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ABSTRACT

Cardiorenal Syndrome (CRS) is a multi-organ disease characterized by a reciprocal patho-
logical interaction between the heart and kidneys during acute or chronic injury. Yet,
a complete understanding of the underlying bi-directional pathophysiological mecha-
nisms is lacking, hence obscuring effective diagnostic strategies, patient stratification
and adequate administering of intervention therapies. Thus far, CRS has only been mod-
elled in in vivo animal models, which are inherently limited in terms of experimental
control and translatability of results to humans physiology. This underlines the need to
develop more advanced in vitro models that accurately recapitulate the complex inter-
organ cross talk responsible for the onset and progression of CRS. However, to date no
such disease model system has been reported.

This project set out to design, develop and validate a microfluidic set-up, which would
then enable the investigation of CRS in a three-dimensional environment. To that end,
a theoretical framework covering all aspects related to Multi-Organ-on-Chip (MOoC)
design was developed. This framework then formed the foundation for an extensive
list of requirements to establish an ideal microfluidic set-up for a heart-kidney disease
model. Various conceptual circuit designs were proposed and evaluated on the basis
of the set requirements and their associated priority. Two systems were identified for
further proof-of-principle studies: The IBIDI pump system and the Fluigent system.

By executing feasibility studies, simulating computational fluid dynamics, designing spe-
cific organoid inserts and eventually setting-up the proposed microfluidic circuits, a bet-
ter understanding of the technological and biological challenges to be addressed was
obtained. It was found that this project best be continued with a commercially avail-
able system that is highly versatile and allows for modular adaptations to render it fit-
for-purpose. Overall, the Fluigent system is recommended, since it offers unparalleled
experimental control and features a user-friendly plug-and-play set-up. The system can
be automized with open-source software and minimal adaptations render it feasible to
realize recirculation as well as a single-pass unidirectional flow. Proof-of-principle ex-
periments were promising, but more experimental iterations with a focus on in-depth
biological tissue characterization are required to further evolve and fully validate the
proposed cardiorenal model. Pressing issues entail establishing physiologically relevant
scaling ratios, reducing required medium volume and identifying the exact disease mod-
els to incorporate once the physiological organoid system is functional.
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1
INTRODUCTION

In healthy individuals, the heart and kidneys synergistically interact to maintain key
physiological functions, such as sustaining hemodynamic homeostasis and upholding
constant organ perfusion. More specifically, the cross-talk between the two organs is es-
sential to control blood pressure, renal sodium and water excretion, arterial perfusion,
oxygenation and extracellular fluid balance including the intravascular volume [1]. The
heart-kidney interdependency is complex and tightly controlled by a broad array of reg-
ulatory mechanisms. In medical contexts cardiac and renal dysfunction often coexist
and significantly increase mortality and morbidity among patients [2]. In fact, in the
setting of Heart Failure (HF), 20-30% of patients admitted for acute decompensated HF
present a severe decline in renal function and more than 60% has at least some symp-
toms of mild renal dysfunction [3]. Moreover, up to 40-60% of patients who suffer from
chronic HF also have Chronic Kidney Disease (CKD) [4]–[6]. Among end-stage and ad-
vanced stage CKD patients, cardiovascular illnesses are the predominant cause of death
accounting for as much as 40-50% of all deaths [7], [8]. Besides, nearly 75% of end-stage
renal disease patients have left ventricular hypertrophy [3], [9]. From this data, it is clear
that heart and kidney dysfunction are not isolated events, but rather overlap and recipro-
cally influence each other. Therefore, it is relevant to not only consider individual organ
pathologies, but also to analyse and unravel the systemic multifactorial pathophysiol-
ogy. Thus far this remains to be an unresolved clinical challenge.

1.1. CARDIORENAL SYNDROME
The relationship between the heart and kidneys has first been described as early as 1836,
when significant cardiac structural changes in a patient with advanced renal failure was
reported [10], [11]. Since then the overlap between cardiac and renal disease has surged
interest and efforts have been made to identify the precise connections between the dys-
functional heart and kidneys. The cardiorenal link encompasses bidirectional hemody-
namic cross-talk between the heart and kidneys, alterations in neurohormonal path-

1
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ways and the release of molecular signatures that characterize the clinical presentations
of Cardiorenal Syndrome (CRS) [10].

CRS is categorized in two main groups depending on the primary site (or primum movens)
of organ failure responsible for disease progression, onset and systemic disease [3]. These
two groups, cardiorenal or renocardiac, are further arranged into five subgroups accord-
ing to the clinical manifestations as outlined in Table 1.1 [4]. Type 1 CRS is defined as
acute cardiorenal syndrome and is characterized by an acute worsening of heart func-
tion that gives rise to immediate kidney injury or dysfunction. The resulting Worsening
Renal Function (WRF) complicates heart failure and/or acute coronary syndrome and
contributes to prolonged hospitalizations and higher rates of morbidity and mortality
among patients. Type 2 CRS, chronic cardiorenal syndrome, involves chronic heart fail-
ure that induces CKD or dysfunction. In type 3 CRS, acute renocardiac syndrome, the
kidney is the primary precipitant organ and acute kidney injury causes acute cardiac
failure. In type 4 CRS, chronic renocardiac syndrome, chronic kidney disease results in
heart dysfunction. To account for the multiplicity of diseases that may culminate in CRS,
especially when the initial insult is difficult to identify due to the interaction of several
complex pathways, a fifth CRS category includes all the secondary clinical CRS presen-
tations [10]. In CRS type 5, acute or chronic systemic disorders result in simultaneous
adverse cardiovascular events and renal dysfunction. Examples of responsible systemic
diseases include sepsis, diabetes mellitus, cirrhosis or vasculitis [2], [12]. An important
note with regard to this classification system is that once a patient has been diagnosed
with a specific subtype of CRS, the disease may evolve into another type of CRS over the
course of disease progression [3].

The outlined five subgroups help to identify distinctive biomarkers, facilitate differen-
tial diagnosis and point to more relevant prognostic factors, hopefully to finally aid in
deciding on the most appropriate therapy. Consequently, research has been aimed at
identifying the particular mechanistic pathways and biomarkers that are dysregulated
in and representative of each of the clinical types of CRS.

1.2. CURRENT CARDIORENAL SYNDROME DISEASE MODELS
A major challenge in CRS investigation is the establishment of models which mimic the
exact pathophysiology of the syndrome [14]. Ideally, such a model should facilitate the
analysis of cross-organ communication as well as include a systemic dimension. Yet,
most in vitro models of renal or heart failure are reductive, single-organ systems, thus
preventing the study of underlying mechanisms involved in concomitant organ dysfunc-
tion.

1.2.1. CRS DISEASE MODELS
Historically, animal models have been used in the identification of molecules that play
a role in cardiac and renal injury. The majority of these preclinical studies has been per-
formed in either rats or mice. An extensive overview of in vivo models that recapitulate
heart-kidney interactions and capture some the CRS hallmarks has been provided by
Gabbin et al. [13]. In short, animal models have been used to primarily understand uni-
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Table 1.1: Classification of clinical types of CRS. Adapted from [13].

directional effects of cardiac impairment on renal function or vice versa. With respect to
this research project, it is relevant only to consider the read-outs that have been used in
such models to quantify organ function and their respective impairments. The main re-
ported read-outs to evaluate renal function in this context are Glomerular Filtration Rate
(GFR), serum creatinine levels, morphology of glomeruli and tubules, renal fibrosis, rate
of apoptosis and renal inflammation levels. Alternatively, alterations to the heart have
been quantified in terms of cardiac hypertrophy, cardiac contractility, myocyte apop-
tosis, myocardial energy metabolism and heart remodelling. Even though ideal in vivo
models would combine elements of chronic cardiac and renal dysfunction in a single
organism to mimic the complex bidirectional nature of CRS, no such models have been
reported yet [15], [16]. Nevertheless, the read-outs reported above provide a useful start-
ing point to consider when designing novel disease models.

Despite the valuable information obtained from animal models, the predictive value and
translatability to human patients remains inherently limited [13]. An alternative to an-
imal models, are (human) in vitro models. Various in vitro models have been reported
to recapitulate some of the specific hallmarks associated with CRS as summarized by
Gabbin et al. [13]. The main advantage of those in vitro models is the possibility to
use human cell sources and higher experimental controllability. Especially with the ad-
vance of human induced pluripotent stem cell (hiPSC) technology, it is becoming feasi-
ble to develop patient-specific disease models. This paves the way towards identifying
the predominant pathophysiology in individual CRS patients, identifying characteristic
biomarkers and developing novel therapeutic interventions.
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1.2.2. PATHOPHYSIOLOGICAL MECHANISMS IN CARDIORENAL SYNDROME
CRS is a multifaceted syndrome and disease progression is mediated by various key con-
tributors. Pathophysiological mechanisms that govern CRS onset and progression can
be subdivided into hemodynamic mechanisms and non-hemodynamic mechanisms,
also called cardiorenal connectors. Hemodynamic mechanisms refer to the interaction
between cardiovascular functionality and renal output, such as blood pressure, extracel-
lular volumes, renal function, cardiac output and cardiac contractility [17]. On the other
hand, cardiorenal connectors primarily include dysregulation of neurohormonal sys-
tems (RAAS and SNS), tissue inflammation, atherosclerotic degeneration and metabolic
dysregulation [4]. In addition, tissue fibrosis has been labelled as a key driver in the
pathophysiology of CRS as it is a common, systemic, consequence of inflammation and
oxidative stress. Since fibrosis is already used as a marker of both severe HF and CKD
it is proposed as a starting point to generate representative disease models for both the
heart and kidney [12], [18].

Although some potential disease driving pathways along the cardiorenal axis have been
proposed, a complete understanding of the underlying mechanisms of CRS is still miss-
ing. This is mostly due to significant limitations in existing disease models of CRS as out-
lined in 1.2.1. A basic understanding of the mechanistic disease pathology is required to
start thinking about simplified minimally viable in vitro disease models that still capture
nearly the complete syndrome. Figure 1.1 presents an overview of main mechanisms
that contribute to CRS, which for the purpose of this project mainly serves as a simpli-
fied introduction to the biological aspect of the disease.

1.3. MICROPHYSIOLOGICAL SYSTEMS
Current disease models are commonly limited in terms of their biological complexity
and they often inaccurately mimic human nature. As a response to this limitation, a
trend has emerged towards the use of a Microphysiological System (MPS) as novel in
vitro disease model to obtain higher degrees of relevancy and to incorporate a systemic
dimension into the model. Ideally, such a model system allows us to probe single mech-
anistic relationships at the time in the context of complex multi-organ crosstalk. Col-
laborations among biology and engineering related fields have led to a tremendous leap
forward with regard to the applicability of MPSs [19]. A MPS, among which Organ-on-
a-Chip (OoC) models can be classified, is a miniature replication of a micro-millimeter
sized human tissue construct fabricated in vitro to mimic organ function on the smallest
scale [20]. Whereas conventional cell-based models lack part of the important physio-
logical in vivo processes such as flow, shear stress and tissue-tissue interaction, MPSs
offer independent control over a wide range of such study parameters [21]. The mi-
crofluidic design provides a novel strategy to mimic the native cellular microenviron-
ment and tissue function by individual spatiotemporal control over biomechanical, bio-
chemical and cellular parameters in accordance with the outstanding research question.
Single organ MPS-devices aim to replicate specific biological features of an organ or tis-
sue within a suitable microenvironment that includes optimized media formulations,
tissue perfusion and three-dimensional (3D) bio-engineered substrates that function as
Extracellular Matrix (ECM) structures.
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Figure 1.1: Schematic overview of the main mechanisms involved in CRS. The cardiorenal connectors
RAAS/SNS activation, oxidative stress and inflammation are involved in cross-talk between the organs and
cause concomitant organ dysfunction and disease progression. Dysfunction of the heart results in hemody-
namic changes which induces renal dysfunction. CRS has adverse cardiac, kidney and systemic consequences.
Figure created with BioRender.com

Contrary to single OoC platforms, the recent emergence of multi-MPSs or Multi-Organ-
on-Chip (MOoC) platforms marks a novel breakthrough to provide clarity in systemic
diseases such as CRS. In MOoCs, multiple organ models are fluidically or functionally
interconnected to create a dynamic exchange of secreted factors, thus facilitating the
study of more complex cross-organ interactions. The MOoC field is on its way to trans-
form in vitro disease studies and numerous system designs have already been reported
for various organ combinations. Nevertheless, to achieve the full potential of MOoC de-
vices, there are still many questions to be answered and considerations to be made when
designing a novel MOoC, as will be elaborated on in Chapter 2.

1.4. PROBLEM STATEMENT AND SOCIETAL RELEVANCE
In the context of CRS, a major limitation in our understanding of the disease is the lack
of consistent data on temporal and causal relationships between changes in cardiac
function and the development of renal dysfunction, and vice versa [14]. Thus far sev-
eral potential pathways have been suggested that are involved in the regulation of the
cardio-renal axis, which in case of disruption might contribute to the development of
CRS. However, the lack of specific biomarkers complicates early detection, classification
and treatment of the syndrome. The current treatment approaches are commonly frag-
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mented and single-organ centred, whereas a multidisciplinary approach would greatly
improve the effectiveness, quality of care and timely manner of CRS treatment adminis-
tration [2]. On top of that, widespread prevalence and incidence data show an increase in
confirmed CRS cases. On one hand, this observed increase can be attributed to a growing
occurrence of acute and chronic cardiovascular disease, including acute decompensated
HF, arterial hypertension and valvular heart disease. On the other hand, the incidence
of CKD is becoming more common due to an aging population. Aging is associated with
a chronic inflammatory state and cardiac secondary effects such as volume and pres-
sure overload and secondary hyperparathyroidism, which contributes to calcific heart
disease. Taken together, limited treatment availability and expected increases in preva-
lence, underline the importance of continuing and advancing cardiorenal research, both
in a clinical setting based on patient analysis and in research setting to acquire a more
comprehensive understanding of the bidirectional molecular mechanisms that are at the
ground of this disease.

In particular, novel in vitro disease models are required to study the complex heart-
kidney interaction encountered in CRS in a human environment. There is a need to
bridge the gap between 3D hiPSC-models and more controllable disease modelling strate-
gies. The challenge here is to design a system that is compatible with conventional es-
tablished cell-biology methods, and yet allows the systemic coupling of multiple organ
models to elucidate their interactions over time. CRS presents an excellent example for
the need to develop more accurate models to study organ-organ interaction and one
which could benefit greatly from a tailored MOoC platform.

1.5. RESEARCH OBJECTIVE
To date MOoC models that combine the heart and kidneys have not been reported yet,
leaving many challenges to be addressed. Therefore, the overall aim of this project is:

To develop a microfluidic system which can be used to study the heart and kidney in-
teraction in vitro.

Such a system would be a great stepping stone towards in vitro disease modelling of
CRS in a controllable three-dimensional environment. Ultimately, paving the way to-
wards novel strategies to elucidate the complex causative pathological pathways and to
then aid in the discovery of therapeutic targets to alleviate the syndrome. Since this mas-
ter thesis project was started during the initiation of the overall project, the main focus
has been on first of all identifying the microfluidic system requirements, building the
conceptual design and perform subsequent feasibility studies. The scope of this project
mainly covered the technological aspect of optimizing a set-up comprised of commer-
cially available components, rather than the biological and cellular optimization studies.

The proposed specific goals were:

• Design and set up a ’cardio-renal unit’ consisting of preferably commercially avail-
able components (e.g. chips, pumps, tubing) according to the requirements pro-
vided by the supervisors;
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• Test the system using cardiac- or kidney-only organoids developed to investigate
whether organ-specific secreted factors are detected and their levels.

• Test the system using a cardiac and kidney organoid co-culture to study the organ-
organ interaction with a high level of control: unidirectional flow might be used to
investigate how the kidney affects the heart or vice versa, while recirculating flow
might be used to investigate the long-term reciprocal interaction.

During the execution of this project the goals were slightly adjusted to be in line with
the performed experiments and the problems encountered. As such, microfluidic flow
simulations were generated, 3D-printed geometrical meshes were designed for organoid
trapping and preliminary system test runs were executed.

1.6. THESIS STRUCTURE
This project covers the early stages towards the development of a novel microfluidic sys-
tem to capture heart-kidney organ interaction, including conceptualization of the design
and embodiment of first proof-of-concept set-ups. Chapter 2 concerns itself with an ex-
ploratory review and the resulting theoretical framework that was established to guide
microfluidic platform design. This chapter is mainly written to serve as an introduction
to the MOoC field and become acquainted with the range of aspects related to MOoC
that require consideration during the design phase of an experiment. Based on the pre-
sented theoretical framework, the list of design requirements is presented in Chapter
3. Chapter 4 then describes the conceptual system designs that were developed. Sub-
sequently, feasibility studies and computational fluid dynamics (CFD) simulations are
presented in Chapter 5 that will aid the realization of the design. Next, in Chapter 6
the conceptual designs are experimentally evaluated and the simulated results are pre-
sented. Finally Chapter 7 and 8 discuss and conclude the findings of the experimental
evaluation, respectively.



2
THEORETICAL FRAMEWORK

Guiding principles, considerations and proven strategies from literature have been re-
viewed and summarized to constitute a theoretical framework to guide decision making
during the experimental design phase. The design considerations are presented here in
accordance with the order in which each aspect presents itself when setting up a novel
MOoC experiment.

2.1. CELL SOURCING AND CULTURE METHOD
The first design criteria to consider when designing a novel platform is the type of cell
source or tissue construct that should be incorporated into the MPS. Multiple types of
cells from various sources may be included. Generally, cell sources can be classified
depending on where they were retrieved: commercially available cell lines, primary cells
obtained from human donors, ex vivo tissue biopsies and stem cell sources [22].

Commercially available, immortalized cell lines have the advantage of exhibiting indef-
inite growth, their culture protocols are well-established and cellular responses are re-
producible and predictable, providing experimental robustness. Yet, these advantages
come at the cost of over time accumulation of karyotypic abnormalities. As a result,
the physiological relevancy is lowered as culture periods are commonly extended [21].
Although limited in lifespan, primary cells isolated directly from human tissue better
approximate the in vivo situation as they retain native functional and metabolic prop-
erties. Primary cells capture the genetic and functional mature phenotype of human
tissues and are useful in modelling disease pathologies when obtained from donor pa-
tients [22]. Common issues encountered with primary cells are related to their limited
availability, ethical concerns, batch variations and the requirement of specialized cul-
ture conditions [21]. The necessity of specialized culture conditions is especially lim-
iting with respect to the use of primary cells in integrated multi-organ systems, as the
common medium requirement (2.8) is likely to be sub-optimal to maintain proper cell
viability [22]. Another common cell source that includes pre-existing, well-differentiated

8
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cells for organ-on-chip approaches are ex vivo tissue biopsies. The advantage of tissue
biopsies is that they entail natural extracellular matrices and tissue structures and are
therefore capable of accurately recapitulating biological information also in a diseased
context. Nevertheless, due to ethical and practical issues the availability of ex vivo tis-
sue for experimental purposes is limited [23]. Stem cell-derived sources may address
some of the above mentioned challenges. The motivation behind the use of stem cell
sources in MOoC models, is their ability to be differentiated into specialized cells of var-
ious lineages and be assembled in multiple-cell type structures that resemble the in vivo
counterparts of interest [23]. Stem cell sources include embryonic stem cells (ESCs) and
adult stem cells (ASCs), but they do come with ethical concerns. Instead, the use of hu-
man induced pluripotent stem cell (hiPSC)s in disease models has emerged as a strategy
to generate disease-specific cell lines that can be differentiated into a multitude of cell
types with a similar genetic make-up. The effective use of hiPSCs depends on robust and
well-defined differentiation protocols, but will ultimately contribute to patient-specific
models to aid in the development of personalized therapeutic strategies. A drawback
of using hiPSCs in disease models is the functional immature phenotype that is often
achieved in vitro. Furthermore, tissue preparation time is another hurdle to be over-
come, as differentiation times of hiPSCs can be long and more expensive resources are
required compared to the use of conventional cell lines. Embedding hiPSCs derived tis-
sues into MOoC would require the optimization of differentiation and maturation pro-
tocols.

Another consideration related to the cellular aspect of disease models is the type of cell
culture method that is used. Traditionally, there are multiple techniques to grow and cul-
ture cells in vitro. Among those are two-dimensional (2D) cellular monolayers and 3D
cell cultures, such as spheroids and organoids. In MOoC platforms, monolayers or 3D
tissue constructs may be grown directly on the chip by cell seeding and subsequent mat-
uration in the respective chambers. The benefit of this approach is minimal disturbance
of the tissue constructs and the confounding influence of growth under dynamic rather
than static conditions can be avoided. Externally developed and matured cell constructs
can also be transferred to the MOoC device at the initiation of an experiment. In this
case the microfluidic platform must feature an accessible open MOoC organ chamber
design.

During the early design phase of a novel MOoC platform, it is essential to critically con-
sider the cell types and tissue constructs to be included to accurately represent the en-
visioned disease model. Then, chambers in the chip must be developed to cater to the
specific needs of each individual cell population in terms of required size and culture
method, to ensure prolonged cellular viability over the course of experiments.

2.2. MICROFLUIDIC PLATFORM ARCHITECTURE
From a platform point of view, it is essential to determine the most optimal chip config-
uration to provide an appropriate in vitro culture environment in line with the desired
outcomes [24]. Typically, microfluidic devices feature microfluidic channels which both
allow continuous perfusion of the organ chambers and facilitate control over biome-
chanical forces if flow parameters are altered. Parameters such as medium reservoir
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volumes, organ chamber size, corners, inflow/outflow geometry, channel dimension
and spatial organisation of channels are all affecting the final flow rate and thus will in-
evitable affect the device performance [22].

