different Organ-Disc spinners were developed for the individual rotation-based processes of 

the Organ-Disc. The setups used for centrifugal loading and centrifugal perfusion were 

developed in collaboration with Oliver Schneider (Fraunhofer Institute for Interfacial 

Engineering and Biotechnology IGB, Stuttgart, Germany) [226]. 

The spinner for centrifugal loading was designed in a compact format allowing for Organ-Disc 

cell loading inside a standard laminar flow bench under sterile conditions (Figure 7.13 a). A 

brushless DC motor, integrated into a PMMA housing, allowed for Organ-Disc rotation at 

500-4,000 rpm and was used for channel wetting and cell loading. 

For centrifugal perfusion, Organ-Discs were spun at up to 200 rpm by a stepper motor, which 

was attached to a PMMA base plate. This plate was connected to a standard incubator shelf to 

enable Organ-Disc rotation under culture conditions (Figure 7.13 b). 

A similar perfusion setup, featuring a stepper motor for rotation of a magnetic holder for 

dragging steel balls on top of the Organ-Disc (Figure 7.13 c), was used for integrated, peristaltic 

pumping [227]. The main difference, however, was that Organ-Discs were fixed to a platform 

instead to the spinning motor shaft. Thereby, the magnetic holder connected to the motor could 

rotate freely underneath the stationary Organ-Discs, which was positioned slightly above the 

magnets.  

In all perfusion setups, the remaining electronic components, such as display and rotary encoder 

providing a user-interface for setting rotation parameters, were left outside the incubator and 

connected to the motor by a thin cable (Figure 7.13 d). Thereby, all electronic components but 

the motor remained outside the hot and humid incubator environment while the Organ-Disc 

was spun under standard culture conditions. 
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Figure 7.13 Organ-Disc spinner: a) Centrifugal loading setup for cell loading of the Organ-Disc 

under sterile conditions. b) Centrifugal perfusion setup for media supply by rotation of the 

Organ-Disc inside an incubator. c) Peristaltic perfusion setup for integrated, closed-loop 

pumping in the Organ-Disc. A magnetic holder spins underneath the disc and drags steel balls 

on top the pump module. d) Display and rotary encoder provide a user interface for setting 

rotation parameters and are connected by a cable to the motor, which is placed inside an 

incubator for Organ-Disc perfusion under culture conditions. a, b) adapted from Ref. [226] 

available under the CC BY 4.0 license. c) adapted from Ref. [227] with permission from the 

Royal Society of Chemistry available under the CC BY-NC 3.0 license.  
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8 Perfusion 

The results presented in section 8.1 were published in Ref. [226], whereas results presented in 

section 8.2 are published in Ref. [227]. 

 

8.1 Centrifugal Pumping 

Linear, centrifugal perfusion in the Organ-Disc is based on centrifugal pumping [27, 209], 

which is achieved by rotation of the disc and its reservoir [226]. For OoC and microfluidic cell 

culture in general, media supply by centrifugal pumping has to meet two main requirements: 

1) The achieved flow rates in the Organ-Disc have to be controllable and in the range of usual 

values applied in OoC systems. 2) The centrifugal forces for pumping must not tremendously 

succeed conditions in stationary systems and moderate centrifugal accelerations are required in 

order to avoid hyper-gravity conditions. 

Before starting centrifugal perfusion, the central reservoir compartment is filled up to its lid 

with fresh cell culture media, while the outer effluent compartments are empty. As soon as the 

Organ-Disc and its reservoir start to spin, both centrifugal and hydrostatic pressure gradients 

are present across the media channel (Figure 8.1 a). Therefore, both pressure gradients 

contribute to the resulting flow rate Q in the media channel with 

 Q =
Δ𝑝c + Δ𝑝h
𝑅hyd

 (8.1) 

whereby Δpc is the centrifugal and Δph the hydrostatic pressure gradient as well as 

Rhyd = 10.8 1011 Pa‧s/m3 the hydraulic resistance of the rectangular media channel using 

equation (2.18) with W = 1400 µm, H = 75 µm, L =74 mm and ηwater, 37 °C ~ 0.693 mPa‧s (linear 

interpolation of values in Ref. [21]).  

The centrifugal pressure gradient can be estimated from equation (2.24). Here, the different 

radii for inner and outer boundaries of the fluid are r1 = 21.7 mm, the central radial position of 

the inner reservoir compartment and r2 = 35.7 mm, the radial positon of the exit port (Figure 

8.1 a). Here, r1 provides a compromise for varying fluid levels in the compartment for fresh cell 

culture media. As the effluent is pushed past the exit port, r2 remains fixed at the outlet position. 

This also leads to a constant hydrostatic pressure gradient between both reservoir 

compartments, which is determined from the reservoir height h = 8 mm. 
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Centrifugal perfusion experiments for flow rate measurements were conducted up to rotation 

speeds of 200 rpm or centrifugal accelerations of up to 1.86 × g at the tissue chamber positon 

respectively (Figure 8.1 b). On average, flow rates were between 3 µL/h and 445 µL/h at 

0-200 rpm. Already at 100 rpm or 0.46 × g, a flow rate of about 97 µL/h was achieved, which 

allows for media supply that is comparable to OoC systems based on perfusion by e.g. syringe 

pumps [111, 116, 118, 147]. Under these conditions, both standard gravity on earth and 

centrifugal acceleration result in 1.1 × g and, hence, only minimal elevated gravity conditions. 

According to equation (2.24) for centrifugal pressure gradients Δpc ~ ω2. Also the measured 

flow rates revealed a super-linear relationship to the applied rotation speed (Figure 8.1 b). 

However, flow rates in the Organ-Disc were clearly below expected values when both 

centrifugal and hydrostatic pressure gradients are considered. Especially at very low rotation 

speed < 50 rpm, flow rates were almost zero. Capillary pinning at the exit port provides a 

plausible explanation for this observation (cf. section 2.1.4), besides other reasons potentially 

reducing the measured flow rate, e.g. motor speed fluctuations or elevated evaporation at 37 °C. 

If capillary pinning occurs at the exit port in the reservoir, a capillary burst valve with a burst 

pressure Δpv is created. Below the critical angular frequency ω0, no liquid would leave the 

media channel. At ω > ω0, liquid would leave the media channel and is pushed radially 

outwards. Therefore, as long as no liquid accumulates above the media channel outlet, the total 

pressure gradient between in- and outlet of the media channel would be reduced by Δpv.  

Testing this hypothesis, the measured flow rates were approximated using 

 𝑄 = {

0 if   𝜔 < 𝜔0
Δ𝑝𝑐 + Δ𝑝ℎ − Δ𝑝𝑣

𝑅hyd, rect.
= 𝐵(𝜔2 − 𝜔0

2) if   𝜔 ≥  𝜔0
 (8.2) 

with a variable burst pressure Δpv. Thereby, Q can be approximated using 

 𝜔0
2 =

Δ𝑝𝑣 − Δ𝑝ℎ
1
2𝜌
(𝑟2
2 − 𝑟1

2)
 

(8.3) 

as critical angular frequency that only depends on Δpv and the constant parameter 

 𝐵 =
𝐻3 ∙ 𝑊

12𝜂 ∙ 𝐿
[1 − 0.630

𝐻

𝑊
] [
1

2
𝜌(𝑟2

2 − 𝑟1
2)] (8.4) 

solely depending on geometry parameters and fluid properties. This approximation results in a 

burst pressure of Δpv = 97 Pa as well as a coefficient of determination of R2 = 0.7. Compared 
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to flow rate calculations considering centrifugal, hydrostatic or both centrifugal and hydrostatic 

pressure gradients, this approximated flow provides a better matching to the measured flow 

rates (Figure 8.1 b). 

 

Figure 8.1 Centrifugal Organ-Disc perfusion: a) Pressure gradients during centrifugal pumping. 

Rotation of the Organ-Disc leads to a centrifugal pressure gradient, different fluid levels above 

in- and outlet result in a hydrostatic pressure gradient and capillary pining at the exit port creates 

a capillary burst valve. b) Flow rates by centrifugal pumping. Measured (squares, N ≥ 8) and 

calculated flow rates considering hydrostatic (“ph”), centrifugal (“pc”), combined hydrostatic 

and centrifugal pressure as well as fitted flow using an approximated burst pressure 

(“ph + pc – pv,fit ”). Figure adapted from Ref. [226] available under the CC BY 4.0 license. 
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8.2 Peristaltic Pumping 

Peristaltic pumping in the Organ-Disc provides an alternative to centrifugal pumping and does 

not require rotation of the disc [227]. Thereby, peristaltic Organ-Disc perfusion avoids 

centrifugal forces that could impact microtissues during culture and achieves a closed-loop 

media supply. By adding a flexible pump module on top of the Organ-Disc, peristaltic pumping 

is achieved in a stationary disc, while steel balls, dragged by a magnetic holder underneath the 

disc, roll over the pump channels. In total eight steel balls roll sequentially over the flexible 

pump module, compress the pump channel and push liquid through the disc.  

Both the distance between the steel balls as well as the pump channel length are adjusted in a 

way that the pump channel is constantly sealed by at least one steel ball to prevent back flow 

(Figure 8.2 a). Due to the arrangement of pump channels and steel balls, a constant fluid volume 

is trapped between two neighboring steel balls and pumped through the system (Figure 8.2 b). 

For b = 8 steel balls, the trapped volume Vtrapped can be estimated as 

 𝑉trapped =
𝜋 ∙ 𝑑𝑡 ∙ 𝐴𝑐

𝑏
− 𝛼 (8.5) 

with dt = 30 mm the diameter of the steel balls’ trajectory on the disc, Ac = 100 × 400 µm2 the 

pump channel cross-section and α the displacement of the steel balls. Hence, at a certain number 

of motor revolutions per time UMotor, the resulting flow rate Q is 

 𝑄 = 𝑈Motor ∙ 𝑏 ∙ 𝑉trapped (8.6) 

In the simplest case of α = 0, the limit of the pumped flow rate can be estimated. In the case of 

α = 0, the reduction of the trapped volume between two steel balls through their compression 

of the pump channel is ignored. Nevertheless, this simplified estimation is in good agreement 

to the measured flow rates. The actual measured flow rates indicate that Vtrapped is approx. 15% 

lower. This relates to a volume of α = 0.071 µL, which is displaced by the compression of the 

steel balls (Figure 8.2 c). The calculated flow rates according to equation (8.6) with 

α = 0.071 µL closely follow the experimental flow rate measurement.  

As expected for a peristaltic pump, the measured flow rates revealed a linear relation between 

flow rate and motor speed with a coefficient of determination close to one (R2 = 0.99999). 

Motor speeds at 100-800 rph induced average flow rates of 0.32-2.6 mL/h and WSS of 0.19-

1.5 dyn/cm² in the approx. 175 µm high channels using equation (2.20) for parallel-plate flow. 

Feed and effluent were stored in syringes attached to channel inlet and outlet for flow rate 

measurements (Figure 8.2 d). Therefore, the experimental setup allowed for assessing the 
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influence of back pressure on the peristaltic pump. The difference in water level between both 

syringes and corresponding hydrostatic pressure difference increased up to approx. 450 Pa 

during flow measurements. No reduction of the measured flow rate was observed up to this 

maximum back pressure (Figure 8.2 e). Overall, this indicates a proper pump channel sealing 

by the steel balls and successful prevention of back flow during peristaltic pumping. 

 

Figure 8.2 Peristaltic Organ-Disc perfusion: a) Top view of the peristaltic pump module with 

eight steel balls rolling over the four TPE pump channels. b) Schematic side view of a pump 

channel. Estimation of the volume (marked in red) between two steel balls without compression 

(α = 0). Due to pump channel compression, the actual perfused volume is lower (α > 0). Not 

drawn to scale. c) Flow rate and WSS at different motor speeds as well as calculated flow rates 

for no compression by the steel balls (α = 0 µL) and steel ball compression from experimental 

data (α = 0.071 µL). d) Photograph of the experimental flow measurement setup. The 

increasing difference in fluid level (Δh) during flow measurements allows for assessing the 

back pressure influence (Δp). e) Flow rates at different levels of back pressure for different 

rotation speeds. Measurements in c) and e) from two, independent systems, each measured three 

times. Figure adapted from Ref. [227] with permission from the Royal Society of Chemistry 

available under the CC BY-NC 3.0 license.  
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9 Tissue Generation and Culture 

The results presented in sections 9.1 and 9.2 were published in Ref. [226], whereas results 

presented in sections 9.3 and 9.4 are published in Ref. [227]. 

