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1 Introduction and state of the art

The use of animals in scientific research is a highly debated topic among both the public
and scientific community. However, in biomedical research, animal models are still essential,
especially at the preclinical stages of drug development. Preclinical studies currently still rely
on in vitro and in vivo experiments to determine efficacy, safety, and potential dosages of
drug candidates (pharmacokinetics and pharmacodynamics) before clinical testing in
humans (Shegokar, 2020).

While standard two-dimensional (2D) cellular models allow for high-throughput
experimentation and can provide a human genetic background, they present several
limitations ranging from cell sources to culture conditions. The most common cell sources
are immortalised cell lines, primary cells, and stem cell-derived cells. While primary cells
may offer a close approximation of native functions and responses, they are not widely
available for certain cell types, for example cardiomyocytes and neurons. Because they may
also have a limited life span in culture, and present high biological variability due to patient-
to-patient variability, immortalised cell lines may be used instead. However, immortalised
cell lines often feature altered cellular functions and are not representative of normal cells
(Gordon et al., 2013; White et al., 2004; Yang et al., 2012). Over the years, human induced
pluripotent stem cells (hiPSCs) revealed a great potential for generating terminally
differentiated cell types as well as offering the chance to generate personalized models
(Matsa et al., 2016; Ye et al., 2018); still, they exhibit immature phenotypes compared to the
respective adult primary cells (Birket & Mummery, 2015; M. C. Ribeiro et al., 2015). In terms
of culture conditions, standard cell culture models used for drug screening are typically
single cell type monolayers on hard-plastic surfaces, providing only a limited reproduction
of native morphology and cellular organization and lacking proper cell-cell contacts as well
as cell-matrix interaction (Wikswo, 2014). Cell culture media and supplements are,
moreover, usually designed to maximize the growth of specific cell types and often contain
nutrient concentrations far higher than the physiological level. For example, most cell culture
media contain glucose levels = 10 mM (equivalent to a diabetic condition), which is
significantly higher than the 5.5 mM in physiological conditions in vivo (Koobotse et al.,
2020). Another important aspect of static culture condition is the progressive reduction of
nutrients and accumulation of waste metabolites, followed by media replacement which
causes sudden fluctuation in the cellular microenvironment, by replenishing the nutrients but
also disrupting the autocrine and paracrine cellular signalling (Vis et al., 2020).

Animal models are used as the golden standard to bypass the limitations of in vitro models.
They are physiologically complex and allow the studying of long-term and systemic effects
of drug candidates on the whole organism, such as overall absorption, distribution,
metabolism, and excretion (ADME) (Yang et al., 2012). Nevertheless, their different
physiology and genetic background can yield misleading results. For example, different
animals have very different gene expression of ion channels, which limit the predictability of
ion channel targeted drugs in humans, bearing different ICso and ECso in different species
(Beeton, 2018).



Bringing one drug to the market nowadays costs an average of 2 billion US$ and takes 10-
18 years, of which the preclinical stage only takes about 5-21 million US$, and 1-4 years to
be completed, depending on the drug archetype (Shegokar, 2020). In the end, however,
only less than 10% of candidates in the clinical phase reach the final stage (Dowden &
Munro, 2019). The effort to find better alternatives to animal models not only stems from the
need to achieve a more efficient drug development process but also in response to the
ethical concerns that animal experimentation entails. Between 2014 and 2016,
approximately 10 million experimental procedures involving animals were conducted
annually in Europe (Taylor, 2019), despite the existence of the 3R principles (Refine,
Reduce, Replace), formulated by William Russell and Rex Burch in 1959 (Russell & Burch,
1959).

In the context of the 3R principle “Replace”, complex alternative tissue models, such as
microphysiological systems (MPS), are developed to closely replicate the three-dimensional
(3D) environment of human organs, including the specific cell types, extracellular matrix
(ECM) and perfusion. In this thesis, | distinguished microphysiological heart tissues (MHT)
in three categories: organoids, engineered heart tissues (EHTs), and Organ-on-Chips
(OoCs), as defined in Arslan, Moruzzi, Novacka et al. 2022. (Arslan et al., 2022). To
summarize, organoids (or microtissues) are self-organized cellular aggregates, while in
EHTSs, 3D distribution and organization of cells relies on the use of biomaterials. Lastly, OoC
systems strive to faithfully replicate human physiology by incorporating diverse cell types
within a customized microenvironment. These systems not only aim to mimic the specific
cellular organization of the target organ but also simulate a circulatory-like system by
integrating media perfusion. The devices are usually comprised of two compartments, a
tissue layer where the target tissue is hosted and a media layer where media perfusion
occurs. A porous membrane, located between the tissue and the media layers, acts as an
endothelial-like barrier, allowing diffusion of nutrients and waste metabolites while protecting
the tissue from shear stress during media perfusion.

Going beyond conventional cell culture platforms, OoCs facilitate the application of
biophysical stimuli (Thompson et al., 2020). Whereas tailored approaches for the application
of biomechanical cues in 2D culture involve the placement of cells onto matrices with varying
stiffness, OoC platforms offer the ability to incorporate dynamic modulation of stretching
and/or compression, as well as the application of shear forces and electrical actuation. For
instance, LaBarge et al. demonstrated gene expression changes in hiPSC-derived
cardiomyocytes (hiPSC-CMs) towards a more mature phenotype after exposure to cyclic,
uniaxial stretch and electrical stimulation (LaBarge et al., 2019). While Silvani et al., showed
how shear-stress induces changes in morphology and cell-cell contacts in endothelial cells
(Silvani et al., 2021). Application of stimuli can be coupled with sensing capabilities, such as
integrated electrodes (i.e., multi electrode arrays - MEAs) to measure action potentials
(Maoz et al., 2017) or cantilevers to detect forces applied by the tissues (Agarwal et al.,
2013; Feric et al., 2019). Other sensors offer the possibility to detect molecules present in
the extracellular environment such as oxygen, pH, or metabolites (Fuchs et al., 2021; Shin
et al., 2017). Additionally, OoCs can be designed to connect several organs to study
systemic response to stimuli (i.e., drug compounds) (Loskill et al., 2015; Shroff et al., 2022).
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Recently, Ronaldson-Bouchard et al. developed a 4-organ system (heart, liver, bone, and
skin) perfused within the same recirculating vascular flow (Ronaldson-Bouchard et al.,
2022). They proved that all the organs could retain functionality over 4 weeks of culture and
could reproduce the pharmacokinetic and pharmacodynamic profiles of doxorubicin in
humans. Ultimately, OoCs hold the potential to enhance the translatability between in-vitro
results and clinical trials, potentially reducing or completely replacing the need for animal
testing (Ma et al., 2021).

Accurately predicting the effects of drugs on the human heart is of utmost importance in
preclinical drug development, not only to predict the ability to regulate cardiac function to
treat heart conditions (i.e., heart failure and arrhythmias) but also to assess the cardiotoxicity
of drugs designed for treatment of other diseases. Models of the human heart play a crucial
role in drug testing studies, particularly due to cardiotoxicity being a leading cause of drug
withdrawal in advanced clinical trials (Onakpoya et al., 2016). However, existing strategies
have significant limitations, as they often fail to detect cardiotoxic drugs or mistakenly flag
potentially life-saving therapies as toxic. In response to these challenges, Heart-on-Chip
(HoC) systems have been developed to create aligned cardiac muscle fibres within a
perfused microfluidic device (Ellis et al., 2017; Marsano et al., 2016; Mathur et al., 2016;
Vivas et al., 2022).

These HoC models have made significant strides in replicating the structural organization
and mechanical cues of the heart, and often incorporate both mechanical and electrical
stimulation approaches. However, the effects of such applied stimuli cannot be assumed to
be uniform across the tissue, a fact that is often overlooked. Despite being claimed to be
suitable for drug screening purposes, the retention of drugs (absorption and adsorption) by
the materials used in the platforms is not addressed in these studies. In situ tissue analysis
primarily rely on capturing brightfield videos to assess beating kinetics, detecting tissue
exerted forces, and measuring action potentials, but they lack integrated sensing capabilities
for metabolites and small molecules (i.e., Oz, lactate, glucose, cytokines).

This thesis presents an innovative HoC platform specifically designed for robust 3D tissue
generation of contractile tissues. Two different cell injection approaches were employed to
create both cardiac and skeletal muscle tissues. To achieve formation of 3D cardiac tissue
with high density, spheroids were loaded into the chip. For the formation of skeletal muscle
fibres, a mixture of single cells and hydrogel was injected, resulting in the formation of
myotubules over a 10-day culture period. Both tissues exhibited structural organization
equivalent to their respective organs and displayed full functionality within 14 days of culture.
In addition to cultivation, the tissues were characterized by brightfield video microscopy for
analysis of beating kinetics, and immunostaining to verify tissue morphology. With a specific
focus on cardiac tissues, the goal was to establish non-invasive measurements that could
be applied to investigate different biological questions. Integration of electrodes into the
developed HoC allowed for successful electrical stimulation of both cardiac and skeletal
muscle tissues. Furthermore, oxygen sensors were integrated to enable real-time
measurement of tissue consumption during applied stimulation. Moreover, to enhance the
versatility of the platform, an automated drug injection and readout procedure was
implemented. This enabled not only potential drug screening but also the performance of
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seahorse experiments within the chip itself, eliminating the need for external machines or
modifications to the chip design to accommodate the use of an analyser.

The thesis is structured into four chapters: Chapter 1, “State of the Art”, covers cardiac
models (organoids, EHTs and HoC) advancement and limitations, readouts opportunities
but also challenges that the HoC platforms offers and a brief overview of current limitations
in skeletal muscle tissues generation for diabetes research. In Chapter 2, “Material and
Methods”, all the methodologies developed for platform establishment and investigation of
tissues within the HoC platforms are explained. While in Chapter 3, “Results”, the
characterization of differentiated cardiac cell types and cardiac tissue models within HoC
platforms are presented and the application of novel non-invasive techniques for
investigation of tissue metabolism is also explored. Furthermore, the integration of other
contractile tissue models within the platform is demonstrated as proof of concept. In Chapter
4, “Discussion”, the results are compared to current literature and an overview of the
platform’s novel features as well as its limitations is offered. The thesis concludes with
Chapter 5, “Outlook and Perspectives”, which builds on the conclusions drawn in Chapter
4. This section explores potential enhancements to the model and provides an outlook on
the platform's future applications.
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1.1 Cardiac models

1.1.1 Heart anatomy and cellular composition

The heart holds a central function within the human body; by pumping blood throughout the
vascular network, it resupplies all organs with oxygenated blood, maintaining the
homeostasis of the whole biological system. In mammals, the heart consists of four
chambers (two atria and two ventricles) surrounded by the heart walls and is connected to
the vascular network by valves that regulate the flow of the blood between the different
cavities. Blood circulation is orchestrated via the electrical conduction system between heart
cavities which leads to their sequential contractions or “beating” (Moorman & Christoffels,
2003).

To function properly, the heart depends on the interplay between distinct cardiac cell types
organized in the different parts of the heart (Fig. 1.1.1 A).

Despite constituting only 20-30% of the total cell count in the human heart, cardiomyocytes
(CMs), are the main cellular components of the myocardium (Rubart & Field, 2006). During
development, they originate from cardiac progenitor cells (CPC) and mature in different
specialized CMs under the guidance of specific growth factors such as WNT, BMP and TGF-
B (Moorman & Christoffels, 2003; Wiesinger et al., 2022; Xin et al., 2013).

Atrial and ventricular CMs are chamber specific CMs responsible for muscle contraction.
Pacemaker cells and Purkinje fibres form the mammalian cardiac conduction system, with
the pacemaker cells located in the sinoatrial node and the Purkinje fibres spreading from
the sinoatrial node to the ventricular sub-endocardium (Xin et al., 2013). These populations
of CMs, possess distinct morphology and electrophysiology properties and their disfunction
plays major roles in several cardiac disorders such as arrhythmias, channelopathies and
cardiomyopathies.

Endothelial cells (ECs), constitute the endocardium, capillaries, and coronary vessels and,
depending on their specific location, display diverse characteristics in terms of morphology,
function, and genetic composition (Aird, 2012). These metabolically active cells regulate the
vasomotor tone, angiogenesis, immunity, and blood vessel permeability. Moreover, cardiac-
specific ECs supply oxygen and fatty acids (FA) to CMs and, through EC-CM crosstalk,
influence CMs metabolism, maturation, and function (Brutsaert, 2003; Narmoneva et al.,
2004).

Cardiac fibroblasts (CFs) represent a significant portion of the heart's cellular composition.
During embryonic development, the primary population of CFs originates from the
epicardium (Tallquist & Molkentin, 2017). CFs contribute to maintaining the ECM and
myocardial integrity, particularly in cases of cardiac cell death (Dostal et al., 2015). Their
interconnection with other cardiac cells, especially CMs, plays a crucial role in cardiac
development and disease progression (Furtado et al., 2016).

A minor population of cardiac cells include cardiac resident macrophages, which are located
in the atrioventricular node and are involved in the electrical conduction from the atria to the
ventricles. Studies show that these specialized cells can interact with CMs regulating their
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electrical activity by increasing the excitability and decreasing the refractory period (Harari
et al., 2017; Hulsmans et al., 2017) in addition to modulating the inflammatory response
(Bajpai et al., 2018). Another small percentage of cardiac cells comprises the intrinsic
cardiac nervous system, which is mainly located in the cardiac ganglia (Ardell & Armour,
2016), and connects the heart to the brain. The intrinsic cardiac nervous system is
composed of sensory, motor, and interconnecting neurons that contribute to heart rate,
contractility, conduction, and blood flow regulation (Zipes et al., 2017). While some studies
have suggested potential roles for cardiac resident macrophages (Dutta & Nahrendorf,
2015) and the intrinsic cardiac nervous system (Wake & Brack, 2016) in cardiac
pathophysiology, their precise involvement requires further investigation. Notably, these cell
types have yet to be integrated into 3D cardiac models in vitro.

Nevertheless, all of these cell types contribute to structural, biochemical, mechanical, and
electrical properties of the functional heart, and communicate amongst themselves through
cell-cell contacts and endocrine, paracrine and autocrine signals (Tirziu et al., 2010).

Most in vitro 3D models aim to recapitulate the structural organization of the heart cell walls
and specifically, the myocardium; therefore, they only focus on three main cell types: CMs
(ventricular and atrial), CFs, ECs and their ECM.

Within the myocardium (Fig. 1.1.1 B), CMs exhibit a branched morphology and are tightly
connected to each other by gap junction and intercalated discs, forming uniaxially aligned
myocardial fibres. This structure allows for a faster propagation of the electrical signal in 3D
and results in a coordinated contraction of the muscle, while the surrounding ECM provides
support to the repetitive tissue contraction and relaxation and hosts resident CFs and
capillaries (Ausoni & Sartore, 2009; Godier-Furnémont et al., 2011).

The ECM is mainly secreted by the CFs, and it is predominantly composed of fibrillar
collagens (I and 1), which constitute mainly the interstitial matrix. These, together with the
basement membrane components (non-fibrillar collagens IV and VI, fibronectin and
hyaluronic acids) contribute to cell adhesion, geometry, and force transmission (Rienks et
al., 2014). Moreover, during development, aging, and as a consequence of cardiac trauma,
the cardiac ECM goes through major remodelling and changes in its component ratios (Silva
et al., 2021); both changes are important in terms of in vitro modelling of developmental
processes and diseases. Another important aspect of various cardiac ECM proteins
(Collagen | and 1V, laminin, and fibronectin) is their ability to engage integrins, which have a
crucial role in cell adhesion, ion channel regulation and mechano-transduction in CMs
(Israeli-Rosenberg et al., 2014).
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myocardium cellular composition and organization.
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1.1.2 Cardiomyocyte development and current cell sources used for cardiac
models

Although patient-specific human adult primary CMs would be an optimal cell source for
disease modelling and drug screening, the limited access to human cardiac tissue for
isolation and the inability to expand CMs in culture due to terminal differentiation pose
significant challenges.

