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Abstract

Microfluidic organ-on-chip (OoC) systems recapitulate the human physiology by advanced 3-dimensional

(3D) cell culture, but lack in parallelization and automation and are consequently barely used for phar-

makinetic analysis or high-throughput screening. At the same time, existing parallelized microfluidic cell

culture platforms enable automated control over the cell culture conditions, but are limited to straight-

forward 2D cell culture due to the use photolithography based wafer molds. These wafer molds are

expensive and time-consuming to make which obstructs the translation towards multiplexed OoC sys-

tems. Therefore, this study presents a parallelized microfluidic chip with a modular build-up consisting

of a standardized fluid routing system and a customizable cell culture layer. The polydimethylsiloxane

(PDMS) based chip is fabricated by multilayer soft-lithography and injection molding. The larger and

more complex 3D cell culture compartments can be rapidly prototyped by micro-milling, which enables

fast and easy redesign of the microfluidic chip. The fluid routing layer consists of a dense network of

channels and microfluidic large-scale integration of push-down valves. This facilitates tight and spa-

tiotemporal control over each of the individual cell culture compartments. A wide range of push-down

valve geometries were characterized, which showed that the quality highly depends on the height and

width of the channel, and on the thickness and elasticity of the membrane fabricated by a well- established

protocol. In the end, a 16-chamber microfluidic chip was successfully fabricated and operating. All layers

were aligned and leak-free bonded, and both a vessel-on-chip and engineered heart tissue model were

integrated into the platform. It was demonstrated that cell culture chambers of 0.9 µl were filled with a

flow rate of 2.7 µl/s. Finally, human umbilical vein endothelial cells (HUVECs) were initially cultured and

maintained for at least three days as first proof-of-concept experiment. It was observed that the success

rate was depending on the cell culture density. In the future many other types of applications could be

integrated into the platform. All in all, the presented modular chip design is paving the way towards the

implementation of OoCs in high-throughput pharmakinetic analysis and multiparameter screening.
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Samenvatting

Organ-on-chip (OoC)-systemen recapituleren de menselijke fysiologie door geavanceerde driedimensionale

(3D) celkweek. Parallellisatie en automatisering missen echter nog steeds, waardoor deze OoCs nauweli-

jks worden gebruikt voor farmacokinetische analyse of voor high-throughput onderzoeken. Tegelijker-

tijd bestaan er parallelle microfluïdische celkweekplatformen, maar deze bevatten alleen relatief simpele

2D celkweek compartimenten die worden gemaakt door middel van wafers gemaakt met fotolithografie.

De wafers zijn duur en tijdrovend om te maken, wat de translatie van deze platformen naar gemulti-

plexte OoCs belemmert. Daarom presenteert deze studie een parallelle microfluïdische chip met een

modulaire opbouw bestaande uit een gestandaardiseerd vloeistofrouteringssysteem en een aanpasbare

laag om celkweek in uit te voeren. De chip is gemaakt van polydimethylsiloxaan (PDMS) en wordt

gemaakt door een combinatie van soft-lithography en injectionmolding. De grotere en complexere 3D-

celkweekcompartimenten kunnen snel worden gefabriceerd met behulp van micro-milling, wat het mogelijk

maakt om design van deze compartimenten snel aan te passen of te herontwerpen. De vloeistofrouter-

ingslaag bestaat uit een dicht netwerk van kanalen en grootschalige integratie van push-down valves

waardoor afzonderlijke celkweekcompartimenten. Een breed scala aan push-down geometrieën is gekarak-

teriseerd, waaruit bleek dat de kwaliteit van de valves sterk afhangt van de hoogte, breedte, dikte en elas-

ticiteit van het membraan in combinatie met een goed ontwikkeld fabricatiemethode. Uiteindelijk is een

microfluïdische chip met 16 celkweek compartimenten gefabriceerd. Alle individuele lagen werden met

succes uitgelijnd en op elkaar gebonden, en zowel een bloedvat-op-chip als een geconstrueerd hartweef-

selmodel zijn in het platform geïntegreerd. De resultaten lieten zien dat compartimenten van 0,9 µl gevuld

konden worden met een snelheid van 2,7 µl/s. Ten slotte zijn als proof-of-concept-experiment menselijke

navelstrengendotheelcellen (HUVEC’s) in parallel gekweekt. De cellen bleven ten minste drie dagen in

leven en het succes van de kweek was afhankelijk van de celdichtheid. Door de flexibele fabricatiemethode

kunnen in de toekomst vele andere soorten toepassingen in het platform worden geïntegreerd. Al met al

laat dit onderzoek zien dat met het modulaire chipontwerp een grote stap is gezet naar de implementatie

van OoC’s in farmacokinetische analyse en multiparameterscreening.
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1 List of Abbreviations

2D 2-dimensional

3D 3-dimensional

AST Applied Stem Cell Technologies

BBB Blood-brain-barrier

CAD Computer-aided design

CNC Computer numerical control

CVD Cardiovascular disease

DPBS Dulbecco’s phosphate-buffered saline

EC Endothelial cell

ECGM-2 Endothelial cell growth medium 2

EHT Engineered heart tissue

FCB Fluidic circuit board

hiPSC Human induced pluripotent stem cell

HUVEC Human umbreicen vein endothelial cell

mLSI Microfluidic large-scale integration

OoC Organ-on-chip

PDMS Polydimethylsiloxane

PMMA Polymethylmethacrylaat

PLL-PEG Poly(L-lysine) poly(ethylene glycol)

RPT Rapid prototyping

TOP Translational Organ-on-Chip Platform

TNF-α Tumor necrotic factor α

VoC Vessel-on-chip
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2 Introduction

2.1 Challenges in pre-clinical studies

Parameter screening is an important aspect within fundamental disease modeling and pharmaceutical

research, such as drug development, toxicity studies, stem cell differentiation and cell activation. Pharma-

cological relevant, large-scale, cost-effective and reproducible cell-based assays are required to efficiently

and adequately screen these parameters [1]. For over a century, 2-dimensional (2D) cell culture systems

have been used as leading models during research and pre-clinical studies and still provide a straight-

forward and cost-effective parameter screening method. By the introduction of pipetting robots, high

throughput and temporal control over the cell culture conditions is obtained. However, these static and

monolayer cell-culture systems lack pharmacological relevance, since the spatial and biological context

of the cells is different from the native environment within the human body [2]. Animal models par-

tially overcome the limitations of 2D cell culture platforms by the recapitulation of in vivo complexity,

biodistribution and cross-talk, but are limited due to the time-consuming character, ethical debate, great

expenses, and lack of human physiological factors [3,4]. Consequently, animal models fail in predicting the

therapeutic response in humans and are unsuitable for high throughput parameter screening. It is widely

recognized that there is a gap between the high-throughput, straightforward 2D cell culture systems and

the low-throughput, debatable animal models, resulting in the late-stage failure during clinical trials of

approximately 80% of the drugs, which had successfully passed the pre-clinical studies [5]. Pre-clinical

and In vitro cell-based assays should therefore rather be a combination of both high-throughput and

physiological relevance instead of either of them [6].

2.2 Organ-on-chip technology towards physiological relevant cell-based as-

says

To bridge the gap between in vitro 2D cell culture models and in vivo animal testing, organ-on-chip

(OoC) platforms aim to recapitulate the 3D physiological environment of a human organ system by mim-

icking different aspects of the in vivo microenvironment of cells within a microfluidic chip [7–9]. By using

biological components in combination with controllable non-biological complexity, it is possible to steer,

adjust and control an OoC system while performing experiments. Examples are the integration of cellu-

lar architectures, multicellular constructs, and the addition of physical factors such as flow, mechanical

strain, electrical potentials, and concentration gradients. Almost all OoCs are based on microfluidics,

since microchannels contain small volumes and large surface-to-volume area, which enhance paracrine

signaling and decrease the costs of expensive chemicals and growth media. Hence, this results in a dy-

namic but controlled tissue culture environment. Integrated sensors make it possible to easily obtain

real-time data from the set-up. Since cells are cultured in a physiologically relevant environment, OoCs

provide more accurate insight into the effectiveness and toxicity of both existing and newly developed

drug compounds [10–12]. Moreover, OoC systems support the understanding of human physiology and

provide new fundamental insights into tissue or disease development by investigating the cellular response

to spatiotemporal alterations [13, 14]. Since the first OoC platform was introduced [15], the literature

showed a rise in publications that focus on a great variety of different OoC systems covering almost the

complete human body. Examples of OoCs are heart-on-chips [16], organoids-on-chips [17–19], lung-on-

chip [20,21], gut-on-chip [22,23], blood-brain barrier(BBB)-on-chip [13] and tumor-on-chip [24]. Different
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review papers summarize the technical aspects of these advanced culture systems, and are therefore not

extensively discussed within this thesis. [25, 26].

Despite OoC systems fastly develop and already show great potential to be used in drug efficacy and

toxicity assays, the translation to pre-clinical research and the pharmaceutical industry has not fully been

made due to the lack of parallelization and automation in OoC systems [27]. Research is still mostly

focused on the improvement and validation of OoCs containing only one or just a few advanced tissue cul-

ture compartments. Some of the developed microfluidic devices try to incorporate parallelization within

one microfluidic chip [27]. An example is the multiplexed BBB-on-chip of Zakharova et al, where eight

individual addressable cell culture compartments were integrated into one microfluidic chip [28]. Despite

the chip has maintained its cell culture complexity and has created a higher throughput compared to

the original single BBB-on-chip platform, the platform is manually handled, which obstructs acquire-

ment of large-scaled data [13]. Nadger et al. presented a slightly automated microfluidic platform for

cultivating ovarian cancer spheroids by the integration of valves [19]. Nevertheless, the parallelization of

both presented OoC platforms did not exceed more than 8 individual cell culture compartments, which

is far from the currently used, fully automated high-throughput 2D cell culture systems. In contrast,

the OrganoPlate designed by the company MIMETAS showed multiplexed and advanced 3D cell culture

of networks of neurons and glia in a microfluidic platform containing 96 cell culture compartments [29].

While the number of cell culture compartments within the microfluidic platform was massively increased,

the microfluidic platform is still restricted by manual handling and limited by flow created by a rocking

plate, resulting in uncontrolled, bidirectional flow. All in all, most microfluidic OoC systems show their

physiological relevance, but lack in parallelization and automation and are therefore not suitable for

high-throughput or multiple parameter screening.