Chip designs are commonly organ-oriented with various geometrical features that sup-
port the main organ functions of the cultured tissue types. To guide chip architecture, a
distinction can be made between whether a parenchymal tissue or physiological barrier
structure is to be modelled, as both tissue types require different methods of perfusion
and cell embedding [24]. The first class, parenchymal tissues, is typically modelled by
seeding cells directly on chip in monolayers, embedding cells into natural or synthetic
hydrogels or seeding them onto specifically designed scaffolds that feature an optimal
matrix composition and have desirable electromechanical properties [25]. The second
class, including barrier tissue chips such as the skin, lung, liver and intestines, is par-
ticularly suited to advance our understanding of selective transport and to identify fac-
tors involved in maintaining barrier integrity [24]. Typically, physiological barriers are
modelled in compartmentalized devices, in which cell culture chambers and microflu-
idic channels are separated by a porous membrane that features a predefined porosity.
Nutrient and drug transport across the barrier tissues is facilitated by independent fluid
flows in different compartments. The porous membrane can be engineered in terms
of structural, mechanical, chemical and even optical properties to achieve the required
properties. In the context of modelling cellular barriers between external and internal
environments, Air Liquid Interface (ALI) conditions are frequently established. In these
models, one cellular compartment is continuously exposed to air to stimulate particular
differentiation patterns.

In MOoCs, the microfluidic architecture is ideally modular and can be configured in a
way that the types and the order of the tissues can be adapted to fit with the biological
questions posed. Either single-OoCs must be engineered to feature reversible intercon-
nections such that the linking order and timing can be controlled or alternatively multi-
organ platforms may be designed with single-organ hosting chambers. These individual
chambers may then be directly linked via microfluidic channels on-chip.

2.2.1. CELLULAR ENVIRONMENT
An additional challenge is to ensure optimal conditions for each included organ-model.
Not only the correct architecture of the microfluidic chip in itself is important, but the ef-
fect of the microenvironment and the composition of the scaffold or ECM should be con-
sidered. The tissue environment must replicate the local in vivo environment as closely
as possible and should be engineered to stimulate adequate cell growth, support spe-
cific tissue characteristics and be bio-compatible with the proposed experiments. Sys-
tematic studies on the effect of cell-microenvironmental cues induced by microfluidic
materials are recommended and must address the influence of biomaterial properties
such as surface roughness, stiffness, wettability and topography [26]. The influence of
the cellular micro-environment may manifest itself biologically in terms of cell adhe-
sion, proliferation, differentiation and secreted products. Ultimately, the required cellu-
lar environment depends on what type of functional tissue is to be incorporated and is
further defined by the context of use.
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2.3. MATERIAL
Material selection is key to achieve an efficient and fit-for-purpose microfluidic system.
The material of choice must be bio-compatible with all included cell types and must be.
Important considerations include cost, re-usability, transparency, sterility, hydropho-
bicity and gas-permeability [20]. A range of materials have been used to engineer OoC
platforms, but the majority are fabricated with polydimethylsiloxane (PDMS) as it has a
number of useful characteristics such as ease of processing, affordability, fast prototyp-
ing, optical transparency and bio-compatibility. In addition, the stretching properties of
PDMS facilitates recapitulation of stretch-related mechanical processes, such as breath-
ing for lung-tissue or beating for the heart. However, PDMS-based chips are also prone
to absorb small hydrophobic molecules which raises critical concerns with respect to the
use of PDMS devices in drug or secretome studies [27]. To some extent, this issue can be
addressed by accounting for the passive drug absorption by the PDMS material in physi-
ological based pharmacokinetic models [28] or applying inert (lipid based) coatings [29].
Besides the material for the chip itself, other materials are commonly used during either
the fabrication process of devices or to include additional features, resulting in multi-
material chips.

2.4. ORGAN MODEL SCALING
MOoCs find their main application in replicating key aspects of the human system on the
microscale. Achieving a systemic on-chip miniaturized dimension that accurately reca-
pitulates in vivo metabolism and biomolecule exchange requires a well-defined strategy
for organ scaling. The so-called scaling factor is a major design criteria, as it defines
the boundaries of the dimensions of the microfluidic devices in terms of interconnected
organ chamber sizes, microfluidic channel volumes and determines the amount of re-
quired cellular material. Theoretically, any cell or tissue that can be cultured ex vivo can
be integrated in microfluidic platforms, but when cross-organ interaction studies are
concerned, specific attention should be paid to their proportional scaling with the other
organs of interest. In order to obtain an adequate in vivo-in vitro translation, scaling can
be prioritized according to cell number, cell mass or cell-to-media volume. Another con-
sideration is the role of and the adequate distribution of media and diffusion of oxygen
through all tissue constructs [19]. Various scaling approaches to emulate in vivo organ
proportions and functional organ relationships have been proposed, yet no consensus
has been reached on the optimal scaling rules for microsystems [24]. Here direct scal-
ing, allometric scaling, functional scaling and time-residence based scaling methods are
shortly explained.

2.4.1. DIRECT SCALING
Direct scaling is the most straightforward method to scale down organs and thus far re-
mains the gold standard in reported MOoCs. It implies that organs of interest are propor-
tionally scaled down based on easily accessible anatomical data, such as total biomass,
tissue volume or metabolic activity [30]. For example, one can simply decide on a suit-
able scaling factor compatible with the dimensions of the microfluidic device and subse-
quently divide the size of each target organ by this miniaturization factor [30]. Reported
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scaling factors include 30,000 [31], 73,000 [32], 100,000 [33], but may range up to 400,000
[32]. Nevertheless, factors above 100,000 are likely to result in systems that are too small
for operation [20].

Instead of basing the scaling factor on total organ size, cell number may be taken as the
point of reference. In tissues, cell number is an important determinant of physiological
functioning and is often taken as a key parameter to characterize drug filtration or ab-
sorption rates [34]. Therefore, the seeded cell number in each cell culture compartment
is significantly important in an experimental set-up to simulate inter-tissue crosstalk
[34]. To determine the required number of cells in a system, a straight forward, linear
mass ratio can be computed, independent of organ function. As an example, this direct
scaling approach for cell numbers was applied to determine the ratio ’r’ between the
number of endothelial cells and hepatocyte cells to be seeded in a two-organ model to
simulate hepatic-vascular interaction. Here, fractions of the specific organs of interest
with respect to total body weight are considered, as the underlying assumption is that
cell mass does not vary with cell size nor weight [30]. Vascular endothelial tissue makes
up 6.28% of total body weight, whereas hepatocytes present 60% of liver mass which
then presents 2.6% of body mass. Using these numbers to calculate the ratio between
the mass of endothelial cells and hepatocytes Mendo , Mhep according to Equation 2.1,
results in a correlation that should be maintained in the designed in vitro experiment.
In this example, this implies that the number of endothelial cells must be 4 times greater
than the number of hepatocytes in order to maintain a physiological relevant interaction
[34]. This method is relatively simple as merely knowledge of the respective masses of
the tissue of interest is required, yet it oversimplifies the complex functional relationship
between tissues.

r = Mendo

Mhep
= 6.28

0.6×2.6
≈ 4 (2.1)

Thus, whereas direct scaling provides a tool to gain an initial idea about the organ sizes
to embed in integrated MOoCs, it is limited with respect to physiological relevance as it
is known that various organs scale differently depending on function and complexity. As
a result, using a single scaling factor for multiple organs is likely to result in distortion of
the relationship between organs and complicates in vivo-in vitro translation [30].

2.4.2. ALLOMETRIC SCALING
Allometric scaling captures the relationship between body mass and physiological pa-
rameters [34], [35]. Physiologically, organ size does not scale isometrically with organ
mass (as assumed in direct scaling), but instead obeys various different allometric power
laws related to metabolic activity, blood circulation times and level of innervation [35].
To conserve the same relationships between different tissues in a downscaled in vitro
environment, allometry can be used to evaluate and quantify the relationship between
different tissue types of interest. Governing laws dictate that physiological parameters
are correlated with the total mass of an organism through various physical metrics [36].
The standard allometric equation includes an observable physiological parameter ’Y’
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that correlates with system mass ’M’ according to a simple power law shown in Equation
2.2 [34], [37].

Y = a ×M b (2.2)

Here, ‘a’ is a proportionality constant and the exponent ‘b’ depends on the biological
quantity of interest. As an illustrative example, the nonlinear relationship between or-
gans size and total body mass, which depends on coefficients related to the target species,
is given by Equation 2.3.

Mor g an = a ×Mbod y
b [kg] (2.3)

Using Equation 2.3 in combination with available datasets and established values for the
coefficients ’a’ and ’b, provides a tool to relate each individual OoC unit represented by
Mor g an to the total mass of the integrated system, Mbod y [35], [36].

Experimental designs that aim to recapitulate metabolic interactions between organs
rather than organ mass relations, may instead benefit from adhering to allometric scal-
ing laws that correlate metabolic rates. Matching the cellular basic metabolic rate (BMR)
on the microfluidic chip to the BMR of cells in the body is an especially relevant scal-
ing method to facilitate the study of metabolic diseases in multi-organ models [38]. It
has been proposed that metabolic rates follow an allometric power law with coefficient
b = 3/4, as nutrients are supplied to tissues via a fractal distribution network [39]. In this
case the scaling relation becomes as shown in Equation 2.4.

Met abol i cr ate = a ×M 3/4 [s−1] (2.4)

Besides organ mass and metabolic rates, many other biological variables obey allomet-
ric scaling laws and may be used instead to derive the appropriate scaling factor in in-
tegrated MOoCs depending on the research aim [37]. Among those are pulmonary and
vascular networks b = 3/4, blood volume b = 1, blood circulation times b = 1/4 and cel-
lular metabolism b =−1/4 [38]–[40].
Though allometric scaling is a straightforward scaling method, it is limited especially
on the milli- and micrometer scale, as adhering to the coefficients reported in literature
results in respective organ sizes larger than the total feasible microfluidic system size. It
has been speculated that allometric relationships based on mass parameters break down
at the microscale, and hence not optimal in the design of MOoCs [35], [36].

2.4.3. FUNCTIONAL SCALING
To overcome the limitations of direct and allometric scaling, functional scaling has been
proposed [35]. Functional scaling ensures the recapitulation of specific organ functions
of interest on the microscale, rather than preserving relative masses and flow rates. In
functional scaling, the most relevant organ functions to be included are identified, such
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as pumped volume, beating frequency, filtration rate or absorption rate. The most im-
portant organ function may be a volume-mediated process or a surface-mediated pro-
cess, which requires 2D or 3D scaling respectively. After specifying the functional param-
eter for each organ and deciding whether this is a volume-related or surface-related pro-
cess, the MOoC can be scaled accordingly. The system can be subsequently validated by
checking that each simulated organ meets the specific required functional activity. This
may necessitate iterative optimization of the scaled tissues as in vitro tissue function-
ality is hard to theoretically predict due to confounding system factors. Whereas func-
tional scaling is a valid alternative to allometric scaling, it is hard to capture the multi-
functional nature of some organs and the question of how to define the major function
of an organ in a multifactorial disease context still needs to be addressed [30].

2.4.4. RESIDENCE-TIME BASED SCALING
Finally, scaling can be based on known reaction kinetics in an approach termed residence-
time based scaling (RTBS) [30]. This type of scaling matches the fluid residence time for
each included organ and is derived from two physiologically relevant constraints:

• The ratio of organ chamber sizes and liquid residence times for each compartment
must mimic physiological in vivo values.

• The volume to cell-ratio should be close to the physiological values found in hu-
mans

These requirements ensure that chemical cues secreted by cells in the MOoC system
are not diluted beyond concentrations where they are no longer detectable. Commonly,
RTBS is combined with pharmacokinetic simulations to validate whether the system is
actually physiologically relevant [30]. Downsides to using RTBS as a scaling method are
that it relies on the assumption that each organ module has a certain level of intrinsic
activity and it does not account for the limited mass transfer between organ chambers
due to the physical constrictions of MOoC platform design.

Overall, not many reported MOoCs with rational scaling and design principles exist,
which makes it hard to make comparisons among systems. An overview of the various
scaling methods and their limitations is presented in Table 2.1.
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Table 2.1: Different organ scaling methods and their applications. Adapted from [30]

Methods Direct scaling Allometric Scaling Functional Scaling Residence Time-based
Scaling

Scaling
principle

Organs of interest
are directly scaled
according to defined
scaling factor

Scaling of organs is based
on allometric power laws
that correlate parameter
of interest to total mass

Scaling is based on iden-
tified main organ func-
tion

Scaling is based on blood
residence time in each
organ.

Advantage

• Intuitive
• Easy to apply

• Rich literature on
anatomical parame-
ters

• Relatively straight for-
ward

• Preserve physiological
organ function on mi-
croscale

• Recapitulates most
relevant organ func-
tions in MOoC design

• Easy and robust if
functional data is
available

• Differential scaling of
organs in MOoC de-
pending on purpose

• Captures reaction ki-
netics and dynamics
between organs of in-
terest

• Prevents dilution of
(secreted) biochemi-
cal cues

Disadvan-
tage

• Results in distor-
tion of appropriate
relationship be-
tween organs

• Over-
simplifications
same scaling factor
is applied to each
tissue type

• Allometric scaling
laws break down at
microscale

• Results depend on dif-
fusive limit and mass
transport

• Organ function of in-
terest may be hard to
quantify in vitro

• Hard to recapitulate
more than one organ
function accurately

• Complex system de-
signs require many
different parameters
and optimization re-
quires computational
approaches

• Only successful if
activity and capacity
of organ modules are
comparable to in vivo
counterparts

• Requiresconsideration
of mass transfer be-
tween tissues

• Mostly applicable
for pharmacokinetic
studies

• Often requires compu-
tational simulations

2.5. COUPLING OF ORGAN MODELS
In order to create integrated MOoC set-ups, individual OoC models must be linked to
facilitate the envisioned interaction. Coupling of individual organ models depends on
both the microfluidic chip design and the specific purpose of the study. From a de-
sign perspective, MOoC systems can be created by functional coupling of organ mod-
els, physical or ‘fluidic’ direct coupling of stand-alone OoC models or alternatively by
combining multiple organ models directly on a single chip.

The simplest coupling solution is to link single-organ systems functionally. In this type
of set-up, medium is transferred sequentially between various organ chambers to study
the effect of the secretome of one tissue type on another [27]. Functional coupling of
individual organ modules can help to acquire information about media compatibility,
allows to determine optimal scaling parameters and removes the challenge of varying
flow rates between organ chambers. Thus, as an important preliminary step towards
developing more complex MOoCs, functional coupling can be implemented to evaluate
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the performance of single organ modules and further optimize individual organ cham-
ber conditions [27]. Once each individual organ model has been characterized, a more
complex type of coupling may be attempted.

Direct, physical coupling of single OoCs can be achieved through a capillary tubing sys-
tem that links the media outflow of one organ to the inflow of the next organ [41]. Along
the implemented tubing network, flow sensors, valves or other microfluidic compo-
nents may be included to achieve the circuit of interest. Alternatively, capillary tub-
ing systems may be indirectly connected via a central microfluidic mother board [24].
This additional component in the microfluidic set-up contains all microfluidic connec-
tion points which enables increased control over the particular flow to each connected
organ-model. A central mother board facilitates automatized switching between differ-
ential microfluidic routes and facilitates easy integration of additional sensor compo-
nents or other units to aid direct, real-time read-outs. Moreover, the ’plug-and-play’
approach results in highly modular platform configurations allowing for the maturation
and optimization of single organ models prior to system integration. Another advantage
is the relative ease with which other serially connected tissue types may be added to the
system or the ability to replace individual organ models in case of unforeseen dysfunc-
tion.

Lastly, MOoCs can be realized by combining organ models onto a single platform [42].
Recent research efforts have been focused on engineering user-friendly chip designs
that directly integrate the organ models of interest by means of microfluidic channels.
The main advantage of this approach is that the dead volume and required medium is
minimized. Ideally, such in-house produced chips are compatible with commercially
available tubing and perfusion systems and may exhibit culture chambers specifically
designed to meet the tissue culture demands.

2.6. FLUID CIRCULATION
Control over the fluid dynamics is essential in MOoC models in order to mimic the in
vitro blood flow across organs. MOoCs can be distinguished from each other based on
the required method of fluid circulation and how this circulation is actually achieved in
the system, an overview is provided in Table 2.2. Medium supply in MOoCs can either
be static, unidirectional, bidirectional or involve recirculation of the medium. Single-
pass or unidirectional perfusion is mainly applied to study the influence of one organ
on other organs. Moreover, unidirectional flow is preferred in models that incorporate
tissue types that are exposed to high mechanical shear stresses in vivo such as endothe-
lial cells, as these stresses form important physical cues for the tissue maturation and
integrity [20]. Bidirectional flow and recirculation of media are used to emulate recip-
rocal organ-organ interactions and are thus interesting to use in the context of studying
systemic diseases, such as CRS.

In general, fluid circulation can either be passive or actively controlled by pumping mech-
anisms [20]. Passive control of fluid circulation depends on gravity-driven flow. Dur-
ing the experimental phase, gravity-driven platforms are commonly placed on a rocker
platform. The angle of the rocker platform can be changed periodically to, for exam-
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ple, introduce a bidirectional flow. The main advantage of systems that rely on gravity-
driven flow is that the need for external fluid loops is eliminated, thus reducing the over-
all required liquid volume to operate the system. As such, it is easier to achieve near-
physiologically blood surrogate volumes and generate detectable metabolite concentra-
tions. In addition, pumpless systems potentially offer higher throughput, lower system
costs and are less prone to introduce errors such as air bubbles and unwanted leakage of
medium [43].

The main hurdle related to gravity-driven systems is to design platforms in which full
medium recirculation is achieved, avoiding unintentionally retained medium that is then
mixed with fresh medium in the respective organ chambers. In MOoC systems, incom-
plete medium circulation gives rise to problems related to reduced oxygenation and in-
adequate nutrient supply to organ chambers, which is especially problematic when rela-
tively large tissue constructs like organoids are embedded [44]. On top of that, quantifi-
cation and downstream analysis of the cellular secretome and parametric control over
exact concentration profiles is not as straight forward to perform [43].

Yet, the circulation in the majority of reported MOoC systems is controlled by an active
pumping system. Such a pumping system can be externally incorporated in the com-
plete microfluidic set-up, or alternatively may be integrated in the chip design in the
form of a micropump. External pumping systems can be subdivided into syringe pumps
[44]–[46], peristaltic pumps [47]–[50] or pressure-based pumps. Lately, syringe pumps
and peristaltic pumps are increasingly replaced by pressure controllers, which rely on
the pressurization of media reservoirs in order to perfuse multi-organ set-ups. Exter-
nal pressure controllers are gaining popularity due to their high responsiveness and the
generation of stable, pulseless flows in connected systems. Therefore, they are suitable
to perform highly controlled experiments in which accurate flow rates and shear stresses
on the cell constructs are a key research parameter. In addition, with an external pres-
sure controller, the experimental set-up is modular and can be adapted to either provide
single-pass flow or unidirectional recirculation.

To overcome the requirement of troublesome off-chip connections with external pump-
ing systems and to further reduce the circulating volume, on-board micropumps have
been developed: peristaltic micro-pumps [51], [52], pneumatic micro-pumps [53], [54]
and kinetic (stirrer-based) pumps [55] as summarized in Table 2.2. Whereas microp-
umps are paving the way towards ever smaller microfluidic systems, caution should be
taken with respect to the complex external wiring and tubing that is often still required
and complicates the overall set-up.

2.7. FLOW RATES
Flow rates in MOoCs should be optimized to ensure fluid residence times in organ cham-
bers that resemble in vivo organ perfusion times and to ensure that secreted factors can
accumulate to levels above a given threshold concentration to be both measurable and
exert an effect on the next organ model. Ideally, flow rates can be controlled and ad-
justed per individual organ chamber, as each tissue type has a unique metabolic pro-
file and thus specified blood-perfusion demands. Namely, the on-chip flow rate affects
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Table 2.2: Advantages and disadvantages of fluid circulation methods to choose in MOoC design

shear stress experienced by tissue constructs, influences cell polarity and determines the
concentration gradient of oxygen and nutrient availability to a large extent [44].

The desired experimental flow rate depends on the main research objective that is to
be answered. If shear stress on tissue constructs is relevant and the range of permitted
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shear stress is defined within the study parameters, the desired flow rate may be calcu-
lated with Equation 2.5. This equations describes the shear stress due to laminar flow
and holds for Newtonian fluids under steady condition in rectangular microchannels.
Here ‘τ’ is the shear stress of interest, ‘w’ is the channel width, ‘h’ is the channel height
and ‘η’ is the dynamic viscosity of the medium.

Qdesi r ed = τwh2

6η
[m3s−1] (2.5)

If shear stress is not the main determinant, another key starting point is to consider the
fluid residence times within each organ compartment of the designed system. Ideally,
in vivo tissue perfusion rates are mimicked in the microfluidic set-up to in accordance
with the respective organ chamber volumes and cell seeding densities. To follow this
reasoning, in vivo blood residence times ’τphy s ’ must first be calculated using the ratio
of blood flow through each organ per time unit ’Qvi vo ’ and the corresponding organ
volume ’Vor g an ’, as shown in Equation 2.6 [32].