While human immortalized cell lines are also available (Davidson et al., 2005), a recent
study compared similarities of the immortalized cell line, AC16, to hiPSC-CMs and primary
adult CMs and revealed that AC16 presents a significantly different expression profile of
cardiac genes compared to both primary CMs and hiPSC-CMs, with a non-functional
contractile machinery and response to hypertrophic or ischemic stimuli (Onadi et al., 2022).
Therefore, the scientific community mostly disregards their use as cardiac models in favour
of hiPSC-CMs.

Even though, advances in the stem cell field now offer possibilities for large scale generation
of different cardiac cell types (Giacomelli et al., 2020; Wiesinger et al., 2022), a major issue
still, is that hiPSC-CMs resemble foetal CMs more than adult ones (Fig. 1.1.2) with respect
to their morphology, contractility, electrophysiology, and gene expression (Birket &
Mummery, 2015; M. C. Ribeiro et al., 2015; Vuckovic et al., 2022).

Adult CMs are elongated and exhibit increased cytoskeletal organization. Their sarcomeres
are uniaxially organized into myofibrils and they exhibit increased expression of MYH7
compared to the foetal isoform MYH6 (Y. Guo & Pu, 2020). They possess a higher
mitochondria content, with mitochondria aligned along the myofibrils. Adult CMs are also
often binucleated and display robust T-tubules, with an increased expression of L-type Ca?*
channels and Sarco-Endoplasmic Reticulum Calcium ATPase (SERCA), allowing for a more
efficient signal transduction for contraction. Their higher expression of Connexin-43 and N-
cadherin (gap junction proteins) and their localization at the cellular extremities allows for
the formation of intercalated disks for cell-cell contacts. Additionally, compared to foetal CMs
they switch their main source of energy from glycolysis to FA (metabolic switch)
(Breckenridge et al., 2013; Lopaschuk & Jaswal, 2010). Foetal CMs, on the other hand, are
smaller and rounder, do not possess the highly specialized subcellular organization of both
cytoskeletal and membrane proteins and still rely mainly on glucose and lactate, as their
main metabolic process is still glycolysis.
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Figure 1.1.2 Phenotype differences between adult and hiPSC-CMs adapted from Vuckovi¢ et al.,
2022. Binucleated adult CMs show organization of membrane proteins, such as L-type Ca®* and
NCX channels in the T-tubules and the Connexin-43 (Cx43) at the CM extremities (intercalated
disks). Mitochondria are adjacent to the uniaxially aligned sarcomeres. Their metabolism consists of
both glycolysis and FA oxidation. hiPSC-CMs are mononucleated and exhibit unorganized
membrane proteins distribution with no defined T-tubules or intercalated disks. The contraction
apparatus does not exhibit structural organization and has low mitochondrial content. Their
metabolism relies solely on glycolysis.

Like CMs, CFs have also been shown to go through such phenotypic changes during
development (Jonsson et al., 2016). The heart ECM changes as well with aging and
becomes stiffer over time going from 0.2 kPa at the embryonic stage to 10-20 kPa in the
adult heart (Gaetani et al., 2020; Huyer et al., 2015).

From developmental studies, it became clear that multiple environmental cues, such as
mechanical and electrical stimuli, ECM interactions, and interactions with non-CMs drive the
gradual maturation of CMs. Therefore, with the aim to study disease and drug responses,
microphysiological tissue engineering approaches have been developed to provide these
cues to patient derived hiPSCs with the aim of achieving models that closely mimic specific
aspects of the native heart tissue.

1.1.3 Current cardiac models and applications

Generation of spheroids/organoids was one of the first approaches to reproduce the
myocardium physiology and consisted of mixing pre-differentiated CMs, CFs and cardiac
ECs into 3D self-organized aggregates. These beating aggregates can be formed entirely
scaffold-free as CFs produce their own matrix, which consists mainly of collagen | and
fibronectin (Campostrini et al., 2021; Y. Li et al., 2017; J. Zhang et al., 2019). These models
are mainly used to study early heart development and investigate how co-culture of CMs
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with non-myocyte cell types can drive tissue maturation. Giacomelli at al., showed that
spheroids made from hiPSC-derived CMs, CFs and ECs, exhibit improved sarcomeric
structures with T-tubules, enhanced contractility, and mitochondrial respiration and were
electro-physiologically more mature. CMs and CFs coupling occurred through Connexin-43
(Cx43) gap junctions and increased intracellular cyclic adenosine monophosphate (CAMP).
Additionally, their organoids could reproduce arrhythmogenic cardiomyopathy through the
inclusion of patient derived CFs within the organoids (Giacomelli et al., 2020). Another group
mimicked myocardial infraction by embedding spheroids in hydrogel and applying an oxygen
gradient (Richards et al., 2020). Toxicity testing on cardiac organoids revealed that these
models can distinguish between negative and positive inotropic compounds as opposed to
previous studies on hiPSC-CM monolayer cultures (Pointon et al., 2015) and this confirms
an improved risk assessment of compounds (Pointon et al., 2017). Later, the same model
was used to test the structural cardiotoxicity of FDA approved compounds (Archer et al.,
2018). Morphology assessments of drug-exposed spheroid models showed changes in their
structural integrity and cellular viability.

These organoids are robust and highly scalable but lack the cellular organization of the
myocardium and its interspersed ECM. Even though they integrate ECs, they do not develop
perfused vasculature and tend to develop an anoxic core.

To mimic the cellular organization of the native myocardium, EHTs rely on geometric
confinement and the addition of extracellular scaffolds. Seeding CMs in frames of different
shapes revealed that a rectangular frame induces CMs to exhibit a more rod-shape
morphology, uniaxial calcium flow and improved sarcomeric organization compared to
square frames or monolayer culture in multi-well plates (Huebsch et al., 2016; A. J. S.
Ribeiro et al., 2015). Recently, Gepstein’s group generated a ring-shaped EHT with atrial-
ventricular polarization (Goldfracht et al., 2020). The same results can be achieved by
seeding a cell hydrogel mixture between two posts, leading elongated cardiac fibres to form
between them while they serve as anchor points (Feric et al., 2019; Mills et al., 2018). In the
Biowire Il platform, the 3D engineered cardiac tissue was generated between two flexible
wires, that allowed for non-invasive measurement of contractility frequency and force (Feric
et al., 2019; Zhao et al., 2020); long term pacing training was showed to improve contractile
properties and the tissue proved to be responsive to a large set of inotropic compounds,
validating this model for early drug discovery and development testing. In a later study, the
same platform was employed to model human myocardial fibrosis and to aid in the screening
of antifibrotic drugs (E. Y. Wang et al., 2019). Additionally, the platform offers the possibility
to generate atrial-ventricular polarized tissues (Zhao et al., 2020). Similar concepts were
also present in the Heart-Dyno platform (Mills et al., 2019), which, upon testing of pro-
proliferative drug compounds, revealed detrimental effects of many hit compounds
compared to 2D assays, as well as in the “Flexible Thin-Film” system from Lind et al., which
integrated contraction sensors within the flexible leaflet (Lind et al., 2017).

Physiological mechanical stretching is important for heart development (Hong et al., 2023);
therefore, several versions of stretching apparatus have been built to provide EHTs with
tuneable mechanical loads (Fink et al., 2000; Zimmermann et al., 2002). The simplest
approach to study the effect of stretching on an EHT consists of applying a static acute
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uniaxial stretch. Yang and colleagues studied the impact of longitudinal and lateral stretching
on the elongation and re-organization of sarcomeres through single live-cell microscopy (H.
Yang et al., 2016). The effects of different cyclic afterload regimes on EHTs suspended
between flexible posts were studied by Leonard and colleagues, showing that the degree of
mechanical load correlates positively with the twitch force and negatively with the twitch
velocity. At a lower afterload, sarcomere length, contractility, calcium kinetics, and the
expression profile (of MYH6, MYH7, MYL2, ACTC1 and TNNI3) indicated a more mature
phenotype. However, tissues under excessive afterload displayed upregulation of
pathological hypertrophy/fibrosis markers, while contractility and sarcomere length
remained constant (Leonard et al., 2018). Therefore, mechanical stretching can also be
used to trigger pathological conditions for disease modelling (Garoffolo & Pesce, 2019;
Lindsey et al., 2014).

All of these strategies for EHT formation can be combined with pacing training (Eng et al.,
2016; Radisic et al., 2004) or metabolic strategies (Ulmer & Eschenhagen, 2020), allowing
the development of highly complex experimental set ups in which several cues work together
to improve tissue functions. EHTs do not rely on the self-organization of cells within a round
MHT and provide ECM cues which are not present in the MHTs. However, they are still
cultured in static conditions and require high cell density for tissue generation. Moreover,
the unequal distribution of different cell types within the tissue may limit comparative analysis
between replicates and the lack of perfusable vessel-like structures limit the diffusion of
oxygen and nutrients to the inner parts of the tissue.

Introducing microfluidic channels to these in vitro tissue models may help in eliminating
these drawbacks as they provide continuous flow which provides a consistent delivery of
oxygen and nutrient to the tissue core. Another important aspect is that microfluidic systems
are easier to automate and scale-up.

Some of these EHT models were later converted to OoC, specifically HoC devices. Agarwal
et al. placed a cover plate connected to perfusion tubes on top of the previously designed
“Flexible Thin-Film” system (Agarwal et al., 2013). However, in this set up there was no
porous barrier between the medium and the cells, thus exposing the CMs to sheer stress.
In the HoC of Mathur et al., the cardiac microtissue was protected from sheer stress via a
barrier between the media-channels and the microtissue-chamber featuring micropores
which allowed for passive nutrient exchange (Mathur et al., 2015). As similar chip design
was also used to integrate organoids within a hydrogel, interspersed with ECs, in an attempt
to induce angiogenesis and vascularisation of the cardiac organoids (Arslan et al., 2023). In
this case not only were the media channels of the HoC platform perfused, but the micro-
vessels generated by the ECs within the hydrogels also showed a bidirectional flow of
media, which was induced by the cardiac organoids’ contraction. As the HoC design
developed, micropores were replaced by a porous membrane between upper media-
channel and lower tissue chamber (O. Schneider et al., 2019). This perfusion approach not
only allows for continuous supply of nutrients and avoids excessive accumulation of waste
metabolites, which maintaines the system homeostasis, but also decreases the handling of
the culture for media “change”. However, OoC culture requires proficient handling of
perfusion tubings and electrical cables for sensor-based readouts/connection to stimulation
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devices (i.e., pacers) and syringe pumps, thus increasing the complexity of experimental set
ups.

Various commercial platforms have sought to simplify chip handling by eliminating the need
for tubes and syringe pumps for perfusion purposes. One notable example is the Emulate
chip, which can be conveniently placed into their custom-made perfusion system, Human
Emulation System (Jang et al., 2019). Similarly, the Mimetas’ OrganoPlate utilizes a rocking
motion to induce flow between reservoirs located at the ends of the media channel,
eliminating the requirement for external pumps (Trietsch et al., 2013).

HoCs are suitable for parallelization, reducing batch effects that arise from technical and
biological variations. Therefore, implementation of technical replicates in a single OoC
improves the readout robustness (Ren et al., 2020; O. Schneider et al., 2019). Schneider et
al. tailored their HoC to hold eight independent-tissue chambers that can be loaded at once
via centrifugation (O. Schneider et al., 2019). For one time-use OoC platforms, scalable
production of such systems can be achieved by microfabrication techniques such as
lithography or laser cutting (Ahadian et al.,, 2018). However, another approach consists
usage of autoclavable materials that allows the chip to be re-used (Agarwal et al., 2013).

Additionally, HoCs as EHTs, can integrate stimulation approaches as well as on-line
readouts (see readouts in section 1.2). For example, Marsano et al. introduced an underlying
flexible polymer layer to apply defined medium pressure in the chip, mimicking the pulsating
flow of the bloodstream and the mechanical environment of native myocardium (Marsano et
al., 2016). Similarly, Kong and colleagues, applied cyclic stress to CFs cultured within a OoC
platform to study cardiac fibrotic remodelling. They proved that the magnitude of the strain
could either maintain or attenuate the myofibroblast activation (physiological strains of 5-
10%) or promote the phenotype transition toward myofibroblasts (pathological strains 15-
20%) (Kong et al., 2019). Electrical stimulation is another relevant stimulus to be applied in
HoC devices; Ren et al., integrated a comb-patterned gold electrode array for electrical
stimulation (Ren et al., 2020).

In the last years, HoC have been also connected to relevant tissues, with the most common
being liver (Oleaga, Riu, et al., 2018; Yin et al., 2021), in order to study systemic effects. In
Skardal and colleagues’ study, they connected three tissues, heart, liver, and lung to a
common fluid routing breadboard that allows the connection of the systems in a “plug-and-
play” fashion. Additionally, they integrated in-line sensors for detection of albumin, o-
glutathione-S-transferase (a-GST), and creatine kinase. They first connected the liver
upstream of the cardiac tissue and monitored changes in secreted metabolites after
epinephrine and propranolol injections compared to when only the heart was connected.
Then the lung-on-chip was added downstream of the heart and the response to Bleomycin,
an anticancer drug that causes fibrosis and inflammation, was monitored. When perfused
with the drug, the three-organ system showed loss of functionality of the cardiac tissue;
conversely, when only the HoC was treated with the drug, no effect was observed (Skardal
et al., 2017). In a later study by Gordana’s group, the heart was connected to liver, bone,
and skin tissues (Ronaldson-Bouchard et al.,, 2022). The system consists of a linear
sequence of trans-well on top of the same vasculature barrier, so that they share the
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perfusion system. The interconnected tissues maintained molecular, structural, and
functional characteristics over four weeks of culture. When challenged with doxorubicin, they
replicated the pharmacokinetic and pharmacodynamic profiles and miRNA responses
observed in humans better than the isolated tissue cultures or fluidically interconnected
tissues that lacked endothelial barriers.

All of these features demonstrate the relevance that OoC may have in preclinical drug
screening, however the differences between different designs have created challenges for
standardization, leading to independent implementation of readout technologies and making
it difficult to compare results from different platforms with each other.

Standardization involves various aspects, including materials, devices, interfaces, assays,
and data formatting. Despite several commercial OoC devices being available by companies
such as Hesperos, Aim Biotech, InSphero, Nortis, Mimetas and Emulate, they differ in size
and format, lacking easy interoperability. To address this, various OoC platforms that offers
standardization, automation, and high throughput OoC culture and assays, are being
developed, such as the Translational OoC Platform (TOP), Predict96, and the smart multi-
well plate (SMWP) project called "Moore4Medical" (Mastrangeli & van den Eijnden-van
Raaij, 2021).

1.2 Readouts: challenges and opportunities in OoC

The readouts implemented for 3D microphysiological models can be categorized in
structural, functional, and metabolic readouts.

1.2.1 Structural readouts

Transmitted light microscopy techniques, such as bright-field or phase contrast microscopy,
provides information about microtissue shape and size without the need for additional
labelling or fixation. Therefore, the techniques enable live and non-disruptive imaging on-
chip. Bright-field microscopy has been used for imaging microtissue shape changes over
time. Compaction of cells was observed on platforms with anchoring points (Zhao et al.,
2020) or in dog-bone-shaped tissue chambers (O. Schneider et al., 2019). Likewise, faster
aggregation of cells in MHTs was observed when CFs were included in the culture (T. Y.
Kim et al., 2018). However, transmitted light microscopy techniques lack specificity in
identifying cells and their structures.