2.3 Parallelization and automation of cell culture by mLSI

Microfluidic large-scale integration (mLSI) of micromechanical valves within a microfluidic device makes

it possible to fabricate highly parallelized systems containing ten to hundreds of individually address-

able compartments, which can be automatically and temporally controlled by using only a few external

pumps [30]. The micromechanical valves are formed by multilayer soft lithography and are composed

of two elastomeric layers: the first is called the flow layer containing channels for fluid routing, and the

second one is the control layer containing dead-ended control channels. At the perpendicular intersection

of a control and flow channel, the channels are separated by a thin elastomeric membrane which forms

the micromechanical valve (Figure 1a). When the dead-ended control channel is actuated by an increase

in pressure, the membrane bends into the round-shaped flow channel (Figure 1b). The control channel

can be placed either below or on top of the flow channel which results in a push-up (Figure 1a) or a

push-down valve (Figure 1c), respectively. While the arc-shaped membrane within a push-down valve

requires a higher actuation pressure to close off the underlying flow channel compared to a push-up valve

(Figure 1d), push-down valves facilitate the use of a variety of materials, coatings and sensors within the

bottom of the flow channel and therefore enlarge the microfluidic chip design possibilities. When both

types of valves are integrated into one multilayer microfluidic system, a high density of valves within a

single device can be obtained. Furthermore, the sequential closure of an array of valves within a single

flow channel can be used as a peristaltic pump, where flow speeds of 4000 µL/min were obtained [31].

Besides the use of mLSI as multiplexed platform for biochemical assays, such as immunoassays [32], pro-
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Figure 1: Schematic overview of the working principle of valves used in microfluidic large-scale integration (mLSI). (a)
An open push-up valve between a right-angled control and flow channel, where the thin membrane is incorporated in the
control layer. (b) A push-up valve is closed due to pressurizing the control channel. (c) An open push-down valve, where
the thin membrane is included in the flow layer. (d) A closed push-down valve due to pressurizing the control channel.
(c) A network of control and flow channels, where the first 4 control channels are pressurized. This results in the closure
of 5 different valves that consequently obstruct the upper two and lower flow channels.

tein synthesis and characterization [33] and as quantifying sensor platform [34], it also showed its value

in the automation and the parallelization of cell culture systems. Junkin et al. presented a microfluidic

platform that exhibited thousands of integrated valves to control single-cell culture within 40 indepen-

dent chambers (Figure 2a) [35]. The valves could trap, bind and maintain living mammalian cells. Due

to the tight temporal control over the nanoliter sized chambers, the microfluidic chip allows dynamic

input control within single-cell analysis to study for example time- and concentration depending immune

responses. Moreover, Blazek et al integrated an on-chip multiplexed proximity ligation assay by a matrix

of 128 cell culture compartments, which allowed 2D fibroblast culture and analysis within an area of 0.2

mm2 (Figure 2b) [36]. Furthermore, Riveros and colleagues showed that mLSI was successfully used to

obtain parallelized 3D cell culture by trapping cells within an U-shaped valve structure that acts as cell

trapping system [37] (Figure 2c). 32 independent cell culture chambers, each containing four cell traps,

could be tightly controlled by the fluidic input of different cell culture media and each output could be

individually analysed. By temporal alternating stimulation of different growth factors, human induced

pluripotent stem cells (hiPSCs) were successfully differentiated to 3D spheroids of definitive endoderm.

Within all these platforms, pre-set software programs enabled automated actuation of valves, which re-

sulted in tight temporal control over the cell culture conditions over several days.

Vollertsen and colleagues have further evolved the idea of using mLSI to obtain a high level of paralleliza-

tion within a cell culture system by a modular and standardized platform [38]. Within the polydimethyl-

siloxane (PDMS) based microfluidic chips, 64 cell culture chambers were integrated. The dimensions of

these chambers were much larger compared to previously mentioned multiplexed platforms (Figure 2d).

The configuration of the microvalve array was based on an algorithm proposed by Hua et al. which made

it possible to obtain a great number of valves by using only a limited amount of control channels [39].

Only eight control channels could consequently control 64 individual cell culture chambers, which is way

more efficient than the use of other multiplexing algorithms such as the binary tree or square array [39].

The results demonstrated that fully automated, spatiotemporal control over all 192 individual cell cul-

ture chambers within three microfluidic chips was obtained [38]. Furthermore, it was shown that human

umbilical vein endothelial cells (HUVECs) were successfully cultured for several days and successful stem

cell differentiation to cardiac mesoderm was obtained [40]. Connecting the microfluidic chip to a reusable
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Figure 2: Examples of published multiplexed cell culture platforms using mLSI. a) Single-cell culture platform
of Junkin et al. [35] b) Multiplexed proximity ligation assay on chip developed by Blazek et al. [36]. c) multiplexed 3D
hiPSC differentation on chip by Riveros et al. [37]. d) 64-chamber microfluidic chip of Vollertsen et al. [38].

fluidic circuit board (FCB) facilitates the implementation of dosing, flow speed control and concentration

gradients within the 64-chamber chip.

Although the existing multiplexed mLSI cell culture platforms showed their value in tight control over

spatiotemporal and multiplexed cell culture, the cell culture models all lack in physiological relevance.

Cell cultures are performed in small and straightforward cell culture chambers suitable for 2D cell culture.

The main obstruction in the translation of these platforms to more advanced cell culture systems found in

OoCs, is the lack in design possibilities within the fabrication processes of those platforms. All mentioned

platforms were fabricated by soft-lithography on photolithography-based wafer-molds. While a great ad-

vantage of photolithography is that it enables the fabrication of a highly dense network of substantially

small channel dimensions with either sharp edges or half-rounded channels, it also requires a high level

of practical experience, controlled handling of the substrate, and the use of cleanroom facilities. As a

consequence, photolithography is time-consuming, expensive, and labor-intensive, which form the major

drawbacks [41]. Therefore, the implementation of small adjustments or a redesign of the wafer mold is

problematic and the design of the cell culture compartments is standard and straightforward, while they
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are unsuitable for the advanced 3D cell cultures found in OoCs.

2.4 Micro-milling for rapid fabrication of microfluidic devices

Micro-milling is a rapid prototyping (RPT) technique that has been utilized to replace the photolithogra-

phy mold fabrication process to obtain faster and cheaper fabrication of microfluidic devices [42]. Micro-

milling is particularly suitable for rapidly fabricating molds including 3D structures from a computer-aided

design (CAD). Besides it is fast, less labor intensive and cleanroom free, it also enables the implementa-

tion of larger feature heights up to hundreds of micrometers often required for many OoC applications,

which is not possible by photolithography [43]. Moreover, the use of rigid materials such as plastics and

aluminum creates more robust molds compared to the brittle and vulnerable silicon wafer molds obtained

by photolithography. Micro-milling is used to produce microfluidic devices for many OoC applications,

such as lung, muscle and cancer-on-chip models [44–46]. Furthermore, even circular microchannels were

fabricated [47]. Bossink et al. showed in their latest work that they successfully fabricated PDMS-based

macrovalves using a positive, micro-milled mold [48]. The described method allows the fabrication of

well-closing macrovalves with dimensions up to 1000 µm wide and between 50 and 400 µm high, which

is much larger than the conventional microvalves. Despite micro-milling geing fast and clean-room free

and it was demonstrated that it is to realise an automated OoC systems, the integration of macro-valves

in highly parallelized cell culture is not feasible due to the large footprint of the channels resulting in a

large and bulky chip.

2.5 Aim of the study

All in all, a platform that combines automation and high throughput with a dynamic and controlled

physiological 3D cell culture environment suitable for large-scale parameter screening does not exist. As

described, the 64-chamber microfluidic chip of Vollertsen et al. enables automated and highly parallelized

cell culture, but the design is restricted to its small, straightforward and 2D cell culture compartments.

Micro-milling provides a faster and more flexible fabrication method, but also results in a large chip

footprint and is therefore unsuitable for great parallelization capacity. Therefore, this research aims to

design an automated and parallelized microfluidic chip, including 3D cell culture chambers

fabricated by rapid prototyping towards a more advanced multiplexed OoC system. Before

the design of the microfluidic chip was proposed, the following requirements were defined:

1. The microfluidic chip design should be based on the 64-chamber chip of Vollertsen et al. and contain

at least 16 individual addressable cell culture compartments to enable multiplexed cell

culture. The design of the microfluidic chip should be compatible with many OoC applications,

all having their own set of design requirements. Therefore, the final chip should get a modular

build-up by combining customizable 3D cell culture compartments with a standardized and highly

dense channel network of mLSI for fluid routing.

2. mLSI should facilitate tight control over the spatiotemporal cell culture conditions, so the

microfluidic chip can be utilized for screening of different culture conditions and multiple parameter

comparison. The automated cell culture should be able to run over multiple days with limited

intermediate manual handling to obtain both high throughput and tight control over temporal

changes over each individual cell culture compartment.
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3. Moreover, the dissembled cell culture compartments should be rapidly prototyped by micro-milling

to significantly improve the fabrication time, expenses and design possibilities of the microfluidic

chip. Consequently, this enables the fabrication of a novel chip design within one or a few

days. Furthermore, the design of the cell culture compartments should enable the utilization of

a wide variety of materials besides PDMS, which facilitates the integration of coatings

or sensors towards a more advanced cell culture and read-out. To emphasize the compatibility of

the multiplexed chip, at least two OoC applications should be integrated and tested.

4. standardization of microfluidic chip designs should enable smooth interconnection between dif-

ferent microfluidic devices and platforms, such as FCBs and the TOP platform. Therefore, the

dimensions of the chip like the width, height and length of the chip, but also port diameters and

port pitches, should all meet the latest ISO standards accordingly [49].

In the end, the modular build-up of the microfluidic chip should unify the advantages of micro-

milling and photolithography into one platform to enable rapid and versatile redesign of the 3D cell

culture compartments without the need for re-fabrication of the refined, standardized and highly dense

fluid routing system.

2.6 Thesis outlook

Throughout this master thesis, it is described how the automated and parallelized modular microfluidic

chip was designed and tested. Both a 16-chamber and 32-chamber chip design are proposed and combined

with a VoC and EHT cell culture model to emphasize the compatibility of the modular chip for different

OoC applications. Moreover, valve geometries and fabrication methods are evaluated, whereafter a final

fabrication method is proposed. Finally, cell culture within the multiplexed VoC model is presented as

proof-of-concept. Throughout this thesis, Chapter 3 introduces and presents the proposed chip design

followed by a description of the materials and methods in Chapter 4. Thereafter, Chapter 5 describes

the final results, which were discussed and compactly concluded in Chapter 6 and 7, respectively.
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3 Design

Recognizing the aim and requirements for a parallelized and automated 3D cell culture system, the

following chapter presents and discusses the proposed modular microfluidic chip design.