τphy s =
Vor g an

Qvi vo
[s] (2.6)

From the in vivo physiological fluid residence times ’τphy s ’ and the on-chip organ cham-
ber volume ’Vchi p ’, the required in vitro flow rate ’Qdesi r ed ’ can be calculated with Equa-
tion 2.7.

Qdesi r ed = Vchi p

τphy s
[m3s−1] (2.7)

The required organ residence time can thus be achieved by varying organ chamber size
or alternatively by directly altering the respective flow rate if active control mechanisms
are implemented. In MOoC systems, the medium flow rate can be optimized and con-
trolled for each individual set-up in a system-dependent manner depending on whether
the flow circulation is achieved passively or actively.

First of all, flow-profiles in passive, gravity-based systems can be optimized by design-
ing MOoC systems with specific channel and chamber geometries. The flow in gravity-
regulated systems mainly depends on balancing the pressure drop across the system. It
can be varied by adjusting the hydraulic resistances of the channels or tubing in accor-
dance with the research aim. The hydrostatic pressure drop ‘∆P ’ across a given organ
chamber depends on the height difference between the inlet and outlet at a given plat-
form tilt angle ‘h’, the gravity constant ‘g’ and the density of the cell culture medium ‘ρ’,
as shown in Equation 2.8. Furthermore, since the hydraulic resistance of any microflu-
idic segment ‘Rseg ment ’ depends on the proportion between the corresponding pres-
sure gradient imposed on both ends ‘∆P ’ and the desired flow rate through the segment
’Qdesi r ed ’, the hydraulic resistance of a microfluidic segment follows from Equation 2.9
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[43]. Rewriting Equation 2.8 and Equation 2.9 results in an expression for the desired
flow rate that depends on the hydraulic channel resistance and the pressure difference
determined by the platform tilt angle, as shown in Equation 2.10.

∆P = ρg h [Nm−2] (2.8)

Rseg ment = ∆P

Qdesi r ed
[Nsm−5] (2.9)

Qdesi r ed = ∆P

Rseg ment
= ρg h

Rseg ment
[m3s−1] (2.10)

The channel sizes must be designed such that they provide a hydraulic resistance that
indeed limits medium flow to the desired range. In general, the fluidic resistance of a
segment ‘Rseg ment ’ consists of the sum of hydraulic resistances in each fluidic branch:
the resistance of the channels that lead up to and away from the cell culture chamber
and the resistance of the organ chamber itself as shown in Equation 2.11.

Rseg ment = Rchanneli n +Rchamber +Rchannelout [Nsm−5] (2.11)

To achieve the required flow rate, the corresponding required height, width and length of
the microfluidic channels can be calculated in order to achieve customized hydraulic re-
sistances. In case of rectangular microfluidic channels with a low aspect ratio (w > h), the
channel resistance ‘Rchannel ’ can be approximated by Equation 2.12 [43]. In Equation
2.12, ‘η’ is the dynamic viscosity of the culture medium, ‘L’ is the length of the channel,
‘h’ is the height of the channel and ‘w’ the width of the channel.

Rchannel =
12ηL

1−0.63 h
w

· 1

h3w
[Nsm−5] (2.12)

Thus, if the desired on-chip flow rate and organ chamber residence times are known,
corresponding channel dimensions can be calculated with help of the above outlined
calculation scheme. This provides a useful guideline in chip design. Vice versa, if chip
dimensions are known (for example from commercially available products) the formulas
may instead be used to calculate the theoretical flow rates or chamber residence times.

On the other hand, when instead of gravity, active pumping systems are equipped to gen-
erate flow in microfluidic set-ups, another approach should be taken as optimizing chip
geometries alone is no longer enough. Syringe pumps or peristaltic pumps control fluid
flow volumetrically by using a mechanical movement to alter a contained volume. In the
case of syringe pumps, different flow rates can primarily be achieved by modifying the
syringe volume and customizing the system-infusion rate. Peristaltic pumps are known
to have limited capacity to generate perfectly controlled flow rates. Here, the generated
flow rate is primarily dependent on the peristaltic pump head structure, which includes
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rollers and tubing of particular dimensions, and the driving speed of the pump. To ad-
just the generated flow rate, it is recommended to either change the tubing dimensions
as microfluidic resistance decreases with tubing diameter according to Equation 2.13, or
to change the driving speed.

R ∝ 1

d 4 [Nsm−5] (2.13)

Lastly, when pressure controllers are chosen to drive flow, they are pre-programmed to
exert a certain pressure on a contained medium column or reservoir that has a fluid
outlet that links to the microfluidic set-up. Fluids move due to the pressure difference
that arises between the reservoir inlet and outlet. Similar to gravity-driven flow, the flow
rate depends on exact channel geometry. However, some pressure controllers have been
equipped with company software that enables the user to directly approximate flow
rates, especially if a complete company specific set-up is used, including microfluidic
chip. To improve the precision and responsiveness of the actual achieved flow rate, ex-
ternal peristaltic pumps and pressure-driven pumps can be connected to a flow sensor
that is integrated into the microfluidic set-up. This sensor provides the pumping system
with direct feedback about the flow rate at defined points along the circuit and can thus
be used to alter the pressure to achieve the requested flow value.

On a final note, flow rates are always affected by the total area and smoothness of the im-
plemented substrates and the microfluidic channels, thus underlining the importance of
considering material choice early on in the design phase. Furthermore, computational
models and/or fluid simulation software, can be used to make theoretical estimations of
fluid flow profiles and provide a guide to setting flow-related parameters. Subsequently,
experimentally obtained results about generated flow can then be compared to the com-
putationally derived flow rates as a means of validating novel microfluidic systems.

2.8. BLOOD SURROGATE MEDIA

2.8.1. MEDIA FORMULATION
Each tissue type embedded in a MOoC must be provided with a nutrient and growth
factor supply that fulfils the specific tissue requirements. Therefore, MOoC culture con-
ditions and the maintenance medium must adhere to a wide range of requirements, in
part due to varying metobolic activities of the different tissue types [20]. This problem
is further complicated when sensitive cell types are to be included in the system [24]. A
universal medium, or ‘blood surrogate’, must feed all organ compartments in order to
support growth, long term viability and facilitate functional integrity of every individ-
ual tissue type. The systemically shared medium interconnects the organ modules and
thus mediates continuous organ cross talk by transporting nutrients, growth factors, cy-
tokines, hormones, cell metabolites, drugs and other cellular components [30].
Typically, culture media contain various levels of animal-derived serum factors and are
tissue type specific, which once used in MOoC set-ups may result in unwanted and un-
predictable confounding effects on the differential tissues. To overcome this, a serum-
free common medium that minimally influences tissue function, yet contains all the re-
quired nutritional components and growth factors for each individual organ would be
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ideal. To date, such a standardized universal medium has not been reported, but various
complementary strategies have been proposed to tackle the issue.

Firstly, a common medium formulation has been prepared by mixing already existing
cell-type specific media of the target organs in equal ratios. In this way the common
medium contains essential growth factors to meet the demands of all included organs at
least to some extent [30], [56]. However, as the complexity of a MOoC rises and more than
two organ models are integrated, the success rate of a mixed medium solution decreases
as tissues will inevitably suffer from suboptimal medium conditions [22].

Another strategy is to start from a chosen formulation of minimal medium and subse-
quently add the required growth factors, hormones, fatty acids and lipids, vitamins and
trace elements as demanded by the cultured tissues [24], [57]. The base medium can be
chosen in line with the research purposes and may be the medium of the most demand-
ing cell line in the system, as is often the case when liver cell cultures are involved due
to their high metabolic rate [20], [33]. With respect to supplementing a base medium as
functional blood surrogate, caution should be taken that none of the supplements are
detrimental for any of the other organs. Therefore, it is good practice to execute iso-
lated medium compatibility experiments prior for all tissue types prior to performing
any chip-based experiments, and adjust the medium formulation according to the ob-
served cellular results.

2.8.2. MEDIA VOLUME
Besides the media formulation, the total volume of the common circulating medium
should be given consideration. This volume should ideally be scaled relative to the in-
corporated organ volumes. Especially when the end-goal is to capture organ-crosstalk,
regulating the medium volume in the overall system is of utmost importance as it di-
rectly influences the concentrations of drug metabolites and tissue secreted factors in
the microfluidic set-up[20]. Keeping the internal volumes minimal ensures that secreted
factors are not diluted below the detection limit and that they reach concentrations high
enough to exert an effect in the organ of interest. On the other hand, the available vol-
ume must be large enough to also maintain the on-chip cell cultures with adequate nu-
trition and provide a constant supply of fresh oxygen.

The total medium volume consists of all the circulating fluid that resides in the medium
reservoirs, passes through the microfluidic channels and tubing and the interstitial vol-
ume of medium that is present in in the organ chambers [20]. Regulating the medium
volume is most straight forward in the direct scaling approach, as the established scal-
ing factor can be applied again. In this case, the physiologically relevant blood surrogate
volume for a particular device can be calculated by dividing the average volume of blood
present in the human body by the same scaling factor as was used to compute the func-
tional tissue volumes that were embedded in the system [32].

Ideally, multi-organ platforms are operated with minimized medium volumes to achieve
a volume-to-cell ratio that matches human physiological values. Not only does this re-
duce the required resources, but it also helps to induce accurate organ interaction and
facilitates medium read-outs. It is good practice to consider the required perfusion vol-
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ume early-on in the design process.

2.9. MOOC READ-OUTS
The operation of MOoCs entails significant effort and often requires long experimental
timelines. Therefore it is essential to optimise assaying techniques to extract maximal
biological information over the time course of a single experiment [26]. Monitoring and
analysis of MOoCs can be achieved by means of in situ monitoring, online analysis and
downstream offline analysis [24].

Most current monitoring and analyses approaches still rely on offline analysis at the end
of experiments. Offline measurements can be performed either on retrieved intact and
dissociated tissue constructs from the microfluidic set-up or alternatively may be ex-
ecuted on effluent medium samples taken at distinct time points. Analysis is based
on conventional biological assays, including multiplex assays, spectroscopy, sequenc-
ing and flow cytometry [19].Typically, life-death staining and structural morphology are
taken as a study end-point to characterize tissue integrity. To ensure representative re-
sults, limit biases and prevent disruption of the spatial organization of cells in tissues,
chip design must allow for easy removal of tissue constructs and dismantling of the de-
vice from the set-up post-experimentally.

Ideally, novel platform designs are amendable to higher-throughput analytical systems
that allow for continuous real-time information acquisition. Therefore, in situ moni-
toring is performed in the device itself and thus provides a way to track experimentally
induced tissue changes over the time-course of an experiment. Such near-real time as-
sessments of tissue state and functionality include continuous measurements of pH,
oxygen levels, contraction force and beating frequency, barrier function quantification
by means of trans-epithelial electrical resistance measurements, and direct cell tracking
and labelling. Characterization of tissue types is commonly done through microscopy,
though imaging in this case is limited by the three-dimensional, multi-material nature
of the incorporated constructs, which complicates image acquisition. More recently, in
situ monitoring has been advanced by incorporating specifically designed biosensors in
MOoC platforms that allow direct online analysis. Such online functional readouts are
likely to increase experimental consistency and will aid in capturing complex dynamic
interactions. Automated optical and biochemical sensing modules may provide sens-
ing data on: pH, O2, temperature, glucose and lactate levels, protein biomarkers and
organoid morphology [48]. Integrated sensors provide direct insights into response re-
lated fluctuations in OoCs, otherwise missed by conventional periodic measurements.

Despite the advantages of integrated biosensors, they also generate vast amounts of
information-rich data and thus require subsequent data-interpretation steps. Synergis-
tic engineering in this respect, converging the fields of data analysis and cellular biology,
will further advance the integration of artificial intelligence and machine-learning ap-
proaches in MOoCexperimental pipelines.

Ultimately, in vitro-in vivo extrapolation is essential for the interpretation of results. This
requires consideration of the measurement timescale versus physiological timescales,
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spatial resolution in the miniaturized system and whether the read-outs are quanti-
tative or qualitative in nature [26]. Ideally, real-time in situ measurements and post-
experimental offline analysis are combined to provide insights into the functioning of
the coupled organ systems, their metabolic profiles, systemic inflammation levels and
demonstrate drug efficacy and toxicity. With respect to multi-organ systems, read-outs
should capture both organ-specific functioning that can be compared to control experi-
ments as well as include read-outs related to the systemic dimension to illuminate organ
interactions.

2.10. STATE-OF-THE-ART MOOCS
The last years have seen a tremendous leap forward in terms of microfluidic fabrica-
tion technologies and microfluidic OoC approaches. As a result, increasingly complex
multi-MPS designs are surfacing as the next big step towards realizing a complete in
vitro human model system. Existing MOoC platforms generally recapitulate specific
organ-organ interactions to provide unique insights into inter-cellular cross-talk on the
microscale. Yet, most reported platforms are still limited in their physiological relevance
or inaccurately mimic the native human environment. In order to further advance the
potential of MOoC platforms, it is beneficial to acquire a broad overview of the existing
platforms, their particular applications and design trade-offs that were made. Recently
reported MOoC systems have been reviewed and categorized according to the described
design criteria in this chapter. The systemic literature review written prior to this the-
sis included MOoCs that comprised at least two-organ-models, were operated with an
active medium pumping system and incorporated experimentally derived 3D cellular
constructs. The complete literature review is included in the Supplementary Materials.



3
MICROFLUIDIC MODEL DESIGN

REQUIREMENTS

The theoretical framework of relevant design criteria for novel MOoCs as developed in
Chapter 2, was used to establish a list of requirements for the design of an ideal MOoC
system for the recapitulation of CRS in vitro. These requirements are further stratified
into must-have requirements (Demands) and nice-to-haves (Wishes) to subsequently
aid in prioritizing trade-offs during the actual design conceptualization phase. A com-
plete overview of the requirements is provided in Appendix A Table A.1.

3.1. CELL SOURCES AND CULTURE METHOD
• Cell culture conditions Chip maintenance must be possible in an 37°C and 5%

CO2 environment for an extended period of time to ensure tissue viability and
optimal culture conditions. Ideally, the humidity of the environment can be con-
trolled and maintained high to prevent medium evaporation and drying out of the
channels.(DEMAND)

• 3D hiPSC tissue constructs The microfluidic chip must be bio-compatible with re-
cently developed cardiac microtissues (CMTs) and kidney organoids (KOs), which
are cultured in accordance with the established protocols [58], [59]. These 3D tis-
sue constructs derived from hiPSCs that require up to three weeks pre-culture be-
fore they are mature enough to be transferred to the system. The use of established
protocols reduces the need for extensive organoid characterization as this has al-
ready been performed before. (DEMAND/WISH)

25
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3.2. MICROFLUIDIC PLATFORM CONFIGURATION
• Separate culture chambers The system must render at least two organ chambers

to confine the respective tissues and allow the study of reciprocal crosstalk in the
absence of direct cellular contact. These microfluidic chambers may either be
hosted on a single platform or be fluidically coupled to facilitate the prolonged
co-culture in a single circulatory system. (DEMAND)

• Open-culture system It is desired that externally cultured and matured tissue con-
structs can be transferred onto the chip device prior to starting the experiment.
Therefore, the on-chip chambers must be open at the initiation of an experiment
and it must be possible to tightly seal the chip prior to the introduction of flow.
(DEMAND)

• Double-chamber chip Two-microfluidic chambers integrated on a single microflu-
idic chip such that it can host both organ models. This presents the advantage of
reducing the required death tubing volume and thus contributes to lowering the
internal system volume. (WISH)

3.3. CELLULAR ENVIRONMENT
• Scaffold-free No scaffold or additional ECM reconstituent is used in the disease

model to maintain the tissue constructs. Any scaffold material may interfere with
the secreted products of the CMTs and KOs, thereby limiting observable cross-
organ effects, which is the aim of this project. Preferable, only tissue-constructs
are loaded in the tissue chambers. (DEMAND)

• Culture inserts It is valuable to consider the integration of existing tissue culture
inserts into the chip environment. Culture inserts are already extensively used in
tissue culture applications and can be used to pre-culture tissue specimens under
defined conditions and in accordance with established protocols. Subsequently,
the insert can be inserted in the chip, thus omitting the need of manual tissue
transfer and preventing tissue disturbance. (WISH)

3.4. MATERIAL
• Bio-compatible Microfluidic devices must ensure biocompatibility with the tissue

constructs. It is essential that 3D tissue structures do not dissociate nor lose their
shape as this will contribute to loss of function. In addition surface properties
must prevent fibroblasts from proliferating and migrating outwards of the tissue
constructs. To further ensure tissue viability, it is vital that no residual toxic par-
ticles are released from progressive wear-down of the tubing or the device itself.
Surface passivisation steps may be incorporated in the protocol to further ensure
bio-inertness of the material. (DEMAND)

• Non-absorbing material In order to achieve organ cross talk, molecular and cel-
lular secreted factors should remain in the circulating medium to exert an effect
on the downstream tissue construct. The chip material should not absorb any
biomolecules such that the expected limited availability and concentration is not
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reduced even further. Alternatively, a mitigation strategy may be used to passivate
the surface, such as the application of a coating (DEMAND)

• Air-permeable coverslip The culture chambers must be closed by an air-permeable
lid or coverslip to ensure adequate oxygenation over pro-longed culture periods.
(DEMAND)

• Sterility Performing cellular experiments in OoC devices requires sterility to avoid
microbial contamination. With respect to MOoC experiments, all the various mi-
crofluidic components must be sterilized prior to use and a methodology must
be defined to maintain the sterile environment throughout the entire experiment.
The appropriate sterilization method must be chosen for each component as ei-
ther structural damage or alterations to the material properties must be avoided.
(DEMAND)

• Re-usable chips Microfluidic chips are generally expensive devices. Since many
proof-of-concept experiments are expected to be performed to validate both the
microfluidic set-up and to optimize on-chip culture conditions, it is desirable that
microfluidic chips can be used multiple times without the need for cumbersome
cleaning protocols or altering material properties. (WISH)

• Re-usable tubing Perfusion sets and other connecting components can be cleaned
and re-used for subsequent experiment without progressive wearing down of the
material as this is hard to control in experimental settings. (WISH)

3.5. ORGAN MODEL SCALING
• Scalable tissues When a systemic disease such as CRS is concerned, functional

scaling may prove to be physiologically more relevant than direct scaling if the
main interest is to study the reciprocal interaction of tissues. Nevertheless, func-
tional scaling is not straight forward to quantify and implement, therefore the
method of direct scaling suffices during the initial phases of this project. This will
be further described in section 5.2.2. (DEMAND)

• Chamber size Since relatively large organoids are to be used it is essential to ensure
that the chip chamber sizes are big enough to fit the complete tissue construct.
Yet, caution should be taken to keep the internal volumes as low as possible to
maintain a near-physiological volume-to-cell ratio. (DEMAND/WISH)

3.6. COUPLING OF ORGAN MODELS
• Single-pass system Medium from one organ can be circulated to the subsequent

organ with single pass through both organ chambers (series-connection). (DE-
MAND)

• Modularity The system should be modular in nature. This means that the used
components are compatible with products from various companies to extend the
possible circuits at later stages of the project. Ideally, the microfluidic set-up can
gradually be extended to incorporate more sensors and chips with variable lay-



3.7. FLUID CIRCULATION

3

28

outs, while offering the possibility to run on tailored made protocols. This can be
interpreted as a plug-and-play approach and is particularly useful in the step wise
development of an increasingly complex system as every intermediate set-up can
be validated during the process before proceeding. (WISH)

3.7. FLUID CIRCULATION
• Automated flow control The circulation, be that unidirectional or recirculation,

must be computer controlled to omit human interference with the system. Au-
tomation of the flow ensures high control over parameters, facilitates repeatability
of experiments and ensures constant conditions during the complete experiment.
(DEMAND)

• Types of flow Flow has been shown to increase the maturation of tissue constructs
and provides a way for prolonged, automated culture of tissue constructs in highly-
controlled environments and is therefore a desirable attribute to MOoC culture
systems. Unidirectional flow in the context of organoid co-culture facilitates the
study of the effect of one organ’s secretome on the other, whereas bidirectional
flow may be used to study their reciprocal interaction. A unique property of recir-
culation of medium is that it contributes to the gradual accumulation of secreted
cellular factors in the system, which may prove challenging in a unidirectional sys-
tem. The designed set-up must be adjustable to constitute all three types of flow:
unidirectional, bidirectional and recirculation. (DEMAND)

• Pressure pump operated Pressure pumps are reliable sources to generate non-
pulsatile, continuous flow in microfluidic systems while providing an easy inter-
face to control or adapt the settings of an experiment. (WISH)

• Multiple chips in parallel To increase experimental throughput and test various
conditions simultaneously, the control unit must be able to perfuse a multitude
of chips at the same time. This implies that the pressure controller must have
multiple output ports. Typically a biological experiment requires three technical
repeats and includes a control experiment versus a testing condition. Therefore,
in order to test all conditions in parallel during a single experiment, a minimum
of six microfluidic chips must be connected. To account for experimental error
during the process, ideally two additional chips can be included. (WISH)

3.8. FLOW RATES
• Refreshment of medium to support cell-culture The flow in this project mainly

functions to ensure continuous medium renewal in the on-chip culture chambers.
Due to the use of organoids rather than cellular monolayers, shear stresses in-
duced by the flow are less of a concern and flow rates may be varied in accordance
with the calculated refreshment rate or desired experiment run time. (DEMAND)

• Flow rate control per organ chamber In vivo organs are exposed to different flow
rates depending on their bodily location and function. In additional, the total
blood residence time varies per organ. To account for this variability, microflu-
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idic platforms can be designed to render individual control over the flow rate per
organ chamber.(WISH)

3.9. COMMON MEDIA
• Common media formulation The system must be run with a single medium through

a shared perfusion line to feed all organ models. The common medium must be
kept as simple as possible with the least number of additional growth factors to
prevent unwanted interference with any of the organoids. (DEMAND)

• Low internal volume The volumes used in the final set-up must be kept minimal
to achieve physiologically relevant volume-to-cell ratios in the system, as will be
explained further in section 5.2.2. Besides, the use of low volumes prevent dilu-
tion of secreted factors beyond detection limits and ensures that they can exert a
possible effect on the co-cultured tissues. Yet, caution must be taken in that the
supplied medium does fullfill the cellular nutrient and oxygen requirements. (DE-
MAND)

3.10. ANALYSIS
• Material retrieval It is desirable that the cellular material is accessible for post-

experimental analysis and can thus be retrieved from the chip environment with
minimal disturbances to the structure. Theoretically this implies that it must be
possible to re-open the chip at the experimental endpoint. (DEMAND)

• Sampling A straightforward and effective sampling method must be achievable
with the system. The main targets for detection are secreted factors commonly
present in very low concentrations in the medium. Offline sample analysis mainly
comprises high-performance liquid chromatography, mass spectrometry or com-
mercially available assay kits for the selected biomarker. Each of these tests re-
quires a minimal sampled volume which should be taken from the circulation dur-
ing the experiment or collected at the end-point. For example, for the detection
of proteins using an Enzyme-Linked Immunosorbent Assay (ELISA), typically be-
tween 50 and 100µL of sample is required. When recirculation is implemented the
sampled volume must be replaced by fresh medium to allow the continuation of
the experiment. (DEMAND)

• Live imaging Live imaging during flow experiments is required to monitor tissue
integrity and detect morphological changes early on during an experiment. (DE-
MAND)

• Chamber access Organ chambers are accessible at any desired time point during
a flow experiment. In this case, medium samples may be taken from the respec-
tive chambers and used for offline analysis to monitor changes in the cellular mi-
croenvironment. Moreover, accessible chambers allow precise tissue perturbation
at distinct time points by administering particular drugs directly to the organoids,
rather than perfusing them throughout the entire system. (WISH)
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• Real time monitoring of flow To maintain precise control over the parametric flow
in the microfluidic system, the control unit must be able to export data files that
contain the various flow-related parameters over time. This data may be used to
compare the chip conditions across experiments and to rule out any confounding
factors induced by altered flow rates. (WISH)

• Integrated sensors To control experimental conditions additional automated sen-
sors can be incorporated in the design that provide real-time, continous, in situ
data on microenvironment conditions and tissue quality. Sensors that measure
pH, O2, glucose concentrations or beating frequency directly can optimize the per-
formance of MOoC platforms. (WISH)



4
CONCEPTUAL DESIGN

Based on the design criteria for a novel MOoC microfluidic set-up to capture cardiorenal
crosstalk, two conceptual set-ups were proposed to perform feasibility studies with.