Structural readouts mainly rely on immunofluorescent microscopic imaging. This allows for
the investigation of, for instance, sarcomere organization, formation of gap junction and
matrix deposition in both healthy and disease phenotypes. In OoCs, structural analysis is
preferable done directly on chip since removing the microtissue is not always feasible and
most likely affects its structure. Therefore, OoC platforms should be compatible with
microscope holders and, in the best case, fit an SBS-plate (Trietsch et al., 2013) or a glass
slide format (Rennert et al., 2015; Ronaldson-Bouchard et al., 2022). Additionally, chip
materials may introduce additional distance between the tissue and the objective lenses, or
not being made of optically clear materials, impairing the achievable resolution. Ordinarily,
in fully polydimethylsiloxane (PDMS) based microfluidic devices, the thickness of the layer
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in which the channels are engraved is at least three millimetres (Chen et al., 2017; Mu et
al., 2015), while the working distance of high magnification objectives is less than 0.3 mm.
Several approaches have been developed to shorten the path between tissue and objective,
such as PDMS exclusion molding (Rogal et al., 2020) or the use of polymethylmethacrylate
(PMMA), polycarbonate (PC) and thermoplastic elastomer (TPE) as substrates (Busek et
al., 2021; S. Schneider et al., 2021; Trinh et al., 2020).

3D tissues often require imaging, not only in the XY plane but also on the Z axis, which
allows for internal structure analysis. Confocal fluorescence microscopy has thus become a
popular tool for imaging 3D samples, primarily because of its ability to remove signal from
outside the image focal plane. Optical sectioning, imaging in the Z axis, and 3D-
reconstruction have provided views into the inner microtissue structure and the distribution
of cells within the microtissue. Localization of ECs (Giacomelli, Bellin, Orlova, et al., 2017)
and the distribution of CFs (Lee et al., 2019) has, for example, been assessed via imaging
in spheroids. Atrial and ventricular CMs were distinguished in the chamber specific Biowire
Il (Zhao et al., 2019). Furthermore, confocal microscopy allows imaging of sub-cellular
components such as sarcomeres (Giacomelli et al., 2020), adhesive proteins in junctions
between cells (Marsano et al., 2016) and mitochondrial networks (Kolanowski et al., 2020).
However, the penetration depth of confocal microscopy is < 100 ym, while multi-photon
microscopy can achieve a penetration depth = 500 um. A commonly used approach to
improve penetration depth in 3D tissues is the use of clearing solutions, either solvent- or
aqueous-based. In thick 3D tissues, lipids, intracellular and extracellular fluids scatter the
light. Tissue clearing dissolves these components, allowing light to penetrate the tissue
(Kolesova et al., 2021; Richardson & Lichtman, 2015). As a result, thicker tissue samples
can be visualized by different microscopic techniques while preserving the 3D integrity of
the sample. Nevertheless, chips materials may not be compatible with all clearing solutions.
For example, the aqueous clearing solution SCALES can be used on PDMS-based
microfluidic devices, instead of the solvent-based solution CLARITY (Clear Lipid-exchanged
Acrylamide-hybridized Rigid Imaging/Immunostaining/In situ hybridization-compatible
Tissue-hYdrogel), which is not PDMS compatible (Ondatje et al., 2022).

Despite its usefulness, immunofluorescence is a terminal assay, meaning that changes at
the structural level within the same tissue cannot be followed, but a different tissue must be
sacrificed at each time point. This results in an increase in the sample number needed for
the experiments as well as increasing data noise due to tissue biological variability between
samples. A solution is using reporter cell lines for live cell imaging; however, genetically
modifying patient cells is a labour-intensive process. Genetic fluorescent reporter cell lines
have also been used to monitor sarcomere structure in live tissue (M. C. Ribeiro et al., 2020).

To preserve tissue viability while extracting structural and molecular information, label-free
and live imaging techniques are gaining popularity. Second harmonic generation can image
non-centrosymmetric structures without additional labelling (e.g., collagen type 1) (Lopez Il
& Larina, 2019). Second harmonic generation was also used to visualize extensive collagen
deposition in a fibrosis-on-chip model (Mastikhina et al., 2020) and to image on the Z axis,
providing optical sections at 3um and 30um depths of engineered heart slices (Blazeski et
al., 2015). When coupled with two-photon autofluorescence microscopy, imaging of
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unstained CMs (Wallace et al., 2015) and myofibrillogenesis (H. Liu et al., 2011) was
possible.

Another microscopy technique to visualize cellular content is Raman spectroscopy. Raman
spectroscopy has been used on cardiac biopsies to detect fibrotic tissue (Yamamoto et al.,
2018), ECM deposition (Brauchle & Schenke-Layland, 2013; Votteler et al., 2012) and to
characterize hiPSC-CMs subpopulations (Brauchle et al., 2016; Shen et al., 2017). Despite
its novelty, it has rarely been used for imaging of OoC since the PDMS spectrum presents
strong scattering (Zahid et al., 2017) that could interfere with the detection of biological
components compared to glass (Mikoliunaite et al., 2015). Nonetheless, this technique was
successfully applied for the characterization of the pancreatic islet on chip, where it identified
nuclei, mitochondria and lipids and managed to detect a metabolic shift in response to
glucose concentration changes (Zbinden et al., 2020). These studies demonstrate the
versatility of Raman imaging as a tool for both monitoring tissue structural changes (i.e.,
collagen secretion, cell identification and organization) as well as for tracking metabolism.

1.2.2 Functional readouts

Most of the functional assays in EHTs and HoCs rely on the optical tracking of cells, tissues
or cantilevers (Feric et al., 2019; Mathur et al., 2015; O. Schneider et al., 2019) around which
tissues are compacted as a way to retrieve contraction parameters as relative pixel
displacement or absolute contraction force. Software such as MuscleMotion (Sala et al.,
2018) and OpenHeartWare (O. Schneider et al., 2019) are user-friendly and open access
tools for optical tracking of live contracting tissue from video recordings or image stacks.
This automated contraction analysis enables quantification of contraction changes in
disease and healthy states or as response to drugs and can also be applied to MPS (O.
Schneider et al., 2019; van Meer et al., 2018). However, the tissue contraction Force (N)
cannot be directly measured with these optical tools, therefore Lind and colleagues
integrated flexible sensors in their microphysiological system for continuous monitoring of
contractile force and beat rate (Lind et al., 2017).

Excitation-contraction coupling is a key indicator of a functional cardiac tissue. Calcium
(Ca?*) plays a pivotal role as an essential ion. During the action potential (AP) plateau phase,
the sarcoplasmic reticulum responds to electrical excitation by releasing Ca?* ions, thereby
elevating the intracellular Ca?* level. This increase in intracellular Ca?* facilitates the
coupling of troponin C with intracellular Ca?* in myofilaments, leading to contraction
activation. Ca?* fluorescent dyes, in a variety of excitation ranges and Ca?* affinity, are used
to study Ca?* flux propagation in 3D cardiac tissues. Although this real-time technique is
easy to implement, it is not suitable for long-term analysis and sensitivity of recordings highly
depends on the type of the dye. Alternatively, genetically modified hPSC lines that encode
for a calcium indicator overcome the limitations of Ca2* dyes (Huebsch et al., 2016).

As Ca?* flux is induced by changes in cell membrane voltage potential (mV), another
relevant measure of CMs functionality is the tracking of the AP profile. The AP starts with
depolarization of the membrane by Na* influx and following the peak of the action potential,
voltage-gated potassium channels open, allowing K* ions to flow out of the cell. At the
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beginning of repolarization, the Ca?* ions flow into the cytoplasm from the sarcoplasmic
reticulum and from outside the cell; this causes a plateau phase. Further repolarization
caused by continuous K* outflow brings the membrane potential back to resting level of -85
mV. At the end of the contraction the Ca?* is pumped back into the sarcoplasmic reticulum.
Intracellular recordings of electrophysiological parameters are obtained using sharp
electrodes or single cell patch clamp. These techniques are considered the benchmark tools
for quantifying the functionality of MHTs and EHTs (Giacomelli, Bellin, Orlova, et al., 2017;
Giacomelli et al., 2020; Huebsch et al., 2016; Mills et al., 2018, 2019). OoC and HoC majorly
rely on extracellular recordings of field potential, which can be achieved using non-invasive
MEAs or voltage sensitive dyes.

Voltage dyes are still suggested for short-term use. While they present the same limitations
as Ca?* dyes, contrary to MEAs, they do not require expensive fabrication procedures to be
integrated into the chips. Instead, MEAs are suited for long-term continuous recordings of
large cell populations and 3D cardiac tissues, and have been widely used for real-time
estimation of QT-prolongation (Shinozawa et al., 2017) and conduction velocity (Kehat et
al., 2002).

Molecular analysis of expression profiles and pathways, by standard qPCR or -omics
approaches, is commonly performed for spheroids and EHTs (Giacomelli et al., 2020; Lee
et al., 2019; Leonard et al., 2018; Mills et al., 2019; Richards et al., 2020) but not as often
for HoCs (Mastikhina et al., 2020). Microtissues formed in HoC may be too small and provide
suboptimal concentration of RNA for standard qPCR, extracting the tissues from chips may
be challenging and some chip materials may dissolve with harsh lysis solutions. Techniques
such as Spatial transcriptomic and RNAscope, although not yet commonly applied to OoCs
offer next generation methodologies for in situ tissue profiling (Bailey et al., 2021; Vickovic
et al., 2019; F. Wang et al., 2012). They aim at detecting expressed genes within tissue
slices while preserving their spatial information, thus providing insights into the organization
and function of cells within complex tissues. Traditional transcriptomic analysis typically
involves isolating and sequencing RNA from bulk tissue samples, which provides an
average snapshot of gene expression across all the cells in the sample. However, this
method overlooks the fact that different cells within a tissue can have distinct gene
expression profiles and play diverse roles. Other alternatives include collecting tissue-
conditioned media as a source for detection of biomarkers (Jacob & Khan, 2018;
McDonaugh & Whyte, 2020) or recent impedimetric immunosensors. These methods are
currently being used for quality control of embryos derived from in vitro fertilization where
invasive cell sampling carries high risk (Abreu et al., 2020; Cortezzi et al., 2013; lles et al.,
2019; Picton et al., 2010).

1.2.3 Metabolic readouts

The adult heart has a low energy reserve. In order to meet its high energy demand, CMs
can produce adenosine triphosphate (ATP) from several metabolic substrates (e.g.,
glucose, pyruvate, triglycerides, glycogen, lactate, ketone bodies, FAs, and some amino
acids) based on environmental conditions (Evans & Heather, 2016; Taegtmeyer et al.,
2016). During early cardiac development, the major energy source for pre-natal CMs is
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glucose and lactate and the major metabolic pathways to produce ATP is glycolysis.
However, as the CMs mature, mitochondrial oxidative capacity increases and FA beta
oxidation becomes the major energy source (Breckenridge et al., 2013; Lopaschuk &
Jaswal, 2010). Reproducing this “metabolic switch” from glycolysis to mitochondrial
oxidative phosphorylation is an important reflection of maturity in MPS. Several approaches
are used to monitor mitochondrial respiration and glycolysis.

Traditional techniques to measure extracellular oxygen, glucose and lactate include: (I)
polarography, which is based on the rate of oxygen diffusion to the cathode of a monitoring
electrode (Ogneva et al.,, 2012), (ll) spectrophotometric analysis of the mitochondrial
respiratory chain enzymes (Hoes et al., 2018) and (lll) measuring the activity of limiting
glycolytic enzymes (Hexokinase, phosphofructokinase, and PK) by coupling them with
nicotinamide adenine dinucleotide (NAD+/NADH) dependent enzymes and measuring
change in absorbance (TeSlaa & Teitell, 2014). However, these methods have low sample
throughput and are highly invasive since they require cell permeabilization, mitochondrial
extraction and cell lysis. Several commercially available kits and instruments (e.g., BioProfile
Analyzers and Biochemistry Analyzers) allow quantification of both extracellular glucose,
lactate, and FA levels by colorimetric and fluorometric detection in cell culture media and
are thus non-invasive. The Seahorse (extracellular flux) XF Analyzer is a fast and
comprehensive approach that allows simultaneous recording of mitochondrial respiration
and glycolysis by measuring the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of live cells and tissues. The analyser has injection ports for direct
addition of compounds in the chamber allowing measurements of drug-induced metabolic
changes. Three main metabolic assays can be performed with this technology: (I)
Mitochondrial stress test; (Il) glycolytic stress test and (lll) palmitate oxidation assay (Mdaki
et al., 2016).

Although Seahorse-XF is widely used on cell monolayers, spheroids and EHTs (Giacomelli
et al., 2020; Mills et al., 2018, 2019; Richards et al., 2020), it has not yet been applied to
HoC, possibly due to the difficulty of accessing tissues in HoCs. Most of the microfluidic
devices are closed systems where the cells proximity is not easily accessible by
instrumentation and the medium is delivered by a continuous flow. One possibility would be
to adapt the chip design to fit the instrument reader and to have a top media chamber that
can easily be opened/closed and read by the instrument; this would also allow compound
delivery by the machine itself instead of through the chip perfusion system. A recent
approach to emulate Seahorse-XF readings in OoC platforms has been developed by
integrating pH and Oz sensors within the microfluidic device and perform the assays as done
in the machine (Busche et al., 2022). A recent study has confirmed that hiPSC mitochondrial
and glycolytic capacity measured on-chip by the integrated sensors was comparable to that
of hiPSC in conventional cell culture measured by the analyser (Fuchs et al., 2022). These
optical sensors offer integrated measurement of a variety of analytes, such as Oz, pH, and
glucose (Fig. 1.2.1) (Fuchs et al., 2023; Lladé Maldonado et al., 2019; Mousavi Shaegh et
al., 2016). Optical luminescent sensors are fabricated by incorporating the luminescent
indicator dye in a polymer matrix and spotting it onto a surface (Fig. 1.2.1 A). The dye is
sensitive to the specific analyte or coupled with specific enzymes that convert the analyte to
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a species that can be detected by the dye (Fig. 1.2.1 B). For example, while in oxygen
sensors the Oz binds to the dye quenching its luminescent signal, the glucose sensors rely
on the enzyme glucose oxidase which converts glucose to Oz that can be detected by the
dye (Borisov et al., 2008; Grist et al.,, 2010). This strategy, however, makes glucose
measurement sensitive to the intrinsic Oz concentration in the surrounding environment.
When the specie of interest is detected, the dye signal is quenched decreasing the lifetime,
resulting in lower intensity and phase-shift (Ag) (Fig. 1.2.1 C). Between intensity and phase-
shift measurements the latter was established as most robust (Bambot et al., 1994; Morgan
& Mitchell, 1996) and were used in the abovementioned studies.
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Figure 1.2.1 Optical sensors schematic. (A) The sensor consists of dye particles embedded in a gel
matrix which is deposited on a surface. An optical fibre is placed below the sensor and used to excite
the dye and detect emitted signal. (B) Dye particles can be sensitive to O2 (oxygen sensor) or H+
(pH sensor) molecules. When the molecules bind to the dye, they quench the emitted signal. Glucose
sensor relies on the Glucose oxidase enzyme to convert glucose to Oy which is then detected by the
dye particles. (C) The emitted wave (blue) has lower intensity and phase shift in respect to the
excitation wave. The higher the analyte, the lower the phase shift.

Lastly, despite being a microscopic technique, fluorescence life-time imaging (FLIM) can be
utilized for monitoring NAD(P)H metabolism. Maintaining cellular redox homeostasis and
regulating cellular metabolism heavily relies on the NAD+/NADH and NADP+/NADPH redox
process. In one study from Berthiaume and colleagues, they quantified the relative levels of
NADH and NADPH in different cell types of the mammalian cochlea (Blacker et al., 2014).
However, this has not been applied yet to OoCs or HoCs.