3.1 Modularity of microfluidic chip

The proposed chip designs are based on the highly parallelized 64-chamber chip of Vollertsen and col-

leagues (Figure 3a) and endeavor to multiplex more advanced OoC system. Therefore, the microfluidic

chips have a modular build-up and are composed of four distinct layers (Figure 3b). The control and

flow layer together form the fluid routing system, containing a dense network of channels and valves and

their corresponding inlets and outlets. An elaborate description of the layer design can be read in the

following paragraph. As shown, the cell culture compartments are disengaged from the flow layer and

integrated into the third layer (RPT layer). The RPT layer seals off the flow channels, except for the open

connections which function as the inlets and the outlets between the flow channels and the cell culture

compartments. The biggest advantage of the modular build-up of the microfluidic chip is the compat-

ibility of the standardized fluid routing system with many different cell culture compartment designs.

The design of the cell culture compartments can vary in width, height and shape among different OoC

applications and is only limited by the locations of the in- and outlets from and to the flow layer channels.

To enlarge the design possibilities of cell culture compartments they are closed off by a fourth layer.

The material of this layer is not limited to the use of PDMS or glass, but enables the integration of a

wide variety of materials, coatings or sensors. Furthermore, the cell culture compartments are placed

below the fluid routing layers. This enables high-resolution analysis of the cell culture by inverted (flu-

orescent) or confocal microscopy, since the optical path between the cell culture compartments and the

objective is minimized.

The designed modular microfluidic chips contain either 16 or 32 parallelized cell culture compartments

and have a footprint of 44 mm (l) x 25 mm (w) and 64 mm (l) x 23 mm (w), respectively. As standard-

ization is a rising topic of debate and is essential for the wide implementation and use of microfluidic

OoC systems in academia and industry [50], the total size of the modular chip and the dimensions of the

inlets and outlets of the control and flow layers meet the standard defined ISO values (ISO22916) [49].

Therefore, the designed chips fit onto a microscope glass slide of 25 x 75 mm, which enables easy analysis

by placing the chip into the slide holder of an inverted microscope. Furthermore, all inlets are separated

n * 1.5 mm apart from each other and are positioned at least 3 mm from the side of the chip, in either

x and y direction. This facilitates easy plug-and-play with other standardized microfluidic components

such as FCBs in the future.

3.2 Flow layer

The flow layer is designed to enable the distribution of cells and culture reagents to all individual cell

culture compartments in the RPT layer. The schematic design of the 16-chamber chip is shown in Figure

3c and the 32-chamber design can be found in Appendix 2. There are 4 different flow inlets that enable

simultaneous connection of different cell suspensions and cell culture media to the system. The inlets
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Figure 3: Schematic visualization of the design of the modular microfluidic chip. a) Side view of the 64-
chamber microfluidic chip, consisting of a flow (green) and control layer (purple) operated by push-up valves. b) Side view
of modular microfluidic chip, consisting of a control layer, flow layer and RPT layer (gray). Both systems are closed off
by a substrate (blue). c) Top view of the 16-chamber microfluidic chip.

have a diameter of 1.5 mm and have a cross-like structure to prevent the features to collapse due to

the elasticity of the PDMS [42]. The flow channel starts in a wider, central flow channel and thereafter

branches to either 16 or 32 individual flow channels. The width varies between the 100 and 150 µm for

branched and unbranched channels, respectively. The branched structure results in an equal distribution

of the flow, since each channel has the same hydraulic resistance. Furthermore, the flow channels should

be high enough to allow the transport of single cells and small cell clumps without clogging, but should

not be too high since the valve closure depends on the round channel’s height. Therefore, the channels

are approximately 29 and 31 µm high for squared and round channels, respectively. When the flow

channels are branched into either 16 or 32 individual channels, an open outlet with a diameter of 500 µm

forms the connection from the flow layer to the inlet of the cell culture compartments within the RPT

layer, which should be aligned on top of this circle. After filling the RPT layer, the cell suspension or

cell culture medium can flow back to the flow layer through inlets on the opposite side, which has to be

aligned with the corresponding outlets of the compartments. Eventually, all channels branch together

and waste products can flow from the outlet of the chip to an external waste container.

Another adaptation to the design of Vollertsen et al, is the purge channel design. These channels can

be used to flush the flow channels to remove undesired components from the system. The previously

reported, horizontal purge channel located right before the cell culture compartments caused contami-
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nation of the liquid which consequently could diffuse into the cell culture compartments when they were

opened. The new purge channel design resulted in a larger distance between the central purge channel

and the in- or outlet of a cell culture compartment. This obstructs the contamination of fluid nearby

the inlets and outlets and as a result prevents the diffusion of undesired components to the cell culture

chambers. This enables tighter control over cell culture conditions.

Thin and flexible membrane are part of the flow layer and function as a push-down valve. This is

different from the integrated push-up valve within the 64-chamber microfluidic chip of Vollertsen et al

(Figure 3b). Since rectangular-shaped channels (indicated with green) cannot be properly closed off by

a deflecting membrane due to the formation of dead volume in the corners of the channels, the flow

channels have a rounded shape at the valve regions at the intersection of control channels. This results in

an arc-shaped membrane between the control and flow channels which can be deflected by the actuation

of the intersecting control channel (Figures 1b and c). In Figure 3c, rectangular and round-shaped flow

channels are shown in green and turquoise, respectively.

3.3 Control layer

The control layer is designed to mechanically deflect the membrane to close off the flow channels using

air pressure. To obtain large-scale parallelization, the control layer contains 13 individual dead-ended

control channels and each channel can be actuated by an independent pressure line. The control inlets

have a diameter of 1 mm and have the same cross-like structure as the flow channels to prevent collapsing

of the inlet. The control channels are approximately 28.8 µm high and 80 µm wide. The width of the

channels is decreased to 30 µm and increased to 130 µm for bridge and valve areas, respectively. The

configuration of the valves is based on the multiplexing algorithm which was proposed by Hue et al. and

similarly used in the original microfluidic chip [38–40]. The number of control channels needed to address

C individual cell culture compartments can be calculated by the formulas:

Ceven =
N !

((N/2)!)2
(1)

Cuneven =
N !

((N + 1)/2)!((N − 1)/2)!
(2)

where N is the number of control channels. For the control layer, this results in the integration of six or

seven control channels for controlling 16 or 32 cell culture chambers, respectively. These control channels

are indicated by A0 − A6 in the design. Moreover, control channel B0 enables the closure of all cell

culture chambers at the same time, and channel B2 closes off all purge channels. By closing off the purge

channel and opening the cell culture chambers, the flow is directed into the cell culture chamber. On the

other hand, closing off the cell culture chambers and opening the purge channels facilitates purging excess

and undesired fluid out of the flow channels, which prevents the mixing of different reagents in the flow

channels. Furthermore, each flow inlet can be closed off by an individual valve indicated by C0 − C3. A

further modification made to the chip design of Vollertsen et al, is the integration of an outlet valve (B3).

Closing off this valve results in a pressure build-up within the formed dead-end flow channel network,

which facilitates the removal of trapped air bubbles by pressing them through the gas-permeable PDMS.

The flow and control layer have to be aligned precisely on top of each other. In the design, a toler-
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ance of 200 µm in both the x and y direction to account for PDMS shrinkage and manual alignment

errors was taken into consideration. All valves, bridges and round flow channels are at least 400 µm

wide or long. This reduces the risk of misalignment and inoperative valves. Furthermore, cross-shaped

alignment marks of 180 µm were added to the flow and the control layer design. The use of rounded flow

and squared control marks resulted in a distinguishable visual appearance of the two layers during the

alignment, because the light is deflected differently in both structures. These alignment marks facilitate

the alignment itself and the evaluation of the alignment quality.

3.4 RPT layers

The RPT layers is the third layer in the modular design and contain the cell culture compartments.The

layer is made by the injection molding of PDMS and standardized molds were designed accordingly. To

show and emphasize the design flexibility of the cell culture compartments, at least two different layers

are presented in this study. A cardiac and blood vessel cell culture model were chosen as applications to

integrate into the modular microfluidic chip, since cardiovascular diseases (CVD) count for the highest

disease burden and mortality worldwide [51]. Advanced drug development platforms are desired to

improve the drug development process and find new therapies [52]. Within the presented research, both

a vessel-on-chip (VoC) and an engineered heart tissue (EHT) model were parallelized within a RPT layer.

The following paragraphs describe the designs in more detail. To emphasize the potential opportunity

to integrate more complex OoC applications, a design for a membrane based and mLSI based RPT layer

were presented in appendix 3.

3.4.1 RPT mold

The RPT layer molds are composed of a base mold and a flat cover. Both a 16-chamber chip mold (Figure

4a), and the slightly bigger 32-chamber chip mold (Figure 4b) were designed. The depth of the mold

determines the thickness of the final RPT layer and can be adjusted accordingly. Preferably, the depth

should be kept as thin as possible to enable proper imaging of the flow and control channels. Pillars

with a diameter of 500 µm have the same height as the flat surface at the outer part of the mold and a

cover can be placed on top of the pillars and the flat surface, which results in a closed system that can

be filled or injected with uncured PDMS. The outer border of the mold keeps the cover in place. The

pillars create an array of open inlets and outlets spaced either 1.7 mm or 1.5 mm apart from each other

according to the 16-chamber and 32-chamber flow layer design, respectively. A cut-out at the border of

the mold facilitates the escape of air bubbles and can function as PDMS storage during degassing. Since

complete removal of air bubbles in a closed mold can take more than 3 hours, the widths of the molds are

larger than the final required chip dimensions. The degas time can consequently be reduced to 1 hour,

as the extra space now will include the unremoved air bubbles which can afterwards be cut off from the

cured PDMS.

3.4.2 Vessel-on-chip

The VoC model is widely used in literature to support the understanding of vascular physiology and

pathophysiology in cardiovascular research. A wide variety of vessel models were mentioned in literature,

which vary from the straightforward rectangular-shaped channels [53] to circular-shaped channels [54,55],

vascular networks [56] and the incorporation of stenosis [14, 57]. Different cell types were integrated,
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mostly endothelial cells (ECs) in combination with vascular smooth muscle cells or mural cells. De-

spite these models have proven their value as physiologically relevant model, they are not suitable for

high-throughput studies since multiplexing was only obtained by manual handled 96 well plate configu-

rations [58,59].