9.1 3D Tissue Generation 

Organ-Discs allow for the generation of dense 3D tissues using centrifugal forces for cell 

loading [226]. Thereto, 20,000-40,000 cells, depending on the cell type and tissue chamber size, 

were pipetted into each cell channel and loaded by centrifugal forces through rotation of the 

Organ-Disc into the individual tissue chambers.  

Standard cell biology procedures, such as pellet generation after passaging adherent cells, were 

used as a guideline and upper limits for centrifugal cell loading parameters in the Organ-Disc. 

Spinning the Organ-Disc at 1,000 rpm, or 46 × g at the radial position of the tissue chambers, 

were sufficient for cell loading. Thereby, the centrifugal forces acting on the cells were even 

lower than during standard centrifugation of 5 min at 100 × g in conventional cell culture [241]. 

Furthermore, Organ-Disc cell loading results in cell pellets in all 20 tissue chambers generated 

with less than one million cells and simultaneously within a single loading step (Figure 9.1 a). 

Overall, this demonstrates that the cell loading process in the Organ-Disc is scalable, efficient 

and gentle at the same time. This enables subsequent tissue generation within 24 h using 

centrifugal perfusion at 100 rpm or 0.46 × g. Thereby, the cells inside a tissue chamber 

transform form a cell pellet with individual cells to a single, connected tissue (Figure 9.1 b). At 

this point, both FB and ASC tissues were stained with FDA and PI for evaluating cell viability. 

Live/Dead staining of both cell types revealed that the tissues were overall FDA-positive (live) 

with small amounts of PI-positive (dead) cells. 

The structure of the tissues in the Organ-Disc can be defined by the geometry of the tissue 

chamber. This was visualized by a phalloidin and DAPI staining for fluorescent labeling of 

filamentous actin and cell nuclei respectively in a FB tissue after 24 h of on-disc culture. The 

FB tissue developed two anchor points on both sides of the tissue with high amounts of DAPI-

positive cells. The labeled actin fibers of cells in the middle segment revealed a prominent cell 

alignment in direction to the anchor points. The resulting tissue thickness was measured by 

confocal microscopy and revealed a height of 150-170 µm, which is in relationship to the 

approx. 175 µm high tissue chamber. This shows that both the lateral structure and the thickness 

of the tissue are definable by the tissue chamber geometry and, hence, demonstrates the Organ-

Disc’s potential for the generation of tailored 3D tissues. 
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Figure 9.1 Centrifugal tissue generation: a) Bright field images of ASC cell pellets after cell 

loading in all of the 20 tissue chambers of a single Organ-Disc. b) Bright field images of FB 

cell pellet after cell loading and after 24 h of centrifugal perfusion. c) Live/Dead staining of FB 

and ASC tissues after 24 h of centrifugal perfusion. Schematic shows the relative position of 

the individual tissue chambers inside an in-line connected system. Shown are maximum 

intensity projections from z-stacks of the 3D tissues. d) Phalloidin/DAPI staining of a FB tissue 

after 24 h of centrifugal perfusion in a dogbone-shaped tissue chamber. Shown are maximum 

intensity projections in horizontal and vertical direction of the 3D tissue. Scale bars: b-d) 

500 µm. Contrast adjusted for visualization. Figure adapted from Ref. [226] available under the 

CC BY 4.0 license. 
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9.2 Stratified Tissue Construction 

In addition to tailoring the outer dimensions of 3D tissues with specific tissue chamber 

geometries, centrifugal cell loading allows for the construction of stratified tissues [226]. 

Adapting a previously presented approach [220], centrifugal cell loading was repeated 

sequentially with different cell types in each step (Figure 9.2 a).  

Prior to loading, FB and ASC were labeled with different fluorescent dyes in order to 

distinguish between the different cell types. For each cell layer, approx. 5,000 cells were loaded 

into a rectangular tissue chamber. Cells were loaded with higher centrifugal acceleration of 

approx. 100 × g compared to standard cell loading for a higher compaction and clear separation 

of the individual cell layers. This process of stepwise injection resulted in dense and clearly 

separated cell layers of FB and ASC in rectangular tissue chambers (Figure 9.2 b). The stratified 

cell pellets compacted into dense tissues during following culture via centrifugal perfusion and 

maintained, even after 24 h, their intended layer structure of clearly separated FB and ASC. 

 

Figure 9.2 Stratified tissue generation: a) Stepwise, centrifugal loading for the generation of 

stratified cell pellets with multiple cell layers of different cell type. b) Bright flied and 

fluorescent microscopy images of each loading step. ASC and FB are labeled with different 

fluorescent dyes. c) Stratified tissues of an in-line connected system after 24 h of centrifugal 

perfusion. Scale bars b, c): 500 µm. Contrast adjusted for visualization. b, c) adapted from 

Ref. [226] available under the CC BY 4.0 license.  
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9.3 Generation of Endothelial-lined Channels 

Besides leveraging the Organ-Disc for tailored 3D tissues, Organ-Disc channels were lined with 

endothelial cells in order to generate blood vessel-like structures [227]. Additionally 

demonstrating the capabilities of the Organ-Disc’s tunable peristaltic pump for on-disc cell 

culture, cell channels were first lined with endothelial cells (HUVEC) and subsequently 

perfused under different shear stress conditions (Figure 9.3 a).  

Thereto, HUVEC were injected into cell channels and pre-cultured for 72 h for complete cell 

channel lining under a gentle media circulation, which was achieved by pumping at 10 rph 

motor speed. The resulting flow rate and shear stress were estimated from extrapolation of 

experimental flow rates (cf. section 8.2). The estimated flow rates during pre-culture were 

approx. 30 µL/h and the corresponding WSS approx. 0.02 dyn/cm2. During this period, the 

injected endothelial cells adhered and expanded to all inner cell channel surfaces. After 

completed cell channel lining with HUVEC, the endothelial cells were exposed to elevated 

shear stress levels, either 1.5 dyn/cm² or 0.19 dyn/cm², for another 24 h by integrated peristaltic 

pumping. 

Subsequent fluorescence microscopy demonstrated complete cell-lining over the entire length 

of cell channels with adherent HUVEC on all inner channel surfaces (Figure 9.3 b). HUVEC 

were positive for CD31 (platelet endothelial cell adhesion molecule 1; PECAM-1) under both 

shear stress conditions (Figure 9.3 c). HUVEC cultured at higher shear stress of 1.5 dyn/cm² 

displayed more characteristic cell-cell contacts. Both flow conditions did not result in distinct 

endothelial cell alignment to the flow direction. This observation is in agreement with previous 

studies reporting HUVEC alignment at shear stress levels ≥ 7.2 dyn/cm² [242–244]. However, 

under both shear stress conditions, endothelial cells were overall viable as confirmed by 

live/dead staining using FDA and PI (Figure 9.3 d). 
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Figure 9.3 Perfused endothelium generation: a) Schematic setup for on-disc endothelium 

generation and perfusion under tunable, closed-loop perfusion. b) CD31 and Hoechst staining 

of a cell channel lined with HUVEC (1.5 dyn/cm2 condition, maximum intensity projection). 

Inset shows a 3D rendered z-stack from channel center. c) CD31 and Hoechst staining of 

HUVEC under different shear stress conditions at top and bottom of cell channels (maximum 

intensity projection). d) Live/Dead staining of HUVEC cultured under different shear stress 

(left: composite, right: individual channels). Scale bars: b) 10 mm, c, d) 300 µm. Contrast 

adjusted for visualization. Figure adapted from Ref. [227] with permission from the Royal 

Society of Chemistry available under the CC BY-NC 3.0 license. 
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9.4 Perfusion of Endothelial-lined Channels 

The concept of integrated perfusion with an open reservoir on top of the Organ-Disc provides 

continuous access to the perfused medium for user-friendly analysis and cell treatment. 

 

9.4.1 Media Monitoring 

The capability to continuously monitor the perfused media was demonstrated by assessing 

evaporation and cell metabolism over several days of on-disc endothelial cell culture [227]. 

Thereby, qualitative flow tests (cf. section 5.6.2) throughout the culture confirmed the 

functionality of the peristaltic pump and the presents of fluid flow. 

Evaporation 

Standard cell culture at 37 °C usually requires a humidified environment in order to limit 

evaporation and accompanied changes to the solute concentrations in the cell culture media. 

Especially in microwell plates or microfluidic devices with open reservoirs, limiting 

evaporation is a general concern due to the large surface-to-volume ratio and the open air-liquid 

interface [245]. 

In the Organ-Disc with closed-loop perfusion, a gas permeable tape is applied on top of the 

open reservoir in order to allow for sufficient gas exchange to the cell culture media and limiting 

evaporation at the same time. However, evaporation can still occur by water vapor diffusing 

through the breathable tape or the channel walls. Therefore, water loss was quantified during 

long-term culture by measuring ion concentrations in system without cells perfused with cell 

culture media at 100 rph or 0.32 mL/h. This so-called reference system was run in parallel under 

equal conditions to systems used for long-term endothelial cell culture in the Organ-Disc (cf. 

section “Cell Metabolism”). 

The strategy for assessing evaporative water loss included the analysis of four different ions, 

potassium (K+), sodium (Na+), chloride (Cl-) and calcium (Ca2+), at each day of culture in the 

reference system. At each sampling time point t and for each ion, the total amount of substance 

n was balanced using 

 𝑛𝑡 = 𝑛𝑡−1 + 𝑉𝑃[𝑐0 − 𝑐𝑡−1] (9.1) 

with the measured molar concentration c inside the sample volume VP = 110 µL. After 

sampling, the withdrawn media volume was refilled with fresh cell culture media with the initial 

composition c0. 
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In the case of media exchanges, the remaining supernatant in the reservoir was analyzed (ct), 

subsequently completely aspirated and refilled with V0 = 5 mL of fresh cell culture media. A 

small amount of old media remained in the microchannel VS (approx. 24 µL) with a 

concentration of cS = ct. Hence, after refilling the reservoir with fresh media (t = exchanged), 

the total amount of each ion was 

 𝑛𝑡 = exchanged = 𝑉0𝑐0 + 𝑉𝑆𝑐𝑡 (9.2) 

Using equation (9.1) and (9.2) to calculate the total amount of ions n at each day t, allows for 

assessing the remaining liquid volume V in the system using 

 𝑉𝑡 =
𝑛𝑡
𝑐𝑡

 (9.3) 

The calculated evaporation revealed an average liquid loss of 4.4 ± 2.5% inside the reference 

system. Evaporative loss accumulated to 13.2 ± 3.0% or approx. 0.66 mL within 72 h, which 

was set as the time period between media exchanges and corresponds to the interval used in 

conventional endothelial cell culture. Media exchanges after every three days maintained a 

stable sawtooth profile of the relative media volume, oscillating around a steady state (Figure 

9.4 a).  

The calculated water loss per day derived from the different ions varied slightly between the 

highest value of 6.3% (K+) to the lowest rate of 2.7% (Ca2+) as well as rates close to the mean 

with 4.2% (Na+) and 4.3% (Cl-). Therefore, evaporation was estimated from the average over 

all four ions. A similar divergence of evaporation estimated from different dissolved species 

was observed previously by measuring ion concentrations in the media during cell culture [246]. 
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Figure 9.4 Cell culture media monitoring: a) Ion concentrations for calculating liquid loss in a 

perfused reference system without cells. Symbols refer to ion concentrations relative to the 

composition of fresh cell culture media. Black line marks the remaining, relative volume inside 

the reservoir calculated from the average of all ion concentration profiles. b) Glucose and c) 

lactate monitoring during long-term culture of HUVEC in the Organ-Disc. Measured, raw 

concentrations (upper panel) are corrected for evaporative loss and transferred into 

consumption and production rates per day (central panels) and absolute changes to nutrients 

and metabolites (lower panels). (Day 1 and 2: N = 4, all others: N = 5) a-c) Lines labeled with 

“media” refer to fresh cell culture media and lines labeled with “exchange” show media 

exchange time points. Figure adapted from Ref. [227] with permission from the Royal Society 

of Chemistry available under the CC BY-NC 3.0 license. 

 

Cell Metabolism 

Cells are able to utilize glucose as nutrient and to metabolize it into lactate by glycolysis [247]. 

Therefore, for evaluation of the metabolic activity of HUVEC, glucose and lactate 

concentrations were monitored in the perfused cell culture media during long-term culture in 

the Organ-Disc. The culture conditions, flow rate (0.32 mL/h at 100 rph) and intervals of media 

exchanges (every 72 h) were kept identically to the reference system running in parallel for 

assessing the evaporative water loss (cf. section “Evaporation”). 