An extensive analysis of metabolic changes under different conditions is possible through
transcriptomic and proteomic assays such as RNA sequencing (RNA-seq) and liquid
chromatography coupled with mass spectrometry (LC-MS). These techniques are used to
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investigate expression of metabolic (glycolysis and FA oxidation) related genes and
proteins. These high-throughput assays are maximally invasive as mentioned in the
functional readout section and mainly used in MHTs for which larger scale production is
possible compared to EHT and HoCs. Highly sensitive enzyme linked immunosorbent
assays (ELISA) are another quantification approach for metabolic function. Although less
widely used, ELISA and LC-MS can also be used non-invasively to analyse the cell
secretome by collecting cell culture supernatant. Secretome analysis can be employed to
gain insight into disease mechanisms (Kuhn et al., 2020) and microenvironmental changes
in the ECM during differentiation of hPSC into CMs (Robert et al., 2020). However, proteome
and secretome data acquisition and interpretation are quite challenging, even when applied
to simple systems (e.g., monoculture). Low concentration of analytes, serum contaminants
in the media, protein splice variants can all result in false negatives and positives; this might
be the reason why this technique has not been widely adopted in more complex cardiac
systems (e.g., co-culture of different cell types).

Nuclear magnetic resonance spectroscopy (NMR) detects extra-/intra-cellular metabolites
in MHTSs by the collection of tissue supernatant and lysate. The technique can be used non-
invasively and the data gives valuable input in the metabolic state of the tissues (Giacomelli
et al., 2020).

Most of the standard techniques (e.g. ELISA, LC-MS, and FX Analyzer) in static culture
systems rely on supernatant collection (of a volume of = 50 uL); however, in HoC the
miniaturization of the tissue and continuous perfusion allows the use of very small amounts
of media during culture, which results in the accumulation of secreted factors and
metabolites in very small media volumes (< 50 L), which cannot being handled by standard
assays or instruments. It is thus challenging to measure metabolites in these systems. The
combination of in situ sensors with HoC systems eliminates this challenge and allow for
continuous and faster measurements with improved time resolution. Examples of such
systems are sensors which can be either integrated in the microfluidic device or used as
plug and play component.

Integrated sensors include electrochemical sensors which are commonly used in HoC to
measure oxygen and pH analytes as a difference of electrical current or potential
(Tanumihardja et al., 2021), but they can also be adapted to measure non-electrically active
species such as glucose and lactate. These sensors often require a transducer to detect
signals. On the other hand, optical sensors can replace transducers and detect signals from
a simple transparent window on top of the sensor. Electrochemical and optical sensors
alternatives and their integration in OoC systems have been extensively reviewed in Fuchs
et al., 2021 (Fuchs et al., 2021).

Modular multi-sensors may contain several physical sensors for monitoring pH, oxygen,
temperature, and electrochemical sensors. Skardal and colleagues used modular
multisensory systems in combination with a three-tissue liver, heart, and lung organ-on-a-
chip. They successfully detected differential secretion of albumin, a-GST, and creatine
kinase MB in response to different drugs (Skardal et al., 2017). An important consideration
when choosing an integrated or modular sensor is that integrated sensors are single use
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while modular sensors can be re-usable. Another difference is that integrated sensors can
be positioned close to the tissue allowing real-time measurement; by contrast, modular
sensor readings are dependent on the flow rate and some measurements, such as oxygen
consumption in PDMS chips, can be impaired (Y. S. Zhang et al., 2017).

1.3 Engineered skeletal muscle tissues

1.3.1 Skeletal muscle physiology

A muscle is formed by several fascicles of muscle fibres, surrounded by a layer of connective
tissue called the perimysium. Within one fasciculus, several skeletal muscle fibres are
aligned. Each individual muscle fibre is a single cylindrical polynucleated muscle cell
(myofiber or myocyte), surrounded by connective tissue called the endomysium. The
endomysium consists mainly of collagen fibre types Ill, IV and V, and a small amount of
collagen type | (Passerieux et al., 2007; Trotter & Purslow, 1992). Within the myocyte, the
contractile apparatus is comprised of myofibrils (actin, myosin, troponin, and tropomyosin).
These constitute 80% of the cell content and are highly organised along the myocyte’s length
(Hoppeler et al., 1973). The well-developed sarcoplasmic reticulum and the mitochondria
surrounding the myofibrils allows for an efficient excitation-contraction coupling.

Muscle tissue undergoes significant wear and tear throughout an individual's lifespan.
Therefore, unlike the heart, which has limited regenerative capacity, it maintains its
regenerative ability through the presence of satellite stem cells, which are responsible for
the lifelong maintenance of muscle tissue. Muscle satellite stem cells lie, quiescent, near the
muscle fibres. When certain stimuli, such as physical trauma or the presence of growth
signals, are perceived, they get activated. Once activated, they first undergo symmetric
divisions to increase their numbers and then asymmetric divisions to produce myogenic
progenitor cells. The myogenic progenitors subsequently undergo proliferation and
eventually differentiate by fusing with each other or damaged fibres. This process helps
restore the integrity and functionality of the muscle fibres (Evano et al., 2020).

Muscle fibres can be classified in 3 types: (I) Type | are slow oxidative fibres, which produce
low power slow contraction and rely on aerobic respiration (oxygen and glucose) to produce
ATP. They are fatigue-resistant; (II) Type IlA are fast oxidative fibres, which produce fast
contractions and can switch their metabolism between aerobic and anaerobic respiration;
for this reason, they fatigue faster than type | fibres; (lll) Type lIx are the fastest in contraction
and rely mainly on glycolysis, therefore are the also the fastest to experience fatigue. The
speed of contraction is proportional to the development of the sarcoplasmic reticulum while
the mitochondria content correlates to the resistance to fatigue and oxidative capacity
(Frontera & Ochala, 2015; Galpin et al., 2012; Lamboley et al., 2014).

The skeletal muscle can use several different substrates to generate ATP. These include
creatine phosphate, muscle glycogen, blood-borne glucose, lactate, and free FAs, derived
from either adipose tissue or intramuscular triglyceride stores. During high-intensity short-
duration exercise, the muscle draw energy from its glycogen and creatine phosphate
reserves. While creatine degradation and the breakdown of muscle glycogen to lactate are
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the major energy yielding pathways, because the amount of these reserves in muscle fibres
is small, oxidative metabolism can also make a significant contribution. If the high-intensity
exercise is prolonged (minutes), anaerobic respiration is triggered to quickly to sustain
muscle actions; here glycolysis leads to an increase in lactate production and H* ions, which
is associated with fatigue. Lastly, when physical exercise is carried out for several minutes
to hours at a lower intensity (endurance training), the oxidative phosphorylation of
carbohydrates and lipids supplies most of the ATP. It is important to note that these
pathways overlap and while their relative contribution to ATP production is primarily
determined by exercise intensity and duration, this can vary with training status, diet and
environmental factors which can modify the metabolic response to exercise (Battey et al.,
2023; Smith et al., 2023).

Skeletal muscle plays a critical role in glucose consumption by contributing to over 80% of
glucose uptake from blood, storing it as glycogen within the muscle fibres (Ferrannini et al.,
1988; Richter & Hargreaves, 2013; Shulman et al., 1990; Thiebaud et al., 1982). Glucose
uptake by myocytes is regulated by the insulin responsive glucose transporter 4 (GLUT4);
which makes skeletal muscle cells highly dependent on insulin for maintaining their
metabolic homeostasis. However, in individuals with prediabetes, also known as insulin
resistance, the inability to regulate blood glucose concentrations within the normal range
arises. As defined by the American Diabetes Association in 2017, when muscles become
less responsive to insulin's glucose uptake signals, the fasting blood glucose levels raise
from 101 to 125 mg/dL (5.6—6.9 mM) while glucose blood levels two hours after consumption
of a 759 oral glucose load reach the range of 140-199 mg/dL (7.8—11.1 mM) (American
Diabetes Association, 2017). Interestingly, skeletal muscle’s insulin resistance can manifest
years before B-cell dysfunction and the onset of symptomatic type 2 diabetes and leads to
increased risk of developing various disorders, including cancer, cardio-metabolic
complications, neuropathy, and sarcopenia (Centers for Disease Control and Prevention,
2022; Mellbin et al., 2010; Merz & Thurmond, 2020; Warram, 1990).

One of the most prescribed lifestyle interventions for prediabetic and type 2 diabetic patients
is physical activity, which has been proven to improve insulin sensitivity in patients (Boulé
et al., 2001; Hawley & Lessard, 2007). Several studies have been conducted to determine
what training regime is best suited to combat diabetes type 2. Despite all training types
(aerobic exercise, resistance training, combined training, and high-intensity interval training)
have been reported to improve insulin sensitivity and lower glucose concentration in blood,
a consensus on what is the best training regime has not been reached (Kirwan et al., 2017;
Praet & van Loon, 2008). Studies showed that various adaptations occur after physical
exercise such as a lower percent of body fat, lower inflammatory markers, and a higher
metabolic rate at the systemic level, while an increase of skeletal muscle mass,
capillarization, mitochondrial content, and respiration have been detected at the muscular
levels (Egan & Zierath, 2013). At the molecular level, skeletal muscle cells displayed an
increase in GLUT4 expression and consequent glucose uptake during exercise (Richter &
Hargreaves, 2013). Based on the exercise type, different metabolic and myogenic
transcripts are regulated within the first 4-8 hours but are reported to return at their basal
level within 24 hours (Pillon et al., 2020; Y. Yang et al., 2005). Additionally, skeletal muscle
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releases myokines and myometabokines, which exert autocrine and paracrine effects on the
skeletal muscle and other organs, such as liver, adipose tissue, pancreas, brain, gut, bones,
and immune cells (Hoffmann & Weigert, 2017; Severinsen & Pedersen, 2020). However,
our knowledge regarding the interaction between muscles and various organs under
physical exercise is still limited (Sanford et al., 2020). To explore these biological
mechanisms linked to exercise and gain insights into the molecular-level interaction across
multiple organs, it is necessary to develop accurate models.

1.3.2 Current approaches for generation of skeletal muscle models

Despite significant progress in identifying the molecular regulation of the expansion and
differentiation of satellite cells, understanding their complex cellular and molecular
interactions still poses a significant challenge. In vitro protocols for differentiating primary
human satellite cells into myotubes have been available for several decades (Askanas &
Engel, 1975; Bishop et al., 1971; Yasin et al., 1977) and have been refined over the years.
While initially they used rat or human brain extract (Benders, 1991; van der Ven et al., 1992)
and 2% serum (horse or foetal calf) (Blau & Webster, 1981; Henry et al., 1995), in recent
years, serum-free protocols have become available (X. Guo et al., 2014; Hoffmann et al.,
2018). Despite these protocols consistently generating long, fused, multinucleated
myotubes, they still fall short of fully replicating the physiological functions of myofibers in
vivo. In particular, they do not exhibit proper muscle contraction during electrical pulse
stimulation (Lambernd et al., 2012; Nikoli¢ et al., 2012) as well as essential features of
metabolic function, such as mitochondrial respiration and glycemic control (Aas et al., 2013).
Such human myotubes predominantly rely on glycolysis for ATP production rather than
mitochondrial oxidative phosphorylation (Aas et al., 2011), demonstrate reduced insulin-
responsive glucose uptake, and have a low expression ratio of GLUT4 to GLUT1 compared
to adult skeletal muscle (Krutzfeldt et al., 2000; Sarabia et al., 1992).

Cell lines, such as mouse MM14, rat L6, and mouse C2C12, have been used over the years
as an alternative to study the effect of pacing, as they show contraction in response to
electrical stimulation. However, compared to adult human skeletal muscle cells, they
showed a low glucose uptake upon insulin stimulation due to the deficiency of GLUT4
expression. Rat L6, mouse C2C12, and human primary myotubes exhibit profoundly
different transcriptomic profiles and metabolic behaviours, making these cell types non
representative of human biology (Abdelmoez et al., 2020). Alternatively, hiPSC-derived
myocytes can be used for myofiber generation; several hiPSC lines and differentiation
protocols as well as their limitations were extensively reviewed by Iberite et al. (Iberite et al.,
2022), therefore they will not be summarised here.

To replicate the cellular and structural organization of a 3D bundle of myotubules, also
known as a myobundle, several engineering approaches were developed. These make it
possible to study skeletal muscle metabolism and drug toxicity. One strategy to generate
skeletal muscle myobundles involves creating fibres between two posts, similar to the
method described earlier for EHTs (Christensen et al., 2020). The platform described in the
study is created using stereolithographic 3D printing of PEGDA (poly(ethylene glycol)

30



diacrylate), allowing the casting of the cells in a confined hydrogel matrix embedding the
anchoring cantilevers. Another strategy was developed by Madden and colleagues, which
used a PDMS mould with features for a nylon frame and slits for casting the hydrogel cellular
mixture. Upon polymerization of the hydrogel, the hydrogel would keep the tissue anchored
to the nylon frame (Madden et al., 2015). After differentiation, the myocytes displayed
multinucleated tubular morphology with aligned actin filaments. Their model successfully
mimicked key functional aspects of human skeletal muscle, including contractile ability,
responsiveness to acetylcholine and (2-adrenergic receptors, and physiological calcium
handling. They also evaluated drug responses to statins, chloroquine, and clenbuterol, and
demonstrated sensitivity comparable to in vivo. Kondash et al. used the same model to
analyse glucose uptake in response to insulin. Even though the system exhibits relevant
drug-mediated perturbations in contractile function and glucose metabolism, the increase in
glucose uptake mediated by insulin remains modest (Kondash et al., 2020).

Torres et al. conducted a study to examine the musculoskeletal side effects of two
chemotherapy drugs, doxorubicin, and docetaxel, using 3D myobundles. They determined
that both drugs in a in vivo-like drug dosing regimen disrupted cytoskeletal architecture and
energy metabolism (Torres et al., 2022). Zhang et al., coupled the myobundle to an Ecoflex
rubber band with embedded microbeads to measure contraction force through bead
displacement and used it for pharmacological assessment of myobundles forces under
continuous exposure of cerivastatin (X. Zhang et al., 2018). Dauvis et al., managed to adapt
the commercially available O2k system to host the 3D myobundles for non-invasive
measurement of mitochondrial respirometry, similarly to the Seahorse XF analyser. The
myobundles accurately replicated normal muscle metabolism, even during periods of low
and high energy demands. This characteristic allows for the identification of drug-induced
mitochondrial toxicity (B. N. J. Davis et al., 2017).

Up to this point, few perfusable skeletal muscle-on-chips have been developed. The skeletal
muscle-on-chip developed by Serena et al., showed the potential of human mesoangioblasts
for restoring dystrophin in myotubes derived from patients with Duchenne muscular
dystrophy (Serena et al., 2016). Despite its claim to be a skeletal muscle-on-chip model,
there was still no perfusion applied to the tissues. Agarwal took advantage of 3D
photopatterning of polyacrylamide by infusing photo-curable polyacrylamide in a bonded
microfluidic platform and produced a pillar-based tissue model perfusable with media
(Agrawal et al., 2017). In another example, Davis and colleagues achieved prefusion by
enchasing a previously generated moybundle (Madden et al., 2015) in an acrylic chamber
connected to perfusion tubes through a media inlet and a media outlet (B. N. Davis et al.,
2019). This chip also integrated a luminescence quenching optical sensor and electrodes
for pacing, so that O2 consumption of the skeletal muscle tissue could be monitored during
electrical stimulation. Wan et al., tried to mimic capillary formation within a muscle fibre,
using sacrificial layers of thermos-responsive wax to produce a channel within the muscle
fibre itself and then seed it with human umbilical vein endothelial cells (HUVEC) to generate
a capillary (Wan et al., 2020).

Another aspect of skeletal muscle-on chip research is to investigate the neuromuscular
junction since muscle contraction is initiated by motor neurons and is affected by
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neurodegenerative diseases (i.e., Amyotrophic lateral sclerosis) (Jongh et al., 2021).
However, this will not be covered in this thesis as it is outside its scope. Just like the heart,
skeletal muscle plays a crucial role in metabolic and toxicity studies. As a result, it has been
incorporated into multi-OoC platforms along with other relevant organs. In Oleaga’s platform,
four organs (heart, liver, skeletal muscle, and nervous system) were co-cultured over 28
days in serum-free conditions using a pumpless system. Additionally, the platform was
provided with non-invasive readouts, such as MEAs for neuronal and cardiac activity
recording and mechanical sensors to analyse cardiac and skeletal muscle contraction.
These parameters were monitored for chronic toxicity studies in vitro (Oleaga et al., 2016;
Oleaga, Lavado, et al., 2018).