For that reason, both a 16-chamber and 32-chamber VoC RPT layer were designed (Figure 4a). The

model consists of an array of straight microchannels of 300 µm (w) x 300 µm (h) (Figure 4c). The channel

length is based on previously reported VoC models and is 10 mm. Compared to the smaller cell culture

chambers in the 64-chamber chip, the long cell culture channels ensure that the influence of the in- and

outlets is minimized. The squared geometry of the channels could afterwards be transformed to a round

channels to obtain a more physiological relevant environment [54].

3.4.3 Engineered heart tissue-on-chip

EHTs are in vitro 3D human heart tissue models that mostly consist of cardiac cells in combination with

matrix components which result in the assembly of the cells into a cardiac-like tissue [60]. EHT aims

to recapitulate functionalities of the human heart include the contractility of the tissue matrix. Many

types of EHTs have been reported in literature, all differ in design and shape [61]. Since these tissue

models were extensively reviewed elsewhere, they will not be discussed in this report [60, 61]. However,

the pillar-based EHT model is widely used within the Applied Stem Cell Technologies (AST) research

group and was therefore chosen to integrate into the RPT layer of the microfluidic chip. The first version

Figure 4: Schematic designs of VoC RPT layer molds and cell culture chamber designs, including dimensions in mm a)
32-chamber VoC mold b) top and 3D view of VoC cell culture compartment c) 16-chamber EHT mold c) top and 3D view
of EHT cell culture compartment.
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a 3D pillar-based cardiac microtissue platform mentioned in literature was designed by Legant et al. [62].

Cardiac tissue is formed arount the two pillars and due to its contraction force, the pillars bend towards

each other. Analysis of the contraction, relaxation and frequency provides insight into the functionality

of the heart tissue and can be used to get insight into compound toxicity and drug efficacy studies. Their

platform contained an array of 30 micro EHTs. Thereafter, many pillar-based platforms followed, such

as the bigger 12-well plate based platforms of Ronaldson-Bouchard et al. [63] and Ribeiro et al. [64].

While the presented models have multiplexed the EHT culture by using arrays of tissues, these platforms

all have to be manually handled, resulting in labour-intensive work and limited temporal changes in cell

culture conditions. It is recognized that obtaining high-throughput data within 3D cardiac tissue models

remains a challenge [65]

Therefore, a pillar-based EHT model was integrated into the RPT layer of a 16-chamber modular mi-

crofluidic chip. Chambers with a squared cross section and a sufficiently large volume are required to

force tissue formation around the pillars and prevent the tissues from attaching to the walls of the cell

culture compartments (Figure 4). Hence, the compartments are 1 mm (w) x 10 mm (l) x 1 mm (h).

Furthermore, they include two hanging and deflectable pillar structures with a diameter of 200 µm. The

pillars hover 5 µm above the bottom of the cell culture compartment, which enables bending of the pillars

by the contraction of the tissues. The height of the layer and depth of the inlets are 1.3 mm.

3.5 Test platform

Two test platforms were designed to evaluate the influence of the valve dimensions and applied pressure

on the closure of push-down valves (Figure 5a). Only one physical model for a push-down valve was

found in literature and proposed by Kartalov et al [66]. The model combines a ’thin spring’, ’thick beam’

and ’thick spring’ model to calculate the pressure P that is needed to close of a push-down valve by:

P = E ∗ ln(1 + (
16H2

3
)(W−2 + L−2) + 4H(h3 +

6H3h

3
− 16H3

5
)(W−4 + L−4)) (3)

where E is the Young’s modules of the PDMS membrane, H the height of the round channel, h the

thickness of the membrane, W the width of the flow channel and L the length of the valve (which can also

be defined as the width of the control channel). The model shows that the width and length of a valve

are equally contributing to the actuation pressure while changes in the membrane thickness only have a

small effect. When it is assumed that a membrane thickness of 10 µm is used and the Young’s modules

of PDMS with a ratio of 1:20 is 0.9 MPa [67,68], it was calculated that the required pressure to close off

the valves in the modular chip is 2.9 bar. Nevertheless, experimental findings can deviate from the model

since the Young’s modulus of de PDMS depends on the used brand, the humidity, curing temperature

and curing time [66, 69, 70]. Therefore, two test platforms were designed to evaluate the influence of the

cross section profile of a valve on the closing pressure. The two platforms together contain four different

flow and eight different control channel widths, together forming 32 valves used to evaluate the influence

of the valve geometries and applied pressure on the closure (Figure 5b). The chosen channel dimensions

vary from 80 to 150 µm, as further reducing the flow channel width will increase the risk of clogging.

Increasing the channel dimensions would be interesting to characterize, but does not lay within the scope

of this research. All control channels have an individual accessible inlet, which makes it possible to

evaluate a horizontal arrays of valves independently from the other valves. The information obtained
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Figure 5: a) Schematic overview of the designed test platform Ga containing 4 control channels and 4 flow channels. b)
Table with overview of implemented channel widths within the two test platforms Ga and Gb (not shown), together forming
32 valve combinations. Round flow channels and control channels are shown in green and purple, respectively.

from the test platforms can be used as guideline when platforms containing push-down valves in the same

dimension ranges are designed in the future.
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4 Materials and Methods

4.1 Flow and control layer fabrication

The control and flow layer were designed in CleWin Layout Editor (version 5.4.30.0), which is 2D

design software that enables the construction of the photomask blueprint used to manufacture the

photolithography-based wafer molds (Appendix 1). The use of cleanroom facilities for wafer mold fabrica-

tion enables the integration of highly dense networks of microfluidic channels with sharp edges or a round

profile. First, the control wafer was spin-coated with negative SU8 photoresist, and thereafter radiated

with UV-light to create rectangular-shaped microchannels with a height of approximately 29.9 µm. The

silicon flow wafer was coated with both SU-8 and AZ40XT photoresist to fabricate rectangular-shaped

and round-shaped channels, respectively. The photoresist was irradiated with UV-light and developed to

fabricate 29.3 µm and approximately 31 µm high rectagular and round channels, respectively.

Both the control layer and the flow layer were fabricated using soft-lithography. A RTV 615 PDMS

(Permacol, The Netherlands) mixture (1:23 w/w, curing agent to base polymer) was steered, degassed

for 3 hours, poured on top of the flow wafer mold and spin- coated at 1900 rpm to create an approximately

40 µm thin layer of PDMS. To fabricate the control layer, PDMS (1:7 w/w, curing agent to base polymer)

was mixed, degassed and casted on top of the control wafer. All air bubbles in the PDMS were removed

using a pipette tip. Afterwards, both wafer molds were cured overnight at 8◦C. The low temperatures

prevent the PDMS from shrinking, which makes alignment easier. Afterwards, both layers were cured in

an oven for 20 minutes at 65◦C. When the PDMS was partially cured, the control layer was removed from

the wafer, holes with a diameter of 1 mm were punched using a hole puncher (Integra, UK) to create the

control inlets. The control layer was aligned on top of the flow layer using a stereo microscope (Motic,

China) and put in the oven to fully cure for at least 24 hours. Thereafter, both layers were peeled off the

flow wafer. The flow inlets and outlet were punched with the same 1 mm hole puncher and both sides of

the chip were covered with tape until chip assembly. The described method is also summarized in steps

1 - 8 of Figure 6.

4.2 RPT layer fabrication

RPT molds were designed in CAD design software (SolidWorks, version 2021). The designs were trans-

lated to compatible files using Autodesk HSM software. Thereafter, the molds were made from 7.5 mm

thick polymethylmethacrylaat (PMMA) and milled using a milling machine (Datron, Mühltal, Germany).

Micro-milling is a subtractive fabrication method that creates microscale features by the removal of ma-

terial in the X, Y, and Z-direction by using computer numerical control (CNC) in combination with a

rotating endmill. Double fluted end mills with a flute diameter of 4.0 mm, 1.0 mm and 0.5 mm were

obtained from Datron (Mühltal, Germany) and used to mill into the PMMA. When the molds were

finished, the RPT layers were fabricated by injection molding, which is also shown in step 10 and 11 of

Figure 6. PDMS base polymer was mixed with curing agent (1:10 w/w curing agent to base polymer)

(Sylgard 184 Silicone elastomer kit, Dow corning), degassed and poured into the milled mold. Excess

PDMS was removed by scraping, followed by the closure of the mold using an extra layer of PMMA

pressed on top of the PMMA mold using a 25 mm clamp. Thereafter, the PDMS was vertically degassed

in a vacuum for at least 45 minutes until all bubbles were removed. Finally, the PDMS was cured in the
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Figure 6: Schematic visualization of the fabrication process of the modular microfluidic chip. The chip
is made from PDMS, and has a modular build-up: a control layer, flow layer, RPT layer and glass slide. Molds were
fabricated by either standard photolithography (step 1-6) or micro-milling (step 10).

oven at 65◦C for at least 3 hours, peeled off the mold and cut in the desired shape. If by any chance an

inlet was not fully open, it was punched through using a sharp needle with a diameter of 0.5 mm (BD

Microlance, Switzerland).

4.3 Modular platform assembly

To assembly the flow, control, RPT and glass slide into one modular microfluidic chip, surface plasma

treatment is used. First, the RPT layer and a glass slide of 25 x 75 x 1 mm (w x l x h) were oxygen plasma

treated in a plasma oven (Femto Science Inc, Korea) for 40 seconds. Directly afterwards, the glass slide

was pressed on top of the RPT layer to close off the cell culture compartments (Figure 6 step 12). Next,

the glass-bonded RPT layer and the control-flow bonded layer were oxygen plasma treated and quickly

aligned on top of each other using a light microscope, resulting in the final assembled microfluidic chip

as shown in Figure 6 step 13. The chip was covered with tape and stored until further use.
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4.4 Round channel fabrication and analysis

Round channels were fabricated by a method that was inspired by Abdelgawad et al. [54]. A 32-chamber

RPT layer that contained rectangular microfluidic channels was designed and fabricated (Figure 11a. The

RPT layer contained 8 types of channels with different dimensions, varying from 0.2 mm (w) x 0.4 mm (h)

to 1.0 mm (w) x 0.6 mm (h). Four channels with the same dimensions were filled with uncured PDMS

(mixing ratio of 1:10) using a syringe. Thereafter, the outlets of those channels were simultaneously

pressurized for 30 seconds at 30 mbar using a pressure pump (Flow EZ™, Fluigent,Germany) to remove

excess PDMS from the channels. The compressed air resulted in round PDMS-coated microchannels.