4.1. CHOICE OF MICROFLUIDIC CHIP
A prime starting point to developing any microfluidic set-up, is to decide on the mi-
crofluidic chip to be used throughout the experiments. The main design limitation with
respect to this decision is that the chosen chip must be commercially available. The
advantage of off-the-shelf chips is that they are under strict quality control, thus mak-
ing them ideal to standardize experimental protocols. Since the project is aimed at es-
tablishing a MOoC system, it was essential that at least two types of tissues could be
fluidically connected, while staying physically compartmentalized. Furthermore, fully
developed organoids are to be transferred onto the chip once they have reached the re-
quired level of maturity. As such, the need for the chip to provide suitable pre-culture
conditions for either type of tissues is omitted and the chip should solely offer a way to
facilitate communication between culture chambers. Therefore, the preferred chip ar-
chitecture consists of two on-chip interconnected chambers, as this greatly reduces the
tubing complexity and further limits the inevitable dead-volume compared to the op-
tion of connecting two single-OoC. A thorough market search was performed to identify
commercially available OoC devices that fit the requirements.

The IBIDIµ-slide III 3D perfusion was found to feature a suitable architecture in line with
the above mentioned criteria and was thus chosen to perform proof-of-principle stud-
ies with. This microfluidic device is unique in its relatively straight-forward design and
promised to serve adequately for the envisioned experiments. The on-chip microfluidic
volume is 130 µL per channel. Each reservoir additionally contains 60 µL. That means
that the total on-chip volume equals 250 µL per channel. The chip and its exposed view
are shown in Figure 4.1.
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(a) IBIDI µ-Slide III 3D Perfusion chip
(b) Exploded view highlighting the platform fea-
tures

Figure 4.1: The microfluidic chip of choice for this project is commercially available and features two intercon-
nected organ chambers. Adapted from http://www.ibidi.com.

4.1.1. IBIDI CHIP LIMITATIONS
Commercially available microfluidic chips are typically designed as generic as possible
and therefore often fail to comply with all requirements. Therefore, it was inevitable to
make some well-considered trade-offs related to the microfluidic chip of choice. The
following limitations must be taken into account when interpreting the obtained results
from feasibility studies and during subsequent design of follow-up experiments.

First of all, if the intended use of the IBIDI µ-slide is with either spheroids or organoids,
as is the case in our experiments, the provided protocol prescribes to sandwich the 3D
tissue constructs within gel matrices. We hypothesized that the chip could also be used
without the additional scaffold material, by simply allowing the tissue to sediment to the
bottom of the respective organ chambers. Whether this is indeed possible and in or-
der to evaluate whether tissue integrity is maintained and tissue wash-out is prevented,
feasibility studies have to be performed within the chip, see Chapter 5.

Secondly, in spite of the fact that the slide is designed to be compatible with high reso-
lution light microscopy, this is only true for inverted microscopy techniques. Whereas
this is not a problem as long as only tissue constructs are embedded in the chamber, it
becomes challenging to actually image the tissue upon inclusion of fit-for-purpose com-
ponents such as cell-culture inserts that elevate position of the tissue constructs.

Another consideration to keep in mind is the material properties of the chip. This plat-
form can currently be ordered either Uncoated, making it hydrophobic, or with an ibi-
Treat Surface coating which is an hydrophilic surface modification and supports cell-
adhesion. Critically, none of those coatings prevents protein absorption by the chip,
which is a high-priority requirement when biological assays are to be performed. To
solve this problem, the chip may be treated with a surface passivisation coating which
disables any type of protein binding. This would be ideal for our envisioned organoid ap-
plications, as it simultaneously ensures that the embedded tissue does not adhere to the
surface. So far, no biological assays to quantify tissue adherence or protein absorbance
by the chip material have been performed and thus further experimentation is required.

http://www.ibidi.com
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4.2. MICROFLUIDIC SYSTEM SET-UP
A hallmark of microfluidic experiments is the continuous and automatic perfusion of
medium through the chosen chip devices. In order to achieve this perfusion, the pump-
ing system must be chosen carefully depending on the research questions to be an-
swered. This thesis focused on the development of a proof-of-principle microfluidic
set-up and therefore emphasis has been placed on testing an initial set-up that complies
with as many as possible requirements, yet is kept as simplistic as possible and is able
to be developed with available products. Three established microfluidic systems were
found to be suitable and were considered in more depth for the purpose of this research.
The three systems were evaluated on the basis of the design requirements outlined in
Chapter 4. For each of the design requirements a score was allocated based on available
information, user-reviews and personal experience. A complete overview of the extent
to which each microfluidic system conforms to the individual requirements is provided
in Appendix B. The summarized results are presented in Table 4.1.

Table 4.1: Summarized grading of the extent to which each considered microfluidic system complies with the
set design requirements.

TissUse HUMIMIC Starter IBIDI Perfusion system Fluigent FlowEZT M

✓ 25 17 18
? - 4 8
X 6 10 5

✓ = Fulfilled requirement; ? = Partly fulfilled requirement; X = Failed to meet
requirement

The final system design decision was made on ground of the presented grading scheme,
while taking into consideration the expected ease-of-use and the required costs for the
actual realization of the complete system. As becomes evident the TissUse HUMIMIC
Starter package, specifically designed for MOoC applications, has the highest overall
score if judged purely based on the perfusion system itself. However, the TissUse HU-
MIMIC Starter package is not compatible with the previously selected microfluidic chip
and should be operated with the TissUse microfluidic chips instead, which all together
has a very high associated cost. Upon giving the requirements of costs and availability
heavier weights during the design decision process, the TissUse HUMIMIC Starter pack-
age was found not to be feasible.

On the other hand, the IBIDI and Fluigent systems are readily available in the lab, there-
fore it was decided to run proof-of-principle experiments with both set-ups. During this
project various dynamic assays with embedded tissue constructs and perfusion of cul-
ture medium have been performed, as will be commented upon in Chapter 6.

4.2.1. IBIDI PUMP SYSTEM
The first conceptual set-up to be tested was created with the IBIDI pump system, as this
set-up promised to be advantageous in terms of ease of use. The IBIDI pump system
allows for the application of continuous, unidirectional recirculatory flow. The IBIDI
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Table 4.2: Tubing parameters for the IBIDI recirculation set-up and the Fluigent single-pass set up.

Type of tubing ID Tubing Tube Length Total Working Volume Dead Volume Tubing Reservoir Size
Perfusion Set BLACK 0.5 mm 50 cm 2.6 mL 0.1 mL 2mL

Custom tubing Fluigent 0.794 mm 95 cm 4.47 mL 0.15 mL Depends on set up

pump system is recommended to be used in conjunction with IBIDI channel slides,
among which is the IBIDI µ-slide III 3D Perfusion, and runs on provided PumpControl
software only. Chips produced by another company may be used given that they feature
Leur-lock connections on the inlet and outlet. In that case, the performance of calibra-
tion experiments to determine the achieved flow rates is essential prior to starting any
experiment.

The complete set-up comprises a pump system, required number of Fluidic unit (FU)s,
perfusion set of choice (the tubing) and the microfluidic chip. The basic set-up is shown
in Figure 4.2 [60]. Since our chosen microfluidic chip features three individual channels
on a single chip (Figure 4.1), three FUs were connected to the pump such that all three
microfluidic lanes could be perfused simultaneous. This enabled the testing of multiple
experimental conditions at the same time. Various perfusion sets are available, each
suitable for a particular range of flow rates. Here, the BLACK perfusion set was used
(see specifications in Table 4.2), which allows to generate flow rates in the range of 0.08
mL/L to 1.10 mL/L. To keep the required volume as low as possible, the smallest type
of compatible reservoirs were used with a total volume of 2 mL, each of which is to be
operated with 1.25 mL per reservoir during the experiments. The set-up was used to run
experiments up to 72h. The results are described in Section 6.1.1.

WORKING PRINCIPLE AND SETTINGS

The IBIDI pump is able to generate constant flow of medium by supplying the reservoirs
of the FU with a constant air pressure (mbar) that is automatically set by the software
based on the required flow rate. In the experiments presented here, the flow rate was
set to 100 µL/min. To ensure unidirectional flow over the chip and to prevent the reser-
voirs from falling dry, two valves that are integrated in the FU are continuously switched
between two possible states, as described in more detail in the Instruction Manual [60].
The valve switching time was set to 60 seconds. Furthermore, the system was run with a
positive air pressure such that the channel is perfused from left to right and the medium
viscosity was set to 0.0072 [Pa ·s].

4.2.2. FLUIGENT SYSTEM
Besides the IBIDI system, another conceptual set-up has been proposed created with
the Fluigent system. In this microfluidic set-up, pressure-based flow control is realized
by the Fluigent Flow EZT M control unit. The main advantage of this system is related
to the high-level of modularity that can be achieved, thus rendering the system suitable
for fit-for-purpose adaptation in line with the research question. Moreover, the circuit
includes a flow sensor to ensure direct and real-time control over the actual flow rates,
which is an important advantage. The Fluigent LineUPT M series can either be used with
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Figure 4.2: Basic set-up of complete IBIDI system with a single fluidic unit to perfuse one channel. Image taken
from [60]

or without a computer due to the presence of a local control dial and is straightforward
to extend to include multiple pressure controllers for multiple parallel experiments.

SINGLE-PASS CIRCUIT

The first proposed set-up is suitable to generate single-pass unidirectional flow in the
microfluidic system. This circuit is particularly relevant to study the isolated effect of one
organ-model on the subsequent other organ-model, without the reciprocal interaction.
The schematic circuit is shown in Figure 4.3. The proposed set-up comprises a FLOW
EZT M pressure controller (range = 0-345 mbar) that is connected to the power supply
and pressure supply. Furthermore, since the ideal set-up is able to allow for microfluidic
experiments to last up to 72h, 15 mL reservoirs are chosen. Nevertheless, the circuit may
be realized with 2 mL or 50 mL medium reservoirs instead. The flow rate is constantly
measured and controlled by means of an integrated flow unit (ideally range S = 0 - 7
µL/min) and medium is recollected after it has passed both organ chambers. To match
the required volume of the IBIDI system, the flow rate is ideally set to 1 µL/min such that
one 72h experiment requires 4.32 mL of medium. The tubing required to connect all
the microfluidic components can be cut manually with desired lengths. The compatible
tubing has an OD of 1/16" and ID of 1/32", which results in a total dead volume of 150
µL if a length of 95 cm is assumed.

RECIRCULATION CIRCUIT

Besides single-pass perfusion, it is possible to create recirculatory flow with relatively few
adaptations to the overall circuit. To achieve this, two conceptual circulation schemes
are proposed as shown in Figure 4.4 and 4.5. The most elegant option is to include the
Fluigent ’L-SWITCHT N ’, a 6 port/2-positions bidirectional microfluidic valve compara-
ble to the valves that are already embedded in the IBIDI FU. Whereas the circuit becomes
notably more complex if more than one channel is to be perfused, for the proof-of prin-
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Figure 4.3: Schematic overview Fluigent set-up: microfluidic single-pass unidirectional circulation to perfuse
a single channel. Adapted from www.fluigent.com

ciple the presented scheme suffices. To realize this circuit, two Flow EZs are connected
to two reservoirs, which contain equilibrated volumes of medium. The reservoirs are
pressurized depending on the valve positions and media continuously flows into the mi-
crofluidic device, while the Flow Sensor monitors and controls the flow rate in real-time.
In addition to the single-pass circuit (Figure 4.3), the Fluigent LineUPT M SWITCH EZ
must be connected to provide control over the microfluidic valves. Moreover, the LINK
EZ is required to establish a connection with the PC and facilitate an online interface for
continuous monitoring. Ideally, the microfluidic circulation is controlled by creating an
automated protocol in OxyGEN, the software provided by Fluigent, including valve ac-
tuation timing and the specified flow rate. In this case, since medium is recirculating, 2
mL reservoirs may be used to minimize the total working volume.

Alternatively, a conceptual design for recirculation was developed based on two 2-SWITCHT M

valves, which are 3 port/2-way bidirectional microfluidic valves (see Figure 4.5). Since
these components are already available in the lab, this designed scheme is economi-
cally more favourable especially if the purpose is to validate the feasibility of the Fluigent
system for recirculation. Ideally, this set-up is created with the intuitive SWITCH EZ to
control the valve positions, however this component can be substituted by the SWITCH-
BOARD. The presented circuit is suitable to perfuse a single channel. The circulation
control and valve switching times can be automatized with the available OxyGEN soft-
ware. With this software, a time-based protocol should be created that can be run for at
least 72h. Figure 4.5 shows the two possible configurations of the valves, which make it
possible to recirculate medium while keeping the flow over the chip unidirectional.

4.3. SYSTEM DESIGN LIMITATIONS

4.3.1. LIMITATIONS OF THE IBIDI PUMP SET-UP
An inherent limitation of the fact that the IBIDI pump system runs on the PumpControl
software is that it provides automatic calculations of pressure, flow rate and shear stress
once the perfusion set, the type of slide and the viscosity of the medium are set. Whereas

www.fluigent.com
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Figure 4.4: Schematic overview Fluigent set-up: Recirculation over a single-channel facilitated by L-SWITCH
component. Adapted from www.fluigent.com

these calculations can be validated to some extent by performing pre-experiment cali-
bration measurements, there is no guarantee that the parameters do not change over the
time-course of an experiment. For example, flow rates might be affected by the appear-
ance of bubbles in the tubing or inside the organ-chambers which is not accounted for
by the PumpControl unit,due to the lack of real-time feedback loops based on measured
data. Furthermore, as material properties of the tubing might change slightly upon re-
use of the material, the calibration measurements should in fact be performed prior to
initiating any experiment, which is in practice is not always done. As a result, the repro-
ducibility of experiments is altered and the actual flow rate is hard to monitor. Besides,
the current PumpControl software does not include the option to choose the IBIDI µ-
slide III 3D Perfusion, but rather must be run with all the parameters set for another
slide, the IBIDI µ-slide I Leuer 3D which features a different geometry. Ideally, future
releases of the software will include the slide chosen for this project as it would make
experiments more accurate.

On another note, the minimal flow rate that can be achieved while using the BLACK
Perfusion Set in the set-up, is 0.08 mL/L. Although, this flow rate is acceptable in the
case of microfluidic recirculation, it becomes problematic if a uni-directional single-pass
system is to be realized. Theoretically, the IBIDI system can be programmed to facilitate

www.fluigent.com
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Figure 4.5: Schematic overview Fluigent set-up: Recirculation over a single channel facilitated by two 2-
SWITCHES. The second position of the valves is shown in the upper right corner. Adapted from www.
fluigent.com.

single-pass flow by programming the switching times of the integrated valves manually
and ensuring that no valve switching happens during the experiment, thus collecting
the medium on the other side of the channel. Nevertheless, this is not ideal as the largest
compatible reservoirs can only contain 50 mL of medium. Considering the lower limit of
flow, it implies that the maximal run time of any experiment would be a maximum of 625
min (10.4 h). In addition, secreted factors of interest would certainly be diluted beyond
their detection limit, thus rendering the system inapplicable for this purpose. Besides,
the recommended flow rate for the IBIDI µ-slide to ensure an optimal supply of oxygen
and nutrients to the organ-chambers is actually in a higher range and reported to be 0.5
- 1 mL/min [61], which is relatively high if one is to achieve a physiologically relevant
MOoC system.

This set-up is furthermore inherently limited by the on-chip volume and the total work-
ing volume required due to the tubing and the medium reservoirs. Feasibility studies
with respect to the concentration of secreted factors of interest should be performed to
evaluate whether the minimal volume is still within the acceptable range.

4.3.2. LIMITATIONS OF THE FLUIGENT SET-UP
The Fluigent system is optimized to be expandable, however this comes at the cost of ad-
ditional connections in the circuit compared to the IBIDI system. Potentially, this could

www.fluigent.com
www.fluigent.com


4.4. MESH DESIGN

4

39

lead to leakage problems if connections are not tight enough or worn out as well as in-
crease the possibility of bubble formation and clogging in the tubing. In addition, the
tubing has to be cut and connected manually, which renders it subject to human error
during the set-up process. Whereas this feature does allow the user to chose the tubing
length and thus makes the system adjustable to the available space, the tubing might be
slightly different in each experiment. This affects the reproducibility of experiments.

Another expected pitfall related to this system is the requirement of sterility. To assem-
ble the complete circuit under sterile conditions, the chip, tubing and all components
should be connected and under the hood, however following assembly it is hard to trans-
fer all the required components to the incubator without disrupting the tissue in the
newly connected chip. Handling should be optimized to limit this problem.

Finally, although the L-SWITCH solution to create a recirculation circuit (Figure 4.4) is
theoretically a relatively straight forward and easy to implement approach, according
to Fluigent it is less reliable when used in combination with low flow-rates. This is be-
cause the L-SWITCH contains a small internal channel that is prone to get clogged, thus
preventing continuous perfusion. Taking this factor into account, the conceptual set-up
presented in Figure 4.5 is recommended for the purpose of this project.

4.4. MESH DESIGN

4.4.1. MESH PURPOSE
Preliminary experiments indicated that the relatively large tissue chambers and wide
channels that are characteristic of the IBIDI µ-slide contribute to an instantaneous rise
in pressure upon connecting the tubing to the chip inlet, thus inducing a very high flow.
This unpredictable high flow rate at the start of each experiment was hypothesized to
implicate the positional stability of the embedded CMTs, as they might easily flush from
their respective chamber to the adjacent chamber. To ensure the confinement of CMTs
to their respective chamber and to increase the experimental robustness, a mesh was
proposed to tackle the problem. The envisioned main function of this mesh was to en-
sure that CMTs always maintain in their dedicated chamber during the experiment and
do not enter the adjacent chamber where they could potentially interact and disturb the
second embedded tissue type.
A secondary function of the proposed mesh is to guarantee that CMTs occupy a space
throughout the complete chamber rather than accumulate together at the chamber out-
let as a result of continuous exposure to the generated flow profile. Taken together, the
designed mesh presents an elegant means to render a general, commercially available
chip fit-for-purpose in our cardiorenal context.

4.4.2. MESH REQUIREMENTS
A list of requirements for the mesh was created in collaboration with Dr. Bjorn de Wage-
naar (TU Delft) based on envisioned use of the meshes in the IBIDI µ-slide III 3D Perfu-
sion to ensure CMTs confinement:

• Organoid trapping The mesh must be able to trap CMTs in a specific location and
ensure they maintain in place even under harsh handling procedures and during
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experimental flow-conditions.