With exception of the first 24 h (Day 1 measurement) of on-disc, long-term culture, a clear 

reduction of the glucose concentration in the perfused cell culture media was detected (Figure 

9.4 b, upper panel). Every three days, the supernatant was exchanged and fresh cell culture 
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media with initial glucose concentration added in the reservoir. This resulted in a characteristic 

sawtooth profile of decreasing glucose concentration. According to the cell metabolism, an 

inverted sawtooth profile of increasing lactate concentration is detectable in the perfused cell 

culture media (Figure 9.4 c, upper panel). 

Simultaneous monitoring of evaporation during long-term culture, allows for the detection of 

actual glucose consumption rates (Figure 9.4 b, central panel) as well as lactate production rates 

(Figure 9.4 c, central panel). Evaporative water loss, which results in an overlapping 

concentration increase, is corrected by calculation of the remaining media volume inside the 

reservoir compartment. Thereto, the total amount of species n for both glucose and lactate are 

determined for each day t from the respective concentration c using 

 𝑛𝑡 = 𝑉𝑡 ∙ 𝑐𝑡 (9.4) 

with Vt the remaining liquid volume calculated from salt concentrations in the reference system. 

Consumption and production rates, within Δt = 24 h, are  

 
|𝑛𝑡 − 𝑛𝑡−1|

Δ𝑡
 (9.5) 

Accordingly, the absolute amounts of metabolized glucose (Figure 9.4 b, lower panel) or 

produced lactate (Figure 9.4 c, lower panel) are detectable. The total consumption or production 

over time is 

 
|𝑛𝑡 − 𝑛0|

𝑡
 (9.6) 

The average glucose consumption over the whole culture was 2.5 ± 2.2 µmol/day, whereas 

lactate production was 7.5 ± 3.5 µmol/day. 
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9.4.2 Inflammatory Cell Stimulation 

For the demonstration of the physiological function of on-disc cultured endothelial cells, the 

response of HUVEC to inflammatory stimulation with TNF-α was analyzed in collaboration 

with Julia Rogal (Fraunhofer Institute for Interfacial Engineering and Biotechnology IGB, 

Stuttgart, Germany) [227]. 

Cell channels were lined with HUVEC during 72 h of on-disc culture at approx. 30 µL/h of 

closed-loop media perfusion. Subsequently, HUVEC were activated by pumping cell culture 

media containing 20 ng/mL TNF-α for another 24 h under the same flow conditions through 

the endothelial cell lined channels. After cell stimulation, the expression of CD106 (vascular 

cell adhesion molecule 1; VCAM-1), was determined via fluorescent antibody staining of 

TNF-α treated and untreated HUVEC (Figure 9.5 a). HUVEC with comparable cell density for 

both conditions, as confirmed by phase contrast microscopy, showed an increased CD106 signal 

when treated with TNF-α. These results are in agreement with previous reports demonstrating 

an increased CD106 expression of TNF-α treated endothelial cells [248, 249]. 

Besides analyzing CD106 expression, the cytokine release of HUVEC into the perfused 

medium was analyzed. Thereto, a fluorescent bead-based multiplex assay was applied, which 

allowed for the simultaneous quantification of several types of cytokines by flow cytometry. 

Over a period of 24 h, TNF-α treated HUVEC released significantly more proinflammatory 

cytokines compared to untreated cells (Figure 9.5 b).  

In detail, the concentrations of IL-6, IL-8 and Ang-2 were 12-fold, 38-fold and 2.5-fold 

increased respectively in the supernatant of TNF-α treated HUVEC compared to untreated cells. 

Demonstrating a stable baseline cytokine release, media from untreated HUVEC contained 

comparable amounts of the analyzed cytokines before and after the incubation period. Increased 

release of IL-6 and IL-8 from HUVEC in response to TNF-α stimulation [250, 251], as well as, 

upregulated Ang-2 expression in endothelial cells after TNF-α treatment has been reported 

frequently [252]. 
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Figure 9.5 Inflammatory cell stimulation: a) Images from TNF-α treated and untreated HUVEC 

by phase contrast microscopy and CD106 antibody staining. Contrast adjusted for visualization. 

Scale bar: 300 µm. b) Cytokine concentrations measured by Julia Rogal via a fluorescent bead-

based multiplex assay read by flow cytometry. Evaluation of cytokine content in the perfused 

medium from HUVEC before (“pre-treatment”, N = 8), after (“24 h treatment, N = 4) and 

without TNF-α stimulation (“24 h untreated”, N = 4). IL-8, IL-6 and Ang-2 concentrations in 

the media are significantly increased (p < 0.001) after activation of HUVEC with TNF-α. 

Figure adapted from Ref. [227] with permission from the Royal Society of Chemistry available 

under the CC BY-NC 3.0 license. 

 

9.4.3 Whole Blood Perfusion 

The capability of the Organ-Disc to generate a perfused, blood vessel like structure allows for 

minimized exposure of the channel walls to the perfused media. This enables even the perfusion 

of sensitive medium as demonstrated by on-disc perfusion of human whole blood with 

fluorescently labeled platelets [227]. 

Prior blood injection, HUVEC were cultured on-disc for 96 h with gentle media circulation at 

approx. 30 µL/h for complete cell channel lining. Freshly collected whole blood was 

supplemented with re-calcification buffer containing ions required for blood coagulation as well 

as CD41 antibody for platelet labeling [234]. Subsequently, blood was perfused by the 

integrated, peristaltic pump through the HUVEC-lined cell channels.  

Different to closed-loop perfusion, blood was pumped through the system between pipette tips 

connected to the respective reservoir ports at channel in- and outlet (Figure 9.6 a). Blood 
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perfusion was achieved simultaneously in all four systems, and resulted in complete cell 

channel filling with blood and clearly visible changes of the blood level in the respective pipette 

tips. After whole blood pumping for 5 min at 800 rph, the pipette tips were removed and the 

remaining blood in the cell channels flushed out by media previously filled in the reservoir 

compartments. All channels remained intact as no clogging appeared and complete blood 

removal was achievable in all systems. 

Platelet adhesion plays an important role during plug formation in injured blood vessels 

preventing blood loss but can also lead to thrombosis and stroke [253]. Adding CD41 antibody 

to the fresh whole blood for fluorescent labeling of platelets, enabled monitoring of platelet 

adhesion to the endothelium after blood perfusion (Figure 9.6 b). Fluorescent microscopy 

revealed both a strong CD31 signal from the intact endothelium after 96 h of on-disc culture 

and blood perfusion and clearly visible domains of CD41-poitive platelets adhering to HUVEC 

(Figure 9.6 c). 

 

Figure 9.6 Whole blood perfusion: a) Photographs of peristaltic pumping of whole blood 

showing the injection and perfusion of blood from pipette tips attached to the reservoir ports. 

Media allows for subsequent channel flushing after the blood-filled pipette tips are removed. b) 

Blood containing fluorescently labeled platelets is pumped through cell channels lined with 

endothelial cells. c) Fluorescence microscopy images of endothelial cells (CD31, Hoechst) after 

blood perfusion with adherent, fluorescently labeled platelets (CD41). Contrast adjusted for 

visualization. Scale bar: 300 µm. Figure adapted from Ref. [227] with permission from the 

Royal Society of Chemistry available under the CC BY-NC 3.0 license.  
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10 Discussion 

The following sections discuss the concepts and designs as well as the results of the different 

Organ-Disc versions, which are partially published in Ref. [226–228], in an overall context. 

 

10.1 Organ-Disc Technology 

The Organ-Disc combines existing concepts from different fields of microfluidic research and 

tissue engineering and, thereby, creates a novel platform technology for OoC research with 

higher throughput capabilities. 

The Organ-Disc is a multi-layered, microfluidic module with a compact, rotational symmetric 

channel layout. The symmetric channel arrangement around the Organ-Disc achieves a 

parallelization “by design” and allows for a simple scale-up of the number of individual systems 

or tissues per disc. Thereby, the Organ-Disc follows a different approach for parallelization 

compared, for instance, to multiplexed fluidic circuits [186]. The multi-layer design enables a 

separation of perfused media channels and non-perfused cell channels by sandwiching a porous 

membrane in between the tissue chambers and the media channels. On the one hand, the porous 

membrane allows for the recapitulation of the in vivo endothelial barrier shielding tissues form 

shear forces and allowing for diffusive nutrient and metabolite transport [115, 116]. On the 

other hand, this arrangement achieves the supply of multiple, in-line connected microtissues by 

a shared media channel, which paves the way for tissue-tissue communication and multi-organ 

systems [192]. 

The fabrication of multi-layered OoC devices is well-established in PDMS-based systems but 

usually not straightforward with alternative materials [80]. The Organ-Disc uses thermoplastics 

for the disc base and TPE for components that required a flexible chip material. Besides the 

well-known limitations of PDMS as a chip material for microfluidic cell culture [32], the main 

reason was to achieve a mechanically rigid system for user-friendly handling and to prevent 

disc deformation during rotation. This required the development and optimization of the 

fabrication of robust Organ-Discs with precise features, however, resulted in a scalable process 

that paves the way for industry-scale production. 

Inspired from the overall LoD concept [209], rotation of the disc or components drives the 

individual Organ-Disc processes, such as cell loading and pumping. Centrifugal cell loading by 

precisely controllable rotation of the Organ-Disc provides the basis for parallelized and 

simultaneous cell injection into multiple tissue chambers. The generated centrifugal forces act 
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homogenously in the symmetrically arranged cell channels, which are located on identical 

radial positions. The cell transport is based on sedimentation, which enables the formation of a 

dense cell pellet and subsequent generation of tailored 3D tissues with a definable outer and 

internal tissue structure. 

While centrifugal cell loading enables the recapitulation of dense, parenchymal tissues, it is not 

ideally suited for the generation of in vivo 2D cell structures, such as blood-tissue barriers. 

Therefore, an optimized process for complete lining of channels with endothelial cells was 

implemented on the Organ-Disc as well. This endothelial cell lining achieves perfused, blood 

vessel-like structures on the Organ-Disc and paves the way for applications focusing on 

vasculature research [254]. 

The reliable on-disc culture of 3D tissues and blood vessel-like structures requires a precisely 

controllable fluid transport on the Organ-Disc. In most OoC systems, this is usually achieved 

by external pumps and tubing connections [111, 118]. At first glance, external pumps provide 

a straightforward solution for on-chip fluid transport but require time-consuming, error-prone 

handling and potentially limit the transfer to higher-throughput applications. The Organ-Disc 

achieves an integrated fluid transport by either centrifugal pumping through Organ-Disc 

rotation, or peristaltic pumping through fluid displacement. This provides an alternative to 

conventional approaches but requires the development of suitable Organ-Disc spinner 

hardware. However, as demonstrated for all Organ-Disc processes, a simple setup is sufficient 

that features an electric motor for rotation of the disc or for rotation of objects on the disc. 

Furthermore, the required manual handling for the individual Organ-Disc processes is limited 

to standard procedures such as pipetting. At the same time, equipment and procedures 

interfering with automation attempts, such as tubing or external pump connections, are 

completely avoided.  

Overall, this combination of rotation-based concepts creates a novel platform technology for 

OoC research that enables the parallelized generation and culture of multiple microtissues using 

automatable processes with minimal handling and equipment requirements. 
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10.2 Scalable, Precise and Robust Organ-Disc Fabrication 

Even though PDMS is probably still the most frequently used material for microfluidic chip 

fabrication, it is more and more becoming an undesired material for microfluidic cell culture 

applications and especially OoC systems [32, 138]. This is mainly due to the high absorption 

of hydrophobic, small molecules into the bulk of PDMS [37], high water transmission resulting 

in osmolality shifts [141] and leaching of uncrosslinked PDMS components into the 

microchannels [38]. While PDMS allows for precise and simple fabrication techniques by 

replica molding and plasma activated bonding [54], the overall fabrication throughput is 

limited. For instance, PDMS curing times are hardly reducible as shrinkage occurs at higher 

temperatures required for faster crosslinking [136, 137]. In contrast to that, Organ-Discs are 

fabricated using thermoplastics and TPE as alternative materials in order to overcome the 

limitations of PDMS-based devices and to create robust modules for user-friendly Organ-Disc 

operation. 