In the last part of this thesis, the Spheroflow HoC platform was repurposed to host a
functional skeletal muscle fibre that can be easily paced. This will allow the generated
skeletal muscle fibre to undergo long-term stimulation through pacing, while being analysed
with the same non-invasive readouts used for the HoC model.
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2 Materials and Methods

In this section, a comprehensive overview of the procedures for chip fabrication, cell culture
in both 2D and on-chip settings, on-chip experiments, and effluent analysis is provided.
Additionally, the approaches employed for data acquisition and subsequent statistical
analysis are presented.

The chip fabrication, centrifugal cell injection, and chip perfusion methods of the Centrifugal
HoC, were already established and published in User-friendly and paralleled generation of
hiPSC-derived u-tissues in a centrifugal heart-on-a-chip (O. Schneider et al., 2019), prior to
the start of this thesis.

Methods involving the Spheroflow HoC (resin-based fabrication of chips which integrate Oz
sensors, cell culture and characterization, spheroid formation, chip injection and culture,
immunofluorescence staining, electrical stimulation, and establishment of the O2 sensor
readout) were developed during the current project and have been published in the co-
authored paper, Fusing spheroids to aligned u-tissues in a heart-on-chip featuring oxygen
sensing and electrical pacing capabilities (O. Schneider et al., 2022).

2.1 Cell culture
All cells were cultured in a humidified atmosphere (95% air, 5% CO2) at 37° C.

2.1.1 hiPSC culture

Two hiPSC lines were used: Coriell GM25256 (RRID: CVCL_Y803, Gladstone Institute for
Cardiovascular Disease) and E1 (RRID: CVCL_RM92, Thermo Fisher Scientific).

Culture vessels were coated with Matrigel® hESC-Qualified Matrix, LDEV-free (Matrigel;
354277, Corning) or Vitronectin Recombinant Human Protein, Truncated (rhVTN-N;
A14700, Gibco). hiPSCs are cryopreserved in ibidi Freezing Medium Classic (80022, ibidi).
After thawing, hiPSCs were plated on coated 6-well plates at a density of 25,000
cells'cm? and cultured in TeSR-E8 (05990, STEMCELL Technologies) medium,
supplemented with 10 yM ROCK inhibitor Y-27632 (RI; 05990, STEMCELL Technologies)
for the first 24 h after thawing or passaging. Cells were media changed daily with 3 mL/well
of medium. hiPSCs were passaged with Accumax (SCR006, Sigma-Aldrich) at least once
before initiating the differentiation.

2.1.2 Cardiomyocytes differentiation and Lactate purification

Differentiation was achieved using an optimized protocol for the small-molecule
manipulation of Wnt signalling adapted from (Lian et al., 2013). Upon reaching = 90%
confluence, (day 0) medium was exchanged with RPMI 1640 medium (RPMI; 1185063,
Gibco) supplemented with B27 supplement without insulin (B27-I; A1895601, Gibco) and
10 uM of the Wnt agonist CHIR99021 (CHIR; S2924, Selleckchem). Exactly after 24 hrs,
medium was changed to RPMI + B27—-I. Two days later (day 3), the medium was changed
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to RPMI + B27—-I with 5 yM Wnt inhibitor IWP-4 (SML1114, Sigma-Aldrich) and incubated
for 48 hrs. On day 5, medium was changed to RPMI + B27—-I| and on day 7 to RPMI 1640
supplemented with B27 complete supplement (B27C; 17504044, Gibco), which was used
thereafter for CM culture, and exchanged every second day. Around days 9-12, cells
showed spontaneous beating. On day 15, cells were dissociated through incubation with
280 U/mL Collagenase (LS004174, Worthington) and 40 U/mL DNase (LS006331,
Worthington) in RPMI + B27C for 1.5 hrs. Detached monolayers were collected in a 50 mL
conical centrifuge tube containing 20 mL of phosphate-buffered saline minus (PBS-),
centrifuged at 200xg for 3 min and resuspended in Accumax solution followed by 25 min of
incubation at 37 °C. After singularization, cells were washed and resuspended in RPMI +
B27C with 10 uM of RI. Cells were either frozen in RPMI + B27C with 10 yM of RI + 10%
foetal calf serum (FCS; SH30066.03, Cytiva) +10% Dimethyl sulfoxide (DMSO; 472301,
Sigma-Aldrich) or replated for lactate purification protocol.

Lactate purification protocol was adapted from Huebsch et al., 2022. Cells were replated at
100,000 cells/cm? in RPMI + B27C with 10 uM RI for the first 24 hrs (day 0), then the medium
is changed to RPMI + B27C without RI. On day 3, CMs were media changed with
Cardiomyocyte selective medium (CSM, see Table 2.1.1). CSM medium is exchanged daily
for 5 days. On day 8, the medium was exchanged with RPMI + B27C and CMs were left to
recover for 3 days. On day 11, the CMs were detached with Accumax and cryopreserved.

CMs purity was checked before and after lactate purification through flow cytometry (either
with Guava® easyCyte 8HT, Merck Millipore or BD LSRFortessa™ Cell Analyzer, BD
Biosciences) for the cardiac marker Cardiac troponin T conjugated to APC (c¢TnT; 1:50;
REA400; 130-120-543, Miltenyi Biotec).

Before loading, CMs were thawed in RPMI + B27C with 10 uM RI and plated at a cell density
of 200,000 cells/cm? in a 6-well plate coated with Matrigel. After 24 hrs, medium was
exchanged with RPMI + B27C and after 3 days of culture, cells were used for experiments.
Only hiPSC-derived CMs with purity 280% were used for further experiments.

Components Final concentration

RPMI 1640 without glucose or sodium pyruvate (11879020, | Basal medium
Gibco)

Sodium bicarbonate (S5761, Sigma-Aldrich) 23mM

Sodium L-lacate (L7022, Sigma-Aldrich) 5mM

Table 2.1.1 Cardiomyocyte selective medium composition from Huebsch et al., 2022.

2.1.3 Cardiac fibroblasts differentiation protocols
2.1.3.1 Protocol 1

This protocol was adapted from Zhang et al., 2019. Upon reaching = 90% confluence (day
0), hiPSC were media changed with 3mL/well RPMI 1640 + B27-I with 12 uM CHIR. After
24 hrs (day 1), the medium was changed to RPMI + B27-1 and cells were cultured in this
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medium for 24 hrs. On day 2, the medium was changed to cardiac fibroblasts basal medium
(CFBM, see Table 2.1.2) with 75 ng/mL Basic fibroblast growth factor (bFGF) (130-093-839,
Miltenyi Biotec). Cells were fed with CFBM + 75 ng/mL bFGF every other day until day 20.
Cells were passaged with 0.05% Trypsin/EDTA (15400054, Gibco) and expanded in
FibroGro medium (SCMF001, Sigma-Aldrich) + 2% FCS on cell culture treated vessels.
Cells were then cryopreserved in FibroGro + 10% FCS + 10% DMSO. Cells were used for
experiments up to passage 9.

Components Final concentration

DMEM, high glucose (4.5 g/L) (P04-04515, Pan-Biotech) Basal medium

HLL Supplement (LS-1001, Lifeline Cell Technology): HSA | HSA: 500 Mg/mL

(human  serum  albumin), linolenic  acid, lecithin. | Linolenic acid: 0.6 uM
Lecithin: 0.6 pg/mL

Ascorbic Acid (A8960-5G, Sigma-Aldrich) 50 pg/mL

GlutaMAX (35050061, Thermo Fisher Scientific) 7.5 mM

Hydrocortisone Hemisuccinate (H2270, Sigma-Aldrich) 1.0 pg/mL

rhinsulin (LS-1004, Lifeline Cell Technology) 5.0 uyg/mL

Table 2.1.2 Cardiac fibroblasts basal medium composition from J. Zhang et al., 2019.
2.1.3.2 Protocol 2

This protocol was adapted from (H. Zhang et al., 2019). Upon reaching = 90% confluence
(day 0), hiPSC were media changed to 3mL/well of RPMI + B27-| with 6 yM CHIR. After 48
hours (day 2), the medium was exchanged with RPMI + B27-1 and the cells were cultured in
this medium for 24 hrs, followed with a media change to RPMI + B27-| treated with 5 yM
IWP-4 and incubation for 48 hrs. On day 5, the hiPSC were differentiated in CPC. After
detachment with Accumax, cells were replated on a Matrigel coated 6 wellplate, at a density
of 20,000 cells/cm? in 3 mL/well advanced DMEM (12634028, Gibco) with 5 yM CHIR and
2 uM Retinoic acid (R2625, Sigma-Aldrich). Cells were media changed the day after to
remove dead cells and left in the medium for 2 days. On day 8, the medium was exchange
to advanced DMEM for 4 days, refreshing the medium once after 2 days. By day 12, the
cells are at the epicardial progenitor cell (EPC) stage and were replated on Matrigel in
Fibroblasts growth medium (FGM; C-23110, PromoCell) with 10 ng/mL bFGF and 10 uM of
TGFB inhibitor, SB431542 (1614, Tocris). EPC were kept in this medium for 6 days, media
changing every other day until day 18. On day 18, the cells were detached with 0.05%
Trypsin/EDTA and their purity was assessed through flowcytometry with the marker
Discoidin domain-containing receptor 2 (DDR2). Cells were cryopreserved in FGM + 10%
FCS + 10% DMSO. Cells were used for experiments up to passage 9.

2.1.4 PhDF culture

Primary human dermal fibroblasts (phDF) were purchased from PromoCell (C-12300).
These cells were isolated from juvenile foreskin. 1 - 108 cells were plated in a cell culture
treated T175 flask in DMEM (P04-04515, Pan-Biotech) supplemented with 10% FCS and
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1% P/S (DMEM complete). Medium was changed every 3 days. After 7 days, the cells were
confluent and were either passaged with 0.05% Trypsin/EDTA and cryopreserved in DMEM
+10% FCS +10% DMSO. Cells were passaged at least once before any experiment and
only used for experiments up to passage 9.

2.1.5 haCFv culture

Primary human adult cardiac fibroblasts isolated from the ventricle (haCFv) were purchased
from PromoCell (C-12375). Cells were plated with a cell density of 0.5 - 108 cells in a cell
culture treated T75 flask in FGM + 2% FCS. Medium was changed every 3 days. After 7
days, the cells were confluent and were either passaged with 0.05% Trypsin/EDTA and
cryopreserved in DMEM +10% FCS +10% DMSO. Cells were passaged at least once before
any experiment and only used for experiments up to passage 9.

2.1.6 Skeletal muscle cells culture

Primary myocytes were isolated from patients, sorted for the marker CD56 to exclude non
myocytes population, and provided cryopreserved by Dr. rer. nat. Simon Dreher from the
Institute for Clinical Chemistry and Pathobiochemistry, University Hospital Tubingen,
Germany.

Cells were thawed and cultured in a cell culture treated T175 flask in Cloning medium (see
Table 2.1.3 for composition). Medium was changed every 2 days. Upon reaching > 90%
confluency, cells were used for experimental procedures.

Formation of the myotubules was achieved by switching the media to POC medium (see
Table 2.1.3 for composition) with or without the addition of 100 ng/mL of human recombinant
Insulin-like growth factor-1 (IGF-1; 13769, Sigma-Aldrich). The cells were cultured in such a
medium for 10 days and the media was exchanged every 2 days.

Cloning Medium Components Final concentration (%)
MEM a (M4526, Sigma-Aldrich) 38%

Ham's F-12 Nutrient Mix (21765037, Thermo Fisher | 38%

Scientific)

FBS (S0615, BiochromAG) 20%

L-Glutamine (200 mM) (DE17605, Lonza) 2mM

Pen/Strep (10,000 U/mL) (DE17602, Lonza) 100 U/mL

Amphotericin B (250 ug/mL) (A2942, Sigma-Aldrich) 0.2%

Chicken extract (MDL-004E-UK, Biotrend/LSP) 1%

Fasting Medium Components Final concentration (%)
MEM a 96%

L-Glutamine (200 mM) 2 mM
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Pen/Strep (10,000 U/mL) 100 U/mL

Amphotericin B (250 pg/mL) 0.2%
POC Medium Components Final concentration (%)
Fasting Medium 98%

Palmitate (P0500, Sigma-Aldrich) in fatty acid-free BSA | 50 uM
(A1595, Sigma-Aldrich) at 6 mM
Oleate (01008, Sigma-Aldrich) in fatty acid-free BSA at6 mM | 50 uM
Carnitine (C0283, Sigma-Aldrich) in MilliQ at 500 mM 100 uM
Table 2.1.3 Media composition for myocytes expansion and fusion into myotubules.

2.2 Spheroids formation

Spheroids were formed following a previous approach established by Hookway et al., 2016.
The inverted pyramid pattern of the 6-well microwell culture plate (AggreWell™400,
STEMCELL Technologies, USA) was replicated out of Hydrosil (101301, SILADENT)
(Dahlmann et al, 2013). The silicone moulds were punched out into circular segment and
glued with an epoxy adhesive (UHU PLUS sofortfest, UHU) to a PMMA holder, with cut offs
of d = 15.5 mm, h = 2 mm. The structure would represent a 24-wellplate format well, with
the silicone inverted pyramid pattern at the bottom. This reusable master mould was
sterilized with 70% ethanol before every experiment.

The master mould was filled with 650 pL of sterile 3% agarose solution in DMEM. The
agarose would solidify within 10 minutes. Solid agarose moulds were transferred, with the
patterned side upwards, into the wells of a 24-well plate. 1 mL/well of medium was added to
each well and the plate centrifuged at 1300xg for 3 min to remove any air bubbles trapped
at the bottom of the inverted pyramid microstructure.

Previously dissociated CMs and phDFs were mixed with a ratio of 3:1 (CMs: phDFs), and
the medium was supplemented with 10 uM RI. A total of 0.5 Mio cells were added to each
well and centrifuged at 300 x g for 3 min with a deceleration ramp setting of 3. Cells were
incubated (37 °C, 5% CO2) for 24 h. The next day, around 1200 spheroids/well were formed
and could be used for chip loading.

2.3 Microfluidic systems fabrication

All fabrication processes share the following common steps:

Substrate cleaning

All substrates went through cleaning before being employed in the fabrication processes.
Glass microscopy slides and coverslips were rinsed with acetone followed by isopropyl
alcohol (IPA), and subsequently blow dried. Thermoplastic substrates, namely polyethylene
terephthalate (PET) and TPE, were rinsed with IPA and blow dried. PDMS modules, without
a bonded membrane, were cleaned with IPA, blow dried, and residual particles removed
with sticky tape; when the membrane was bonded no sticky tape was used. Laser cut PET
membranes were immersed in Ethanol for 1 min and left to dry before plasma activation.
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Laser cutting of PET membranes

The 3 uym pore size PET membrane A4 sheet (030444, SABEU) was placed in the laser
cutter R5000 (Universal Systems) and the membrane outline was cut with the following
parameters: Power laser 1 = 0%, Power laser 2 = 60%, Total power = 18 W, Speed = 2%,
PPI = 100, Air flow = no, Kerf width = 0.0 mm, Number of repetitions = 0.

PDMS modules

Each module of the microfluidic systems was designed using AutoCAD 2019 and CorelDraw
2019 software and a photomask of it was printed and used to fabricate a SU-8 silicon wafer
master through UV lithography as previously described (O. Schneider et al., 2019, 2022).
PDMS layers were moulded from the silicon wafers. PDMS polymer and linker (Sylgard 184,
Dow Corning) were mixed with a ratio of 10:1 (polymer:linker), degassed and poured onto
the wafer. The wafer was previously placed in a holder allowing for the PDMS to be confined
to the top of the wafer and to have a thickness of 3 mm. After overnight (O/N) incubation at
60°C the PDMS was peeled off the wafer and single modules were cut out.