• Number of CMTs The mesh fits at least 20 CMTs, which each is assumed to have
an average diameter of 300 µm.

• Easy fit The mesh is easy to insert on and remove from the chip. Ideally this can
be done in a straightforward manner with tweezers.

• Tissue distribution After CMTs deposition on top of the meshes, the tissues are
distributed throughout the mesh by gravity alone. Gravity driven sedimentation
does not require additional manual tissue manipulation nor spreading with a pipette
tip to limit tissue disturbance.

• Mesh height The total height of the mesh is equal to the height of the chip cham-
ber. Consequently, the air-tight seal between the coverslip and chip can be main-
tained while the coverslip simultaneously adds-value by pressing down on the
mesh to prevent unwanted floating of the structure.

• Sterilization The mesh must be compatible with a sterilization method that does
not adversely affect the material properties. This may be UV-exposure, autoclav-
ing, plasma-treatment or a combination.

• Bio-inert The 3D printed material is bio-inert such that secreted factors are not
trapped in the material. The hardness of the material is not a major concern, as the
cardiac spheroids are already formed by the time they are placed onto the mesh.
To further inhibit cell-surface interaction, surface passivisation treatments may be
incorporated in the post-processing steps.

• Bio-compatible The material is bio-compatible for the CMTs and does not release
toxic particles upon wear of the material due to constant exposure to fluid flow.

• Hydrophilic surface The material surface must be hydrophilic or be compatible
with post-treatments to make it as such. Hydrophilicity is required to prevent bub-
ble formation in the bottom of the mesh wells as these bubbles might interfere
with adequate tissue perfusion during prolonged experiments.

• Non-adherent, smooth surface The material surface must not impose an effect on
the embedded tissues and thus ideally is non-adherent and smooth. The smooth
surface requirement is particularly important with an eye on the proliferative na-
ture of fibroblasts, which are known to easily migrate out of pre-formed CMTs
when encountered with rough surfaces. Optionally, post-processing steps may in-
volve non-stick coatings.

• Transparency Ideally imaging can be done at various time points during the exper-
iment without the need to sacrifice a chip to monitor tissue viability. This requires
the mesh material to be optically transparent to at least comply with bright-field
imaging requirements. If immunofluorescence stainings are to be performed di-
rectly on the mesh, an additional necessity is that the material is not autofluores-
cent in the wavelength ranges associated with common fluorescent markers, as
this limits the detection ability and quantification of such markers.
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• Medium accessibility The designed wells or pores in the mesh still facilitate dif-
fusion profiles in the organ-chamber that match the nutritional needs of the em-
bedded tissue. This must hold during the application of continuous flow.

• Particle transport Secreted factors must not get trapped in the microwells of the
mesh and must be able to diffuse out of the mesh into the common medium
stream. In this way they can reach the adjacent organ compartment to exert a
downstream effect. This consideration should be taken into account when de-
signing the aspect ratios of the wells.

• Top surface area Since flow is required to continuously supply fresh medium to
the organ-chambers, the mesh must not block the fluid stream. The effect of the
mesh on the flow profile must be minimal in order to ensure controllable condi-
tions in the chip. This can be achieved by keeping the top surface area minimal
such that maximal diffusion of medium into the microwells is facilitated.

The mesh was originally developed as a fit-for-purpose strategy to circumvent CMTs
flushing problems. However, to maintain cardiac and renal chip conditions compara-
ble, a similar mesh was developed for the KOs. The main identified hurdle related to
embedding a KO on chip, was to maintain tissue integrity during the manual transfer-
ring process. Therefore, rather than organoid trapping, the main purpose of this mesh
was to provide a transferable culture insert that could be used to pre-culture KOs instead
of on top of conventional Transwell inserts. After KO maturation on this mesh, the idea
is that the complete package of mesh and KO can be transferred directly on-chip, thus
omitting the need to manually pick-up organoids, which is often a problematic experi-
mental step. Additional requirements were:

• Permeability Since KOs are to be cultured on top of the mesh directly from the
start of their formation, the bottom of the mesh must be permeable to medium
supplied from underneath. This medium perfusion must be possible in compara-
ble manner to conventional tissue-culture on top of Transwell® membranes.

• Flat surface Since the KOs are naturally larger structures than CMTs, the mesh
must be designed in the form of a cup with a flat surface that is capable to host a
conventionally sized KO of 500k cells, which is likely to fill near the complete space
of the mesh under optimal conditions.

4.4.3. MESH CONCEPTUAL PROTOTYPES

MESH DESIGN: CMTS

The actual mesh design was based on the presented list of requirements and existing
solutions to trap 3D tissue models. These include the revolutionary SpheroidBrick inlay
that was used to embed liver spheroids by Schimek et al. [62] and the more standardized
approach found in the Aggrewell 400T M cell culture plates commonly used to generate
spheroids of uniform size and shape.

It was chosen to base the conceptual design on a honeycomb-shaped well array fitted
to fill the total chamber area, as shown in Figure 4.6a. The honeycomb shape is useful
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to minimize the well-spacing and thus prevent CMTs of settling on the surface between
the wells rather than sinking to the bottom [63]. The initial size of the microwells was
chosen to spaciously accommodate single CMTs and therefore had an inscribed circle
diameter of 400 µm. The well depth was designed to be 400 µm to ensure that the CMTs
completely fit in the confined space and to prevent CMTs flushing. The mesh was fur-
ther designed like an insertable cup, and thus featured a completely closed off bottom
(50 µm thickness) and an enclosing wall all around the microwell array. This decision
was made as it was hypothesized that a cup-like design was desirable to retrieve the tis-
sues for post-experimental analysis. Vertical pillars reaching up to the top of the organ
chamber were included in the design to ensure that the mesh was kept in place and to
act like a fence against CMTs washout. An schematic overview of the final design is pre-
sented in Figure 4.6 A-C.

(a) Top view (b) 3D side view

(c) Exploded view of envisioned placement of
mesh in organ chamber on chip

(d) Representative design of KO mesh with closely
spaced 3x3 pixel pores.

Figure 4.6: A-C: Conceptual design for the CMTs mesh that features a honeycomb-shaped well array to trap
the CMTs and the exploded view of its on-chip placement. D: One of the conceptual designs for the KO mesh.

MESH DESIGN: KOS

To adhere to the permeability requirement of the meshes for KOs, the bottom plate was
designed to have a pore-like, open structure rather than being completely closed as was



4.4. MESH DESIGN

4

43

the case in the previous meshes. In this case tissue confinement was not part of the re-
quirements, hence the honeycomb-shaped microwells were omitted in the design. To
meet the permeability requirement and to find out which designs were feasible to print
with the chosen printing technology, the aspect ratio of the diameter and depth of the
pores was manipulated, as will be further commented upon in Section 5.1.4. An overview
of the top views of the schematic designs are presented in Appendix C, which illustrates
the difference in terms of pore size and inter pore separation distances that were de-
signed for feasibility tests. Figure 4.6d shows a representative design that features 3x3 (d
= 81 µm) pores with a close pore spacing.



5
FEASIBILITY STUDIES

5.1. BIOLOGICAL AND FUNCTIONAL ASSAYS

5.1.1. MEDIUM
In order to co-culture CMTs and KOs in a single microfluidic system, a medium had to
be found that supplies both tissue types with adequate nutrition. CMTs are convention-
ally cultured and maintained in BPEL medium (Bovine Serum Albumin Polyvinyl alcohol
Essential Lipids) supplemented with VEGF (50 ng/ml) and FGF2 (5 ng/ml) [59]. KOs, on
the other hand, are maintained in animal component-free basal STEMdiff APEL (Albu-
min Polyvinylalcohol Essential Lipids) medium [58]. The main difference between these
two types of medium is the origin of the albumin, which is animal-derived for the CMTs
and from human origin for the KOs. In an effort to identify a suitable common medium
for both tissue types, it was initially hypothesized that KOs could be differentiated in
supplemented BPEL rather than APEL. In this case, BPEL was chosen as the ideal com-
mon medium since it is more economical than APEL and considering the large medium
volumes required at later stages of the experiments, this would be the preferred choice.

The results presented in Figure 5.1 showed that KOs directly grown in BPEL from day 7
on developed fewer renal structures compared to standard APEL conditions. Thus, it was
concluded that developing KOs directly in BPEL was not optimal. Consequently, it was
decided to culture and mature each individual organ-model in their specific medium
and only change to the common BPEL medium once the tissues are integrated on-chip.

Since the organ-models are theoretically matured once they are transferred to the chip, it
was then hypothesized that at this time point the use of BPEL without any tissue-specific
growth factors would be sufficient to supply both tissue types with adequate nutrition.
To validate this hypothesis, the morphological structure of KOs maintained in BPEL ver-
sus APEL in conventional static, well-plate conditions was analysed. To this end, ma-
ture KOs were changed to unsupplemented BPEL medium and maintained for an addi-
tional 72h. Afterwards immunofluorescence stainings were performed as described in

44
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Figure 5.1: Light microscopy images of kidney organoids (500k cells) differentiated in APEL (A-C) vs BPEL (D-
F) from day 7 onwards show clear differences in developed intact renal structures.

[64], [65] to look for the presence and integrity of appropriate renal structures (Figure 5.2
A1-B3). LTL marks the proximal tubular structures and NPHS1 marks the podocytes in
glomerular structures. Appropriate and morphological similar structures were found for
both the control and BPEL culture conditions. Therefore, it was concluded that switch-
ing mature KOs to BPEL medium does not have any major effect on the structural in-
tegrity.

Figure 5.2: Immunofluorescence stainings of KOs to evaluate the effect of switching KOs from APEL to BPEL
medium after maturation. A1-A3: Static control in APEL. B1-B3 Static control in BPEL.
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5.1.2. TISSUE VIABILITY AND INTEGRITY IN STATIC CHIP ENVIRONMENT
Thus far, the tissue models used in these studies have mainly been characterized in con-
ventional static culture conditions. However, when performing experiments in microflu-
idic set-ups the micro-environment is significantly altered and therefore additional char-
acterization and viability studies are required. It is essential to assess the effect of the iso-
lated chip environment on each respective organ-model prior to starting with co-culture
experiments or flow experiments. Once control-conditions are well established, can we
continue with more advanced experiments varying a single variable at the time. Key to
finding conclusive evidence from MOoC experiments is taking a bottom-up, step-wise
approach starting with assessing the effect of the chip, flow and co-culture environment
on a physiological model.

IMMUNOFLUORESCENCE ANALYSIS

Immunofluorescence stainings were performed on retrieved CMTs and KOs to analyse
the structural integrity of tissues after 72h of culture. Static well plate conditions ( the
control) were compared to static on-chip conditions, keeping all the other parameters
equal. No medium changes were performed during the experimental window.

KIDNEY ORGANOIDS

After 72h of culture, KOs were obtained from the static transwell or retrieved from the
chip environment and immunofluorescence stainings were performed as described in
[64], [65]. To characterize for renal structures, stainings were performed for LTL (proxi-
mal tubule), NPHS1 (glomeruli) and Hoechst (cell nucleus).
Figure 5.3 illustrates representative results from the immunofluorescence analysis per-
formed on KOs maintained in static control conditions and 72h static on-chip conditions
(isolated versus co-culture). The results indicate that the renal structures are preserved
in the static chip environment, though they look rougher and more cellular debris can
be observed. This observation can be attributed to the fact that no medium changes
were performed during the 72h experiment and considering the large space that the KOs
occupy in the organ-chambers.

CARDIAC MICROTISSUES

After 72h, CMTs were obtained from v-shaped bottom well plates to be used as a control
condition and were additionally retrieved from the on-chip static environment. Sub-
sequent to quantitative contraction analysis, as explained in the next paragraph, im-
munofluorescence stainings were performed on the retrieved CMTs as described in [59]
to examine overall morphology and cellular architecture. Results are presented in Fig-
ure 5.4. Stainings were for Hoechst (not shown) to visualize the cell nuclei and for car-
diac sarcomeric proteins: cardiac troponin I (cTnT) and activin alpha-2 (ACTN2) present
in Z-bands. There was no apparent difference between sarcomere structures of CMTs
maintained in static control conditions and CMTs that were transferred to the static chip
conditions.

It was thus concluded that the static chip environment does not adversely influence the
morphology of the CMTs. This conclusion may be further validated by future work that
aims to quantify nuclei density or incorporates live/death stainings to evaluate exact cell
viability.
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Figure 5.3: Immunofluorescence stainings of KOs to evaluate tissue viability and integrity in static chip envi-
ronment compared to control conditions. A1-A4: Static control in BPEL. B1-B4 72h static chip. C1-C4 72h
static chip co-culture BPEL.

CONTRACTION ANALYSIS

To evaluate the contractile function of retrieved CMTs, CMT contraction was quantified
and analysed with the open source MUSCLEMOTION ImageJ macro [66]. CMTs were
retrieved from the on-chip environment and paced at a frequency of 1 Hz. Videos of
10 seconds were captured with an acquisition rate of 100 frames per second. The soft-
ware generates output graphs of the contraction from which relevant parameters can
be derived, such as contraction duration, time to peak, relaxation time and contraction
amplitude expressed in arbitrary units (a.u.). Figure 5.5 shows a representative CMT and
associated contraction profile generated with the MUSCLEMOTION software. Figure 6.5
shows the overall results from the subsequent data analysis of all analysed CMTs. The
data presented here was based on CMTs that were kept in static, on-chip culture (iso-
lated or co-culture) for 72h and a control condition. For each condition, five CMTs were
analysed and the performed statistical test was the Kruskall-Wallis Test with multiple
comparisons post hoc.

As becomes evident from the results, no significant differences were observed in the con-
traction profiles of retrieved CMTs kept in various conditions. Their respective contrac-
tion forces and frequencies seemed unaffected by the static chip environment, which
aligns with the conclusions drawn from the immunofluorescence stainings executed on
these samples.

5.1.3. TISSUE LOCALIZATION IN CHIP
In the MOoC flow experiments it is of utmost importance that tissue specimens stay
in their respective organ chambers and are not flushed out during the assay due to the
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Figure 5.4: Immunofluorescence stainings of CMTs to evaluate tissue viability and integrity in static chip en-
vironment compared to control conditions.A1-A3 Static control BPEL (25div). B1-B3 72h static chip BPEL
(14div). C1-C3 72h static chip co-culture BPEL (25div).

(a) 25div CMT image snapshot from acquired video used
for the contraction analysis.

(b) MUSCLEMOTION generated time course profile of
contraction with contraction force expressed in arbitrary
units (a.u.) Peaks correspond to contractions.

Figure 5.5: Representative results of MUSCLEMOTION analysis performed on 25 div CMTs subject to pacing
at 1Hz.

application of flow or due to rough handling. During initial feasibility experiments it
was found that critical step to prevent CMTs flushing, is when connecting the tubing to
the chip inlet. However, by careful handling and working delicately the issue could be
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Figure 5.6: Musclemotion results showed no significant differences in contraction duration, time to peak, re-
laxation time and contraction amplitude when cultured in static conditions or static on-chip conditions. Black
dots represent obtained results for single microtissue.

prevented.Since the KO is much larger in size, the flushing issue is not nearly as relevant
and indeed did not give rise to any problems

5.1.4. MESH PROTOTYPING

PROTOTYPE MESH FOR CMTS

The first print iteration of the honeycomb mesh described in paragraph 4.4.3 was pro-
duced with a digital light processing printer (DLP). This type of printing produces objects
in a layer-by-layer fashion via photopolymerization of a liquid resin [67] and is especially
suitable to produce micron-scale feature sizes and smooth surfaces. The initial material
was Moiin Tech Clear Resin, which is promoted as a material particularly suited for mi-
crofluidic applications and optimized for optical transparency and high resolution print-
ing. After printing, a post-processing step is required to remove the uncured monomer.
This was done with an isopropyl alcohol (IPA) treatment in all described cases here.
It was found that the meshes were printed accurately and maintained their structure
throughout the entire process, with few exceptions. The 3D printed results are shown in
Figure 5.7.

Figure 5.7: First iteration of printed meshes for trapping CMTs fitted inside the Ibidi µ-slide
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PROTOTYPE MESH FOR KOS

Various designs were created according to a straight forward scheme presented in Table
5.1. As the scheme illustrates various combinations of pore diameter and pore depth
have been tested for printing feasibility. Since the printing resolution in the x-y space is
approximately 2 pixels, with one pixel measuring 27 µm, the minimal spacing between
features was always designed to be at least 54 µm. Furthermore, the layer height resolu-
tion is set to 5 µm, but to ensure stability of the design during removal from the printing
bed it was chosen to stick to 50 µm as a minimal thickness for the bottom plate of the
mesh. Other thicknesses included in the designs were 70 µm and 100 µm were included.
In total this resulted in 15 different mesh designs, each of which has been printed in
triplet during the first iteration.

The meshes designed to accommodate the KOs were produced in a similar manner as
described for the honeycomb meshes. Again the used material was the Moiin Tech Clear
Resin. The main goal of this prototyping iteration was to identify the optimal aspect
ratios for the mesh design such that the mesh adheres to the printing limitations and
yet allows for maximum permeability such that the growing KOs continuously receive
enough medium. The 3D-printed results are shown in Figure 5.8.

Table 5.1: Aspect ratios tested in the design for KO meshes to achieve required permeability. Various pore
diameters versus pore depths have been tested. The table reports the printing success.

Pore depth (= bottom thickness)

Pore size (pixels) 50 µm 70 µm 100 µm

2x2 (d = 54 µm)

Spacing 108 µm
X X X

3x3 (d = 81 µm)

Spacing 162 µm
X X ✓

3x3 (d = 81 µm)

Spacing 135 µm
X X ?

4x4 (d = 108 µm)

Spacing 270 µm
X X ✓

4x4 (d = 108 µm)

Spacing 189 µm
X X ?

X = Failed to print due to ruptured membrane or absence of open pore structure; ? =
Unclear if printed successfully; ✓ = Successful print used for functional testing.

The results for the printing feasibility have been summarized in Table 5.1. The main con-
clusions drawn from this first print iteration serve as a starting point to further optimize
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the presented design and include the following:

• Pore depths of 50 µm or 75 µm result in a bottom thickness that is too thin to
result in intact, reproducible prototypes. Especially the removal from the printing
bed becomes problematic with these thicknesses.

• Designs with pores of 2x2 pixels, diameter = 54 µm, result in a membrane-like
structure that is only partially open at a pore depth of 100 µm.

• Designs with pores of 3x3 pixels (diameter = 81 µm) and 4x4 pixels (diameter = 108
µm) with a small inter pore spacing, taken to be 2 pixels, were found to most-likely
have ruptured membranes. However, the results were inconclusive as the partic-
ular designs were hard to identify from the other designs. Another print iteration
should be performed to be certain.

• Designs with pores of 3x3 pixels (diameter = 81 µm) and 4x4 pixels (diameter = 108
µm) with a inter pore spacing equal to the pore diameter itself were successful.

(a) Overview printed meshes with various pore sizes and
inter pore distances

(b) Thin bottom plates, or pore depth respectively,
results in ruptured membranes.

Figure 5.8: Results of 3D-printed KO meshes simulating pore-like membranes

5.1.5. MESH FUNCTIONAL TESTING

PROTOTYPE MESH FOR CMTS

Upon mesh exposure to medium, it was observed that small bubbles form inside the
honeycomb microwells, which may induce adverse effects on the embedded tissue. It
was hypothesized that this issue could be addressed by improving the wettability of the
material. Accordingly, a plasma-treatment was proposed and the results showed signif-
icant improvement in terms of medium distribution on top of the mesh, see Figure 5.9.
CMTs were deposited on top of the treated meshes and it was observed that the micro-
tissues successfully sediment to the bottom of the wells. As becomes evident from the
results presented in Figure 5.9, the honeycomb wells with an inner diameter of 400 µm
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render enough space for single microtissues.

Besides demonstrating successful trapping of CMTs in the mesh, it was confirmed that
CMTs can also be retrieved from the structure for end-point analysis, which is an im-
portant requirement. Furthermore, the mesh was found to be transparent enough to
monitor microtissues with brightfield microscopy. However, quantitative observation
or imaging of the CMTs inside the mesh with inverted microscopy is limited due to the
opacity of the mesh.

Further proof-of-principle studies should focus on addressing the influence of the mesh
on the flow profile generated in the organ-chambers. A first approach is taken by setting
up computational fluid dynamics simulations as explained in Section 5.2.1.

(a) Untreated mesh with CMTs (b) Plasma-treated mesh with CMTs

Figure 5.9: Post-processing plasma-treatment of mesh improves the wettability of the material and results in
better tissue-sedimentation into the honeycomb wells.

PROTOTYPE MESH FOR KOS

To evaluate the applicability of the meshes developed for the KOs, fresh KOs were de-
posited on top of the meshes at the time point at which they would normally be pipetted
on top of transwell membranes. The remainder of the prescribed, robust protocol for
KOs formation was followed as outlined in [58]. In doing so, it was hypothesized that the
required air-liquid interface would still be formed and conditions were kept completely
equal besides the mesh confinement and different surface material.

The main interest of this first proof-of-concept assay was to assess whether KOs initi-
ated on top of the meshes would give rise to characteristic renal tissue structures. KO
development was monitored and compared to control conditions over the subsequent
differentiation period. Figure 5.10 shows representative pictures of freshly pipetted KOs
on top of the meshes at time point zero.