 

10.2.1 Fabrication of Thermoplastic Organ-Discs 

Thermoplastic Organ-Disc modules are fabricated by a two-step process: 1) the 2D structuring 

of several thermoplastic layers and 2) the fusion of the individual layers. In the first step, the 

2D structuring techniques CO2 laser cutting and plotting allow for the rapid prototyping of 

thermoplastic disc layers. Thereto, both structuring techniques enable the direct and fast transfer 

of CAD designs into the thermoplastic foil. In both cases, the actual structuring per Organ-Disc 

layer takes less than 5 min. This makes the manual post-processing, such as cleaning, the 

primary bottleneck, which is greatly reduced in the case of plotting compared to CO2 laser 

cutting. Nevertheless, the overall structuring process of an entire Organ-Disc takes less than 1 h 

and hence results in a clearly higher throughput even compared to highly optimized PDMS 

processing applying curing steps of at least 4 h [135].  

Following a fit for purpose approach, plotting was chosen for sharp and smooth media channels 

or cell channels in the peristaltic Organ-Disc, whereas laser cutting was applied for thicker 

materials and the smaller tissue chambers. However, the general approach of generating 

through-hole structures and stacking multiple microstructured layers is not limited to those 

techniques. For even smaller features, Organ-Disc layers could be structured by high-resolution 

laser cutting using, for instance, femtosecond pulsed lasers at 800 nm as previously used for 

50 µm wide channels in polyester films [70]. Though those systems are usually more expansive 

than CO2 laser systems or cutting plotter, ablation using ultrashort pulse laser systems benefits 
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from a reduced thermal impact on the material resulting in minimal heat-affected zones and 

precise structures [71].  

The individual thermoplastic Organ-Disc layers were bonded after structuring by either solvent, 

or thermal bonding approaches. Solvent vapor bonding is ideally suited for rapid prototyping 

approaches and provides an alternative to, e.g., adhesives. A suitable solvent results in the 

intertwining of polymer chains across the bonding interface and a highly robust connection after 

evaporation of the solvent [82]. In principle, overexposure and destruction of channel features 

is a general complication during solvent bonding, especially using liquid solvents. Thereto, 

protecting, sacrificial layers have been introduced into channels and removed after solvent 

exposure and bonding [255]. However, this approach requires the complete removal of the 

sacrificial material, which would be complicated for the dead-end cell channels in the Organ-

Disc. Thereto, solvent vapor bonding provides an alternative to using liquid solvents and was 

adapted for the Organ-Disc fabrication from a previously published bonding protocol [230].  

Solvent vapor bonding allowed for a rapid fabrication of Organ-Discs and achieved bonding of 

up to six disc layers within 2 h. The adapted process of solvent vapor bonding does not 

necessarily require heating during pressing the treated layers. For the Organ-Disc fabrication, 

the bonding was performed at RT different to the original protocol applying an increased 

temperature of 65 °C [230]. This allowed for overall faster bonding cycles as no additional 

heating or cooling steps were conducted. Solely the pressure had to be increased for successful 

bonding comparable to similar bonding protocols recently presented for bonding cyclic olefin 

polymer (COP) with a pressure of 13.79 MPa at RT [256]. 

One of the limitations of solvent-based bonding approaches are the necessity to match suitable 

polymer and solvent combinations [40]. Also solvent vapor bonding for Organ-Discs revealed 

a material influence on the individual layer connections in the Organ-Disc. This material 

dependency was even observable for PMMA-PMMA bonds, such as the bonding of the 75 µm 

thin PMMA foils (media layer) to layers from cast PMMA plates (port layer). This connection 

was usually error-prone and required an additional connector layer from another PMMA 

material in between media and port layer. It is also worth mentioning that the portfolio of 

commercially available PMMA foils with thicknesses below 100 µm is rather small, which 

makes PMMA material exchanges difficult. Similarly, the tight integration of PET membranes 

was challenging, and resulted in occasional delamination from the tissue chamber. In those 

cases, this resulted in cell transport during centrifugal cell loading in between membrane and 

tissue layer material in gaps around the tissue chamber. Here, an alternative material 
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combination might provide a better bonding between channel and membrane, such as PP or PC 

membranes in combination with PMMA [165, 166]. Another solution for tight membrane 

integration is presented by PC/TPE-hybrid devices allowing for simple and robust bonding of 

PET membranes and preventing cell transport out of the chamber (cf. appendix, section 13.1). 

Another limitation of solvent vapor bonding is the high amount of manual handling required 

for the step-wise solvent exposure, alignment, lamination and pressing of the individual layers. 

Furthermore, the subsequent removal of the solvent had to be assured, which was conducted by 

overnight incubation in a vacuum oven and increased the overall fabrication time. Additionally, 

the necessity of working in a well ventilated environment such as a fume hood due to the 

toxicity of the applied solvent increased the risk of dust particle contamination on the Organ-

Disc layers. In principle, the overall handling of solvent vapor bonding could be further 

improved. Giselbrecht et al. presented a combined vapor exposure and bonding setup for the 

simultaneous fabrication of in total four cell culture scaffolds [166]. Such a bonding system 

could reduce the risk of particle contamination due to a reduction of handling steps outside of 

an enclosed containment but would still result in several bonding cycles in the case of the multi-

layer Organ-Disc. 

While higher amounts of manual handling are suitable for rapid prototyping, it creates a 

bottleneck for scale-up. In contrast to solvent vapor bonding, thermal fusion bonding does not 

require toxic chemicals and no post-processing for solvent removal. Furthermore, stacking of 

the individual layers in to the bonding tool is safely performed in a laminar flow bench or inside 

a clean room without the need of working inside a fume hood. After closing the bonding tool, 

particle contamination is prevented and the following process steps can be proceeded in a 

standard lab environment. 

At the same time, the thermal fusion bonding tool enables a parallelized, higher-throughput 

fabrication. No additional treatment or lamination is required besides stacking of the individual 

layers, while the correct alignment is assured by pins located at each bonding position. 

Leveraging the full plate size of the automated hot press, the tool allows for the parallel bonding 

of up to seven discs (cf. appendix, section Figure 13.3).  

Thermal fusion bonding relies on fusion of polymer chains under heat and pressure, while care 

has to be taken to limit distortion due to the softening of the polymers at temperatures in the 

range of their glass transition [40]. This requires strict control over the applied pressure and the 

bonding temperature. Thereto, the bonding tool uses a symmetric arrangement of the individual 
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bonding positions and soft elastomer layers. This enables homogenous conditions inside the 

tool and temperature deviations between different bonding positons below 1 °C.  

Several material combinations have been successfully bonded using the developed thermal 

fusion bonding setup. Besides PMMA, this enabled the fabrication of COC and PC-PMMA 

discs and provides more flexibility in the disc material for future applications. For instance, 

COC provides excellent transparency in the visible and near UV range [257]. 

Due to the different material specifications, bonding parameters had to be adapted in each case. 

Especially bending of channel top or bottom layers was a result of not optimized bonding 

conditions and impaired microscopy of cells inside the microchannels. A suitable measure 

against channel distortion is lowering the bonding temperature below their respective Tg [40]. 

For PMMA discs the temperature had to be reduced by 10 °C and for COC discs 5 °C below Tg 

respectively. Another strategy is combining materials with different glass transition 

temperatures [80, 161, 238]. In the case of PC-PMMA discs, bonding below the Tg of PC and 

above the Tg of PMMA prevents bending of top and bottom PC layers with only slightly 

rounded PMMA channel edges. 

For all settings and materials the presented thermal fusion bonding achieves channel geometries 

that differ less than 10% from their desired dimensions and bonds withstanding physiologic 

blood pressure levels [240] and even the highest, expected fluid pressures during peristaltic 

pumping (cf. appendix, section 13.4) without difficulty. Overall, thermal fusion bonding 

achieves precise channel features and Organ-Disc stability more than enough for standard OoC 

applications. 

 

10.2.2 Fabrication of TPE Modules 

The peristaltic pump required pump channels in an elastic material. For this, flexible TPE based 

on SEBS was chosen as an alternative to the elastomer PDMS. The applied TPE material is 

based on medically approved raw materials according to the TPE manufacturer and was 

previously applied for microfluidic devices [167]. Furthermore, the chosen TPE is approx. five 

times cheaper than PDMS, provides a biocompatible cell culture substrate and leads to reduced 

absorption of small molecules in direct comparison to PDMS (cf. appendix, section 13.5) [228].  

The commonly applied microstructuring techniques for TPE are injection molding [60] and hot 

embossing [59], which stem from conventional replication techniques for thermoplastic 

materials, but also replica molding using dissolved TPE [84]. Hot embossing of TPE was 
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chosen as structuring technique for the flexible pump channels, which does not require toxic 

solvents for dissolving TPE and is achievable even with low-cost hot presses [83]. Besides the 

hot press, the essential elements of TPE hot embossing are a TPE film and a suitable embossing 

stamp that is pressed into the bulk of the TPE film under heat and pressure.  

Due to the small portfolio of commercially available TPE films [83], film extrusion of TPE 

pellets with customizable film thicknesses in the range of 30 µm to 3 mm is a frequently applied 

alternative [51, 52, 60]. Because of the increased flexibility in terms of base material and film 

properties, custom TPE film extrusion was chosen for the fabrication of flexible pump modules, 

as well as PC/TPE-hybrid devices.  

Different to the TPE film fabrication, the range of fabrication methods for embossing stamps is 

rather wide. Hot embossing stamps have been fabricated, for instance, by replica molding using 

epoxy resin [61–63], by micromilling of metal [64] or by etching of silicon [65]. Additionally 

the direct embossing using photoresist structures [65] and PDMS molds has been presented 

[258]. Due to the high requirements in terms of specialized equipment and process complexity, 

both micromilling and silicon etching were not pursued further. PDMS masters are generally 

easy to fabricate but are relatively soft, which usually requires modified mixing ratios and 

tempering for precise hot embossing [258]. Even though direct embossing of SU-8 into TPE 

has been reported [51, 52, 59], initial attempts of hot embossing TPE pump modules for the 

Organ-Disc with SU-8 structures failed sometimes already after the first cycle due to photoresist 

delamination during TPE demolding.  

Therefore, the focus was laid on epoxy-based stamps, which are frequently applied as an 

alternative to direct embossing of photoresist structures and obtained by epoxy-based replica 

molding of an intermediate PDMS master [83, 229]. This combined approach allows for the 

accurate transfer of precise but usually fragile structures from a photoresist into a rigid and 

temperature stable epoxy. Avoiding direct molding of the photoresist with epoxy resin, PDMS 

acts as an intermediate master with an excellent replication fidelity below the 0.1 µm range 

[33]. In the following step of replica molding the PDMS master with epoxy resin, it has to be 

assured that cavities in the PDMS are completely filled with resin and that the epoxy mold 

remains planar and parallel after curing. 

For this purpose an epoxy tool was developed that enables the injection of epoxy resin in a 

cavity above the PDMS mold that is fixed to a vacuum chuck by applying a small vacuum. 

Different to a similar, commercial molding tool (Epoxym molding kit, Eden Tech), a planar 

and parallel back side of the epoxy is assured by adding a PMMA plate on top of the cavity 
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with ports for epoxy injection. Thereby, a planar backside and parallelism between front and 

backside of the mold are achieved in a simple way. The need for precisely leveled surfaces 

during curing or further post-processing steps, such as milling a planar backside [63], are 

thereby completely avoided.  

In order to assure complete PDMS cavity filling, the vacuum underneath the PDMS mold is 

maintained during the first 24 h of curing. This vacuum aims at the removal of air bubbles in 

the cavities by gas diffusion through the gas permeable PDMS [34, 35]. As this process is not 

visible due the opaque epoxy resin inside the tool, a proof-of-concept is provided by 

demonstrating this process with water resulting in complete air bubble removal within 20 min. 

A small and inexpensive pump is suitable for air bubble removal with a maximum absolute 

pressure of 100 mbar. Overall, the epoxy stamp fabrication achieves a precise transfer from 

SU-8 structures into the final epoxy mold as demonstrated from channel cross-sections in 

PDMS molds from both SU-8 and epoxy structures. 

Styrene block copolymers lose their elastic properties above the Tg of the rigid styrene block at 

approx. 90 °C and start to behave as a thermoplastic polymer [51]. This leads to lower hot 

embossing temperatures for TPE compared to standard thermoplastics. Therefore, the applied 

epoxy resin and its temperature stability up to 177 °C after tempering (manufacturer 

information) is sufficient for TPE hot embossing. In fact, an embossing temperature in the range 

of 130-140 °C was suitable for precise structuring of TPE. No damage to the epoxy stamp was 

observable even after more than 10-20 embossing cycles. Thereby, a precise hot embossing 

process with epoxy stamps was achievable. The deviation between a PDMS mold obtained from 

the epoxy stamp and the embossed TPE channel sizes were only 0.2% in width and 2% in 

height.  