Pressurizing was repeated at the inlets of the channel, where-after the chip was heated at 65◦C for 2

minutes within the oven while still attached to the pressure pump. Previous steps were repeated for all

channels within the RPT layer. Finally, the chip was baked in the oven at 65◦C for at least 3 hours until

the PDMS coating was fully cured. The analysis of the round channel diameter was done by vertically

cutting the array of channels nearby the inlet, halfway and nearby the outlet. The cross sections were

imaged using an inverted microscope (Nikon Eclipse Ti2, Tokio, Japan) and the diameter was measured

using ImageJ software. To verify the quality of the used analysis method, some measurements were

repeated at a different day, which showed an inaccuracy of 3%. To provide insight into the quality of the

roundness, the measured diameter d was compared to the ideal diameter di:

R =
d

di
(4)

where R is the dimensionless ratio between the ideal and the obtained diameter. R > 1 will show that the

measured diameter is larger than the ideal diameter, whereas R < 1 shows that the measured diameter

is smaller and a thicker layer of PDMS is coated into the channels. (Figure 7a) To determine d, the

round PDMS channel was modeled as two perfect half circles connected by a rectangular shape (Figure

7b) The model was seen as an XY-diagram, where respectively the diagonal diameter and the circle were

described as two equations:

y =
H ∗ x
W

(5)

Figure 7: Schematic representation of the cross section of a round channel. a) Appearance of round channels
with R = 1, R > 1 and R < 1. b) Rounded channel model (R = 1) within an XY-diagram, used to calculate the ideal
diameter di.
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(x− H

2
)2 + (y − H

2
)2 = (

H

2
)2 (6)

.

The desired diameter d is given by the original diagonal D minus the distance between the corner of

the channel and the edge of the rounded PDMS channel l:

di = D − 2l (7)

So the length l has to be determined. l is equal to:

l =
p

cos(α)
(8)

where p is the x-coordinate of the intersection between D and the circle, and α is the angle between

D and the x-axis. p could be determined by using the quadratic formula to calculate the x-coordinates

of the intersections of both formulas. Afterwards, equation (8) was used to calculate l, and accordingly

equation (7) and (4) to determine the final di and R, respectively.

4.5 Set-up

The inlets of the control channels were connected to solenoid valves via 0.6 mm large, blunt needle

tips attached to tubing with an inner diameter of 0.5 mm (Tygon, USA). The valves were switched

between atmospheric pressure (non-actuated) and 1.5 bar (actuated) to open or close corresponding

valves, respectively. The solenoid valves were controlled by a customized LabView program and the

pressure was regulated by a pressure regulator (Festo, Germany). Furthermore, the flow channel inlets

were connected via tubing to vials filled with a liquid of choice (e.g. food coloring or cell culture medium).

A second pressure regulator was utilized to pressurize the vials and consequently obtain a flow of liquid

from the vials to and through the microfluidic chip. The outlet of the chip was connected to a waste

reservoir.

4.6 Evaluation of platform operation

After fabrication, the quality of the microfluidic chip was evaluated. First, the assembled chip was

plasma-treated to increase the hydrophilicity of the PDMS. Thereafter, the control channels were sequen-

tially filled with demineralized water, which was filtered using a sterilized 0.2 µm filter (Pall Acrodisk,

USA) to remove debris. The channels were pressurized at 1.0 bar until all air was removed from the

dead-ended channels. All valves were independently checked to see if they were completely closing off

the flow channel above it. If not, the pressure was increased. When the valves were still not adequately

closing off or were damaged due to the pressure, the chip is labeled as unusable and will not be used in

further experiments. Afterwards, all flow channels and cell culture compartments within a successfully

fabricated modular microfluidic chip were filled with filtered demineralized water at an actuation pressure

of 0.1 bar. Air bubbles were removed by closing off valve B3 and pressurizing the channels for at least 15

minutes until all air was removed. Thereafter, demineralized water was replaced with food coloring and

sequentially all cell culture compartments within the RPT layer were filled with different colors. Filling

speed was measured and video images were made using the Nikon inverted microscope or the camera of

a mobile phone.
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Finally, used chips were vertically cut using a sharp knife to obtain the cross section of an array of

valves within different areas of the microfluidic chip. Those cross sections were imaged using an inverted

microscope (Nikon eclipse Ti2, Shinjuku, Tokio, Japan). The flow layer and membrane thickness were

analyzed using ImageJ software.

4.7 Cell culture

As proof-of-principle experiments, GFP expressing HUVECs were cultured in a 16-chamber modular

microfluidic VoC. First, a T-75 flask was coated with 0.01 mg/ml rat tail collagen-I (Greiner Bio-One,

Austria) in Dulbecco’s phosphate-buffered saline (DPBS) (Gibco, USA) solution for at least 30 minutes.

Thereafter, the flask was washed with DPBS. HUVECs between cell passages 6 and 11 were cultured

within the flask in endothelial cell growth medium 2 (ECGM-2) with supplementary mixture and 1%

Penicillin-Streptomycin (PromoCell, Germany) in a 37◦C and 5% CO2 humidified incubator until 80 %

confluency was reached. Then, the cells were washed with DPBS and trypsinized with 0.5% trypsin-

EDTA in PBS solution (Gibco, USA) for 5 minutes. The cells were centrifuged at 350*g for 5 minutes,

where after the supernatant was removed from the cells. The HUVECs were resuspended in 1.5 ml

ECGM-2 to obtain approximately 1 million cells/ml. The cell suspension was used to seed the cells in

the microfluidic chip. To prevent clumping of the cells, cells were kept on ice while transported.

4.8 Microfluidic chip preparation and cell culture

Before the cell culture within the cell culture chambers of the microfluidic chip could be started, the

chip was prepared and functionalized by different coating steps, based on the method used before [38],

to prevent cells from adhering to the flow channels but to promote cell attachment to the cell culture

compartments. A 16-chamber modular microfluidic chip including the vessel-on-chip RPT layer was used.

To increase the hydrophilicity of the chip, it was exposed to oxygen plasma before use. Immediately

afterwards, both the control channels and the flow channels were sequentially filled with demineralized

water, which was filtered using a 0.2 µm filter to remove any micro-organisms or debris. 1.5 bar and

0.2 bar of pressure were applied inside the control and flow channels, respectively. All bubbles that were

trapped within the chip were removed by closing the outlet valve and pressurizing the flow channel for

approximately 15 minutes. Thereafter, the pressure in the flow channels was decreased to 0.1 bar. The

cell culture compartments were closed off and the purge channels were opened to coat the flow channels

with 100 µg/mL poly(L-lysine) poly(ethylene glycol) (PLL-g-PEG, SuSoS, Switzerland) in PBS (Sigma-

Aldrich, USA) solution to prevent cell attachment. The solution was flushed through the channels for

1 minute and subsequently incubated for 30 minutes at room temperature. The PLL-g-PEG solution

was flushed away with DPBS twice. Afterwards, the cell culture compartments were opened, the purge

channels were closed and the cell culture compartments were filled with 0.1 mg/mL rat tail collagen-I

in DPBS solution to promote cell adherence to the channel walls of the RPT layer. The channels were

flushed twice for 2 minutes, afterwards closed off and incubated for at least 1 hour at 37◦C and 5% CO2

within the on-stage incubator. The collagen-I solution was removed from the channels by refilling all the

channels within the microfluidic chip with ECGM-2. A 200 µL sterile pipette tip was loaded with cell

suspension and put into a second inlet. 0.1 bar pressure was applied to the cell suspension and the cell

culture chambers were sequentially loaded with HUVECs for 30 seconds. When filled, each cell culture

compartment was closed off, allowing the cells to settle and attach. After all, channels were filled with

cell suspension, the cell culture compartments were closed off and the flow channels were flushed by 0.5%
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trypsin solution several times to remove most of the cells within the flow channels. Finally, the trypsin

solution in the flow channels was replaced by cell culture medium. Cells were cultured at 37◦C and 5%

CO2 and the medium in each individual cell culture compartment was refreshed every 3 hours for 30

seconds. Cells were live imaged using a Leica DMI 6000 m brightfield microscope (Leica Microsystems,

Germany)

4.9 Cell staining and imaging

After cell culture, the chip was flushed with DPBS to remove the cell culture medium. HUVECs were

fixated with formaldehyde for 30 minutes at room temperature, and subsequently the cell culture com-

partments were two times washed with DPBS to remove all formaldehyde. HUVECs were permeabilized

with 0.3% Triton-X (Sigma-Aldrich, USA) in PBS solution for 45 minutes. Afterwards, the channels were

filled with a solution of ActinRed and NucBlue (Invitrogen, USA) in 0.3% Triton-X and incubated for 45

minutes. Finally, the stainings were washed two times with DPBS, and stored at 4◦C until the HUVECs

were imaged using an inverted fluorescent microscope (Nikon eclipse Ti2, Shinjuku, Tokio, Japan). Tile

images were made to get an overview of the full channel length, whereafter they were processed using

ImageJ software by adjusting the brightness and contrast. Cell nuclei were counted as representation of

the number of cells per channel. Nuclei between the 4 µm2 and 1300 µm2 were characterized as indi-

vidual cells, while particles larger than 1300 µm2 were characterized as cell clumps. Some areas were

additionally counted by eye to verify the used method.
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5 Results

This chapter presents and describes the fabrication protocol optimization, chip characterization and first

obtained operative results of the microfluidic chip.

5.1 Optimization of membrane fabrication protocol

Before the final chip fabrication protocol was established, many rounds of fabrication were performed

to find the optimal parameters. The first microfluidic flow layers were fabricated by the protocol of

Vollertsen et al., using a PDMS ratio of 1:20 and a flow wafer spin-coat speed of 2900 RPM [38]. How-

ever, membrane rupture occurred after applying pressure to the control channels. To find the optimal

fabrication parameters, cross sections of the valves were analysed to investigate the minimal membrane

thickness between the flow and control channels (Figure 8a). Figure 8b shows a decrease in flow layer and

membrane thickness when the spin-coat speed increases. At 2100 RPM, the flow layer and membrane

were 39.0 ± 2.1 µm and 9.6 ± 1.5 µm thick, respectively. Although membranes were not longer ruptured,

the valves were not fully closing anymore. To decrease elasticity, the PDMS mixing ratio was decreased

to 1:23, which resulted in well-closing valves. However, it was observed that membrane rupture occurred

more often, presumably since results gave the impression of a decrease in PDMS layer thickness due to a

diminution of PDMS viscosity during spin-coating (Figure 8c). Unfortunately, measurements from only

two individual chips were compared, so no statements could be made regarding the significance of this

decrease. Finally, using a PDMS mixing ratio of 1:23, the spin-coat speed was further decreased to 1900

RPM, which resulted in well working valves with a membrane thickness of 10.8 ± 1.3 µm. This protocol

was used in all subsequent experiments.