2.3.1 Centrifugal HoC

This protocol was previously published in Schneider et al., 2019.

The Centrifugal HoC is composed of two PDMS layers, the tissue and the media layer. The
media and tissue ports were punched through the media layer, with a 0.75 mm biopsy
puncher (504529, World Precision Instruments). While the media ports were punched
perpendicular into the layer, the tissue inlet was either punched on the side at an angle of
15° (relative to the surface of the upper chip) for centrifugal loading or perpendicular for the
hydrostatic flow loading of hydrogels. The media PDMS module was plasma activated for
15 s and the side featuring the channel structure was bonded to the PET membrane, which
was previously plasma coated as described in Rogal et al., 2020 (Rogal et al., 2020). The
tissue PDMS layer was bonded with its unstructured side to a microscopy glass slide after
being plasma activated for 15 s. Both modules were incubated at 60°C for 2 h. The last step
consisted of bonding the media and tissue layer structured sides together after both sides
were plasma activated for 15 s. The full assembly was incubated at 60°C for at least 2 h.
Before usage for experiments, the chips were hydrophilized by plasma treatment for 4 min.

Plasma treatment of substrates was performed with the Diner O2 plasma machine (13.56
MHz, 50W; Zepto, Diener).

2.3.2 Spheroflow HoC
This protocol is published in Schneider et al., 2022.

The Spheroflow HoC system features a tissue layer moulded from the NOA81 resin (NOAS81,
Norland adhesive), a media module made of PDMS and the PET membrane, sandwiched
between the two layers.
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The PDMS media layer was fabricated as previously described. All media and tissue ports
were punched perpendicular to the media layer with the 0.75 mm biopsy puncher.

For the tissue layer, master moulds, with the inverted channel structures, were made of
PDMS. Resin injection ports were punched in the four corners of the PDMS master mould
with a 2 mm biopsy puncher (504531, World Precision Instruments). The PDMS master
mould was positioned on the glass coverslip substrate with the channel structures being in
contact with the glass. The NOA81 resin was dispensed from a 10 mL syringe (BD
Plastipak, BD) with a 21 GA cannula (21 GA; KDS212P, Kahnetics) in two of the resin
injection ports (both on the same side) of the PDMS master. The resin fills the underlying
space between the master mould and the substrate by hydrostatic force, until it reaches the
opposite two injection ports. When the master mould was completely full, the resin was cured
in the ultraviolet chamber (UV chamber, UWAVE) at 188 mJ/cm?. The PDMS master mould
was then peeled off, cleaned with IPA, and stored for reuse. In the meantime, the media
layer was assembled as stated in the Centrifugal HoC protocol. Afterwards, the prepared
media-membrane assembly was plasma treated for 60 s and the surface was covered with
a solution of 1% (3-Aminopropyl)triethoxysilane (APTES) in de-ionized (DI) water (A3648,
Sigma-Aldrich) for 10 min. The assembly was then thoroughly rinsed with DI water and blow
dried. The media assembly was then aligned on top of the tissue layer and the system was
further cured in the UV chamber at 21 J/cm?. The final chip was incubated O/N at 60°C. The
tissue and media channels were rinsed with ethanol to remove any remaining residue and
to ensure proper flow, and the chip was left to dry at room temperature (RT) until use.

Several variations to the standard protocol were applied based on the experimental design:

PDMS tissue layer
A PDMS layer made with the same channel structures was made using SLA-printed master
moulds. The same protocol as the Centrifugal HoC was carried out for chip assembly.

O2 sensors integration

In order to integrate O2 sensors, a PET foil with deposited sensor spots was provided by a
collaborator (Stefanie Fuchs, TU Graz). The PET foil was plasma activated for 60 s and
treated with 1% APTES solution for 10 min. After treatment, it was thoroughly rinsed with DI
water and blow dried. The PDMS master for resin injection was positioned on top of the
substrate, carefully aligning the distal knob regions with the sensor’s spots.

TPE media layer

750 pm thick TPE sheets were produced by an external service provider (Fraunhofer
Institute for Process Engineering and Packaging IVV, Freising, Germany) starting from
commercially available TPE pellets (Mediprene OF400M, HEXPOL TPE AB, Amal,
Sweden). It was essential to achieve a TPE top layer of comparable thickness to the PDMS
counterpart, and therefore capable of holding the pipette tips in place when inserted in the
ports. For this, three sheets of 750 um TPE were stacked on top of each other and fused
together by placing them in the hotpress (LabEcon 100, Fontijne) and applying T = 130°C
and F = 6 kN for 20 min. The fused sheets resulted in a triple TPE layer of approximately
2.25 mm in thickness.
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To hot emboss the media features into the TPE, an epoxy master was required. To obtain
the epoxy master, the silicon wafer with the media layer structures was used for PDMS
casting. After the PDMS was cured, it was detached from the silicon wafer.

To cast the epoxy mould, the PDMS was placed within a casting device, which, once closed
tightly, presents two upper holes to hold syringes and one side opening for the vacuum
pump attachment. The epoxy resin (09400-010-000300, KauPo Plankenhorn e.K.) was
prepared following supplier instructions. In addition, 1:10 of Epic Epoxy Thinner (09400-010-
000319, KauPo Plankenhorn e.K.) was added to facilitate casting. Before casting, the epoxy
mixture is degassed for 5 min. One 50 mL syringe without the piston was attached to one of
the top holes in the epoxy mould tool and the epoxy mixture was slowly poured into it from
the top, taking care to avoid air bubble formation. On the other side, another 50 mL syringe
was attached, and its piston was steadily pulled to suck the epoxy into the tool, taking care
to not let the first syringe run out of epoxy. Several cycles of refilling and pulling were
required before completely filling the tool.

To avoid any possible air bubbles after resin filling and curing, the vacuum pump was left
running for 24 hrs. After that, the syringes and pump were disconnected, and the tool was
placed at 60°C for 24 hrs to complete the curing process. After being completely cured, the
solid epoxy mould was removed from the tool and tempered at 80°C for 2 hrs, and then at
150°C for 3 hrs. After cooling down, the epoxy mould was cleaned and could be used to hot
emboss the media structures on the TPE substrate. A bottom PMMA sheet of 250 um
thickness, the triple TPE layer and the epoxy mould were sandwiched within two aluminium
plates with silicon mats. The sandwich was then inserted in the hot press for hot embossing
the media features onto the TPE. The hot embossing parameters were optimized to the
following setting: T =130 and F = 2.5 kN for 20 min.

Single media units and ports were cut out from the hot embossed TPE layer by placing the
TPE layer between two 250 um thick PMMA sheets and laser cutting it with the following
parameters:

Power laser 1 = 25%, Power laser 2 = 25%, Total power = 16 W, Speed = 2%, PPI = 200,
Air flow = high, Kerf width = 0.26 mm, Number of repetitions = 3.

Assembly of the complete chip was performed without plasma treatment of the TPE. After
removing the PMMA foils from the TPE media unit and rinsing it thoroughly with IPA, the
PET membrane was placed on the media layer and then the media-membrane assembly
was aligned to the to the resin tissue layer. Gentle pressure was applied to the assembly
and the chip was UV cured at 21 J/cm? and incubated O/N at 60°C. To assure flow and
wash away potential TPE residues from the channels, the chip was flushed with IPA and left
to dry at RT.

2.4 Skeletal muscle fibre in 3D mould

A 3D master was designed in TinkerCAD and printed in UV curable resin (clear resin,
Formlabs) with the stereolithography (SLA) printer (Form 3, Formlabs). The printed master
was post processed to make it suitable for PDMS moulding. First, it was washed in IPA for
10 min to remove any residual non-cured resin and then further cured through UV exposure
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(Form Cure, Formlabs) for 15 min. The cured master was washed again with DI water for 1
h and dried at 60°C O/N. To mould PDMS, the polymer was poured onto it, degassed to
remove any air bubble trapped the master corners, and then cured at 60°C O/N. The PDMS
was peeled off the moulds and sterilized in 70% EtOH before use.

The PDMS mould was used for the generation of skeletal muscle microtissue by Dr. rer.
Nat. Simon Dreher from the Institute for Clinical Chemistry and Pathobiochemistry,
Department for Diagnostic Laboratory Medicine, University Hospital Tubingen, Germany.

2.5 Chip injection and culture

2.5.1 Centrifugal HoC loading

Different loading procedures were applied, depending on whether only cardiac spheroids or
both cardiac spheroids and the hydrogel were injected.

Centrifugal loading of Spheroids

The chip was first equilibrated by plugging the media ports, inserting a pipette tip containing
100 pL of cell culture media, and centrifuging the chip at 200 x g for 3 min. This removes
any air bubbles from the chip channels as well as serving as a quality control to detect any
chip leakage. Meanwhile, the pre-formed spheroids are collected and filtered through a 150
pum strainer (43-50150-03, pluriSelect) into a 50 mL tube and left to settle at the bottom of
the tube. Afterwards, the media was aspirated, and the spheroids were resuspended in 250
uL/well of RPMI + B27C. 50 uL of media was aspirated from the tissue inlet tip and 50 uL of
spheroids suspension was added to it. The chip was centrifuged once again at 200 x g for
5 min to load the spheroids into the chip.

Loading of spheroids and hydrogel by hydrostatic flow

Since loading a cardiac spheroid suspension within a hydrogel by centrifugation was found
to be unachievable due to the hydrogel solution viscosity, the chip tissue inlet was then
punched perpendicular to the chip surface instead so that the chip could be loaded by
hydrostatic pressure.

The following procedure was done on ice. In preparation of the experiment, pipette tips,
Eppendorf tubes, and 50 mL tubes were all cooled down to 4°C and the spheroids were
prepared as previously described. After the chip was equilibrated with media and the media
inlet was sealed, a pipette tip containing 50 L of media and 50 L of spheroids suspension
was inserted into the tissue inlet and an empty pipette tip was inserted into the media outlet.
The hydrostatic flow dragged the spheroids into the tissue chambers. In the meantime, the
hydrogel solution was prepared with 3mg/mL FibriCol® (#5133, Advanced BioMatrix) in cell
culture media following supplier instructions and FluoSpheres™ Carboxylate-modified
(diluted in DI water with a dilution factor = 2 x 104; F8811, Thermo Fisher Scientific) were
added in a 1:10 dilution. For the injection of hydrogel, the media outlet tip was exchanged
with a new empty tip and the tissue inlet tip was exchanged with a new tip containing 100
ML of hydrogel-FluoSpheres mixture. The chip was then incubated for 90 min at 37°C with
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5% CO:z2. To avoid clogging of the media channels due to hydrogel polymerization, the media
channels were flushed with media and tubing was attached for perfusion.

2.5.2 Spheroflow HoC loading
2.5.21 Cardiac spheroids

Chips were sterilized by flushing media and tissue layers with 70% ethanol (EtOH) and
incubating O/N at RT. Then, chips were thoroughly rinsed with sterile PBS- (F1141 Sigma-
Aldrich) and equilibrated with pre-warmed media. During these steps, pipette tips with 100
ML media were inserted into all tissue and media ports and air bubbles were removed by
manual flushing. Spheroids were collected from the well, filtered through the 150 um strainer
and left for sediment to settle on the bottom of the falcon, before aspirating the supernatant.
Spheroids were resuspended in 250 pL/well of fresh RPMI + B27C. 100 pL of media were
added to the tissue inlet tip while media in the tissue outlet tip was aspirated. The loading
procedure was observed using a microscope to ensure that an adequate quantity of
spheroids were injected. If needed, additional spheroids could be added to the inlet tip. 30
ML of spheroids suspension was added at the tissue inlet tip and the hydrostatic flow drove
the spheroids into the tissue chamber, where they accumulated due to the channel
constriction. The chip was incubated O/N at 5% CO2, 37°C, and 95% relative humidity (RH)
before the tissue ports were sealed with metal plugs and the media ports were attached to
the perfusion system.

2.5.2.2 Skeletal muscle cells

Chips were sterilized by flushing media and tissue layers with 70% ethanol (EtOH) and
incubating O/N at RT. The chips were then thoroughly rinsed with sterile PBS- (F1141
Sigma-Aldrich) and equilibrated with pre-warmed media. During these steps, pipette tips
with 100 yL media were inserted into all tissue and media ports, and air bubbles were
removed by manual flushing. The hydrogel solutions of 1:5 Geltrex® (A1413302, Thermo
Fisher Scientific) or 3 mg/mL TeloCol®-6 (#5225, Advanced BioMatrix) in cloning medium,
were prepared. Cells were detached and resuspended to obtain 0.5 - 10° cells in 20 L of
hydrogel solution. Tissue inlet and outlet tips were detached and a 100 pL tip containing 20
WL of hydrogel-cell suspension was inserted into the tissue inlet. Gentle active pressure was
applied to the tip to load the hydrogel-cell solution, until some hydrogel could be seen exiting
from the tissue outlet while making sure to not let air bubbles into the chip. These loaded
chips were incubated O/N at 5% CO2, 37°C, and 95% relative humidity (RH) before plugging
the tissue ports with metal plugs, and attaching the chip to perfusion.

2.5.3 Chip culture

For both models, the same perfusion system was used. It comprised of a syringe reservoir
with media connected by a cannula (21 GA, KDS212P, Kahnetics) to a 50 cm plastic tube
(AAD04103, Tygon), which ends in another cannula plugged into the chip media inlet. At the

42



media outlet, a shorter plastic tube was connected through the cannula to the chip and its
opposing end was inserted into a waste reservoir.

2.5.3.1 Cardiac tissues

The HoC devices were connected to an external syringe pump (LA-190 Landgraf HLL), and
continuously perfused with RPMI+B27C medium at a constant rate of 50 pyL/h through the
media channels. The devices were incubated at 5% CO2, 37°C, and 95% RH. The medium
outflow was collected in a waste reservoir. The tissues were regularly observed using an
inverted light microscope (DMi8, Leica or Observer 7 ApoTom, Zeiss) that had an integrated
incubator.

2.5.3.2 Skeletal muscle tissues

For the first 3 days, the chips were perfused with 50 pL/h of cloning medium to allow the
cells to adjust to the hydrogel. Afterwards, the media was switched to POC media, with or
without IGF, depending on the experimental conditions. They were perfused with this media
for 10 days.

A recirculation approach was designed to minimize wasted POC media. A syringe media
reservoir with 10 mL of medium was placed in the syringe pump and perfused through the
tubing into the media inlet. At the media outlet, another tubing led to a reservoir syringe
without the piston, sealed with air permeable membrane, Breathe-Easy® sealing membrane
(£380059, Sigma-Aldrich) and held vertical by a 3D printed holder. Every 5 days the flow
was switched from positive pressure to negative pressure for 3 days and reverted to positive
pressure for the remaining 2 days.

2.6 On-chip experimental procedures

Based on the experimental design, stimulation and readouts were carried out in under
different conditions.

Whenever video recording was carried out to examine tissue functionality (i.e. during
electrical stimulation or drug administration), the Spheroflow HoC were located under the
microscope, within an incubation chamber where a temperature of 37°C and a 5% CO2
atmosphere were kept. The perfusion system was kept attached and running.

For long-term experiments of several days, the chips were cultured within the incubator
(37°C, 5% CO2, 99% RH), with the electronic devices (i.e. pacer, optical fibres) connected
to them by cables going through the incubator door. The pumping system was kept within
the incubator to avoid formation of air bubbles within the media due to temperature changes.