Furthermore, hot embossing of TPE is fast and scalable. The overall process time of one hot 

embossing cycle was approx. 45 min. However, only 10 min were spent on the actual 

embossing step. The manual lab press was the bottleneck of the process, which required 30 min 

for pre-heating and 5 min for cooling. Therefore, an even higher throughput is expected for a 

hot embossing process using industry-scale presses with faster heating and cooling cycles.  

Finally demonstrating the versatility of TPE chip fabrication, hot embossing of TPE was 

combined with SLA printed stamps or the simultaneous fusion of TPE with a PC support layer 

during a single embossing cycle. The 3D printed stamps enable versatile channel geometries in 

TPE layers, such as round channels and an overall faster stamp fabrication within one day from 

CAD to stamp. However, the surface roughness and resolution of SLA printing remain a general 
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limitation [259]. While SLA-based stamp fabrication is ideal for rapid prototyping in TPE, the 

epoxy stamp fabrication is the process of choice for precise and smooth structures. Especially 

in combination with the developed PC/TPE-hybrid approach, limiting factors as the difficult 

handling of flexible and self-adhesive TPE layers are eliminated by providing more structural 

support. At the same time, the combination of TPE and PC results in comparable optical 

properties as the individual base materials and maintain the simple and robust bonding 

capabilities of standard TPE layers. 

 

10.2.3 Integration of TPE Modules to Organ-Discs 

The bonding of TPE to itself or thermoplastics was characterized for the stable bonding of pump 

channels to Organ-Discs for peristaltic perfusion, or for the fabrication of rigid PC/TPE-hybrid 

devices. 

The on-disc peristaltic pump required a robust bonding of pump and pump support layer on top 

of the PMMA disc. TPE provides a very good adhesion to itself or other thermoplastics as 

previously demonstrated [83, 84]. Different to thermal fusion bonding of thermoplastics, no hot 

press was required for stable bonds. Instead, a simple setup of adding a small weight on top and 

putting the layers in an oven was sufficient. Nevertheless, this simple bonding setup allowed 

for collapse-free bonding with undistorted channel cross-sections and bonds that could stand 

over 3 bar of nitrogen pressure. Furthermore, peristaltic pumping was possible for over 180 h 

at 100 rph. Overall, this relates to more than 144,000 actuations of each pump channel with a 

steel ball in a humid and 37 °C warm environment without bond failure. 

The robust bonding capabilities of the applied TPE material were analyzed in more detail by 

bonding TPE hybrid layers to multiple substrates. Thereby, it could be shown that the developed 

PC/TPE-hybrid bonding achieved bond strengths comparable or above other TPE bonding 

protocols. For instance, Lachaux et al. report TPE-TPE bonds withstanding pressures up to 

2 bar after bonding for 1 h at 85 °C [83]. Similarly, Borysiak et al. report TPE-bonds to TPE, 

PS or glass after 30 min at 75 °C that are stable up to 60 psi (= 4.1 bar) without delamination 

[84]. Even after seven days of incubation in physiologic buffer and at 37 °C the individual 

bonds presented here withstand rather extreme pressures for conventional OoC applications. In 

the case of connections between TPE and thermoplastic substrates, the achieved bonding 

strength exceeds even a pressure of 7.5 bar without bursting of the chip.  
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Expanding the field of future applications, for instance the integration of thin-film sensors on 

glass [260], a robust connection of TPE and glass is achievable as demonstrated in collaboration 

with Eduardo J. S. Brás [228]. Robust bonding between TPE and glass requires solely a simple 

surface treatment of TPE. Thereby, TPE is functionalized and bonded to plasma activated glass 

with an adapted surface treatment using bis-[3-(trimethoxysilyl)-propyl]-amine [79]. This 

approach achieves TPE-glass bonds that stand a pressure of 7.5 bar without failure even after 

the incubation in buffer for seven days. This demonstrates even more that TPE provides a 

versatile alternative to PDMS-based fabrication protocols for monolithic or hybrid devices. 

TPE enables similar or higher bond strength than PDMS-based fabrication protocols (Table 

10.1). Different to plasma activated PDMS bonding, all material combinations but TPE-glass 

bonds are achieved without activation steps by simple overnight bonding in an oven at 60 °C 

without any additional pressure [228].  

Table 10.1 Bonding strength to different substrates of previously reported PDMS devices in 

comparison to PC/TPE-hybrid devices. Reported burst pressures from PDMS devices are 

converted in bar and rounded. TPE bonding strength from samples tested immediately after 

bonding and without incubation in buffer at 37 °C. Bonding strength values for TPE were 

obtained in collaboration with Eduardo J. S. Brás. Table adapted from Ref. [228] available 

under the CC BY 4.0 license. 

Substrate material TPE bonding [bar] 
PDMS bonding [bar]  

from literature 

PDMS N/A 2.9-6.7 [76] 

TPE 4.7 N/A  

Glass > 7.5 1.7-5.1 [77] 

PC > 7.5 3.8 [261] 

  4.1 [262] 

COC > 7.5 > 8 [263] 

PS > 7.5 4.5 
[261, 

262] 
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10.3 Tunable, Pump- and Tubing-free Perfusion 

The perfusion of microtissues on the Organ-Disc without external pumping equipment is a key 

element of the Organ-Disc technology. For this, two rotation-based pumping mechanisms, 

centrifugal and peristaltic pumping, were implemented on the Organ-Disc. 

Centrifugal pumping was originally implemented for fluid transport in LoD devices and applied 

e.g. for parallelized, enzymatic assays [27, 209]. However, centrifugal pumping provides also 

a suitable fluid transport mechanism that can be applied for cell culture procedures. For 

instance, centrifugal pumping achieved the exchange of culture medium inside a chamber with 

adherent cell layers [222] or a compartment filled with a suspension of Caenorhabditis elegans 

[224]. 

The Organ-Disc applies centrifugal pumping for the continuous transport of cell culture media 

in the media channels during on-disc tissue generation. This enables the generation of 

microtissues from cell pellets inside the tissue chambers, which are separated by a porous 

membrane from the perfused media channels. 

The primary goal of centrifugal pumping are sufficient flow rates, while limiting centrifugal 

forces on the microtissues. The flow rate characterization reveals flow rates of up to 445 µL/h 

with a centrifugal acceleration of 1.86 × g acting on the tissues. However, already centrifugal 

accelerations as low as 0.46 × g achieve flow rates in the range of common OoC systems [111, 

116, 118, 147]. Under these conditions, the flow rates are 97 µL/h in average, whereas the 

tissues sense only a 10% higher gravitation of 1.1 × g in combination with gravity on earth. 

Experimental flow rates were lower as predicted flow rates with hydrostatic and centrifugal 

pressure gradients in the Organ-Disc. Here, capillary pinning provides a plausible explanation 

that reduces the actual pressure gradient across the media channel. The proposed theory allows 

for a close fit of experimental values. Potentially, centrifugal pumping could be further 

improved by including an overflow structure inside the reservoir above the exit port (Figure 

10.1). This would result in a constant fluid volume above the exit port, elimination of capillary 

pinning effects and render centrifugal pressure as the only gradient contributing to the pumped 

flow rate. 
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Figure 10.1 Concept of overflow structure in the in Organ-Disc reservoir that eliminates 

hydrostatic pressure differences and capillary pinning at the reservoir exit port. Media is held 

back above the exit port until it flows over the rim of the overflow and is collected in the outer 

reservoir compartment. 

However, a general limitation of centrifugal pumping for OoC applications is the lack of 

continuous media circulation [187]. Several approaches for pumping liquid in radially inward 

direction have been implemented on LoD systems, however, do not achieve unidirectional, fluid 

recirculation [20]. Therefore, peristaltic pumping was implemented on the Organ-Disc footprint 

as mechanism allowing for unidirectional, closed-loop perfusion. This provides an important 

step towards a closer recapitulation of the in vivo human blood circulation. 

The advantage of a peristaltic pumping mechanism is the linear relationship between flow rate 

and actuation frequency. This enables a better control over the resulting flow rate as centrifugal 

pumping and results in a highly linear flow rate depending on the motor speed. Furthermore, 

peristaltic pumping is achieved in a stationary Organ-Disc. This eliminates the potential impact 

of centrifugal forces on the tissues completely.  

The peristaltic pump for the Organ-Disc uses magnetically dragged steel balls compressing a 

flexible channel. The overall setup shares similarities to previously presented micropumps for 

fluid supply to microfluidic devices [205, 206]. However, an important advantage of the Organ-

Disc pump is the complete avoidance of PDMS as flexible channel material. The Organ-Disc 

uses TPE as an alternative elastic material to PDMS for the flexible pump channels with 

favorable properties such as a lower absorption of small molecules and lower water 

transmission [60, 228].  
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Another key aspect of the peristaltic pump on the Organ-Disc is the direct integration of the 

pump into the disc module. Thereby, reservoir, pump and cell channels are in direct contact to 

each other without interconnecting tubing, which allows for an overall improved and faster 

handling. Tubing involves time consuming preparation, for instance cleaning and sterilization, 

and connection steps between chip and external pump that goes along with the risk of 

introducing air bubbles into the system [192].  

Furthermore, the tubing between chip and pump is a relevant but often overlooked factor in 

common microfluidic systems besides the applied chip material itself [193]. The inner tubing 

surface is usually high compared to the inner surface of the microchannels, which makes the 

tubing material a dominant and critical component in the overall system. It has been shown that 

several types of commercial tubing lead to drug sorption (ad- and/or absorption) and that 

sorption increases with the dwell time inside the tubing [194]. It is plausible that especially in 

systems with a high dwell time, such as closed-loop perfused systems, sorption might influence 

the media composition. During long-term endothelial culture, media circulates for up to 72 h 

inside the disc until the next media exchange. Therefore, this emphasizes the relevance of the 

tubing-free Organ-Disc configuration with a low-absorbing pump channel material. 

Peristaltic pumping extends the range of achievable flow rates in the Organ-Disc and achieves 

flow rates of up to 2.6 mL/h at 800 rph motor speed. In principle, even higher flow rates are 

achievable by either more actuations per time or increased volume displacement per actuation. 

Further increased motor speed for faster actuation resulted in either bonding failure between 

pump and pump support layer or rupture of the flexible channel lid. This relates to the high 

mechanical stress during peristaltic pumping, which is also a common case of failure in 

commercial peristaltic pump tubing [264]. Thereto, current advances regarding the tuning of 

mechanical properties of SEBS materials, such as higher creep resistance, provide the 

opportunity to further improve the long-term stability of future pump modules [265].  

Besides a higher actuation frequency, the peristaltic pump rate is depending linearly on the 

trapped volume between two, neighboring steel balls in the pump channel (cf. section 8.2). 

Therefore, the pumping rate could be increased through adaptions to the pump channel. Possible 

measures are a bigger cross-section in combination with bigger steel balls for sealing the 

channel. Alternatively, an increased diameter of the steel balls’ trajectory on the disc could as 

well increase the pumped flow rate. This would be plausible by placing the pump channel at 

the periphery of the Organ-Disc. In principle, both adaptions lead to a higher displaced volume 

per actuation and provide a promising alternative for applications requiring further increased 
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flow rates without increasing the motor speed. Overall, this should limit the mechanical stress 

on the TPE and its degradation. 

At lower pumping frequency, the peristaltic pump enabled the long-term perfused culture of 

endothelial cells for over seven days in total with qualitative flow tests showing the pump 

functionality at each day of culture. Furthermore, quantitative measurements on three 

consecutive days revealed highly comparable pumped fluid volumes per motor revolution and 

conclude the high stability of the peristaltic pump (cf. appendix, section 13.6). 

Overall, both centrifugal and peristaltic pumping allow for the tunable perfusion in Organ-Discs 

without the need for expensive and bulky external pumps or error-prone and interfering tubing 

connections. Both approaches are based on rotation-based processes and require primarily a 

simple electric motor. In direct comparison of centrifugal and peristaltic pumping, it becomes 

clear that centrifugal pumping allows for a linear perfusion with less requirements to the disc 

materials and the spinner setup. On the other hand, peristaltic pumping enables circulatory 

perfusion without centrifugal forces and provides better control of the flow rate in a wider range. 