Unfortunately, it was found that KO development did not occur as intended on the meshes.
Instead, structures fell apart and cell viability was greatly affected. Future work is re-
quired to further optimize the mesh approach for culturing KOs.
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Figure 5.10: Representative pictures of KOs pipetted on top of mesh. Images taken at timepoint 0h.

MATERIAL RELATED EFFECT OF MESHES

Since bio-compatibility of the meshes is a high-priority requirement to exclude any type
of adverse effect exerted on the functionality and structural integrity of the microtissues,
an additional experiment was designed to analyse the potential effect of the meshes on
CMTs. Two factors were tested:

• The functional effect of the confinement imposed on trapped microtissues by the
limited size of the hexagonal shaped microwells.

• The effect of the mesh material on the microtissue functionality.

To perform the experiments, a design iteration was performed on the honeycomb-shaped
microwell-arrayed meshes. The prototype design that had previously been proven to be
printable and functional in trapping the microtissues, was adapted to fit a 24-well plate,
as shown in Figure 5.11. One design featured similar microwells as previously tested and
another design merely consisted of a cup with a flat bottom. The mesh was developed in
two commercially available printer resins:

• Moiin Tech Clear Resin

• FormLabs Clear Resin

It has been shown previously that post-printing treatment of the printed resins can dra-
matically improve their biocompatibility [67]. Therefore, various post-processing steps
were applied to test which condition best maintains cellular viability: ultraviolet (UV)
post-curing (common sterilization method prior to cell culture); autoclaving (another
common sterilization method); plasma surface treatment (improves surface wettabil-
ity) and a combination of autoclaving and plasma surface treatment. Besides, a positive
control was included in which CMTs were floating in an empty well without any type
of mesh present. Mature CMTs were pipetted on top of the different pre-conditioned
meshes and the inserts were topped of with an excess of medium. Plates were incubated
at 37°C and 5% CO2.

The experiment was run for 72h, during which the microtissues were optically observed
using inverted microscopy at various time points. Beating frequency based on videos
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was taken as an experimental end-point to evaluate cytotoxicity of the meshes. This
read-out was not further quantified but tissues have been retrieved, fixed and frozen to
perform immunofluorescence stainings to quantify the results at later stages. For exam-
ple by means of a life/death staining. The following observations were made:

Results: Moiin Tech Clear Resin

• When the post-treatment regimen included both a plasma-treatment and auto-
claving, CMTs exhibited a similar contraction pattern as found in the control con-
dition.

• UV-post-curing was found to be insufficient to maintain CMTs viability.

• Whereas CMTs were found to be beating in the meshes, they were hard to observe
with inverted microscopy technology.

Results: FormLabs Clear Resin

• It is impossible to autoclave the FormLabs Clear Resin material as the heat and
pressure exposure causes the meshes to be irreparably damaged.

• CMTs perform better on plasma-treated material than UV-treated material. The
observed beating frequency was slightly more rapid and weaker compared to con-
trol conditions.

• CMTs placed in the meshes were beating similar as the once in the cups.

Overall, this feasibility experiment showed that CMTs can in fact survive in the meshes
when the appropriate post-processing treatment regimen is identified. Based on these
preliminary results, CMTs performed best on meshes developed from Moiin Tech Clear
Resin with a post-treatment of autoclaving followed by a plasma surface treatment. Nev-
ertheless, the material properties of the FormLabs Clear Resin were better suited for mi-
croscopic imaging of the seeded CMTs. Further studies should focus on including addi-
tional post-processing surface treatments, such as coatings, and aim to identify the most
optimal combination. Most importantly, the results must be quantifiable to draw defini-
tive conclusions, which could not be done with the obtained data in this experiment.
Even so, the results are promising.

5.2. THEORETICAL PROOF-OF PRINCIPLE STUDIES

5.2.1. COMPUTATIONAL SIMULATIONS OF FLOW DYNAMICS
The fluidic flow profiles in the chambers of the IBIDI µ-Slide III 3D Perfusion chip (4.1)
were computed with COMSOL Multiphysics 6.0. This simulation helps to understand
the exact flow profile through the complete chambers, the effect of different flow rates
and the effect of the mesh on the flow distribution. The simulation can furthermore be
used to acquire a basic understanding of the accessibility to fresh medium of the incor-
porated tissues and to make educated guesses about the final trapped location of the
tissues in the chamber.
Comparative 2- and 3D models showed significant differences in the resulting simulated
flow, hence it was concluded that the 2D model was an over-simplification of reality.
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(a) Honeycomb-well micro-array design
adapted to fit a 24-well plate.

(b) Designed cup fits a 24-well plate to test effect
of material properties on CMTs.

Figure 5.11: The effect of tissue confinement and the potential cytotoxicity of the material on CMT beating
patterns was analysed with the help of adjusted designs that fit a 24-well plate.

Therefore, it was chosen to create a 3D model to account for flow distribution in the
complete chamber rather than along a single two-dimensional plane. All presented sim-
ulations were executed with this three-dimensional model.

GEOMETRY

The chip geometry was simplified to comprise only a single chamber with a channel that
runs on top of the chamber (see Figure 5.12a). The chip dimensions were taken from the
instructions file provided by IBIDI. Furthermore, to evaluate the effect of the mesh on
the fluid flow in the chip, the 3D CAD model of the mesh created in Solidworks2021 was
imported into COMSOL (see Figure 5.12b).

(a) Geometry chip with an empty chamber (b) Geometry chip with imported mesh structure.

Figure 5.12: Schematic representation of the used geometry in the COMSOL Multiphysics simulations.

ADDITIONAL SIMULATION PARAMETERS FLOW VELOCITY

In these simulations the fluid, representing medium or the ’blood substitute’, was ap-
proximated to have similar properties as water. The fluid properties (density and dy-
namic viscosity) from water were used as a reference fluid at a temperature of 310.15
K. This temperature was chosen as it represents the condition under which chip experi-
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ments are normally performed. The mesh component was modelled as a solid with the
material properties of acrylate, a polymer. For the finite element simulation, a ’physics-
controlled’ mesh, which is a software default mesh, was chosen and the mesh element
size was set to ’fine’.

In order to incorporate the physics, the ’Laminar Flow’ interface was used. Since a
microfluidic application was modelled, steady state Stokes flow valid for low Reynolds
number was assumed. Furthermore the fluid was simulated as a Newtonian fluid and
therefore the fluid flow was considered incompressible. Under these conditions, the
movement of fluid is governed by the continuity Equation (5.1) and the incompressible
Navier-Stokes Equation (5.2) [68], where ’ρ’ is the density of the fluid in [kg/m3], ’Ū ’ is
the flow velocity vector in [m/s], ’p’ is the pressure in [Pa], ’∇’ is the divergence and ’[τ̄]’
is the shear stress tensor in [Pa].

∇·Ū = 0 (5.1)

ρ(
δŪ

δt
+Ū ·∇Ū ) =−∇p +ρḡ +∇· [τ̄] (5.2)

In the laminar flow regime the boundary condition at the wall was set to ’no slip’, which
implies that the speed of the fluid layer that is in direct contact with the solid boundary is
equal to the velocity of this boundary. The flow inlet is modelled with a ’fully developed
flow’ boundary condition and the inlet flow rate V0 was set to 100 µL/min or 1.667e-9
m3/s, which is equal to the flow used during the experiments. In addition, simulations
were performed with a flow rate of 300 µL/min or 5.9 e-9 m3/s to visualize the on-chip
effect of increased flow and draw a comparison. Additionally, the pressure at the channel
outlet was set to P = 0 Pa, which implies that there is no backpressure. Since relatively
low flow rates are applied and due to the small overall microchannel dimensions, turbu-
lence was excluded from the model.

Equations 5.1 and 5.2 were solved by the computational fluid dynamics simulations to
evaluate the velocity fields, shear stresses and the pressure in the microfluidic channel
and chamber. To do so, a fully-coupled stationary solver was implemented assuming
that the flow profiles did not change over time. The chosen solver was the Iterative GM-
RES solver. The velocity magnitude results of the flow are plotted in 2D-surface plots
with a scaled legend to facilitate theoretical comparisons among various conditions, see
Section 6.3.1.

ADDITIONAL SIMULATION PARAMETERS PARTICLE TRACING

Besides simulating the flow velocity profiles it was of interest to visualize the actual
spread of particles through the chip chambers and how this is affected by the inclusion of
a mesh component in the chip. To this end the ’Particle Tracing for Fluid Flow’ interface
in COMSOL was used. Particle release and propagation were defined to be Newtonion
and release times were explicitly defined. Here, a ’bouncing’ wall condition was used.
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The particle properties were set in accordance with the reported properties of the ’Blue
Florescent Polymer Microspheres’ that were used to evaluate the Fluigent set-up as de-
scribed in 6.3.3: density 1050 kg /m3 and diameter 0.5 µm. The particle type was set to
’Solid Particle’. Moreover, a ’Stokes’ drag force was implemented to account for the re-
sistance that the particles experience by the fluid medium. Finally, the time dependent
solver was used to solve for the particle trajectories over time, using the previously ob-
tained results from the stationary solver for the flow velocity profiles. The applied solver
was again the fully-coupled iterative GMRES solver. The results are presented in Section
6.3.2.

5.2.2. SCALING THE CARDIORENAL SYSTEM
Realistic coupled OoC systems require accurate scaling of various parameters to achieve
a physiologically representative system. In this context it is essential to consider on-chip
tissue-to-tissue ratios, volume-to-cell ratios, flow rates and actual tissue functionality.
This paragraph serves to explore the applicability of the currently designed set-up in
terms of relative scaling ratios.

CELL-TO-CELL SCALING

In this study, the basic organ models to embed comprise cardiac microtissues (CMTs)
to replicate heart tissue and kidney organoids that resemble functional kidney tissue.
3D cardiac microtissues were developed by combining three hiPSC-derived cardiac cell
types as described in [59]. In short, each CMT is developed from 5x103 cells, comprising
15% endothelial cells, 70% cardiomyocytes and 15% cardiac fibroblasts and reaching a
mature size of approximately 300 µm in diameter. On the other hand, each KO is devel-
oped from 500x103 hPSCs as described in [58] and has been shown to simultaneously
include different renal structures: segmented nephrons connected to collecting ducts,
surrounded by renal interstitial cells and an endothelial network. The final size of a ma-
ture kidney organoid is approximately 2 mm in diameter. Table 5.2 provides an overview
of the tissue characteristics of each organ model to be embedded, which serves as an
important limitations when deciding on the particular scaling method.

Table 5.2: Parameters of the organoid models to be embedded in the system.

Tissue type # Cells/
organoid

Cell types Approximate
diameter

Cardiac Microtis-
sues (CMTs)

5000 15% endothelial cells;
70% cadiomyocytes;
15% cardiac fibroblasts

200-300 µm

Kidney
Organoids (KOs)

500 000 hPSCs: nephrons;
collecting ducts;
endothelial cells
interstitial cells

3.5 mm;
height 500 µm
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In Section 2.4, various scaling approaches and their limitations have been explained in
more detailed. To date, a scaling approach based on organ mass or volume ratios is
among the most rigorous and provides a relatively straightforward method to obtain an
initial idea about physiologically relevant relations in any microfluidic system. As a start-
ing point, in vivo values for organ mass, specific density and blood flow rates have been
gathered from literature to subsequently determine their relative ratios. Even though
there is only one reference given for each of the parameters, the representative mean
values have been verified with separate references [32], [69]–[71]. The values reported
here (Table 5.3) are taken from the International Commission on Radiological Protec-
tion (ICRP) Report 23 of the Task Group on Reference Man [72], which was found to be
the main reference cited in other reports that provide data on physiological parameters.
The data is based on a reference human male adult with a body weight of 70 kg [72].

Table 5.3: Physical parameters used to determine first ball-park estimation of relevant scaling ratios for car-
diorenal MOoC-system. Values based on 70 kg reference human [72]

Organ In vivo organ mass (g) Specific density (g/cm3) Relative Organ Weight (%)BW
Heart 330a 1.03 0.47

Kidneys 310 1.05 0.44
Blood 5500 1.06 7.9

a Tissue only

Microfluidic systems are defined by their volumes rather than mass, therefore accurate
models require that the organ weight data presented in Table 5.3 are converted to units
of volume. However, since the specific density of most visceral organs can be approxi-
mated to be 1.00, a mass-to-volume conversion may be ignored for the sake of simpli-
fication [69]. Furthermore, if we assume a linear relationship between organ mass and
cell number, a representative kidney-to-heart-cell ratio can be established which would
render an ideal MOoC system. Namely 1:1.

For the purpose of initial feasibility studies, ten CMTs were coupled to one KO in the co-
culture set-up. Considering the number of cells used to constitute a single organoid of
each type (see Table 5.2), this implies that in the complete chip we currently find a cell-
to-cell ratio of 50 000 : 500 000, or simplified 1:10. This implies that in the set-up as such
there is approximately a 10x difference between the physiological cell-cell ratio and the
on-chip achieved ratio, which is deemed acceptable for the first try-outs.

TISSUE-TO-VOLUME SCALING

The total volume used in any MOoC system is first of all limited by the required on-chip
volume to completely fill the microfluidic channels and chambers. The total on-chip
volume (channel and wells) of a single lane on the IBIDI µ-slide III 3D Perfusion is equal
to 250 µL. If chip experiments are performed under static conditions or if flow is real-
ized by means of a rocker platform, this is the minimal volume of any experiment. Yet,
when experiments are to be performed with external pumps to realize either recircula-
tion or single-pass unidirectional flow, this volume most definitely has to be increased.
This will further complicate the possibility to achieve relevant volume-to-tissue ratios.
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Table 5.4 presents the physiological volumes and relative ratios of the heart, kidney and
inter-capillary blood volume in vivo, which are to be approximated as best as possible
in the microfluidic set-up. Take note, that the presented volumes are based on complete
organs. To improve on this first ballpark estimation, functional in vivo volumes may be
used instead of whole organ volumes by subtracting the blood vessel content [32].

To determine the tissue-to-volume ratios, a volumetric approximation rather than cell-
number based calculation should be made. To this end, the tissue volume cultivated in
the system was calculated based on the organoid size data presented in Table 5.2. The KO
was approximated to have a disc-like shape with a total volume of 4.8 µL (Equation 5.3).
The total CMTs volume, based on 10 microtissues, was calculated to be 0.14 µL (Equa-
tion 5.4). Furthermore, the total microfluidic medium volume is 250 µL. An overview is
provided in Table 5.4.

πr 2h =π×1.752 ×0.5 = 4.8mm2 = 4.8µL (5.3)

4

3
πr 3 = 4

3
π×0.153 ×10(C MTs) = 0.14mm3 = 0.14µL (5.4)

With these volumes, the scaling factor can be determined relative to the in vivo coun-
terparts of the KO, CMTs and on-chip media respectively. The systemic tissue-to-media
ratio for the on-chip co-culture becomes 1 : 34: 1790 for the CMTs, KO and on-chip
medium volume, respectively. When comparing the physiological relative tissue-to-volume
ratio to the achieved on-chip relative ratio, it becomes evident that there is still a large
discrepancy to be solved as the tissues are currently scaled by a very different factor rel-
ative to the human body. In fact, in the current model the relative scaling ratio is deter-
mined to be 1:38:112, which implies that the KO is relatively 38x times larger than the
heart component and the medium (blood surrogate) volume is even 112 times too large
compared to the calculated in vivo ratios that should be achieved. This large liquid-to-
tissue ratio directly affects the concentration of crosstalk-mediating molecules as they
are over-diluted in the system, complicating accurate read-outs as well as tissue interac-
tions on the microscale.

Table 5.4: Overview volumetric data of in vivo tissues compared to on-chip tissue and medium volumes [72].

Type In vivo
volume
(ml)

Relative
in vivo
ratio

On-chip
volume
(µL)

Achieved
on-chip
relative
ratio

Scaling
factor
compared
to in vivo

CMTs 320 1 0.14 1 2 286 000
KO 295 0.9 4.8 34 61 500
Blood 5200 16 250 1 790 20 800

Taken together, the current scaling does not yet comply with the requirements for a phys-
iologically relevant MOoC cardiorenal system. Since the medium volume cannot effec-
tively be lowered than 250µL on-chip, the solution lies in up-scaling or down-scaling the
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size of embedded tissue specimens. With an available organ-chamber volume of 30 µL,
relative tissue ratios can theoretically be achieved with the available space.

To establish proper scaling ratios between individual OoC models is challenging as mul-
tiple methods have been proposed, but no consensus has yet been reached on the most
robust method. Besides, changing the size of current models is difficult, as each organ
model has been extensively characterized and is based on optimized robust protocols.
Furthermore, the scaling problem becomes increasingly complex as organoids rather
than 2D cellular monolayers are used, as the specific volumes and surface areas of those
tissue specimens are inherently more difficult to quantify. The scaling assessment pre-
sented here is only a first approach to validate the relevancy of the current cardiorenal
system and serves as a starting point for further optimization of the system. This will
most likely require a more detailed analysis of the embedded tissues and included cell
types, taking into account their functionality and metabolic activity, their volume and
surfaces. Caution should be taken, as different organs scale differently especially on the
microscale, and thus direct scaling based on a single scaling factor may prove to be result
in distorted tissue-to-tissue relationships.

FLOW RATE

The flow rate in microfluidic applications is an important determinant of tissue perfu-
sion rates and thus molecules’ resident time in organ model [30]. Usually stringent flow
rate requirements are in order to prevent tissue exposure to high shear stresses. How-
ever, since the presented MOoC model involves organoid models rather than cellular
monolayers, shear stress is not the main concern and therefore there is not a straight
forward method to determine the ideal flow rate under these circumstances. The prime
requirement is that organ cross-talk is facilitated and that nutrition is provided and gas
exchange is adequate. It should be further validated whether this is indeed the case,
but a flow rate of 100 µL/min serves as a good starting point, as the simulation results
presented in Paragraph 6.3.1 show that the fluid velocity inside the organ-chamber is
relatively low. Once data is obtained for the metabolic activity of the CMTs and KOs, the
flow rate can be reassessed based on in vitro secretome data.

5.2.3. CHAPTER SUMMARY
The feasibility studies presented here serve as an important step towards realizing a
complete cardiorenal microfluidic system. It is only upon acquiring a complete under-
standing of each separate microfluidic component and biological aspect that all com-
ponents can be combined into a single set-up and evaluated as such. To recap the most
important findings of the performed proof-of-concept studies:

• CMTs and KOs are differentiated and matured in their respective tissue-specific
media. Upon integration of the organoids on-chip, the economically preferred
BPEL medium deprived of any additional tissue specific growth factors is used as
the common medium for co-culture over a period of 72h.

• KOs are structurally not affected by the static on-chip environment within a 72h
time frame. Further experiments should confirm this observation.
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• CMTs remain viable and structurally intact over a culture period of 72h in static
on-chip conditions. This is confirmed by functional beating analysis. Further ex-
periments should confirm this observation.

• Tissue specimens do not flush out of the on-chip organ chambers due to applied
flow. However, careful handling is required during the assembly of the set-up to
prevent tissue wash-out.

• Plasma-treated honeycomb micro-well meshes for CMTs were printed success-
fully and were able to effectively trap CMTs. The meshes require a post-printing
plasma-treatment to increase the wettability.

• Though a viable design was found, KO pore-like meshes have been unsuccessful
in providing an alternative route to pre-culture kidney organoids on a specifically
designed insert in order to omit the need for manual transfer and thus disturbance
of the kidney organoid.

• A first effort at performing cytotoxicity studies, identified the Moiin Tech Clear
Resin as the optimal printing material for the meshes if they are autoclaved and
exposed to a plasma surface treatment in the post-printing phase.

• Computational Fluid Dynamics simulations were successfully generated to visu-
alize the velocity flow profiles in the IBIDI µ-slide. Subsequently, the simulation
was used to identify the flow-related effect of inserting a 3D printed mesh in the
on-chip organ chambers.

• The achieved tissue-to-tissue ratios in terms of cell number differ by a factor of
ten, which is acceptable for the initial stage of this project.

• The microfluidic tissue-to-volume ratio is not near physiologically relevant and
requires optimization efforts to ensure feasibility of the presented system designs.

Despite answering some of the outstanding questions related to the feasibility of a car-
diorenal MOoC system, some open issues remain to be addressed in follow up studies.
Among these are the respective sizes of KOs and CMTs as they currently scale very differ-
ently. Furthermore, it is yet uncertain what the ideal timing of organoid embedding is.
To increase the reproducibility of the executed experiments, a specific organoid matura-
tion time point should be selected that is found to result in the best on-chip responses.
Besides, efforts must be directed towards in-depth characterization of biological and
metabolic tissue properties as this data will serve as the root information to further op-
timize any presented system.



6
EVALUATION OF THE DESIGN

The performance of the feasibility studies set the stage for evaluating the chosen concep-
tual microfluidic set-ups as described in 4.2. This chapter presents the practical results
obtained with the IBIDI pump system and the Fluigent set-up and furthermore com-
ments on the results obtained with the computational fluid simulations.

6.1. SYSTEM SET-UP
The conceptual designs presented in Chapter 4 have been realized to first of all test their
general functionality and second of all to test their applicability for the purpose of creat-
ing an integrated cardiorenal MOoC system. The results may be used to guide decision
making with respect to which system to use for follow-up experiments. The following
findings are related to the overall use of working with any microfluidic set-up:

• Establishing a well-defined handling protocol is key to working with microfluidic
systems. Minor manual interventions may have great disruptive effects on the
delicate environment and therefore it is important to follow the same steps every
time, with minimal user dependency.