5.2 Valve characterization

The 32 different valves within the test platforms were systematically evaluated based on their ability to

close off a 36 µm high flow channel. The closing quality was characterized as good when the complete

channel was obstructed by the valve (Figure 9a). When dark borders at the side of the flow channel

were observed, the closing quality was characterized as medium or bad. Moreover, a valve was labelled

as ’no closure’ when it was not deflected enough to touch the bottom of the flow channel. The results

Figure 8: Cross section measurements of flow layer and membrane thickness within different microfluidic
chips. a) Cross section of the microfluidic chip including a round-shaped flow channel, a control channel and in between
the thin PDMS membrane. (2100 RPM, 1:23) b) PDMS thickness of the flow layer (blue) and the corresponding membrane
(orange) fabricated by a PDMS mixing ratio of 1:20 at different spin-coat speeds. c) PDMS thickness, where the flow layer
was fabricated by different PDMS mixing rations at 2100 RPM. n = 8 (membrane) and 15 (flow) measurements within a
single microfluidic chip.
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were obtained in a range of actuation pressures (1, 1.25, 1.5, 1.75 and 2.0 bar). Overall, the results

showed that increasing the valve dimensions and actuation pressure had a positive effect on the closure

of the push-down valves (Figure 9b). While it was observed that wider flow channels were also higher,

these channels still showed complete closure. Consequently, the date implicates that the effect of the

flow channel width had a larger influence on the closing quality than an equal increase in control channel

width. Strikingly, neither valves with a flow or control width smaller than 120 µm were successfully close

off, which can form a risk within the designed microfluidic chip.

It was observed that a membrane barely deflects at a cross section of a relative narrow control chan-

nel compared to a flow channel, which shows that it is possible to bridge a flow channel by a sufficiently

decrease in control channel width within bridging areas. The exact bridge dimensions were not ob-

tained by the results, since no valves were indicated as ’no closure’ at an actuation pressure where other

valves were completely closing off. Nevertheless, it can be deduced that control channel bridges must be

significantly smaller than 80 µm.

5.3 RPT molds

The RPT layer molds were successfully fabricated using the Datron micro-mill (Figure 10). Roughness

of the milled surfaces within the molds was observed, mostly in areas where mills with larger diameters

were used (Figure 10c). Smaller mills showed better milling quality, but also required longer milling

time. Since cell viability, optical transparency and leak-free bonding between the glass slide and the RPT

layer were major reasons to reduce the milling roughness, areas around the cell culture compartments

were milled with a 0.5 mm mill, whereas the outer surface of the chip was subtracted by a 1 mm mill to

obtain shorter milling time. Consequently, a decrease of surface roughness was observed surrounding cell

culture compartments (Figure 10c). Optimizing the milling path and decreasing the feed rate resulted

Figure 9: The closing quality of 36 µm high flow channels. a) Systematic characterization of closing quality of
valves fabricated by a spin-coat speed of 1900 RPM and a PDMS mixing ratio of 1:23, varying from no closure until good
closure. Scale bar is 100 µm. b) A schematic overview of the quality of 32 different valve combinations, composed of flow
and control channels with dimensions varying from 80 to 150 µm and tested at a pressure range from 1.0 to 2.0 bar. The
colors correspond to the closing quality, where dark red = no, red = bad, orange = medium, and green = completely closed.
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Figure 10: Micro-milled PMMA molds a) 16-chamber EHT mold b) 32-chamber VoC mold c) Differences in surface
roughness within the milled surface of the mold.

in a further decrease in surface roughness. The final milling time was approximately 1.5 and 2 hours for

the 16-chamber and 32-chamber chips, respectively. RPT layers were successfully fabricated by injection

molding of PDMS into the RPT molds: open structures where created by the pillars

5.4 Round microfluidic channels

To mimic the in vivo vessel physiology, circular microfluidic channels were fabricated inside a 32-chamber

RPT layer. The channels were fabricated by the displacement of uncured PDMS by pressurizing it

from the inlet to the outlet of the microchannels. Different channel dimensions were evaluated. The

channels were horizontally cut nearby the inlet, middle and outlet of the channel (Figure 11a) and

the cross sections were analysed (Figure 11b). The dimensionless ratio R (equation 4) of the fabricated

circular microchannel depends on the original dimensions of the rectangular channel (Figure 11c). Smaller

channels resulted in higher diameter ratios. Moreover, it was observed that the diameter ratio was often

higher nearby the inlet of the microchannel compared to the ratio nearby the outlet. This difference

got smaller when larger microchannels were used. The small standard deviations show that there was a

minimal variation between the R of channels fabricated in parallel (Figure 11c).

Figure 11: Rapid fabricated round PDMS channels a) Schematic representation of the microfluidic channels,
where the blue line indicates the cross-sections of interest b) Cross sections of the original (0.6 mm x 0.6 mm) and circular
microfluidic channels 32-chamber VoC mold (scale = 500 µm). c) The dimensionless ratio between the ideal and the
obtained diameter of the fabricated circular microchannel measured within a variety of fabricated microfluidic channels.
Error bars indicate the standard deviation between n=4 parallel fabricated microchannels
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5.5 Operation of the microfluidic chip

After establishing the final fabrication protocol of the microfluidic chip, the chip was extensively tested

and evaluated. Alignment of the control, flow and RPT layer was successfully accomplished (Figure 12).

Imaging of the different layers was performed using a 4x objective and had to be done in three focus

planes (Figure 12a). The first plane focused on the lowest part of the microfluidic chip, which was the

bonding between the RPT layer and the glass slide. The second focus plane visualized the flow and con-

trol channel and the third plane showed the flow and control channels underneath the EHT cell culture

compartment. Some areas were difficult to image due to the rough surface properties of the RPT layer.

However, it was observed that imaging of the thinner VoC microfluidic chip was easier compared to the

EHT model, due to the shorter path length between the objective and the flow layer, and could be done

within only two focus planes (planes 1 and 2).

The push-down microvalves within both the EHT and VoC modular microfluidic chip (Figures 12 b

and c) are formed at the orthogonal intersection of a 130 µm wide control channel and a 100 µm wide,

round-shaped flow channel. The approximately 30 µm high flow channels within the 16-chamber chips

were all successfully closed and opened at an actuation pressure of 1.5 bar and atmospheric pressure,

respectively. In total, the valves were able to resist at least 370 rounds of actuation during the performed

experiments without the rupture of the valve membranes. Compared to the corresponding valve charac-

teristics within the test platform, the valves within the modular microfluidic chip were better closing off.

While the 16-chamber chips showed robustness, no 32-chamber chip was successfully fabricated due to

valve rupture.

Figure 12: Operation of the modular 16-chamber microfluidic chip. a) Imaging of the EHT microfluidic chip by
3 focus planes. b) Valve actuation at 1.5 bar resulted in complete closure of the valve within the EHT microfluidic chip
and c) within the VoC microfluidic chip. d) The test set-up of the modular microfluidic chip. e) Filling of the cell culture
compartments within the modular VoC microfluidic chip with red and yellow dyed water. All scale bars represent 1000 µm



Master Thesis - Sabine de Winter 29

Filling the chip with dyed DI water showed no leakage within and between the flow and RPT layer

(Figure 12d). Flow channel actuation pressures of 0.05 up to 0.2 bar were used, which established that

the bonding quality between the flow and RPT layer was sufficiently strong. One single cell culture com-

partment with a volume of 0.9 µl could be filled within 20 seconds at a flow channel actuation pressure

of 0.1 bar, which resulted in the filling of the complete 16-chamber chip within 6 minutes (Figure 12e

and Appendix 4). Filling the EHT culture compartments with a volume of 10 µl took approximately 2

minutes by an actuation pressure of 0.25 mbar and it was observed that increasing the flow pressure above

0.2 bar caused leaking valves (Appendix 4). While the smaller VoC compartments showed a reasonable

filling speed, the large chamber volumes of the EHT chip are unsuitable for further experiments.

5.6 Flow rate and shear stress analysis

When cells are cultured within the cell culture compartments, it is important to get more insight into the

flow conditions within the cell culture compartments, since the behavior of cells can be affected by flow

profiles and shear stresses. Therefore, the shear stress τ on the wall of the channel was determined. At

an actuation pressure of 100 mbar, the average flow velocity of liquid within the rectangular channels of

the VoC RPT layer was estimated to be 0.003 m/s, resulting in a flow rate of 2.7 µl/s . To calculate τ ,

the flow profile is modeled as a laminar flow with a parabolic Poiseuille flow profile where the maximum

flow velocity is located in the middle of the channel. At the borders of the channel, the flow is equal to

zero. To check if the flow in the channel is truly laminar, the Reynolds number Re was calculated [71]:

Re =
ρV Dh

µ
(9)

where ρ is the density of the liquid (kg/m3), µ the dynamic viscosity (Pa s) and Dh is the hydrolic

diameter (m), which is in a squared channel equal to the width. When ρ and µ of the cell culture

medium were considered equal to water, the Re was estimated to be 0.001, which showed that there is a

laminar flow inside the microfluidic channel (Re < 2000). Consequently, the wall shear stress WSS was

determined by equation :

WSS =
6µV

Dh
(10)

It was shown that the measured flow velocity V resulted in a WSS of 0.06 Pa, which is far below the

physical WSS that is in the order of 0.3 and 1.3 Pa [72]. Therefore it is assumed that the WSS created

as result of medium refreshment does not have an influence on the cell culture of HUVECs in the VoC

RPT layer .

5.7 Parallelized HUVEC culture

As proof-of-concept experiments, GFP expressing HUVECs were seeded and cultured within a 16-chamber

microfluidic chip containing a rectangular-shaped VoC cell culture chambers. After cells were unsuccess-

fully cultured at very low cell seeding densities (Appendix 5), it was decided to investigate the effect

of single seeding versus double seeding of the HUVECs, which resulted in higher and much higher cell

seeding densities compared to previous experiments, respectively (Figure 14a). Heterogeneity in cell dis-

tribution within and among channels was observed (Appendix 6), and nearby the inlets, the cell density

was slightly higher. Immediately after seeding, cells were attached to the bottom of the channel. Because

the HUVECs were likewise clumping and attaching to the walls of the flow channels of the fluid routing
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system, many rounds of trypsinization were performed at a high flow pressure of 220 mbar.