 

10.4 On-Disc Tissue Culture 

 

10.4.1 3D Tissues 

OoC systems focus frequently on the generation of 2D cell layers on both sides of a porous 

membrane [117]. Such a system is predestined for the recapitulation of endothelial-epithelial 

barriers, for instance, in the lung [118, 121], kidney [266], and placenta [267], or other in vivo 

barriers, e.g. the blood brain barrier [268]. However, this approach lacks the capability to 

generate replicates of parenchymal tissue beyond the blood-tissue barrier, which is built up 

from dense and organized 3D cell constructs [7].  

3D tissues in OoC devices are frequently formed by injection of cell-laden hydrogels [98–100], 

bioprinting of hydrogel-cell mixtures [103–105], retention of cells from a suspension by 

filtration [106–108], self-assembly in hanging drops [113], or generated by standard cell culture 

techniques and transferred into OoC devices [109–112].  

In order to allow for the recapitulation of tissues with a complex 3D structure, the Organ-Disc 

technology provides a tool for the generation of tailorable and dense tissues. Thereto, the Organ-

Disc uses previously presented approaches based on centrifugation for cell loading and spheroid 
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formation into microchambers [147, 220]. Going even one step further, the Organ-Disc 

technology simplifies the subsequent culture after the tissue generation by adding an active on-

disc perfusion. This is different to the previous systems using centrifugal cell loading that either 

lack active perfusion at all [220], or rely on external syringe pumps for media supply during 

culture [147]. 

In general, cell centrifugation into dense pellets is a standard technique in cell culture. 

Therefore, well-defined centrifugation parameters are available and provide a basis for the 

implementation in the Organ-Disc [241]. The Organ-Disc achieves dense cell pellets already at 

gentle centrifugal accelerations of 46 × g and well below the usually applied 100 × g during 

cell passaging. For both explored cell types for 3D tissue generation, FB and ASC, these 

centrifugal accelerations achieved closely packed cell pellets that compacted into dense and 

viable tissues within 24 h. However, centrifugal cell loading can achieve even denser tissues 

without exceeding standard cell culture centrifugation parameters. This is demonstrated by 

stratified pellets and tissues loaded at approx. 100 × g with denser and clearly separated cell 

layers of different cell type.  

The capability of the Organ-Disc technology to manipulate tissue densities marks an important 

difference, for instance, to systems applying cell-laden hydrogels or filtration-based systems. 

In the case of cell-laden hydrogels, a general concern is the low cell densities achievable by 

embedding single cells loosely into a hydrogel scaffold. This has led to scaffold-free printing 

advances with pre-formed, dense cell spheroids that fuse into a connected, macroscopic tissue 

[269]. At first glance, filtering cells from a cell suspension is suitable for higher cell densities 

in the generated cell pellet. The overall concept relies on the cell transport into the filter chamber 

by fluid flow. As the cells are retained by the porous barrier and accumulate in front of the 

pores, the hydraulic resistance of the porous barrier is increasing with advancing cell 

accumulation (Figure 10.2 a). 

The pore clogging mechanism in microfluidic systems depends on multiple parameters besides 

the ratio between particle and pore size. Pore clogging can occur with both cells that are larger 

and cells that are smaller than a single pore [270]. Even though small rim structures or channels 

surrounding the porous barrier can achieve that single cells do not reach and completely close 

individual pores [107], the accumulating cell layer in front of the porous wall creates an 

additional hydraulic resistance across the permeable barrier. In this case, higher pressure 

gradients for fluid transport across the barrier will be necessary in order to prevent declining 

flow rates of cell suspension and declining cell transport into the chamber.  
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Figure 10.2 Cell loading by filtration. a) During early cell loading, the required pressure for 

fluid transport is low. b) Advancing cell accumulation in front of the porous barrier around the 

tissue chamber leads to an increase of the hydraulic resistance. Higher pressure gradients are 

necessary for fluid transport. This can lead to high shear stress on the cell. 

Pressure pumps allow for limiting the loading pressure of the cell suspension [107], but cells 

accumulating in front of the porous barrier can still be exposed to very high shear rates 

generated by the excess media flowing around the cells and leaving the filter chamber (Figure 

10.2 b). Therefore, filtration-based cell loading bears the risk of flow-induced damage to the 

accumulating cells in front of the porous barrier [271]. This has been observed in the case of 

too high flow rates using a syringe pump for cell loading and resulted in reduced cell viability 

[108]. 

Different to filtration-based cell loading, the Organ-Disc uses cell sedimentation, which does 

not require fluid flow. Hence, whether the membrane between cell and media layer, nor the 

accumulating cells inside the chamber, create a bottleneck for dense cell packing. At the same 

time, centrifugal cell loading is highly efficient and achieves 20 dense cell pellets with less than 

one million cells.  

In order to put this cell number into perspective, one could compare the injected cell number to 

a previously reported heart-on-chip system [106]. The presented tissue chamber has an approx. 

15-24 times smaller volume than the tissue chambers on the Organ-Disc (estimate from UV 
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lithography protocol and microscopy images in Ref. [106]). The authors added pipette tips with 

up to one million cells in suspension for loading a single tissue chamber with cardiomyocytes 

by filtration [106]. A fair comparison between tissue densities is difficult due to the different 

cell sizes and the not exactly known captured cell number inside the tissue chambers of both 

systems. Nevertheless, the clearly different requirements in cell amount serve as a 

demonstration of the cell efficient and parallelized centrifugal tissue generation in the Organ-

Disc.  

At the same time, centrifugal tissue generation on the Organ-Disc allows for precisely tailorable 

tissues. This is demonstrated with single cell type tissues with customizable geometries, for 

instance rectangular ASC and elongated FB tissues, as well as stratified tissues with separated 

layers of different cell type. This demonstrates that both the outer as well as the internal tissue 

structure are designable on the Organ-Disc. This allows for several, potential applications, for 

instance, the generation of fiber-like heart tissues [147, 235], or the recapitulation of in vivo 

stratified tissues such as liver [272], retina [273], or bone tissue [274]. Alternative approaches 

for stratified tissue generation are usually not scaffold-free, such as multi-layer bioprinting of 

hydrogels with different embedded cell types [275], hence often limited in tissue density. The 

scaffold-free bioprinting alternative with pre-formed spheroids allows for high complexity but 

creates tissue constructs in the mm to low cm range [269], which limits the adaptability for OoC 

systems with channels in the µm to low mm range. 

Centrifugal cell loading might provide even more flexibility in tissue generation. In principle, 

this process is not limited to cell suspensions and loading single cells into a chamber. It is 

plausible that centrifugal cell loading is transferable to loading spheroids form single or 

multiple cell types into the tissue chambers. This would allow to load spheroids, or even 

organoids, that are usually generated in advanced, time-consuming cell culture protocols and 

integrate them into the Organ-Disc. Thereby, the Organ-Disc could take on the role of a 

parallelized culture platform with integrated perfusion similar to hanging drop systems. In 

general, hanging drop networks can be perfused by external or integrated pumps for a perfused 

spheroid culture [113, 276]. However, hanging drops can drip-off due to handling errors of the 

chip and evaporation in those systems requires a compensation strategy in order to limit liquid 

loss [113]. Therefore, the Organ-Disc might provide a more robust platform as the tissues are 

enclosed inside a rigid channel. Finally, the Organ-Disc platform allows for a simple scale-up 

with even more tissues per disc in future versions. This could be achieved by simply arranging 

more tissue channels on the disc footprint or using cell channel designs achieving a cell 

compartmentalization into chambers lying next to each other [147].  
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10.4.2 Blood Vessel-like Structures 

Vasculature-like perfusion is a key element in OoC research for a physiologic tissue or organ 

model. In recent years, the combination of more physiologic vascular networks and OoC 

systems has come into focus and has led to several integration approaches [277]. Thereby, 

endothelial cells are an essential component of vascular networks as they line the inner surface 

of all blood vessels in the human body [278]. 

Endothelial-lining of the inner channel surfaces has been achieved in channel networks with 

rectangular and round cross-section [279, 280]. Thereto, fabrication protocols have been 

presented for the generation of tubular PDMS [279], or hydrogel structures inside a rectangular 

channel [281]. However, the individual seeding protocols for complete endothelial-lining of the 

inner channel surfaces vary. After a coating with ECM proteins, rectangular PDMS channels 

have been perfused with a HUVEC suspension over two days using a syringe pump for the 

endothelial lining [280]. Round channels have been lined with endothelial cells by four 

consecutive seeding steps and turning the chip 90° in each step for cell attachment on the 

respective surface [279]. An automated version of this approach was used in a hydrogel lumen 

by attaching the chip to a slowly rotating motor for a homogenous cell distribution and 

attachment over the inner channel perimeter [282].  

Blood vessel-like structures on the Organ-Disc are achieved by first lining the top of the channel 

with endothelial cells and the remaining inner surfaces over three days under gentle, closed-

loop media flow in order to allow for sufficient nutrient supply and metabolite removal. 

Thereby, an advantage of the peristaltic pump setup using a stepper motor is that the flow can 

be ramped up very slowly in order to avoid abrupt increases in flow rate and cell detachment. 

In conventional OoC systems, this would usually require an external peristaltic pump allowing 

for a programmable flow speed pattern.  

Furthermore, the on-disc pump allowed for the perfusion of blood vessel-like structures for 

more than seven days, which demonstrates the suitability of the setup for long-term, on-disc 

culture. Additionally, HUVEC were exposed to increased shear stress levels leveraging the 

capability of the on-disc pump to generate high flow rates. Pumping at the maximum applied 

rate achieves an estimated WSS of up to 1.5 dyn/cm². HUVEC that were cultured under these 

conditions revealed a high viability and an intact endothelial structure, however, no cell 

alignment in flow direction. This was expected and in agreement with previous studies [242–

244], as this WSS level is at the lower range of physiological levels and comparable to WSS in 

large veins [283].  
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As already discussed, pumping with even higher fluid flows for increased WSS is plausible but 

will require an adjustment of the pump channel design in order to achieve a higher displaced 

volume per actuation. Alternatively, thinner cell channel designs provide another strategy next 

to higher flow rates as WSS increases geometrically with decreasing channel height in 

rectangular channels. HUVEC alignment is reported for WSS at 7.2 dyn/cm² and higher [242–

244]. In principle, those WSS levels would be achieved in an 80 µm high channel if the 

peristaltic pump transports the same volume per time. However, this will also result in an over 

ten times higher hydraulic resistance that might require stronger magnets for compression and 

sealing and a more powerful motor for actuation. Therefore, a combination of pump channels 

with higher displaced volume per actuation and slightly thinner cell channels might provide a 

suitable compromise for applications focusing on the effects of shear stress on endothelial cells 

without overall changes to the Organ-Disc layout and spinner hardware.  

Finally, the generation of perfused blood-vessel like structures on the Organ-Disc platform 

creates the basis for future applications aiming for an even closer recapitulation of vasculature-

like perfused 3D tissues. In principle, the channel design of endothelial lined channels in 

peristaltic Organ-Discs is compatible with the media channel in disc versions used for 3D tissue 

generation. Thereto, a closed-loop perfused and endothelial-lined media channel could be added 

above the porous membrane and tissue chamber incorporating a 3D tissue. Approaches 

demonstrating the plausibility of this combination have been presented previously and 

generated media channels with an inner endothelial lining neighboring a channel with an 

intestinal epithelium [284]. 

 

10.4.3 Tissue Characterization and Treatment 

The primary characterization methods in OoC research are optical readouts, such as microscopy 

for the analysis of cell morphology and fluorescent antibody staining. Ideally, the materials 

separating a tissue inside a microfluidic system from the optical sensor or microscope lenses 

should be as transparent and as thin as possible in order to limit light absorbance and to enable 

the use of high-magnification lenses, which are usually limited in working distance.  

For this purpose, the Organ-Disc features a thin bottom layer from highly transparent 

thermoplastic foils for unrestricted microscopy using an inverted microscope. The main 

material for Organ-Discs was PMMA, which was suitable for high-resolution images using 

bright field and fluorescence microscopy. COC is an alternative material for applications 

requiring even better optical properties, for instance, in the near UV spectra for further enhanced 
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fluorescence readouts [257]. Thereto, the fabrication of Organ-Discs in COC by thermal fusion 

bonding is achievable and has been demonstrated using the developed thermal fusion bonding 

tool. 

In comparison to conventional OoC systems relying on external pump perfusion, the Organ-

Disc allows for a user-friendly imaging as the risk of failing tubing connections during handling 

on a microscope stage is eliminated. In both Organ-Disc version, using either centrifugal or 

peristaltic perfusion, the reservoir can maintain attached to the disc during image acquisition. 