The ALS Incubator FlowBox allowed for experiments where the set up needed to be easily
accessible to the operator without compromising sterility, controlled temperature, RH, and
COz2 levels. For experiments in the ALS Box the following settings were applied: T = 37°C,
RH =65%; CO2 = 5%.
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2.6.1 Electrical Stimulation

Tissues were paced using the in-house built “Easypace”, as previously described in
Schneider et al., 2022. Summarized, crocodile clips were attached to the fluidic connectors
and biphasic pulses were delivered for pacing through the media layer; frequency (Hz),
pulses duration (ms) and voltages (V) are stated in the results section of each experiment.

2.6.2 O sensor readout

A PMMA platform was built to allow precise alignment of the sensors with the optical fibres
(d =1 mm, | =1 m). The platform had cut-outs in which the optical fibres would fit in, which
would match the positions of the sensor spots of four Spheroflow HoC chips, allowing the
reading of up to eight sensors spot simultaneously. Chips were kept in place with magnets.
The optical fibres were connected to the phase fluorimeter and the FirePlate (a prototype
platform similar to the FireSting pro (Pyroscience) but with 48 channels available instead of
four). Using the software Pyro SimplePlateReader v1.42, the phase fluorimeter was set to
an illumination intensity of 100% and detection amplification of 400x. Correctly aligned
sensors spots must yield a signal intensity above U = 100 mV for every measurement. To
calibrate the sensors, a lower calibration point (defined as, po, = 0%) and an upper
calibration point (defined as p,, = 100%) were used. For the calibration of p,, = 0%, a fully
deoxygenated solution was perfused at 50 uL/h for at least 1 hour in a cell culture incubator
(37°C, 5% COg2, 99% RH) through two chips. The deoxygenated solution was obtained by
dissolving 100g/L of Na2SOs in ultrapure water, which quenches the O2 dissolved in the
water. The average phase shift (A¢) measured by the four sensors (Ap = 50.5°) was used
for all the following experiments. As the complete rinsing out of the Na2SOs cannot be
guaranteed, the chips used for the p,, = 0% calibration point could not be used for cell
seeding. For the p,, = 100% calibration point, each HoC was calibrated before cell seeding.
For this, chips were perfused with cell culture media for 1 hour and the A¢ recorded by each
sensor was set as the upper calibration point (p,, = 100%) for that sensor. When reading
Oz levels, it is important to set the temperature (°C), atmospheric pressure (mbar), humidity
(100% in liquid), and salinity of the media (g/L) used. Acceptable values are 50° < Ap <
53¢ for the py, = 0% calibration point, and 20° < A¢ < 23° for the p,, = 100%.

Regarding data acquisition and graphical representation: for short-term assays (a few hours
long), the phase shift was read 1 / s and then averaged to obtain one data point / minute
which was then plotted; for long-term assays, the phase shift was read 1 / 10 s and then
averaged to obtain one data point / 30 minutes which was then plotted.

2.6.3 Drug injection automation

The uProcess™ (LabSmith) hardware suite included the following: breadboard (uPB-05),
EIB200 (USB) uProcess Interface, uProcess software (EIB200), one-piece fitting, interfaces
valve with capillary tubing (T132-100), uProcess Manifold for Valve Control 4VMO02 (4VMO02),
uProcess Automated 4-port Selector Valve AV202 (AV202-T132), and tools for component
& breadboard installation (LS-HEX, LS-TORX, LS-Screws.25).
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The hardware was assembled in the ALS box and the tubings (Tubing, Medical Grade,
Tygon® ND 100-80, AAD04091, avantor) were connected to the perfusion system and pre-
filled with cell culture media. The valve outlet that would be connected to the chip had a
short tube hosting a metal cannula 27G (783-TE727050, AAT Aston) for chip connection.
This tube was made as short as possible to minimize the delay between the solution being
switched and the new solution reaching the chip. The set up (Supplementary Fig. 1)
required two pumps, one (pump A) would deliver flow to the valve inlet A and the other
(pump B) would deliver flow to the valve inlet B. The perfusion was set to 50 yL/h and the
chip was connected to the 4-port valves. The first solution being delivered to the chip, with
the valve set to position A, was culture media, while pump B would perfuse a 7.5 uyM
Oligomycin A (75351, Sigma Aldrich) solution (or just culture media for the control chips) to
the waste outlet. Once the chip oxygen level reached an equilibrium, the valve position was
switched to B, to deliver the Oligomycin solution. Perfusion of Oligomycin lasted for 40
minutes, during which the syringes in Pump A were exchanged with syringes containing a
solution of 2.4 uM Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; C2920,
Sigma Aldrich) in media and the tubings were equilibrated with this solution. At 40 minutes,
the valves were switched back to position A, to perfuse the chip with FCCP for 90 minutes.
During this time, the syringes with Oligomycin A in pump B were changed to 3 / 6 uM
Rotenone / Antimycin A (R8875 and A8674 Sigma Aldrich) and tubings were equilibrated.
After 90 minutes, the valves were switched to position B once again and the solution of
Rotenone / Antimycin A was perfused for 40 minutes before stopping the recording. All valve
switching steps were scripted for automation with the uProcess™ Software.

2.7 Staining and imaging
2.7.1 Flow cytometry

For flowcytometry analysis, cells were stained first with surface markers in PBS with 1%
Bovine Serum Albumin (BSA; A9647-50G, Sigma-Aldrich), and then fixed with 4%
Roti®Histofix (P087, Carl Roth). After fixation, cells were permeabilized and blocked with a
solution of 0.2% Saponin (8047-15-2, Sigma-Aldrich) + 1% BSA in PBS and stained with
intracellular markers in the same solution. In Table 2.7.1, a list of all the antibodies used for
flow cytometry is reported.

For primary conjugated antibodies, cells were incubated for 10 minutes at RT in the dark.
For markers that required primary and secondary antibody staining, the cells were incubated
for 30 minutes at RT, washed with 0.2% Saponin + 1% BSA in PBS and stained with the
secondary antibody in the same solution for 20 minutes at RT. After each step cells were
centrifuged at 200% for 3 min and washed with 0.2% Saponin + 1% BSA in PBS.

For all analyses the following controls were included: unstained control, isotype control for
primary conjugated antibodies and secondary antibody only for primary un-conjugated
antibodies and FMO controls. Sample acquisition was performed using Guava® easyCyte
8HT, Merck Millipore or BD LSRFortessa™ Cell Analyzer (BD Biosciences) and results
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analysis and graphs generation was done with the built-in Guava® easyCyte 8HT software
or using FlowJo (ver. 10).

Antibody Dilution
CD90-APC-Vio770 (REA897; 130-114-905, Miltenyi Biotec) 1:50
cTnT-APC (REA400; 130-120-543, Miltenyi Biotec) 1:50
Vimentin-FITC (REA409; 130-116-663, Miltenyi Biotec) 1:50
Fibroblast Antibody-PE (REA165; 130-126-007, Miltenyi Biotec) 1:11
Anti-NKX2.5 in mouse (259416; MAB2444, R&D systems) 1:100
Anti-WT-1 in rabbit (CAN-R9(IHC)-56-2; ab89901, abcam) 1:100
Anti-ZO1 in rabbit (40-2200, Invitrogen) 1:100
Anti-DDR2 in mouse (3B11E4; ab63337, abcam) 1:100
Goat anti-mouse Alexa Fluor™ 488 (A-11001, Invitrogen) 1:100
Goat anti-rabbit Alexa Fluor™ 488 (A-11008, Invitrogen) 1:100

Table 2.7.1 Antibodies and respective dilutions used for flowcytometry analyses.

2.7.2 Immunocytochemistry
2721 2D

Cells cultured on Matrigel-coated wells were washed with PBS and fixed using 4%
Roti®Histofix for 10 min. For permeabilization and blocking, a solution of 3% BSA + 0.1%
Saponin in PBS was used for 30 min. Saponin maintains the integrity of protein surface
antigens, however it does not permeate the nuclear membrane making the use of the
permeable nuclear dye Hoechst necessary. All the antibodies and the nuclear dye used are
reported in Table 2.7.2.

The cells were then incubated O/N at 4°C with the primary antibodies in a 1:10 diluted
blocking and permeabilization solution in PBS. After incubation with primary antibodies, cells
were washed with a 1:10 diluted blocking and permeabilization solution and incubated with
secondary antibodies and Hoechst, or for conjugated primary antibodies, just with Hoechst,
at 4°C O/N. Cells were finally washed and imaged with the Leica DMi8 microscope for
Cardiomyocyes, hiPSC-CF protocol 1 and haCFv; and with Zeiss Observer 7 ApoTome
microscope for the hiPSC-CPC, EPC and CF in protocol 2. Negative controls stained with
only the respective secondary antibody, or the isotype were acquired.

Images were processed in Imaged, by removing the background noise of the negative
controls from the stained samples.

Primary Antibody Dilution

Anti-Vimentin in goat (ab11256, abcam) 1:200 for cardiomyocytes
cTnT-APC (REA400; 130-120-543, Miltenyi | 1:50

Biotec)
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Vimentin-FITC (REA409; 130-116-663, Miltenyi
Biotec)

1:50 for hiPSC-CF protocol 1 and
haCFv.

Miltenyi Biotec)

Fibroblast Antiboy-PE (REA165; 130-126-007, | 1:50
Miltenyi Biotec)

Collagen | Antibody-APC,  anti-human, | 1:50
REAdye lease™ (REAL958; 130-127-017,

Anti-ZO1 in rabbit (40-2200, Invitrogen)

1:100 for hiPSC-CF protocol 1 and
haCFv; 1:200 for hiPSC-EPC protocol
2

Invitrogen)

Anti-Connexin 43 in rabbit (ab11370, abcam) 1:1000
Anti-NKX2.5 in mouse (259416; MAB2444, R&D | 1:500
systems)

Anti-WT-1  in  rabbit (CAN-R9(IHC)-56-2; | 1:50
ab89901, abcam)

Anti-DDR2 in mouse (3B11E4; ab63337, abcam) | 1:200
Secondary Antibody

Donkey anti-goat Alexa Fluor™ 546 (A11056, | 1:500

Goat anti-rabbit Alexa Fluor™ 488 (A-11008,
Invitrogen)

1:100 for hiPSC-CF protocol 1 and
haCFyv; 1:500 for hiPSC-EPC protocol

2
Goat anti-mouse Alexa Fluor™ 488 (  A- 1:500
11001, Invitrogen)
Hoechst 33342 (62249, Thermo Fisher | 1:500
Scientific)

Table 2.7.2 Antibodies and dyes with respective dilutions used for 2D staining procedures.

2.7.2.2 On-chip immunocytochemistry

Spheroflow HoC Cardiac tissue

Using 100 pL pipette tips, tissues were fixed inside the chips at RT for 15 min with 4%
Roti®Histofix, and then permeabilized for 15 min with 0.1% Triton X-100 (28314, Thermo
Fisher Scientific). The medium layer was removed and blocking solution of 3% BSA was
applied on top of the tissue. After incubation of 1 h at RT, the drop was aspirated and the
staining solution of 1:50 cTnT-APC, 1:250 4’,6-Diamidino-2-phenylindole dihydrochloride
(DAPI; 1 mg/mL; D9542, Sigma-Aldrich) in 0.1% Saponin, and 0.1% BSA in PBS- was
applied O/N at 4°C. After staining the tissue was washed with PBS- and flipped onto a glass
coverslip for imaging with the laser scanning microscope (LSM) 710, Zeiss.

Spheroflow HoC Skeletal muscle tissue

Using 100 pL pipette tips, tissues were fixed inside the chips at RT for 15 min with 4%
Roti®Histofix, and then blocked and permeabilized for 30 min with 3% BSA + 0.2% Saponin.
A tip containing 100 uL of 1:500 Hoechst and 1:100 Alexa Fluor™ 546 Phalloidin (A22283,
Invitrogen) in 0.3% BSA + 0.2% Saponin solution. An empty tip was inserted in the media
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outlet to allow for equilibration. The chips were incubated in a humid environment at RT O/N.
Chips were then flushed 5 times with a 0.3% BSA + 0.2% Saponin solution before being
imaged in the Cell Observer Spinning Disk (Axio Observer.Z1, Zeiss).

2.7.3 Live/Dead staining
2731 2D

Wells were media changed with media containing 135 ug/mL propidium iodide (Pl; P4170
Sigma-Aldrich), 27 ug/mL fluorescein diacetate (FDA; F7378 Sigma-Aldrich) and 1:1000
Hoechst. After 5 minutes of incubation at 37°C, the wells were washed with PBS and imaged
by fluorescence microscopy (DMi8, Leica).

2.7.3.2 On-chip

For cardiac chips cultured under pacing, media containing 1:5000 CellTox™ Green
Cytotoxicity Assay (G8731, Promega) was perfused O/N and the chip was imaged by
fluorescence microscopy (Observer 7 ApoTom, Zeiss).

Live/dead staining of skeletal muscle tissues was performed under static conditions by
incubating the chip in media with 1:5000 CellTox™ Green Cytotoxicity Assay (G8731,
Promega) and 1:500 Hoechst, for 15 min. The chip was flushed with fresh pre-warmed
media and imaged by fluorescence microscopy (Observer 7 ApoTom, Zeiss).

2.7.4 Raman imaging

Raman imaging and data analysis was performed by our collaborator, Daniel Carvajal Berrio
from the Schenke-Layland Lab, Universitatsklinikum Tubingen, Germany.

Raman imaging was performed with a WiTec alpha 300R upright microscope (WiTec GmbH,
Ulm, Germany). Spontaneous Raman was excited through a 63x water dipping objective
(Zeiss GmbH, Jena, Germany) and a 532 nm laser. Spectral detection was done with a
spectrograph with a 600g/mm grating and a charge-coupled device (CCD) camera (WiTec
GmbH, Ulm, Germany). Raman spectra were scanned with a 1 x 1 ym resolution, a laser
power of 50mW and an integration time of 0.5 seconds. Raman scans were analysed via
true component analysis (TCA) to detect the main components of the sample. Principal
component analysis (PCA) analysis was performed to evaluate differences in lipids and
protein composition between non electrically stimulated tissue at day 5 and electrically
stimulated tissues ad day 14 of culture.

2.8 Effluent assays

2.8.1 LDH-Glo

Cells were seeded in a 96 wellplate format at density of 5,000 cells/well for fibroblasts (phDF,
hiPSC-CF, haCFv) and 30,000 cells/well for CMs with 100 uL/well of media. For each media
condition and time point, cells were seeded at least in duplicates. Media formulations
comprise of: RPMI + B27C, RPMI + B27C + 5 ng/mL bFGF, RPMI + B27C : FGM in ratio 3
to 1, FGM, FibroGro. Wells with media only were included as blanks; and no FCS was added
to the fibroblast's media: FibroGro, FGM and DMEM. Samples were collected on different
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days. Cells that were not used for sample collection at a specific time point were media
changed instead. The samples were collected and analysed following the LDH-Glo (J2380,
Promega) instructions. To summarize, 5 uL of media were collected from each well, diluted
in 95 yL of LDH Storage Buffer pH 7.3 (200 mM Tris-HCI, 10% Glycerol, 1% BSA in MilliQ)
and frozen at —20 °C until analysis. After sample collection, the total release LDH controls
from the same wells were generated by adding 2 uL/well of 10% Triton X-100 for 15 min;
and another 5 pL were collected and stored. After collection of all the samples, they were
thawed at RT and mixed in a white 384-wellplate (781075, greiner Bio-One) at a 1:1 ratio
with the LDH Detection Reagent. The samples were pipetted in technical triplicates and the
plate was left to rest at RT in the dark for 30 min for fibroblasts and 60 minutes for CMs. The
luminescence measurement was acquired with the TECAN Spark plate reader. Data was
analysed by removing the media blank signal from the respective samples and total release
LDH controls. The sample values were then divided by their total release LDH controls.
Finally, for data analysis, the fibroblasts data was normalized over their respective medium
(DMEM for phDF and FibroGro or FGM for cardiac fibroblasts) and for CMs over the RPMI
+ B27C medium.