After cell seeding, the cell culture medium within each channel was automatically and subsequently

refreshed for 30 seconds every 3 hours. Strikingly, after 18 hours aggregates of HUVECs were observed

within areas that had a high cell seeding density, such as the inlets and double seeded channels (Figure

14a). Over time, the HUVECs within single seeded channels formed a monolayer and showed recovery of

areas wherein cell aggregates were formerly observed (Figure 14b). The recovery suggests that problems

merely occurred within the first 18 hours of cell culture. Unfortunately, the great number of cell clumps

within double seeded channels seemed to cause problems since the HUVECs showed no recovery over

time.

After 66 hours, the GFP expressing HUVECs were fixated and stained to acquire more information about

the number, distribution and morphology of the HUVECs. The GFP expression was used to visualize

the HUVECs, and it was striking to see that the cell density within the first part nearby the inlet was

much lower compared to the second half of the channel (Figure 14c). It is assumed that this was caused

by leaking trypsin during trypsinization at high pressure. F-actin and NucBlue were used to stain the

actin filaments and nuclei of the HUVECs. At higher magnification the results showed that HUVECs

were equally distributed over the bottom of the channel, have formed a big area of integer monolayer

Figure 13: Multiplexed HUVEC culture within a VoC RPT layer of a 16-chamber microfluidic chip. Medium
was refreshed with a 3h time interval a) Live bright-field images of HUVECs at different time points (0h, 18h, 42h, and 66h).
Images were made halfway the channel length. b) Magnification of channel 16 showing recovery of HUVEC monolayer
over time. c) Fluorescent images of GFP (green), actin (red) and nucleus (blue) after 66h of cell culture within single
seeded channel 12. d) Magnification of middle part of channel 12. e) Cell count within all double seeded and single seeded
channels, distributed over six equal areas of count from inlet (dark blue) to outlet (white). The orange numbers correspond
to the number of cell clumps observed in each channel.
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within the channel. The HUVECs showed a typical isodiametric, cobblestone morphology (Figure 14d).

To quantify the observations, the channels were divided in six equal parts and cells were counted ac-

cordingly by counting the number of cell nuclei. Individual HUVECs could not be distinguished within

large cell aggregates and therefore were indicated as the number of cell clumps (Figure 14e). Cell count

confirmed the observed differences in HUVEC distribution within and among channels. The low individ-

ual cell count and high number of cell clumps within the double seeded channels corresponded to the low

degree of HUVEC recovery that was observed over time. Within the single seeded channels, almost no

cell clumps were observed and cells were equally distributed within the second half of the channel.
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6 Discussion

Within the following paragraphs, the modular microfluidic chip design and obtained results are discussed,

advantages and disadvantages are set forth and finally some recommendations for further research are

proposed.

6.1 Push-down valves towards greater design flexibility and complexity

The modular microfluidic chip has integrated push-down valves to close off underlying flow channels. In

many of the previously reported microfluidic cell culture platforms, push-up valves were integrated since

lower actuation pressures are needed to close off a push-up valve [66, 73]. However, one of the great

advantages of the integration of push-down valves within the modular chip design compared to push-up

valves is the shorter optical path between the cell culture compartments and the microscope objective,

as the control layer is placed on top instead of between the objective and the cell culture compartments.

Moreover, the use of push-down valves facilitates more design flexibility, since the material of the bottom

of the cell culture compartments is not restricted to the PDMS of the control layer. While PDMS can be

coated with a variety of different coatings to permit cell adhesion [74], the use of other substrates such

as glass expands the library of coatings and surface functionalities even more. Furthermore, the push-

down valve configuration enables electrical [75], optical [76], biochemical [36,77] and electrochemical [78]

sensing on-chip. These advantages show that the integrated push-down valves have opened doors towards

more complex cell culture and live monitoring of the cell culture conditions within the microfluidic chip.

6.2 The effects of valve geometry and elasticity

Besides the advantages of the push-down valves, it was both reported and observed that these valves

do not close as easily as a push-up valve due to the unfavorable constructive design of the arc-shaped

membrane [30]. Valves were either ripping or were insufficiently sealing off the flow channel, which shows

the importance of a well-defined and controlled fabrication protocol. Within a push-down valve, tensile

and compressive stress play a crucial role when the membrane undergoes deformation by the applied

mechanical forces [66]. High stress will mostly occur in the thinnest middle section of the membrane and

at the abutments [79], and consequently these most vulnerable parts should be strong enough to bear the

mechanical pressure. Because stress and strain are depending on the elasticity of a membrane, the fabri-

cation protocol was adjusted accordingly [80]. A decrease in mixing ratio and increasing the membrane

thickness resulted in an increase in both elasticity and the strength of the membrane, respectively [68,81].

It was striking to see that the obtained PDMS membrane and flow layer thickness were approximately

20% lower than the expected thickness (40 µm versus 50 µm) [82]. While the same brand of PDMS

was used, variations in environmental factors among lab facilities, such as used devices, temperature and

humidity could have changed the predicted thickness and Young’s modulus significantly [69]. Therefore,

it would be interesting to evaluate the effect of storage conditions on the valve characteristics, but this is

out of the scope of this study.

In the end, the valves could successfully fulfill 370 rounds of deformation to achieve temporal control

over cell culture conditions, which shows that they were robust enough to perform experiments over

multiple days. Notwithstanding, actuation pressures above 150 mbar resulted in the leaking valves which
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was observed while filling the 16-chamber EHT modular microfluidic chip. Filling the chambers at lower

pressure was reasonable for VoC culture compartments, yet the big EHT culture compartments were

filling too slow. Since leaking valves result in unreliable dosing profiles or deviating culture conditions

inside the cell culture chambers, the pressure should be maintained below the 150 mbar and the volume

of the cell culture compartments should be taken into consideration to obtain reasonable filling speeds.

When the observations were compared to the push-down valve model of Kartalov et al. [66], both sim-

ilarities and differences were noted. The model as stated in equation 3 shows that the elasticity, valve

dimensions and membrane thickness have an effect on the actuation pressure needed to close off an

underlying flow channel, which was also found in this study. Nevertheless, it was striking to observe

that the experimental actuation pressure to close off a flow channel was half as low compared to the

theoretical model, which can be caused by a deviation from the experimental and theoretical Young’s

modules, or an inaccuracy in the model. It is important to note that the semi-circular flow channels

within the test platform were higher than in the parallelized microfluidic chip, as the test platforms were

located at the outside of the wafer mold were a thicker photoresist deposit was observed due to the

spin-coating of the photoresist on the silicon wafer (Appendix 1). Furthermore, the height of each test

flow channel was different due to the reflow effect of the AZ40XT photoresist [73]. The results from the

test platforms are therefore not fully representative for the valve closure within the microfluidic chip, but

it is assumed that the results provide more insight into the relationship between the valve geometries.

Investigating the effect of the height on the valve closure efficiency would be interesting, but was not

evaluated within the test platform since this would require the fabrication of an extra wafer mold, which

was too time-consuming for the extent of this study.

6.3 Final valve operation quality

In the end, the valves could successfully fulfill 370 rounds of deformation to achieve temporal control

over cell culture conditions, which shows that they were robust enough to perform experiments over

multiple days. Notwithstanding, actuation pressures above 150 mbar resulted in the leaking valves which

was observed while filling the 16-chamber EHT modular microfluidic chip. Filling the chambers at lower

pressure was reasonable for VoC culture compartments, yet the big EHT culture compartment were filling

too slow. Since leaking valves result in unreliable dosing profiles or deviating culture conditions inside

the cell culture chambers, the pressure should be maintained below the 150 mbar and the volume of the

cell culture compartments should be taken into consideration to obtain reasonable filling speeds.

6.4 The advantages and disadvantages of PDMS

The greatest advantage of the use of PDMS within the modular chip design is the possibility to integrate

hundreds of valves within one microfluidic chip and the fabrication of complex or small structures can be

done with great ease. Furthermore, PDMS is thereby biocompatible, optical transparent, oxygen perme-

able and easy to fabricate by soft-lithography. However, while it is mostly state that PDMS is non-toxic,

it was demonstrated that small and uncured oligomers from the polymer network can leak into the cell

culture medium and consequently were found into the cell membrane of cells cultured on a PDMS-based

substrate for 24 hours [83]. The small, microfluidic channels in the chip design elevate the risk due to the

greater surface area to volume ratio. Moreover, the low mixing ratio of 1:23 used to fabricate the flow

layer can be more problematic, since probably more base polymer will stay uncured and tend to leak into
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the microchannels [68]. Furthermore, it was shown that PDMS small and hydrophobic molecules were

bound to or absorbed by PDMS, which can influence the final concentration of moieties within a microflu-

idic channel [83, 84]. To overcome these negative effects, the integrated purge channels can be flushed

before dosing the cell culture compartments to remove affected cell culture medium. Furthermore, due

to the modular design the cell culture compartments could be made from other materials beside PDMS,

for example polystyrene [85], cyclo-olefin polymer [85,86], or a combination of materials [87] ˙

However, a disadvantage of the current fabrication method is its low throughput. Each wafer mold

contained only four individual chips and approximately 50% of the fabricated 16-chamber chips failed

due to precipitation of dust particles on the spin-coated PDMS, misalignment of the layers, badly punched

inlets or breaking valves after actuation. In the same way, none of the 32-chamber chips was not success-

fully fabricated by the currently used protocol. The footprint of the area including the valves is twice as

big in the 32-chamber chip, resulting in a higher risk of dust particles or damage due to manual fabri-

cation. Moreover, the larger chip dimensions result in higher risks of misalignment, which was already

significantly improved by the introduction of cool curing step. But most importantly, the 32-chamber

chip has 394 individually integrated valves, compared to only 170 in the 16-chamber chip. The latter

increases the risk of membrane rupture which was likewise observed during the performed experiments.

To obtain a higher fabrication success rate and increase the robustness of the push-down microvalves, it

is important to investigate the possibilities for further increasing the membrane thickness in combina-

tion with a leveled underground during cool PDMS curing, as it was just discussed that the membrane

thickness affected the membrane strength.