As the reservoirs are reversibly attached to Organ-Disc by mechanical clamping or double sided 

tapes, reservoir removal is possible and simple to perform. This enables improved handling 

during endpoint analysis, such as fluorescent microscopy of antibody stained tissues after 

fixation. 

Microscopy of tissues during on-disc culture required the short interruption of the perfusion for 

removal of the Organ-Disc form the respective spinner and transfer to a microscope. However, 

future versions of Organ-Disc spinner can include integrated imaging equipment.  

The peristaltic Organ-Disc remains stationary during culture, which allows for imaging setups 

inside the spinner that are adapted from conventional microscopy setups, for instance, using a 

microscope lens on a motorized stage [285]. Even during on-disc culture with centrifugal 

perfusion, such a system would be sufficient if short perfusion interruptions are accepted during 

image acquisition. Nevertheless, several optical readout setups have been developed in the field 

of LoD that are capable of imaging during fast disc rotation [286]. Grumann et al. presented a 

setup that achieves a spatial imaging resolution below 5 µm from structures on a disc at a radial 

position of 5 cm spinning at 150 Hz (approx. 47 m/s) [287]. Also setups for fluorescence 

microscopy of 20 µm objects moving at approx. 17 m/s were previously presented [288]. All 

processes on the Organ-Disc happen at a rotation speed ≤ 1500 rpm (approx. 8 m/s). Therefore, 

it is plausible that all processes on the Organ-Disc, even centrifugal cell loading, can be 

monitored during rotation by implementing spinner hardware from LoD systems into future 

Organ-Disc spinners. 

Besides the characterization of tissues by microscopy, the perfused media was collected for 

subsequent analysis or supplemented with compounds for cell treatments. Thereto, the Organ-

Disc reservoir guarantees continuous, user-friendly access to the perfused media throughout 

on-disc culture. The individual pipetting steps are simple, fast and comparable to standard cell 

culture procedures, hence completely automatable with appropriate liquid handling equipment 
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[289]. In the case of the peristaltic Organ-Disc, sampling or adding stimuli to the media is even 

possible without stopping the perfusion. 

However, a limitation of open reservoir setups are high evaporation rates under cell culture 

conditions [245]. At the same time, essential gas diffusion of oxygen and carbon dioxide to the 

media needs to be assured, which excludes gas tight sealing of reservoirs as a measure against 

evaporation. Oxygen and carbon dioxide transport was assured by using breathable tapes on top 

of the reservoirs. However, those tapes are not completely impermeable for water vapor. In 

order to provide an estimate of the degree of evaporative liquid loss, four different ion 

concentrations were monitored in a cell-free reference system comparable to a previously 

presented assessment of evaporation in a micro-bioreactor platform [246]. 

The calculated liquid loss of 4% per day and 13% within the 72 h media exchange interval 

demonstrate the relevance to determine evaporation during on-disc culture. Otherwise, this 

liquid loss would influence other solute concentrations in an uncontrolled manner. The 

evaporation estimates allow for normalizing nutrients and metabolites to the remaining liquid 

inside the reservoir compartments. Thereby, the cell metabolism can be assessed without 

overlapping water loss. 

Additionally, the evaporation assessment highlights the importance of taking measures against 

excessive liquid loss, such as periodic media exchanges, in closed-loop perfused systems in 

order to maintain suitable culture conditions. For instance, evaporative liquid loss and 

accompanied osmolality shifts can impact cells [141]. In the Organ-Disc, the periodic media 

exchanges, which replicate standard cell culture procedures, achieve a stable sawtooth profile 

of ion concentrations without net increase over time. In principle, the evaporative loss could be 

alternatively compensated by adding according amounts of water to the reservoir at each 

sampling day or by an optimized feeding strategy of fresh media and buffer [246]. Additionally, 

replacing the breathable tape with fluorinated ethylene–propylene (FEP) might provide a 

reduced water transmission rate, while providing relatively high oxygen and carbon dioxide 

permeability [290]. 

Identically to ion concentrations, nutrient and metabolite concentrations were monitored in the 

perfused media. The concentration profiles of the nutrient glucose and the metabolite lactate 

demonstrate the metabolic activity of on-disc cultured HUVEC. Both profiles are inverted and 

origin from the conversion of glucose to lactate by glycolysis. In general, cells are able to 

perform glycolysis under anaerobic as well as aerobic conditions [247]. Anaerobic conditions 

are not expected due to the breathable sealing tape on top of the reservoir, which is frequently 
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applied as gas permeable cover in cell culture [291–294]. However, glycolysis is also possible 

under aerobic conditions through the so-called Warburg effect, which is reported for tumor cells 

and proliferating cells [295]. Especially endothelial cells have been identified to favor 

glycolysis compared to alternative metabolic processes, such as oxidative phosphorylation 

[296]. 

Though the exact oxygen levels are not known in proximity to the cells, oxygen depletion of 

cell culture media inside the cell channel can be estimated in order to bring it into context to 

the observed metabolic activity. The basal mitochondrial respiration of 30,000 HUVEC is 

approx. 80 × 10-12 mol/min [297]. This relates to an oxygen consumption per cell OC of 

2.7 × 10-15 mol/min/cell. The cell number inside a cell channel of the peristaltic Organ-Disc CN 

is approx. 180,000 cells. This cell number can be estimated from nuclei counts from a confluent 

channel section (1080 cells/mm2), which is extrapolated to the inner surface of a cell channel 

(approx. 167 mm2). Assuming steady state conditions and oxygen saturated media inside the 

reservoir with a concentration cin of 192 × 10-6 mol/L [298], the oxygen content in the media 

leaving the channel at a flow rate Q is  

 𝑐out = 𝑐in −
𝑂𝐶 ∙ 𝐶𝑁

𝑄
 (10.1) 

The lowest expected oxygen content is 0.10 mmol/L at a flow rate of 0.32 mL/h (100 rph), 

which was applied for perfusion during monitoring the metabolic activity of HUVEC. This 

oxygen content relates to an oxygen saturation of 53% of the cell culture media under 

atmospheric conditions (21% partial pressure of oxygen). Physiologic oxygen levels depend on 

the specific region in the human body but are usually below 10% partial oxygen pressure [299], 

which would relate to approx. 50% oxygen saturation [300]. Therefore, it is plausible that 

neither anaerobic nor hypoxic conditions are present inside the disc. Overall, this indicates that 

the observed metabolic activity is aerobic glycolysis and not anaerobic glycolysis due to the 

absence of oxygen. 

Nutrient and metabolite concentrations corrected for evaporative loss revealed an average 

glucose consumption and lactate production of 2.5 ± 2.2 µmol/day and 7.5 ± 3.5 µmol/day 

respectively. Kim et al. report that HUVEC convert nearly 90% of glucose to lactate, with 1.74 

produced lactate molecules per glucose molecule [301]. Considering the standard deviation of 

both rates, the measured glucose consumption and lactate production are in reasonable 

agreement, however, slightly too high compared to the study of Kim et al. It is expected that 

this deviation stems from the different sensitivity of glucose and lactate measurements. The 



Discussion 

119 

high basal glucose content in the cell culture media results in relatively small reduction of the 

glucose content due to cell metabolism. The overall changes in glucose concentration between 

two measurements are close to the standard deviation of the mean. In contrast to that, the lactate 

concentration in the basal media is almost zero. Therefore, already small amounts of secreted 

lactate result in a distinct increase of lactate concentrations. 

Besides off-disc media analysis, future Organ-Disc versions can leverage the portfolio of 

integrated sensor technology for cell culture and OoC applications [302, 303]. Weltin et al. 

presented an electro (bio)chemical sensor system for online oxygen, pH, glucose and lactate 

measurements fabricated on a glass substrate [260]. The integration of glass-based sensors into 

thermoplastic systems is usually complex but plausible for TPE-based Organ-Discs using the 

robust and simple bonding of TPE to glass substrates [228]. Alternatively, several optical 

chemical sensors have been developed in recent years [304]. Optical sensors, for instance in the 

form of sensor spots or particles [122, 305], primarily require a transparent chip material, hence 

are well suited for sensing applications in the Organ-Disc. 

Furthermore, the Organ-Disc technology provides a user-friendly platform for cell treatments 

and readout of the respective cell responses. Thereto, compounds or stimuli can be simply added 

into the reservoir and perfused, for instance, by peristaltic pumping over a defined period, 

whereas the perfused media is accessible throughout the exposure for analysis.  

As a proof-of-concept for on-disc treatments and additional readout, the functionality of the on-

disc cultured endothelial cells is demonstrated in response to inflammatory cell stimulation with 

TNF-α. Thereby, the increased CD106 expression of HUVEC after the TNF-α exposure is in 

well agreement with previous studies and an expected inflammatory response of functional 

endothelial cells [248, 249]. Additionally, the significantly higher release of the 

proinflammatory cytokines IL-6 and IL-8 of TNF-α treated HUVEC compared to untreated 

HUVEC provides another plausible demonstration of functional endothelial cells. Both IL-6 

and IL-8 are secreted to a higher extend after TNF-α treatment from endothelial cells [250, 

251]. Similarly, the increased expression of Ang-2 in TNF-α treated endothelial cells is well 

known [252]. As demonstrated by Fiedler et al., Ang-2 is stored and released from Weibel-

Palade bodies in endothelial cells after exposure to certain stimuli [306]. However, it is worth 

mentioning that Fiedler et al. did not observe an Ang-2 release after short-term stimulation with 

TNF-α [306]. In contrast to that the TNF-α stimulation in the Organ-Disc resulted in a 

significantly higher Ang-2 concentration in the media. In the Organ-Disc, however, HUVEC 

were treated for 24 h with TNF-α and the released Ang-2 accumulated over this period in the 
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perfused media, which might trigger different cell reactions. Nevertheless, this demonstrates 

that the Organ-Disc with closed-loop perfusion provides a tool for long-term stimulation 

experiments with both circulating compounds and accumulating cell products, hence, enables 

the observation of time-dependent reactions. 

 

10.5 On-Disc Blood Perfusion 

As demonstrated in previous studies, endothelial cell-lining is the basis for the emulation of in 

vitro capillaries that are amenable for blood perfusion [307, 308]. In the human body, 

endothelial cells line all blood capillaries and are in direct contact to the perfused blood [278]. 

If blood comes in contact with other surfaces, such as bare polymer surfaces, a blood clotting 

cascade can be triggered resulting in blood coagulation and the formation of a thrombus [309].  

Therefore, the lining of Organ-Disc channels with functional endothelial cells achieves an 

important step towards artificial, perfused blood vessels. In order to limit the exposure of blood 

to the cell channel, the complete endothelial lining in the Organ-Disc is achieved using the 

optimized cell seeding process. Starting with an initial, sub-confluent cell seeding on the ceiling 

of the cell channel, endothelial cells proliferate and spread on the inner surfaces up to a 

confluent lining under a continuous, peristaltic perfusion. 

As a proof-of-concept, perfusion experiments with fresh, human whole blood were conducted 

after the complete lining. Thereto, human whole blood were injected and actively pumped 

through the cell channels using the integrated peristaltic pump. The absence of channel clogging 

during blood perfusion and the complete, subsequent flush-out of blood in all of the four 

channels demonstrates the successful on-disc blood perfusion.  

At the same time, on-disc blood perfusion is combinable with platelet adhesion monitoring. 

Platelet adhesion is an important process in injured blood vessels in order to prevent blood loss 

but is also involved during thrombosis and stroke [253]. Platelet adhesion can be observed in 

the Organ-Disc by fluorescently labeling of platelets in the perfused whole blood. After the 

blood perfusion, adherent platelets on an endothelial cell structure with a physiologic 

morphology are clearly observable.  

These findings demonstrate that the Organ-Disc combines an integrated perfusion system that 

is capable of pumping blood through a cell channel with a functional endothelial lining. This 

provides the basis for future applications in the field of vascular research. For instance, an 

automated readout of platelet adhesion to the endothelial cells using optimized readout 
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protocols for the analysis of microscopy images [234]. Alternatively, future Organ-Disc 

applications could study the effect of different shear rates during blood perfusion using the 

tunable on-disc pump [310, 311]. Different compounds, such as vitamin E (α-tocopherol) [312], 

influence platelet adhesion. As demonstrated, the Organ-Disc enables user-friendly cell 

treatments and readouts through the open reservoir setup. This could be further used for 

combinations of blood perfusion with drug exposures, which overall opens up a broad spectrum 

of future application in vasculature research but also other fields of OoC relying on a close 

emulation of in vivo blood flow.   
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11 Summary and Conclusion 

OoC systems culture human tissues in a precisely controllable microfluidic environment and 

recapitulate tissue and organ-level functionality [114, 117]. Current advances in the field of 

OoC demonstrate the potential of this technology as new microphysiologic tool with benefits 

over traditional, non-physiological cell assays and ethically problematic animal tests for drug 

development and precision medicine [7, 133]. However, unmet challenges, such as low 

fabrication scalability, chip material related constrains, low parallelization and elaborate 

perfusion setups, remain limitations of this technology [7, 13]. 