• Pre-warming the slides, tubing and medium prior to starting an experiment is
essential. By placing all these parts in the incubator, the plastic components are
degassed which helps to avoid air bubbles as the material can absorb less gas at
higher temperatures.

• Technical issues related to device set-up and subsequent operation were found to
be a major challenge when aiming to ensure reproducibility between experiments.
This includes bubble formation, software connection issues and other dysfunc-
tional microfluidic components.
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(a) Microfluidic set-up for recirculation with the
IBIDI pump system

(b) Microfluidic set-up for flow-controlled single-
pass perfusion with the Fluigent system.

Figure 6.1: Evaluated microfluidic circuits for the purpose of this project.

6.1.1. IBIDI SET-UP PERFORMANCE
The IBIDI pump system was used to create the set-up shown in Figure 6.1a. With this
circuit it was possible to realize recirculation for at least 72h at a set flow rate of 100
µL/min. Three parallel lanes could be perfused simultaneously, which is beneficial as
one chip could be used to establish both control conditions for individual organ-models
as well as for the co-culture. Following the flow experiment, the embedded tissues were
retrieved from the chip and analysed by means of immunofluorescence staining and
contraction analysis.

A recurring problem during the assembly of the set-up, and in particular of the microflu-
idic chip, was the appearance of air bubbles as shown in Figure 6.2. Whereas, it was ob-
served that these bubbles do not negatively impact nor interfere with the tissue models,
it was impossible to evaluate their exact effect due to the lack of real-time measurements
and real-time tissue monitoring. On top of that, the air bubbles do disrupt the flow ve-
locity profile and increase the chance of blocking the tubing over the time course of an
experiment.

On a final note, assembling the complete set-up was found to suffer from inconsisten-
cies due to material wear or manual handling issues. The BLACK perfusion set was auto-
claved and re-used during subsequent experiments, but this can only be done a limited
number of times before the functionality diminishes. If this system is to be used, it is
essential to validate that no micro-particles are released from the material that might
possibly adversely affect the tissue. In addition, the reliability of the electrodes that con-
nect the FU’s to the pump system was found to be limited, possibly due to the age of the
system itself. The technical issues that presented itself during the experiments are wor-
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risome as they greatly impacted the success rate of the performed assays and are hard to
anticipate beforehand due to their inconsistent nature.

(a) Chip right after assembly (0h) (b) Chip after 72h culture under flow

Figure 6.2: Air bubbles were encountered upon assembly of the microfluidic chip. Air bubble localization does
change over the time course of an experiment. The red arrows indicate the location of the microtissues.

6.1.2. FLUIGENT SET-UP PERFORMANCE
Various set-ups have been created to evaluate the Fluigent system performance. First of
all, a single-pass unidirectional circulation was established with components that were
readily available in the lab (see Figure 6.1b). Compared to the conceptual unidirectional
single-pass set-up presented in Section 4.2.2, a link module was added to allow for easy
and direct read-out of flow parameters and a flow sensor of type Large was included in
the circuit rather than the proposed S sensor. To validate the concept, the flow rate was
set to 10 µL/min and the system was run successfully for a total of 22h, thus requiring a
medium reservoir with at least 14 mL of fresh medium. Over this time course no techni-
cal issues were encountered.

While the total required volume does result in high liquid-to-tissue ratios and only a
single channel could be perfused with the presented set-up, the system was quick and
robust to assemble. It was found that the flow-rate control worked accurately, thus keep-
ing the flow conditions relatively stable during the experimental time span. Additionally,
this single-pass circulation circuit facilitates easy collection of whole volume medium for
downstream analysis. Nevertheless, future experimental iterations should aim at further
minimizing the required medium volume. It should also be noted that in this proof-of-
principle studies a single channel was perfused, but the ultimate goal is to at least be
able to perfuse three channels simultaneously. The next trial must focus on extending
the current set-up accordingly. On top of that, maintaining sterility during the assembly
of the complete set-up must be optimized as this was not as straightforward compared
to the IBIDI set-up.

RECIRCULATION

The recirculation scheme presented in 4.4 has not yet been established and functionally
tested in the lab. Unfortunately, technical issues were encountered with the required
components, which therefore had to be repaired and replaced. Proof-of-principle tests
to validate the feasibility of establishing a recirculation circuit with the Fluigent set-up
will be included in future work.
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6.1.3. SYSTEM RELATED CONCLUSIONS
Overall, the findings of the experimental evaluation of the two presented microfluidic
operation systems can be summarized as presented in Table 6.1. These findings, to-
gether with the results obtained from the feasibility studies, form the basis for further de-
cision making with regard to the development of a clinically relevant cardiorenal MOoC
system.

Table 6.1: Overview of advantages and disadvantages of evaluated microfluidic systems based on experimental
observations.

IBIDI pump system Fluigent system

Advantages
• Three channels can be perfused in parallel with

a single IBIDI pump.
• Experiments can be run for at least 72h without

the requirement of a medium change.
• Set-up optimized for recirculation experi-

ments.
• The complete set-up can be assembled under

sterile conditions
• Uses standardized perfusion sets

• Very versatile system, easy to adapt to make fit-
for-purpose.

• The system can be operated with very low as
well as high flow rates.

• Flow rate control based on direct feedback.
• Open-source software with friendly user-

interface is available to write automation
protocols in line with the research question.

• Real-time data can be retrieved from software.
• Tubing length can be adjusted to ensure that

the entire set-up fits in the incubator environ-
ment.

• Suitable to design single-pass unidirectional
circuits.

• Has potential to create automized recirculation
set-up with few additional components.

Disadvantages
• Not suitable for single-pass experiments.
• Only runs with relatively high flow-rates (start-

ing from +/- 100 µL/min).
• Lack of modularity complicates system adapta-

tion to specific research needs.
• System operation, inlcuding pressure con-

trol and flow rate calculations, relies on pre-
programmed software settings which are im-
possible to adapt manually.

• Very prone to technical issues.

• Perfusing multiple channels simultaneously
greatly increases complexity, rendering the sys-
tem prone to human handling errors.

• Sterile assembly is not optimized.
• Manual cutting of tubing may lead to variable

tubing lengths across experiments.
• With the current set-up, a too large volume

of medium is required to keep the experiment
running for extended periods of time.

6.2. TISSUE CHARACTERIZATION

6.2.1. KIDNEY ORGANOIDS
Immunofluorescence stainings were performed on retrieved KOs to analyse the struc-
tural integrity after 72h of isolated culture and co-culture under flow conditions. The
experimental procedure was similar as discussed before in Section 5.1.2. A static con-
trol condition was included for comparative analysis. Figure 6.3 shows representative
results from the immunofluorescence stainings for markers of Hoechst, LTL and NPHS1.
The results clearly show that the structural integrity of KOs is better preserved in the
on-chip environment if flow is applied compared to the static chip-environment con-
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ditions (Figure 5.3. As becomes evident there are no major morphological differences
when comparing across the conditions. As such, it is concluded that in the on-chip en-
vironment perfusion of medium is required to ensure the viability of the KO as otherwise
the tissue suffers from a lack of either adequate oxygenation or nutrition.

Figure 6.3: Immunofluorescence stainings of KOs after 72h culture under flow compared to control condi-
tions.A1-A4 Static control conditions. B1-B4 72h flow conditions KO only. C1-C4 72h flow conditions co-
culture.

6.2.2. CARDIAC MICROTISSUES
Likewise, immunofluorescence stainings were performed on CMTs retrieved from the
chip after 72h of culture under flow. Static control conditions were compared to isolated
culture and co-culture of CMTs on-chip under a constant perfusion of 100 µL/min for
72h. The results presented in Figure 6.4 for stainings of Hoechst, cTnT, ACTN2, show
that cardiac structures are still present after prolonged exposure to flow. Though the mi-
crotissues seem to have slightly decreased in size, the structural integrity was evaluated
to not be significantly affected. Therefore, it was concluded that the flow does not induce
major adverse tissue effects in the CMTs. Noteworthy, this conclusion is based solemnly
on the observational analysis presented here and should be further validated by more
quantitative types of experiments.
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Figure 6.4: Immunofluorescence stainings of CMTs after 72h culture under flow compared to control condi-
tions.A1-A4 Static control conditions (14div). B1-B4 72h flow conditions only CMTs (14div). C1-C4 72h flow
conditions co-culture (14div).

6.2.3. MUSCLEMOTION ANALYSIS CMTS
As described previously in Section 5.1.2, MUSCLEMOTION analysis was performed to
functionally evaluate the viability of CMTs after 72h of culture while exposed to flow con-
ditions. Ideally, the contraction and beating profiles of CMTs are not significantly altered
compared to static conditions due to their introduction into a microfluidic environment.
Figure 6.5 shows the results from the performed data analysis on CMTs that were kept in
static control conditions, isolated flow conditions and co-culture flow conditions.

Unfortunately, no experiments have yet been successfully performed that include all
possible conditions simultaneously: static control, static on-chip, and flow on-chip. This
implies that the data presented before related to static tissue characterization in the fea-
sibility studies (Section 5.1.2) was based on a different set of experiments. Due to ex-
perimental variability it is therefore hard to draw definitive conclusions, as comparisons
between static and flow conditions might be biased. Besides, the number of microtis-
sues used for the analysis was limited as some were lost during the process.
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Figure 6.5: Musclemotion results showed no significant differences in contraction duration, time to peak, re-
laxation time and contraction amplitude when cultured in static conditions or flow conditions for 72h. Black
dots represent obtained results for single microtissue.

6.3. RESULTS COMPUTATIONAL SIMULATIONS

6.3.1. VELOCITY PROFILES
The flow velocity profiles were simulated as described in Section 5.2.1. Representative
2D surface plots have been generated to show the flow velocity at various locations in
the chip if a flow of 100 µL/min or 300 µL/min respectively is applied at the chip inlet.
The results (see Figure 6.6) show that the velocity magnitudes of the flow are the high-
est in the narrow inlet and outlet parts of the chip, but relatively low throughout the
chambers itself. Furthermore, the highest velocity values are found in the centre of the
chamber and in the middle of the channels, whereas velocities decrease towards zero to-
wards the wall of the device, which is in line with the no-slip boundary condition. Note
that the scale of the presented cross-section is up-scaled by a factor ten.

Furthermore, the simulation allowed to quantify the theoretical shear rate and shear
stress within the culture chambers and channels. This is relevant to determine the ex-
posure of the tissues to shear stress and thus get an idea about the possible tissue dis-
turbance due to the flow. Seeing that water, a Newtonian fluid, was used as a reference
fluid to run simulations, the shear stress ’τ’ is directly proportional to the shear rate ’γ’
according to Equation 6.1. Here ’µ’ represents the dynamic fluid viscosity.

τ=µγ̇ [Pa] (6.1)

Shear stress profiles were computed for a flow rate of 100 µL/min in the reference sim-
ulation and the simulation with a mesh, respectively. Figure 6.7 presents the computed
shear stress at the near bottom of the chamber, h = 0.2 mm, and at the middle of the
chamber, h = 0.85 mm, plotted against the total width of the circular chamber (5.5 mm).
Figure 6.7a shows that the shear stress in the middle of the chamber (blue line) is lower
than the shear stress on the bottom of the chamber (green line). In addition, in the mid-
dle of the chamber the shear stress increases towards the edges, while the opposite is
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(a) Simulated velocity magnitude in chip (m/s) at a flow rate of 100 µL/min.

(b) Simulated velocity magnitude (m/s) in chip at a flow rate of 300 µL/min.

(c) Simulated velocity magnitude (m/s) in chip at a flow rate of 100 µL/min with mesh.

Figure 6.6: Simulation results for velocity magnitude in IBIDI µ-slide Perfusion exposed to various flow rates
and with an inserted mesh. Computational Fluid Dynamic Simulations were performed using COMSOL Mul-
tiphysics.
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true at the bottom of the chamber. Yet, it must be noted that the overall values in the
organ-chamber are very low. Importantly, when CMTs are placed in the organ-chamber,
they will sink to the bottom of the device due to the gravitational effect and thus be ex-
posed to the shear stress that is found here (presented by green line).

Figure 6.7b shows the shear stress simulation outcome when a honeycomb mesh is in-
cluded in the organ-chamber as shown before in Figure 5.12b. The mesh reduces the
shear stress in the bottom of the chamber (half-way up the micro-wells) to a value that is
comparable to the shear stress otherwise present in the middle of the chamber when no
mesh is included. Therefore, the mesh seems to be capable to form a shear-stress pro-
tected niche for microtissues, which might be beneficial to prevent tissue outflow and to
maintain organoid integrity. However, it also has a significant effect on the shear stress
profile in the middle of the chamber (blue line), which now is maximal in the middle
of the chamber and reduces towards the chamber walls. Compared to Figure 6.7a, the
shear stress profile in the middle of the chamber with mesh thus seems to be reversed
and shows striking similarities with the shear stress profile found in the bottom of an
empty chamber.

Since the shear stress values computed in this simulation are rather low, they are hypoth-
esized not to exert a major effect on tissue specimens. Yet, once flow rates are furhter in-
creased or other structural components besides this mesh are to be added to the organ-
chamber it is good practice to keep the tissue effects of induced shear stress in mind.

6.3.2. RESULTS PARTICLE TRACE
Particle traces have been computed to visualize the flow and spread of medium in the
chip over time at a defined flow rate of 100 µL/min. The simulation was run for 15 sec-
onds to limit the computation time. Snapshot figures taken at the end of the simulation
are provided in Figure 6.8. The Supplementary Information include videos of the com-
plete particle traces (Videos SI1-SI4). Overall the results imply that the flow profiles
among the two conditions are rather comparable, and the vertical pillars of the mesh
do not seem to interfere adversely with the fluid flow. Inevitably, the mesh does confine
the available space inside the organ-chamber as it is designed with a relatively thick wall
to ensure stability of the insert. Consequently, the chamber residence time of medium
seems to be reduced if a mesh is to be embedded, as well as that the maximum flow rate
is slightly increased.

Furthermore, the result show that particles do not readily enter the niches created by
the honeycomb structures. From a fluidic perspective, this can be attributed to the fact
that the top part of the organ-chamber is perfusion dominated, whereas the bottom part
of the chamber is diffusion dominated. In the honeycomb micro-wells, diffusion domi-
nated exchange of fluids would ensure optimal nutrition while protecting the embedded
microtissues from exposure to high shear stresses. Theoretically, the created micro-wells
could therefore form a well-protected niche compartment to host each CMTs in the sys-
tem. To validate this hypothesis, more detailed calculations should be made to express
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(a) Computed shear stress profile in an empty organ-chamber at different heights.

(b) Computed shear stress profile in an organ-chamber with inserted mesh at different
heights.

Figure 6.7: Simulated shear stress profiles to determine the effect of flow rate and the insertion of a mesh on
fluid dynamics.

the relative dominance of competing physical phenomena that determine mass transfer
and gas exchange in the microenvironment created on-chip [26]. It is critical to ensure
that the chosen flow rate ensures sufficient convective delivery of nutrients, biochem-
ical factors and gases, while simultaneously allowing for sufficient organoid-uptake in
the niches.
When further optimising the system, a good start would be to calculate the ratio of
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the Péclet number (Pe) versus the Damköhler number (Da), which is a way to quantify
whether the convective or diffusive regime holds. At the same time also considering the
relevant reaction timescales [26].

Figure 6.8: Sideview of the results from simulated particle traces at a flow rate of 100 µL/min. Figures represent
the 15 second time point. The legends indicate the maximum and minimal particle velocities. (A) Spread of
particles in an empty organ-chamber. (B) Spread of particles in chip with a honeycomb-array mesh inserted.

6.3.3. In vitro FLOW PROFILE VALIDATION
To characterize the on-chip flow profiles in vitro, the Fluigent set-up presented in Fig-
ure 6.1b was used to perfuse the IBIDI µ-slide III Perfusion slide with a solution of PBS
mixed with ThermoscientificT M Fluoro-Max dyed polystyrene microspheres, which are
fluorescent at low wavelengths. Movement of the beads throughout the chip was de-
tected by fluorescent microscopic live-imaging. Videos were taken at different points in
the chip to assess the flow profile, see Figure 6.9. Subsequently, the flow characteriza-
tion experiment was repeated with embedded microtissues and with an inserted mesh
to visualize their effect on the dynamic flow distribution in the chip. The main goal was
to acquire in vitro flow data to validate the simulation outcomes.

The main findings were the following:

• The simulation results are comparable to the flow velocity profile found in vitro.
See Video SI1 versus SI5 and Figure 6.9.

• The flow rate on top of the chamber appears to be high, whereas in the bottom of
the chamber almost no flow was detected.

• CMTs were observed to sink to the bottom of the chamber and localize towards the
outlet of the chamber where they accumulate together.

• The flow did not have an effect on the microtissues once they had settled, Video
SI6, but the microscopic effect cannot be determined from this experiment.
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Figure 6.9: Snapshot of in vitro flow profile validation with Fluoro-Max dyed polystyrene microspheres at a
flow rate of 100 µL/min.

Together, this experiment served to evaluate the simulation results as well as provide
insights on the actual flow velocity profiles that we are working with. This aids in our
understanding of the dynamic effects to be observed during further in vitro experiments
with viable tissues. These initial results contribute to finding fit-for-purpose solutions to
remaining problems.



7
DISCUSSION

The heart and kidneys have been modeled separately in vitro, but models are typically
to simplistic to capture the dynamic reciprocal cross-talk in the context of disease [13].
Nevertheless, emerging technologies based on converged knowledge from various fields
have led to substantial advances in the applicability and feasibility of OoC models to ac-
curately mimic human physiology on the microscale. This has resulted in a tremendous
rise in reported MOoC models, which are especially useful for research into the complex
biological mechanisms causative of systemic diseases. CRS is one example for which a
validated unified organoid system could greatly help in resolving outstanding questions
related to the molecular mechanisms and pathways that contribute to disease onset and
progression. It is with this ultimate goal of modelling CRS in mind that this project fo-
cused on designing and setting up a ’cardio-renal unit’ to fluidically connect established
organoid models of the heart and kidney in vitro.

To achieve a physiologically relevant model, there are many biological and technical
challenges to be addressed. Here, the experimental evaluation of proposed microfluidic
systems served to refine our understanding of the encountered technological challenges
and identify high-priority feasibility studies to be performed. The current experiments
were performed as a form of pilot experiments and should be interpreted as such. The
results provide a benchmark to further define and refine optimal co-culture conditions
in a microfluidic environment and serve to guide decision making at future stages of this
overall project.

7.1. EXPERIMENTAL SYSTEM EVALUATION
In this project, multiple microfluidic set-ups have been proposed and tested to establish
a first proof-of-principle cardiorenal MOoC model. The tested designs enabled perfused
co-culture conditions in a common medium of ten CMTs and one KO for up to 72h with
recirculation. On top of that, a microfluidic circuit was build that allowed single-pass
perfusion effectively. It was shown that CMTs remain viable and functional in the mi-
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crofluidic environment, though their structural integrity and beating frequency was re-
duced. Furthermore, it was observed that the renal structures of KOs was maintained in
the static on-chip environment after 72h of culture despite small medium volume avail-
ability. This observation must be validated by finding and evaluating relevant biomark-
ers to quantify (live) KO functionality.

Noteworthy, the proof-of-principle experiments reported in this thesis had low statistical
power due to low experimental throughput, thus reducing the chance of detecting true
effects following co-culture or culture in a microfluidic environment. More experimen-
tal iterations have to be performed to convincingly draw conclusions about the effect of
on-chip culture and tissue exposure to continuous flow. The results obtained so far from
immunofluorescence stainings and contraction analysis give reason to assume that we
are going in the right direction. It is concluded that extended co-culture inside the cho-
sen IBIDI µ-slide III 3D Perfusion chip is indeed possible with the evaluated set-ups if
further optimization strategies are implemented.

7.1.1. MICROFLUIDIC CHIP SELECTION
Whereas the IBIDI µ-slide III 3D perfusion chip was found as a suitable option, at later
stages of this project, the choice of chip must be re-evaluated based on the obtained
results from the initial feasibility experiments. The proven potential must at all times
outweigh the encountered disadvantages and an eye must be kept on novel products
emerging on the market as it is expected that spheroid perfusion systems are likely to
become more common.

7.1.2. PRESSURE PUMP SYSTEMS
Referring to the findings of the microfluidic set-up experiments performed with both
the IBIDI pump system and Fluigent system, the main take-away was that system design
must be focused on simplicity, ease-of-use and versatility. Considering the many aspects
related to designing novel OoC experiments, as presented in Chapter 2, and the many
resulting design choices to be made, it is key to define the main research question and
come up with a model as simple as possible without compromising the biological rele-
vance too much. Upon achieving a validated simple model, it can then be extended from
there onwards by incorporating additional components into the microfluidic set-ups,
such as for instance sensors. Furthermore, keeping the set-up straightforward hopefully
alleviates the common occurrence of technical issues, that was found to be the main
hurdle during the presented microfluidic experiments.

Commercially available OoC systems are now widely spread and designed for a broad
range of applications. In spite of that, finding an off-the-shelf solution that directly com-
plies with all the specific research requirements remains difficult. On top of that, the aim
of synergistically integrating OoC approaches with organoid technology further compli-
cates the choice as most microfluidic chips are not suited for organoid tissue models.
Here, it was observed that both tested systems hold potential to establish a functional
microfluidic circuit, but require additional design adaptations. Systems that can easily
be rendered fit-for-purpose by making adaptations based on minimal interventions are
best suited for laboratory applications. In doing so, the power of commercially devel-
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oped systems in terms of their reliability and standardization is harnessed, while still
offering customization potential to meet research demands.