6.5 The value of micro-milling in rapid prototyping

While 64-chamber microfluidic chip of Vollertsen et al. [38, 40] and others [34, 36, 77] showed the value

of mLSI in spatiotemporal control and high throughput 2D cell culture, all platform designs are limited

by expensive, time-consuming wafer mold fabrication process which obstructs the translation of the

platforms towards more complex 3D cell culture. Bossink et al. showed that micro-milling has proven its

value as clean-room free RPT method to fabricate solid and robust microfluidic molds suitable for mLSI,

but also confirms that designs are limited by the wide channels and large footprint, which obstructs

the integration of highly parallelized systems [48]. To the best of the writer’s knowledge, this is the

first microfluidic chip that combines both photolithography and micro-milling as fabrication methods

within one parallelized microfluidic chip. Within micro-milled molds, much higher structures can be

obtained compared to pholithography based wafer molds. When the user is slightly experienced with

CAD software, the ideation, design and fabrication of a mold can be performed within one day. This

is much faster than fabricating a new wafer mold by photolithography. The only thing that should be

taken into consideration is the surface roughness of the PMMA molds, which can influence the behavior

of cells within micro-milled cell culture compartments [43]. Moreover, the bad optical properties caused

by the RPT layer was sometimes problematic when the layer was bonded to a glass slide. To reduce the

roughness, one could further tailor the micro-mill settings such as the mill diameter. milling path and

feed rate, but it is also possible to surface treat the PMMA mold with for example chloroform to improve

the surface quality [88]. As the roughness only forms a minor drawback, micro-milling has mainly paved

the way towards the fast and easy integration of more complex culture chamber designs.
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6.6 Automated and multiplexed HUVEC culture

As a proof-of-concept study, HUVECs were cultured in a 16-chamber microfluidic chip. While previously

reported non-automated VoC models have to be manually handled, [53,56,58] the presented microfluidic

chip design enables parallelization and automation of 16 VoCs within one system and showed that it is

possible to successfully culture cells into the rectangular channels of the VoC RPT layer. Nevertheless,

the protocol requires further optimization to achieve an integer and multidimensional monolayer of ECs

[55,89]. In particular, the cell seeding density has to be controlled. A low cell density has a negative effect

on the viability and proliferation of the HUVECs [90], which was confirmed by the elongated morphology

of the cells showing that the cells were stressed because of a lack of intercellular contact [91]. On the

contrary, high cell populations resulted in cell overpopulation and consequently cell dead [90]. Future

research should investigate how to obtain an ideal cell culture density and equal distribution of the cells

along the cell culture compartments. When it is optimized, the next step would be to integrate the

fabricated circular channels into the modular microfluidic chip. The round channel geometry will result

in more in vivo like physiology. While it was observed that the channel diameter was varying within a

fabricated circular channel, probably due to a pressure drop during the fabrication process [92], the flow

rates during medium refreshment within the modular parallelized microfluidic chip are so small that the

influence of the channel diameter in the mostly static cell culture conditions is assumed to be negligible.

However, since the shear stress strongly depends on the channel diameter, as was observed in equation

10, the variations should be taken into consideration when physiologically relevant flow rates are applied

within the channels [71].

6.7 Future outlook

The presented automated and parallelized microfluidic chip with integrated 3D cell culture chambers

shows great potential for future work. It was shown that each of the 16 individual 3D cell culture

compartment could be addressed and filled within reasonable time, which allows tight control over spa-

tiotemporal cell culture conditions within time intervals of only 15 minutes. This is something that is

impossible by manual handling of conventional OoCs. These short stimulation intervals facilitate phar-

makinetic analysis and multiparameter screening within complex 3D cell culture systems. For example,

the presented VoC platform could provide valuable data in the study of drug effectiveness or cytokine dy-

namics on the endothelium. EC activation is a recurring phenomenon in many vascular and non-vascular

diseases, such as atherosclerosis [93], sepsis [94], cytokine release syndrome (CRS) and COVID-19 [95].

After stimulation with pro-inflammatory cytokines such as (TNF-α) and interleukin-1 (IL-1) [53,91,96],

the vascular tissue is activated and a loss-of-barrier function and prothrombotic effects were observed [97].

The presented microfluidic chip is suitable to obtain more insights into the effects of stimulation frequency

and dynamics, which information is still missing in literature.

While this study only shows a proof-of-principle by integrating relative straightforward VoC and EHT

compartments, the results provide strong evidence that many other OoC applications could potentially

be parallelized into the modular chip design. The use of injection molding of PDMS makes it possible

to fabricate a great variety of geometries, shapes and structures. In addition to the currently used mold

design, Szydzik et al. showed that replacing the flat cover for a complementary positive mold enables

facile integration of multi-layer channels, permeable membranes or valves [98]. Some concepts for future
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RPT layer designs were provided in Appendix 3. Because flow is an important factor in many OoC appli-

cations and is especially important for EC alignment and the functioning of the vascular barrier [99–101],

a peristaltic pump could be integrated into the VoC RPT layer. Bossink et al. showed that it is possi-

ble to rapidly prototype push-up valves by micro-milling and create physiological relevant flow profiles.

When this design is integrated in the RPT layer, one can create even more advanced cell culture systems

including a continuous and controlled flow or re-circulation of fluid within the cell culture compartments.

The design in Appendix 3 is based on designs found in literature and can be used to create parallelized 3D

HUVEC culture with physiological relevant shear stresses and flow patterns [48,101]. A second example

could be the integration of a permeable membrane between two cell culture compartments, which would

enable the formation of a trans-well based OoC system, such as lung-on-chip or BBB-on-chip [20,28,98].

The independent and automated addressability of each chamber facilitates the implementation of two

different temporally changing cell culture conditions within one OoC system. In future research, to fur-

ther ameliorate the design flexibility, an extra wafer mold could be fabricated where the space between

the in- and outlets of the RPT layer is smaller, which enables the integration of shorter cell culture

compartments. It is thereby advised to use wider flow channels to improve the robustness of the valves

and to raise the maximum flow rate, so larger chamber volumes could be filled within reasonable time.

Since the designs of the modular microfluidic chips are in agreement with the ISO standards of 2022 [49],

it facilitates the plug-and-play with other platforms, to begin with the FCB presented together with the

first 64-chamber microfluidic chip [38]. Thereby, it is possible to multiplex three modular microfluidic

chips and obtain a high range of liquid dosing. Furthermore, the Translational Organ-on-Chip Platform

(TOP) project was set-up [50,102] and integrates different MFBB into a standardized FCB which enables

the flow of cell culture medium through an OoC platform, but also through read-out or control systems.

It would be valuable if in the end, the automated and modular microfluidic parallelized chip could be

integrated within a TOP to obtain wide-spread use of the technology by facilitating the translation of

the concept towards a commercialized and standardized platform [50].
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7 Conclusion

The presented PDMS based modular microfluidic chip design enables parallelized and automated cell

culture within 16 individual 3D cell culture compartments. It was shown that push-down valves were

successfully fabricated, characterized and integrated into the dense fluid routing network, which resulted

in tight and temporal control over all cell culture conditions over a period of a multiple days. Moreover,

the cell culture compartments were rapidly fabricated by micro-milling without the need for clean-room

facilities, which paved the way for fast and straightforward customization to satisfy specific design require-

ments of OoC applications. The cell culture compartments can have complex geometries and dimensions

can go up to a few hundreds of micrometers. While this study presented an integrated VoC and EHT

on chip, the modularity of the chip allows to plug and play a wide variety of OoC applications with the

standardized mLSI fluid routing system. The first proof-of-concept cell culture experiments showed that

HUVECs were successfully loaded and cultured in parallelized, squared channels. When the cell culture

protocol is further optimized, the presented round channels with diameters from 200 up to 1000 µm could

be integrated into the microfluidic chip to create a more physiological relevant, multiplexed and 3D VoC

system. Moreover, since all the dimensions are in accordance with the latest ISO standards, the chip

could easily be connected to other microfluidic devices such as FCBs or TOP platform to establish even

more design possibilities.

All in all, the parallelized and modular microfluidic chip showed its great potential in pharmakinetic

analysis and multiparameter screening by combining both high-throughput and physiological relevance.

With this in mind, in the future the platform can fill the gap between 2D cell culture assays and animal

studies towards a better predictive power of the pre-clinical drug development process.
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10 Appendix

10.1 Wafer mold design

Figure 14: Top view of wafer design made in CleWin layout editor. The design consists of two 32-chamber chips (chip E),
two 16-chamber chips (chip F) and two types of test platforms (Chip Ga and Gb) with rectangular flow channels (green),
round flow channels (turquoise) and control channels (purple).
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10.2 32-chamber chip design

Figure 15: Top view of 32-chamber chip including rectangular flow channels (green), round flow channels (turquoise) and
control channels (purple).
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10.3 Future concept RPT layer designs

Figure 16: Concept design of active RPT layer suitable for re-circulation of fluid. a) a control and flow layer. b)
assembled RPT layer, c) top view d) and side view of two cell culture units
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Figure 17: Concept design of membrane RPT layer a) consisting of two layers of overlapping cell culture chambers
separated by a semi-permeable membrane b). Assembled RPT layer c), top view d) and the side view of one cell culture
unit
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10.4 Videos of chip operation

QR code links to a video of the operation of a parallelized VoC platform. It is also possible to go to the video via THIS
LINK. At the beginning, the VoC channels are filled with DI water and are thereafter filled with dyed DI water. The start

of the video is in real speed, whereafter it is speed up 8x. Some leakage at the inlets of the channels was observed due to

some manual operation mistakes.

QR code to video of filling parallelized EHT platform. The video can also be accessed via THIS LINK The EHT

compartments are first filled with Di water, whereafter they are subequently filled with different types of dyes DI water.

The speed of the video is 30x real-time speed. Some leakage of colour is observed at the inlets of the channels due to the

high actuation pressure, and an air bubble was trapped in channel

https://universiteittwente-my.sharepoint.com/:v:/g/personal/s_dewinter_student_utwente_nl/Ed0fS5qarJxEtlwLlnZU9L8ByOeO1GBAprWlQpRherhySA?e=zNVqG7
https://universiteittwente-my.sharepoint.com/:v:/g/personal/s_dewinter_student_utwente_nl/Ed0fS5qarJxEtlwLlnZU9L8ByOeO1GBAprWlQpRherhySA?e=zNVqG7
https://universiteittwente-my.sharepoint.com/:v:/g/personal/s_dewinter_student_utwente_nl/EQw3pfZdTwRKjFziWr5uXi8Bt6iQ2N8fHBVV8-jOKbf0oA?e=2XhjR0
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10.5 Overview of HUVEC culture at low cell density

Figure 18: Live bright-field and fluorescent (GFP-expression) images of multiplexed HUVEC culture within a VoC RPT
layer of a 16-chamber microfluidic chip. Cells were single seeded at a low cell density and medium was refreshed with a 3h
time interval. Images were made halfway the channel at 0h and 18h after cell seeding with the Nikon Ti2 microscope
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10.6 Overview of HUVEC culture over time

Figure 19: Live bright-field images of multiplexed HUVEC culture within a VoC RPT layer of a 16-chamber microfluidic
chip. Medium was refreshed with a 3h time interval and imaged at different time points (0h, 18h, 42h, and 66h). Images
were made halfway the channel length with the Leica microscope
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