The focus of this thesis was the development of a novel platform technology paving the way 

towards higher-throughput OoC systems. This platform is called the Organ-Disc and combines 

concepts from centrifugal microfluidics, tissue engineering and OoC research. This 

combination enables a disruptive approach towards parallelization and automation of OoC 

systems using rotation-based processes for the generation and perfusion of microtissues. On the 

one hand, this eliminates the need for external pumps and error-prone tubing connections that 

interfere with automation approaches. On the other hand, parallelization solely requires a 

symmetric arrangement of multiple system on a single disc.  

The Organ-Disc itself is a multi-layer, microfluidic system and made of industry-compatible 

materials, such as thermoplastics and TPE, which eliminates the need for PDMS and its related 

limitations for OoC systems [32, 138]. The thermoplastic disc modules can be fabricated from 

a wide portfolio of thin and highly transparent materials as demonstrated using commercially 

available PMMA, PC and COC foils in combination with rapid and precise microstructuring 

techniques such as, plotting or laser cutting. Subsequent fusing of the individual thermoplastic 

layers into rigid disc modules is achieved by solvent vapor bonding or thermal fusion bonding. 

Whereas, solvent vapor bonding is ideally suited for the rapid prototyping of Organ-Discs, 

thermal fusion bonding provides great potential for the fabrication scale-up. The presented 

thermal fusion bonding tool enables precise control over the bonding process and is suitable for 

the simultaneous fabrication of up to seven, highly stable discs. Functional elements that require 

a flexible and sturdy material were fabricated using the TPE SEBS as promising alternative to 

the elastomer PDMS. Hot embossing with rigid and temperature-stable epoxy stamps, which 

recapitulate precise SU-8 structures utilizing the presented epoxy molding tool, was 

implemented as structuring technique for TPE. The integration of TPE modules to the Organ-

Disc is achieved by a simple thermal bonding that withstands even extreme pressures, beyond 

the usual OoC system requirements.  
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The Organ-Disc technology enables the generation and culture of multiple tissue types with 

tailorable structure under controllable perfusion actuated by rotation. Centrifugal cell loading 

provides the basis for the parallelized generation of dense, 3D tissues and relies on the transport 

of cells into tissue chambers by centrifugal forces. This process results in the rapid, cell-efficient 

and simultaneous formation of up to 20 cell pellets in one spinning step taking only 5 min and 

requiring less than one million cells. Subsequently, the individual cells inside the pellet fuse 

together into a dense, precisely tailorable and viable 3D microtissue. This has been 

demonstrated for both FB and ASC tissues adapting to different tissue chamber designs or even 

developing a stratification with adjacent cell layers of different cell type using a stepwise 

repeated loading. In addition to 3D tissues, blood vessel-like structures were generated in the 

Organ-Disc by completely lining inner channel surfaces with endothelial cells. The generated 

endothelial tissues display a high viability as well as a physiologic morphology and protein 

expression and are even perfusable with human whole blood. The on-disc generation of tailored 

3D tissues and functional endothelial tissues paves the way for future studies on both 

parenchymal tissue and in vivo barriers and demonstrates the versatility of the Organ-Disc 

platform.  

Physiological perfusion is a necessity in OoC systems but a major technical challenge if one 

aims at reduction of tubing and external pumping equipment. Thereto, the Organ-Disc applies 

either centrifugal pumping or integrated, peristaltic pumping for the continuous perfusion 

during tissue generation and culture. Centrifugal pumping achieves a linear, open-loop fluid 

flow and solely requires rotation of the Organ-Disc below 1 × g for sufficient pumping rates. 

Closed-loop perfusion is achieved by adding a peristaltic pumping mechanism on-disc using 

magnetically dragged steel balls for fluid displacement on top of the stationary disc. This 

enables programmable flow patterns, an extended range of flow rates and the complete 

avoidance of hyper-gravity conditions. The on-disc pump allows for tunable shear stress acting 

on cells lining the microchannels, long-term culture for over seven days and even the pumping 

of whole blood. 

Several tissue characterization techniques are compatible with the Organ-Disc platform. The 

Organ-Disc features a thin bottom layer allowing for high-resolution microscopy. This has been 

utilized for fluorescent antibody staining and the detection of platelet adhesion on endothelial 

cells. The open Organ-Disc reservoirs provide continuous access to the perfused media for cell 

treatments and analysis. Supernatant analysis included the assessment of evaporative liquid 

loss, a highly relevant aspect of microfluidics in general, and nutrient and metabolite content 

for the monitoring of cell metabolism. As proof-of-concept for on-disc cell treatments, 
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endothelial cells are stimulated with TNF-α and the corresponding, inflammatory response is 

monitored. Thereby, the cytokines released from the cells into the perfused media and 

fluorescent staining of the endothelial cells revealed an expected cell response to TNF-α and 

demonstrate the functionality of on-disc cultured endothelial cells. 

Building on the presented achievements, the Organ-Disc platform paves the way for various 

applications. The generation of stratified tissues with tunable centrifugal forces paves the way 

for the recapitulation of in vivo tissues and organs built up of layers with different properties, 

such as cell type or packing density. Future Organ-Discs can combine peristaltic pumping and 

centrifugal, 3D tissue generation. This will go one step further in the direction of blood flow-

like tissue perfusion by adding a perfused endothelial barrier and the possibility of 

programmable flow patterns. Thereby, the combination of TPE and thermoplastics will 

facilitate future Organ-Disc fabrication even more. The presented PC/TPE-hybrid layers 

combine the simple and precise structuring capabilities of TPE with the mechanical support of 

rigid thermoplastics. They are generated and structured by a single hot embossing step. The 

resulting modules are highly transparent, biocompatible, display a low absorption of small, 

hydrophobic molecules and can be bonded to glass, which will facilitate future sensor 

integration. As demonstrated, minimal equipment, such as simple electric motors, are sufficient 

for driving the individual processes on the Organ-Disc. By leveraging the achievements in the 

field of LoD and associated developments of CD player-like hardware for spinning, imaging 

and screening, the Organ-Disc technology has the potential to be transferred into benchtop 

settings and high-throughput workflows. 

Overall, the presented work demonstrates that the Organ-Disc technology achieves 

parallelization and automation with minimal requirements for manual handling and equipment, 

therefore creates a novel enabling technology for the next generation of OoC systems. 
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13 Appendix 

 

13.1 Organ-Disc Layouts 

The 2D layouts of the individual Organ-Disc versions are shown as top views, which were 

utilized for centrifugal cell loading and centrifugal perfusion (Figure 13.1 a) [226], or for 

peristaltic perfusion of a blood vessel-like structure (Figure 13.1 b) [227].  
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Figure 13.1 Organ-Disc layouts. a) Layout of the Organ-Disc used for centrifugal cell loading 

and centrifugal perfusion, here, shown with rectangular tissue chambers. b) Layout of the 

Organ-Disc with an integrated peristaltic pump. Scale bars: a, b) 20 mm. b) adapted from Ref. 

[227] with permission from the Royal Society of Chemistry available under the CC BY-NC 3.0 

license. 
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13.2 PC/TPE-hybrid Organ-Disc 

The overall Organ-Disc layout featuring a media and tissue layer separated by a porous 

membrane is transferable into PC/TPE-hybrid layers (Figure 13.2 a). The self-adhesive surface 

of TPE is ideally suited for the integration of fragile membranes. After placing the individual 

PET membranes into designated cavities in the tissue layer and adding a media layer on top, 

the final Organ-Disc bonding is achieved by overnight incubation at 60 °C in an oven without 

additional pressure. This process achieves precise channel structures as well as flat and tightly 

integrated membranes (Figure 13.2 b). The bonding between TPE layers and the PET 

membrane is sufficient for the centrifugal cell loading process and prevents cells from leaving 

the tissue chamber (Figure 13.2 c). 

 

Figure 13.2 Hybrid Organ-Disc. a) The fabrication process of hybrid Organ-Discs includes the 

simultaneous structuring and bonding of TPE and PC layers by hot embossing, the membrane 

integration into the tissue layer and final assembly by adding a hybrid media layer and overnight 

incubation at 60 °C. b) Tissue chamber of a hybrid Organ-Disc. c) Tissue chamber of a hybrid 

Organ-Disc after centrifugal cell loading. Scale bars: b-c) 500 µm.  
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13.3 Parallelized Thermal Fusion Bonding 

The presented thermal fusion bonding tool allows for the parallelized bonding of up to seven 

discs, each 10 cm in diameter, in one step. An exemplary bonding result of COC-based Organ-

Discs with highlighted, non-bonded areas demonstrates the homogenous fusion of the 

individual Organ-Discs (Figure 13.3). Non-bonded areas are located outside of channel regions 

hence do not affect the Organ-Disc functionality. 

 

Figure 13.3 Individual Organ-Discs after thermal fusion bonding with non-bonded areas 

highlighted in black. Shown Organ-Discs are based on COC. Non-bonded areas were localized 

by eye and highlighted with a permanent marker. Each disc is 10 cm in diameter. 
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13.4 Pressure Drop 

The theoretical calculation of the pressure drop during peristaltic pumping is described in more 

detail in Ref. [227]. Briefly, the maximum pressure drop is achieved at the highest flow rate 

Q = 2.6 mL/h at a motor setting of 800 rph of the integrated peristaltic pump. The sum of the 

individual hydraulic resistances of the in-line connected channel sections in the Organ-Disc 

result in a total, hydraulic resistance Rhyd = 1.8 × 1012 Pa‧s/m3. The resulting pressure drop at 

the highest pump rate is Δp = 1252 Pa. 

 

13.5 Small Molecule Absorption into TPE vs. PDMS 

The absorption of different rhodamine molecules were analyzed in collaboration with Oliver 

Schneider (Fraunhofer Institute for Interfacial Engineering and Biotechnology IGB, Stuttgart, 

Germany) and Eduardo J. S. Brás (NMI Natural and Medical Sciences Institute at the University 

of Tübingen, Reutlingen, Germany) and published in Ref. [228]. Briefly, PBS containing either 

100 µM rhodamine B, rhodamine 6G or rhodamine 101 was injected into PC/TPE-hybrid or 

PDMS channels bonded to glass substrates and remained in the channels for three days. The 

individual rhodamine compounds have comparable molar weights (479-491 g/mol) and differ 

in hydrophobicity (2.13 ≤ Log P ≤7.8) [313]. Micrographs and fluorescent intensity profiles 

were acquired and analyzed by Oliver Schneider every 24 h and after the final washout of the 

rhodamine solutions on day 3 (Figure 13.4). 

In direct comparison to PDMS, TPE devices showed a lower spreading of the fluorescent 

intensity profile and almost no visible, remaining fluorescent signal after washout of the 

rhodamine solutions. This serves as a qualitative demonstration that TPE shows lower 

absorption of small, hydrophobic molecules than PDMS. This observation is in agreement with 

previous studies on small molecule and drug absorption in SEBS chips [60].  
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Figure 13.4 Absorption of a) rhodamine B, b) rhodamine 101 and c) rhodamine 6G into TPE 

and PDMS. Micrographs and averaged intensity profiles for different time points and after 

washout of the rhodamine solutions. Scale bars: 100 µm. Micrographs and fluorescent intensity 

profiles were obtained and analyzed by Oliver Schneider. Figure reprinted from Ref. [228] 

available under the CC BY 4.0 license.  

  



Appendix 

156 

13.6 Peristaltic Pump Stability 

The results presented in this section were published in Ref. [227]. The peristaltic pump stability 

over longer periods is demonstrated by flow rate measurements, which were conducted on three 

consecutive days. The pumped volume per motor revolution was calculated for each 

measurement in order to allow for a comparison between different pump settings. Thereby, the 

pumped volumes were highly similar and close to the average (Figure 13.5). 

 

Figure 13.5 Peristaltic pump stability. Pumped volume of the integrated peristaltic pump per 

motor revolution. Flow rate measurements from three consecutive days with different pump 

settings and averaged, pumped volume per revolution over all measurements. Figure adapted 

from Ref. [227] with permission from the Royal Society of Chemistry available under the CC 

BY-NC 3.0 license. 
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