Based on the system evaluation results, it is recommended to continue this research with
the Fluigent system. This recommendation is substantiated by the high associated ver-
satility and automizable, accessible control interface the system offers. The ease-of-use
and compatibility of the Fluigent products were found to have more potential compared
to the limited versatility of the IBIDI pump system. Moreover, the Fluigent set-up is com-
patible with any commercial microfluidic chip as tubing and connections can be inter-
changed with ease, as well as that it might be adapted to integrate two single chips for
the different organ models. This would not be possible with the IBIDI system, but might
be required if the IBIDI µ-slide turns out to be inadequate after all. Furthermore, the
range of technical issues encountered with the Fluigent system was smaller compared
to the IBIDI system, which is an additional benefit.

The proof-of-principle studies presented here served as a starting point to determine the
ideal microfluidic circuit design, though some key issues still need to be tackled. First of
all, in the present set-up high fluid-to-tissue ratios are likely to prevent effective cellular
communication, as secreted factors are diluted within the medium volume [35]. There
is a need to further reduce the internal volume by eliminating excessive volume in the
medium reservoirs and finding the minimal tubing lengths. As became evident from the
experimental evaluation, the internal volume is mostly accounted for by the reservoir
volumes as the dead tubing volume was comparatively low. That means that in order
to further optimize the circulation, proof-of-principle tests should be run to identify the
least amount of reservoir medium that still renders the pressure-based circulation func-
tional. Afterwards, further tweaking may be performed by altering the tubing internal
diameter or total tubing length.

As an alternative to mechanically reducing the required medium volume, flow rate is
another important determinant of total required volume, especially if single-pass flow is
applied. The flow rate was mostly set to 100µL/min for the purpose of proof-of-principle
studies and obtaining comparative results across the IBIDI and Fluigent system. How-
ever, this rate was primarily chosen based on the limitations posed by the IBIDI BLACK
perfusion set rather than by tissue demands. Ideally, the flow rate is further optimized to
ensure adequate perfusion and gas exchange while allowing continuation of the experi-
ment over prolonged time. It is suggested to determine chosen flow rates on metabolic
activity data, physiologically relevant residence-times in the organ-chambers or based
on simulation results.

7.1.3. BIOLOGICAL EVALUATION
In the initial stages of this project the common medium was defined to be unsupple-
mented BPEL. Whereas it was superficially validated that changing KOs maintenance
medium to this alternative did not have any noticeable consequences, it would be best
to perform additional tests. In these feasibility studies, only IF-stainings to visualize
the tissue morphology and microscope images were taken as evidence, whereas other
more reliable and quantifiable read-outs may better serve the purpose. Therefore it is
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recommended that the medium compatibility be tested more extensively by perform-
ing life/death stainings, quantifying ATP content and LDH release and obtaining gene
expression profiles. The same holds for testing the exact effect of merely the static mi-
crofluidic chip environment on tissue integrity.

In this project, the proposed MOoC system is based on the use of iPSCs derived tissues,
which inherently offer an unprecedented advantage over conventional cell-line based
2D-cell cultures. In addition, as this disease model is ultimately to be used for eluci-
dating biomarkers and molecular pathways involved in various types of CRS and define
novel therapeutic targets, the use of patient-specific biological material is beneficial. Yet,
the existing methods to generate both CMTs and KOs require extended differentiation
times (up to three weeks), which poses a great limitation to the experimental through-
put. Moreover, the established protocol to generate KOs results in rather large organoids
that surpass the dimensions of most commercially available OoC devices. Lastly, a com-
mon problem with the use of hiPSC derived tissues, is the immature phenotype that can
be achieved before tissue degradation is induced. Tissue size and determining the right
level of maturity before assembling microfluidic devices requires further addressing in
future work.

On a final note, the end-goal of the overall research is to develop a novel cardiorenal
disease model. Up until now, the presented biological models were all representative
healthy controls, however a method must be identified to create robust disease represen-
tations. As concomitant cardiovascular and renal disorders often arise due to deleteri-
ous neurohormonal and inflammatory relations, it is ideal to model CRS from a systemic
point of view. Tissue fibrosis has been identified as an interesting marker of progressed
CRS, since it captures quantifiable changes in tissue morphology compared to healthy
controls. Therefore, it may be considered a relevant pathophysiological mechanism un-
derlying CRS and can thus be chosen as a starting point to create CRS disease models.
It is envisioned, that future work will see fibrotic tissue models to be embedded in the
microfluidic chip environment [18].

7.2. MESHES
To render the chosen microfluidic chip fit-for-purpose, various microwell meshes to in-
sert in the organ-chamber were designed, developed and tested. The main purpose was
to ensure robust trapping of CMTs in the organ-chambers and prevent unwanted tissue
wash-out during the experimental procedures. The produced inserts required a post-
printing plasma-surface treatment to improve the wettability, but were found to be a
promising solution.

The produced honeycomb microwell meshes for the CMTs can be customized in size
and integrated in other off-the-shelf commercially available microfluidic chips to make
them fit-for purpose to use with pre-matured cardiac microtissues. This method serves
as a low-cost and high-throughput approach to perform iterative evaluation tests with
microfluidic set-ups. First attempts at cytotoxicity studies of the 3D-printed material on
tissue viability were promising and CMTs were found to maintain their beating capacity
over a 72h culture time. It became evident that the post-printing treatments have a sig-
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nificant effect on bio-compatibility. Therefore it is essential to further quantify the exact
effect and optimise the post-processing steps accordingly. Ideally, culture of CMTs on
top of the microwell meshes does not have any effect on tissue morphology nor should
it trap any of the secreted biomolecules. Furthermore, computational dynamics simu-
lations showed that the meshes potentially create micro-niches in which tissue speci-
mens are protected from induced shear stress. Though, caution should be taken that the
meshes do interfere with the organ-chamber flow velocity profile possibly complicating
adequate nutrition.

In this studies a single design was tested, which was found to be functional. However,
design iterations to identify the most optimal mesh architecture may include the follow-
ing:

• Changing the vertical wall-thickness of the meshes or completely removing the
outer wall, such that merely a micro-well featuring surface is created [73].

• Honeycomb wells with included pores on the bottom to facilitate tissue wash out
at the end of experiment. This should increase the ease of post-experiment tissue
retrieval.

• Increased size of the honeycomb-wells to ensure that CMTs viability is not affected
by the restricted space.

Unfortunately, printing results for the KO-meshes were not all succesfull. To further im-
prove the printing quality of these meshes, layer height print resolution might be de-
creased as this is expected to result in more accurate prints if small dimensions are in-
cluded in the design. Furthermore, functional feasibility experiments performed with
the KO-meshes showed not enough potential to continue with design iterations at this
point of the research as the viability of developing KOs was greatly implicated. As an al-
ternative the manual transfer of the KOs to the organ-chambers should be optimized to
minimally disturb the tissue. It is hypothesized that this is practically feasible and will
adequately address the encountered problem of tissue rupture.

7.3. COMPUTATIONAL FLUID DYNAMICS SIMULATION
For the purpose of this thesis, the simulations were primarily generated to characterize
the flow profiles in the on-chip organ-chambers and to validate the effect of varying flow-
rates on the microenvironment dynamics. However, the results of these simulations can
be extended to make calculated guesses about the exposure of embedded tissue spec-
imens to circulating biochemical factors. To do so, the generated velocity magnitudes
may be integrated over streamlines at the positions in near proximity of the embed-
ded tissues (the so-called contact zone) [31]. As such, the parameters obtained from
the computational fluid dynamics can aid in determining optimal flow rates for the par-
ticular research purpose. Besides, simulations are effectively quicker to generate results
compared to conventional biological experiments and can therefore serve as important
starting points to establish suitable experimental conditions prior to starting out in the
lab.
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7.4. FUTURE WORK
Although the presented microfluidic cardio-renal unit shows potential and some initial
design choices have been made during this project, there are many improvements to be
made and remaining challenges to be addressed.

Most importantly, a lack of information with respect to biological characterization of the
used tissue models was encountered. This complicates optimization of flow parameters
and finding accurate scaling ratios in vitro. It is therefore recommended that the project
first of all continues with a focus on acquiring an in-depth understanding of the physi-
ological tissue biology, after which the proposed microfluidic circuits can be optimized
more efficiently. Assays may aim to quantify the metabolic activity of embedded tissue,
identify the secreted factors of interest and their timely concentrations and focus on ob-
taining an accurate RNA and gene expression profile of ’healthy’ tissue that should be
referred to as the control condition during subsequent experiments. With the validation
of these parameters, it becomes feasible to establish disease models and draw conclu-
sions about cause and effect observed in co-culture conditions under flow. The need
for well-verified control conditions is extremely high, since MOoC models are known to
include a multitude of aspects that can all contribute to confounding effects if not moni-
tored precisely. As a starting point it may be considered to perform glucose consumption
and lactate release analysis on retrieved medium samples [74] to quantify metabolic ac-
tivity and monitor tissue functionality. If these values for metabolic activity are found
to reach a steady-state similar to control levels during on-chip co-culture experiments,
it may be concluded that cell viability and tissue turnover on-chip is stable. Alterna-
tively, sampled medium supernatants may be used to perform high-performance liquid
chromatography (HPLC), liquid chromatography-mass spectrometry (LC-MS) or ELISA
analysis to get an idea about the global and specific (protein) secretome.

To this end, it is not straightforward to identify the factors of interest that are both rele-
vant for the heart as well as for the kidney model. Ideally, biomarkers are identified that
function across the cardio-renal axis. Based on data reported in the Human Protein At-
las available from www.proteinatlas.org it was found that BMP10 (Bone Morphogenetic
Protein 10), NPPA (Natriuretic Peptide A) and NPPB (Natriuretic Peptide B) are all blood-
secreted factors by cardiac tissue that function to maintain cardio-renal homeostasis.
Alongside, α-Cystatic c was found to be one of the few blood-secreted factors both by
the heart and kidneys. Though, it is ideal to initiate biomarker identification by obtain-
ing global mass spectrometry profiles, the above mentioned factors might be of interest
to keep an eye out for.

What is more, is that the long term stability and long term on-chip tissue viability is
yet to be validated. At present, maximal experimental run-time has been 72h, which is
relatively short compared to the in vitro organoid maturation time that takes up to three
weeks. Since the microfluidic environment is to be used to evaluate bidirectional organ-
organ interaction, it is likely that experimental times have to be increased. Systemic
disease manifestations generally do not happen overnight, but are more likely to arise
with time. This factor must be taken into account when designing future experiments.

Furthermore, although not addressed in the present study, oxygenation of coupled or-
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gan models may prove a crucial consideration in coupled organ models [27]. It must be
validated that oxygen is not absorbed by the microfluidic components, thus depriving
tissue specimens from appropriate oxygen tension. One way to do this, is by modelling
and measuring oxygen levels directly in chip through the embedding of oxygen sensors.
Selective oxygenation of medium reservoirs or ensuring that the microfluidic chip ma-
terials are gas-permeable may also contribute to maintaining physiologically relevant
oxygen gradients.

When a functional physiologically healthy cardiorenal MOoC is established, including
accurate flow rate, minimized internal volume, correctly scaled organoids and total ex-
perimental run-time, the proposed microfluidic perfusion set-ups can be re-evaluated.
The conceptual perfusion system must be characterized based on the feasibility to mea-
sure required outputs, most likely secreted biomarkers, and adapted accordingly. To
truly arrive at a physiological model that includes all the desired functionalities to re-
capitulate a systemic disease as CRS, it is anticipated that additional biological compo-
nents must be integrated into the technology. MOoC platforms should ideally include
representatives for the immune system, metabolism, microbiome and complete vascu-
lature to account for those essential interactions during disease development. These
systems impact the health and functionality of all organ systems in the body and are
therefore essential to capture a true systemic dimension on the microscale [26]. It would,
however, come at the cost of greatly increasing the complexity and controllability of ex-
periments.

From a microfluidic system perspective, future work is required to further optimize the
set-ups and validate whether the presented systems indeed comply with the presented
requirements if more complex circulations are to be realized. This holds especially for
the Fluigent system. Whereas the system has great potential and showed few technical
issues, it has only been applied and validated during the perfusion of a single channel.
Only if this circuit can indeed be extended to perfuse a total of three channels, it will
become a feasible and competitive system compared to the IBIDI system.



8
CONCLUSION

The presented work is the first step towards developing an integrated MOoC cardiorenal
model to study the reciprocal crosstalk between the two organs. To date no such sys-
tem has been reported. Therefore this project set out to first-of-all establish the design
criteria and thereafter conceptualize various possible microfluidic set-ups. Two com-
mercially available pressure-based systems were evaluated on the basis of their exper-
imental performance and to what extent they complied with the list of requirements.
Inevitably, there is not one conceptual design that meets all requirements and rather a
decision should eventually be made based on available information and feasibility. It is
concluded that the commercial system that is the easiest to adapt and customizable to
the particular needs of any experiment is advantageous. In this study two microfluidic
operation systems have been evaluated: the IBIDI pump system and the Fluigent sys-
tem. The Fluigent based set-up was found to render the highest modularity, robustness
of use and controllability and is thus recommended as the system of choice for further
studies.

The main take-away from the presented research is that in order to develop a suitable
microfluidic set-up, emphasis must be placed on the adaptability of the system to real-
ize various circulation circuits, while ensuring minimal occurrence of technical issues.
Fit-for-purpose design with minimally invasive alterations to adapt commercially avail-
able systems paves the way towards robust, reliable and most importantly feasible mi-
crofluidic experiments. On top of that, it was shown that computational fluid dynamics
simulations as well as 3D-printing technology may be exploited to characterize and op-
timize the commercial microfluidic set-up.

All together, MOoC design is not straightforward and conclusively requires a step-wise
bottom-up approach in order to realize disease-models. Meanwhile, establishing well-
defined control conditions in which every variable is extensively characterized is key to
ultimately determine causative disease-related effects.
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A
DESIGN REQUIREMENTS

Table A.1: Design requirements for a cardiorenal MOoC set-up, organized in accordance with the theoretical
framework.

Demand
or Wish

Topic Requirement

1. Cell sources and culture method
D Cell culture conditions Chip maintenance must be possible at 37°C and 5% CO2 for an

extended period of time.
D/W 3D hiPSC tissue constructs Compatible with 3D hiPSC cardiac microtissues and kidney

organoids developed in accordance with existing validated proto-
cols.

2. Microfluidic platform configuration
D Separate culture cham-

bers
Two separate organ chambers are available in the system to pre-
vent direct cellular contact of the two modelled organ types.

D Open-culture system The microfluidic chip features accessible, open culture chambers
that can be sealed after tissue transfer.

W Double-chamber chip Two microfluidic chambers integrated on a single chip to reduce
required connecting components.

3. Cellular environment
D Scaffold free Tissue embedding onto the chip does not require any scaffold ma-

terial.
W Culture inserts Existing culture inserts may be used to pre-culture organoids un-

der controlled conditions and simplify their transfer to the chip,
thus minimizing tissue disturbance.

4. Material
D Bio-compatible All the materials used in the microfluidic set-up are bio-

compatible with the the tissue constructs and do not release toxic
particles over time.

D Non-absorbing material Secreted factors and other biomolecules are not absorbed by ei-
ther the chip or tubing material.

D Air-permeable coverslip Culture chambers are closed by an air-permeable coverslip to en-
sure adequate oxygenation.
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D Sterility All microfluidic components must be able to be sterilized prior
to starting an experiment ensuring that sterilization does not ad-
versely affect the material properties. It must be possible to con-
nect the pump under sterile conditions.

W Re-usable chips Due to high costs associated with microfluidic chips it is desirable
that chips are not made for single experiments.

W Re-usable tubing Perfusion sets and other connecting components can be cleaned
and re-used for subsequent experiments.

5. Organ model scaling
D Scalable tissues The incorporated tissue constructs must be able to be scaled to

accurate dimensions to achieve near physiological ratios in terms
of volume-to-cells and organ-to-organ.

D/W Chamber size On-chip culture chamber sizes must accommodate the organoids
while maintaining the total internal volume as low as possible.

6. Coupling of organ models
D Single-pass system A series-connection is established between adjacent organ cham-

bers to ensure a single medium pass per circulation.
W Modularity To generate a versatile system that can potentially be extended,

the used components must be replaceable and compatible with
products from various companies.

7. Fluid circulation
D Automated flow control The medium circulation, unidirectional or recirculation, must be

computer controlled.
D Types of flow The system is able to generate uni-directional, bi-directional and

recirculatory flow with the need of minimal adaptations to the set-
up to switch between the three types.

W Pressure pump operated The flow is generated by a pressure pump as this method is reliable
and offers an easy user-interface.

W Multiple chips in parallel Multiple chips can be connected to the set-up in parallel to in-
crease the experimental throughput. This implies that a single
pressure controller must have multiple output ports.

8. Flow rates
D Refreshment of medium

to support cell-culture
Flow functions to continuously refresh medium to support cell-
culture and facilitate dynamic exchange of secreted factors.

W Flow rate control per or-
gan chamber

Since multiple organ models are to be embedded, chamber-
related control over the flow rate would be ideal.

9. Common media
D Common media formula-

tion
A single medium is used throughout the complete set-up, which
fulfils the nutritional requirements of both organoid types.

D Low internal volume The total volume used in the final set-up must be kept minimal to
achieve physiologically relevant volume-to-cell ratios.

10. Analysis
D Material retrieval Cellular material must be accessible for post-experimental anal-

ysis and thus it must be possible to collect the material from the
chip.

D Sampling Since secreted factors are the main experimental target, the sys-
tem must allow for an effective sampling method of low volumes
at various time points during the experiment.

D Live imaging Imaging tissues directly inside the chip can be used as a tool to
evaluate tissue integrity and viability during an experiment.

D Chamber access Access to the tissue constructs at any time provides the possibil-
ity to directly manipulate the tissue and observe the secondary ef-
fects.

W Real time monitoring of
flow

The control unit can export data of flow-related parameters di-
rectly to ensure the experiment is running correctly.
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W Integrated sensors Automated sensors can be connected to the system to directly pro-
vide continuous, in situ data on chip conditions and tissue status.



B
CHOICE OF MICROFLUIDIC SYSTEM

Table B.1: Design requirements evaluated for various commercially available systems to aid in decision making
during the conceptual phase.

Demand Requirement Microfluidic system and connected chip
or Wish TissUse HUMIMIC

Starter: Humimic
Chip2

IBIDI Perfusion Sys-
tem: Ibidi µ-slide III

Fluigent FlowE Z T M :
Ibidi µ-slide III

1. Cell sources and culture method
D Cell culture conditions ✓ ✓ ✓
D/W 3D hiPSC tissue constructs ✓ ✓ ✓
2. Microfluidic platform configuration
D Separate culture cham-

bers
✓ ✓ ✓

D
Open-culture system ✓ ✓ ✓

Screw-type lids Polymer coverslip Polymer coverslip

W
Double-chamber chip ✓ ✓ ✓

Available in 96-well or
24-well format

One-size One-size

3. Cellular environment
D Scaffold free ✓ ? ?
W Culture inserts ✓ X X
4. Material
D Bio-compatible ✓ ✓ ✓

D
Non-absorbing material ✓ X X

PEEK;Polycarbonate Polymer N.S Polymer N.S.

D
Air-permeable coverslip X ✓ ✓

Not available for this
chip

Gas-permeable cov-
erslip

Gas permeable cover-
slip

D Sterility ✓ ✓ ?
W Re-usable chips X X X

W
Re-usable tubing ✓ ? ?

93
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Perfusion set can be
autoclaved multiple
times, but wears
down

Tubing relatively in-
expensive to replace

5. Organ model scaling
D Scalable tissues ✓ ✓ ✓

D/W
Chamber size ✓ ? ?

Relatively large vol-
ume

Relatively large vol-
ume

6. Coupling of organ models
D Single-pass system ✓ ✓ ✓
W Modularity X X ✓
7. Fluid circulation
D Automated flow control ✓ ✓ ✓

D
Types of flow X ✓ ?

Only recirculation
and bi-directional

Only recirculation
and bi-directional

Recirculation possi-
ble with adjustments

W
Pressure pump operated ✓ ✓ ✓

On-chip micropump,
similar performance

W
Multiple chips in parallel ✓ X ?

1 controller = 4 chips 1 controller = 1 con-
troller

MFSCT M controller =
2 chips

8. Flow rates
D Refreshment of medium

to support cell-culture
✓ ✓ ✓

W Flow rate control per or-
gan chamber

X X X

9. Common media
D Common media formula-

tion
✓ ✓ ✓

D Low internal volume ✓ ? ?
10. Analysis
D Material retrieval ✓ ✓ ✓

D
Sampling ✓ X ?

From chambers Closed-system From collecting reser-
voir in uni-directional
set-up

D
Live imaging ✓ ✓ ✓

Only inverted mi-
croscopy

Only inverted mi-
croscopy

D Chamber access ✓ X X
W Real time monitoring of

flow
✓ X ✓

W Integrated sensors X X ✓



C
SCHEMATIC OVERVIEW KO-MESH

DESIGNS

(a) 2x2 pixels (d = 54 µm) (b) 2x2 pixels (d = 54 µm): 3D representation

(c) 3x3 (d = 81 µm) (d) 3x3 (d = 81 µm): close pore spacing
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(e) 4x4 (d = 108 µm) (f) 4x4 (d = 108 µm): close pore spacing

Figure C.1: Schematic overview of tested KO-mesh designs with various pore diameters and inter pore spacing
distances.
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