2.8.2 MTS

Cells were seeded in a 96-wellplate format at density 5,000 cells/well for fibroblasts (phDF,
hiPSC-CF, haCFv) and 30,000 cells/well for CMs with 100 pL/well of media. For each media
condition and time point, cells were seeded at least in duplicates. Media formulations
comprised of: RPMI + B27C, RPMI + B27C + 5 ng/mL bFGF, RPMI + B27C : FGM at a ratio
of 3 to 1, FGM, and FibroGro. Wells containing only media were included as blanks; and no
FCS was supplemented to the fibroblast media: FibroGro, FGM and DMEM.

Samples were collected on different days. Cells that were not used for sample collection at
a specific time point had their media changed instead. The samples were prepared and
analysed following the CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS;
G3580, Promega) instructions. To summarize, at each timepoint, 20 yL of CellTiter 96®
AQueous One Solution Reagent was added to each well of the 96-well assay plate
containing the samples or media controls intended for the respective day. The plates were
incubated at 37 °C, 5% CO2 for 2 h for the fibroblasts and for 4 h for the CMs; then the
absorbance at 490 nm was measured by the TECAN Spark plate reader. Data was analysed
by removing the media blank signal from the respective samples. Then the sample values
were normalized over their respective medium (DMEM for phDF and FibroGro or FGM for
cardiac fibrobalsts) and for CMs over the RPMI + B27C medium.

2.8.3 Glucose QuantiChrom

The QuantiChrom™ Glucose Assay Kit (DIGL-100, BioAssay Systems) was used for the
detection of lactate HoC effluent.

The same effluents of the Lactate-Glo were used to determine the consumption of glucose
from the media. Samples were thawed at RT and mixed in 1 mL tubes with the reagent at a
ratio of 1:100. Following the kit supplier instructions, the tubes were placed in the pre-heated
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(100°C) heat block for 8 min and then cooled down in ice for 4 min. 200 pL of each tube
solution was transferred into 3 wells of a clear bottom 96-wellplate and absorbance at 630
nm was acquired with the TECAN Spark plate reader.

A calibration curve was extrapolated out of the absorbance from 6 concentrations points
(16.6, 14, 10.5, 7, 3.5, 0 uM) and used to calculate glucose concentration of the samples.
Resolution, limit of detection (LOD) and limit of quantification (LOQ) were calculated as
following:

Standard Error of the Slope
Slope

Resolution =

LOD = 3.3 - Resolution
LOQ = 10 - Resolution

2.8.4 Lactate-Glo

The kit Lactate-Glo™ Assay (J5022, Promega) was used for the detection of lactate HoC
effluent.

Chips were perfused for 14 days, and effluent samples were collected at day 3, 5, 7, and
14. To collect effluents, the outlet tubes of the chip perfusion systems were inserted into 2
mL collection tubes, 24 hrs prior to effluent collection. At each time point the effluent samples
were frozen at —80°C until analysis. For lactate detection, samples were thawed at RT and
mixed in a white 384-wellplate (781075, greiner Bio-One) at a 1:1 ratio with the Lactate
Detection Reagent (prepared as per kit supplier protocol). The samples were pipetted in
technical triplicates and the plate was left to rest at RT in the dark for 60 minutes. The
luminescence measurement was acquired with the TECAN Spark plate reader.

To measure lactate, a calibration curve was extrapolated out of the luminescence signal
from 7 concentrations points (200, 50, 12.5, 3.13, 0.78, 0.20, 0 yM); and concentrations of
the effluents were then calculated. Resolution, LOD and LOQ were calculated as described
in the previous method section (2.8.3 Glucose QuantiChrom).

2.8.5 Drug retention analysis by HPLC-UV

For High-Performance Liquid Chromatography (HPLC), an EC-C18 column (695975-902T)
with a particle size of 2.7 ym was used. Solute separation was carried out with an isocratic
elution for 8 minutes at 1 mL/min using as Eluent A, 20 mM KH2PO4 in water, pH 3.0 (by
adding 1M H3PO4) and Eluent B, Acetonitril LC-MS grade.

To collect the chips’ effluents, the chips’ tissue inlets and outlets were sealed with metal
plugs, the drug solutions were loaded into syringes and then connected to the chips with 50
cm long plastic tubings. The tubings were prefilled with the drug solution before starting
perfusion, as per standard experimental procedure. Tubings of the same length leading to
a tube reservoir were used as a negative control. The system was perfused at the standard
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flow rate of 50 pL/h in an incubator (37°C, 5% CO2, 99% RH) for 2 hrs and the chip effluent
was collected in a 200 pL tip inserted in the media outlet.

Calibration curves were obtained by measuring the area under the curve of 6 different
concentrations points (1, 2.50, 5, 10, 25, 50 uM). The drugs used for this assays were
isoproterenol (15627, Sigma Aldrich) and verapamil (329330010, Thermo Fisher Scientific).

2.9 ImagedJ analyses

ImagedJ was used for image processing.

2D staining
ImageJ was used to subtract the background signal of the negative controls (secondary

antibody only) from the stained samples.

Spheroids diameter analysis

To determine the spheroids diameter, bright field images of the spheroids at day 1 were
acquired at 10x with the Leica DMi8 microscope. Using an ImageJ macro, the images were
converted to binary and then to masks. The analyse particle option was then used with the
following settings: size = 5000-Infinity um?, include holes and exclude on the edges. The
diameter of the spheroids was calculated, approximating their shape to a circle, using the

formula: d = 2,/A/m .

2.10 OpenHeartWare analyses

Brightfield videos of beating cardiac tissues were recorded with a frame rate of at least 30
fps. The previously developed software OpenHeartWare (OHW,;
https://github.com/loslab/ohw) was used for the analysis of beating parameters, with a block
width of 16 pixels, delay of 2 frames and maximum shift of 7 px. Beating rate (beat/min),
maximum contraction and relaxation (um/s) and mean intervals between contraction-
contraction peaks, relaxation-relaxation peaks and between contraction-relaxation peaks (s)
were extrapolated. Additionally, the software displayed motion vectors which indicated the
direction and amplitude of the tissue displacement.

2.11 Statistical analysis

Statistics and reproducibility of chip study design: Each Spheroflow HoC contains two
independent tissues, which were considered technical duplicates during one experimental
run. Every experiment was repeated 3 times, where each chip/condition was considered a
biological replicate. For all graphs with a statistical analysis, the minimum sample size of
independent replicates is 3.

The graphical representation of data and whether the error is represented by standard error
of the mean (SEM) or standard deviation (SD) are described in each Figure caption. The
number of independent experiments and biological replicates are detailed in each Figure
caption. Whenever statistical analysis was performed, the statistical test used is reported in
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the Figure caption. In general, data was always tested for normality and Student t-test, One-
way, or Two-way ANOVA were performed for comparison between two or more groups
respectively. If the data did not follow normality distribution, non-parametric tests were
performed. Graphpad Prism software (version 9.3.1), with the threshold for significance set
at p < 0.05 was used for data analysis.
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3 Results

In this section, scientific findings regarding i) the differentiation and characterization of
hiPSC-CMs and CFs, ii) the validation of the heart tissue culture on two HoC platforms and
iii) the establishment of compatible readout technologies will be reported. Lastly, the
suitability of one of the developed platforms for the generation of skeletal muscle tissues on-
chip is demonstrated.

3.1 Differentiation and characterization of cardiomyocytes and cardiac fibroblasts

To provide a robust basis for the on-chip experiments, first hiPSC maintenance and
differentiation protocols for CMs and CFs had to be established. Here, | explored the
possibility to avoid use of undefined media and plate-coating for hiPSC maintenance and
tested two different protocols for CFs generation. | benchmarked them by comparing protein
expression of relevant markers with haCFv and phDF. Finally, | optimised a common media
for co-culture of CMs and fibroblasts, and defined their aggregation capability.

3.1.1 hiPSC maintenance and cardiomyocytes differentiation

Although hiPSCs were cultured in TeSR-E8, an animal component-free medium, the
previously established protocol for hiPSC maintenance and differentiation still included
plating on Matrigel and freezing cells in culture medium with the addition of 10% FCS, which
are both animal derived components of undefined composition and batch-to-batch
variability. Therefore, suitable alternatives for coating and freezing hiPSC without affecting
their viability and morphology were explored. rhVTN-N was chosen for coating because it is
chemically defined and xeno-free, while ibidi Freezing Medium Classic was selected as a
chemically defined freezing medium.

From the same batch, the same number of cells were frozen in either TeSR-E8+10%
FCS+10% DMSO+10 pM RI or ibidi Freezing Medium Classic+10 uM RI. After 3 weeks of
cryopreservation, hiPSC were thawed and seeded as single cells at 25 000 cells/cm? on
Matrigel or rhVTN-N in the presence of 10 uM of apoptosis inhibitor RI. After 24 hrs, cells
frozen in ibidi Freezing Medium Classic showed higher recovery compared to cells frozen in
TeSR-E8+10% FCS+10% DMSO. Cell adhesion and survival were comparable between
Matrigel and rhVTN-N substrates (Fig. 3.1.1 A). In all conditions, the single cells retained
the same morphology. On day 3, it is possible to see that cells frozen in ibidi Freezing
Medium Classic retain the ability to form tightly packed colonies with defined borders. The
colonies’ morphology and growth rate are comparable on both substrates (Fig. 3.1.1 B).
Therefore, both the ibidi Freezing Medium Classic and the use of rh-VTN are suitable for
expansion of hiPSC in chemically defined conditions.
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TeSR-E8 + 10% FCS ibidi Freezing Medium Classic ibidi Freezing Medium Classic
+ 10% DMSO D3

Vitronectin

Matrigel

Figure 3.1.1 hiPSC culture under chemically defined culture conditions. (A) Day 1 of hiPSC,
previously frozen in TeSRE8 medium + 10% FCS + 10% DMSO or ibidi freezing medium classic,
plated on Matrigel or Vitronectin (rhVTN-N). (B) Day 3 of hiPSC colonies previously frozen in ibidi
Freezing Medium Classic on Matrigel and hr-Vitronectin. Scale bar = 500 um.

The differentiation protocol is based on the modulation of the Wnt/B-catenin signalling
pathway by small-molecule manipulation. The first step consists of the activation of the
pathway by the GSK-3a/f inhibitor, CHIR99021, followed by the inhibition of the pathway by
the porcupine inhibitor, IWP-4. The medium was then switched to the maintenance medium
which contained insulin (Fig. 3.1.2 A).

On day 15, the differentiated CMs were detached from the well. CMs were replated and
stained for the cardiac troponin T marker (cTnT), and the Vimentin marker, a commonly
used fibroblasts marker. Even though most of the cells expressed cTnT, they also showed
a low expression of the vimentin marker (Fig. 3.1.2 B). This was confirmed by the additional
flow cytometry analysis of CMs co-stained with cTnT and Vimentin or CD90 (Fig. 3.1.2 C).
Differentiated CMs showed a high percentage of cTnT+ cells, with a part of the population
also positive to vimentin (18.3%). On the contrary, almost no cTnT+ cells co-express CD90
(1.09%), another commonly used marker for the detection of fibroblasts. This protocol has
also been successfully transferred to the E1 hiPSC-cell line.
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Figure 3.1.2 Cardiomyocyte differentiation, GM25256 hiPSC-line. (A) hiPSC differentiation protocols
adapted from Lian et al., 2013. (B) Representative images of hiPSC-CMs, fixed and stained for DAPI,
cTnT (red) and Vimentin (green) (scale bar = 100 um). (C) Representative flow cytometry graphs of
CMs on day 15 of differentiation, stained for cTnT, CD90 and Vimentin.

After differentiation, CMs could be either replated or cryopreserved. To assess whether
replating or cryopreservation could affect the CMs purity, they were dissociated on day 15
of differentiation. One part of the cells was directly evaluated by flowcytometry for cTnT, one
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part was replated, and one part was cryopreserved. After being replated, the CMs were kept
in culture for 3 days before their cTnT+ cell content was determined by flowcytometry. The
cryopreserved fraction was also thawed and kept in culture for 3 days before flowcytometry.

In Fig. 3.1.3 A, the purity of three independent differentiation is shown at day 15, after
replating and after cryopreservation. In all three replicates, their purity is not compromised
by replating and freezing procedures. The average purity had been shown to slightly
increase during replating (from 67% to 73%) and cryopreservation (78%). Additionally,
lactate treatment of the differentiated CMs can further enhance their purity.

The protocol consists of using medium without of glucose, the main energy source for cells,
supplemented with Na-lactate instead. While most of the contaminant cell types would die
of starvation, the CMs, which are able to metabolize lactate, will switch their metabolism
from glucose to lactate, surviving the treatment. With this method, the purity of CMs derived
from both cell lines can be significantly enriched, resulting in an approximately 26% cTnT+
cells increase (Fig. 3.1.3 B).
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Figure 3.1.3 Cardiomyocytes purity characterization. (A) hiPSC-CMs purity (% ¢TnT+) at day 15
(D15), 3 days after replating (Replated) and 3 days after thawing from cryopreservation
(Cryopreserved). hiPSC-line used GM25256 (N=3). Bar plot of the average purity + SEM. (B) Flow
cytometry analysis of CMs at day 15 of the differentiation before and after lactate purification
protocol. On the left, a representative histogram showing cTnT+ cells at D15 (blue) and after lactate
purification (orange), compared to the negative unstained control (red). On the right, a bar plot of the
average percentage of cTnT+ cells before and after the lactate purification protocol. Each line
connects data points of the same differentiation (N) before and after lactate purification. Data from
hiPSC-line GM25256 (N=4) and hiPSC-line E1 (N=6). Data was analysed by Wilcoxon test. * p <
0.05.
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3.1.2 Differentiation of cardiac fibroblasts

As CFs are interspersed within the cardiac tissue and support CMs functionality, it was
important to develop isogenic CFs to be added to the hiPSC-CMs. Therefore, hiPSC derived
CFs were differentiated following two different protocols (Fig. 3.1.4 and Fig. 3.1.5). The first
protocol (Fig. 3.1.4 A) consists of an initial treatment of 24 hrs with CHIR followed by
induction of CF differentiation through the addition of bFGF for 18 days in CFBM (high
glucose DMEM containing HLL, Ascorbic acid, GlutaMAX, Hydrocortisone Hemisuccinate
and rh Insulin). The differentiated CFs were stained for different fibroblasts markers and
compared to the haCFv which were stained in the same way (Fig. 3.1.4 B). Both hiPSC-CF
and haCFv were positive for the commonly used intracellular marker Vimentin (Fig. 3.1.4 B-
C). However, they present differing expressions of the surface fibroblast marker (FSP-1),
with haCFv cells presenting a higher expression compared to both hiPSC-CF and phDF in
the flow cytometry analysis (Fig. 3.1.4 B-C). Even though, both hiPSC-CF and haCFv show
almost no expression of Zonula occludens-1 (Z0O1); the hiPSC-CF have a higher expression
level of Cx43, which is involved with ZO1 in the gap junction formation. Additionally, hiPSC-
CF seems to produce more collagen (Col1A1) compared to their primary adult counterpart.
The flow cytometry analysis of the different fibroblast populations (phDF, hiPSC-CF and
haCFv), confirmed the expression of Vimentin and the Fibroblast Marker in the CF
populations, while the expression of CD90, which has been used as a cell surface marker
for some fibroblast populations, was uniform in phDFs and haCFv while being completely
absent in hiPSC-CF (Fig 3.1.4 C).
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Figure 3.1.4 Cardiac fibroblasts differentiation protocol 1. (A) Schematic of the differentiation
protocol derived from J. Zhang et al., 2019. (B) Immunocytochemistry comparison of hiPSC-derived
CF and haCFv. Nuclear stain DAPI (blue); (scale bar = 100 um). (C) Flowcytometry analysis of phDF
(green), haCFv (red) and hiPSC-CF (orange) using different fibroblasts markers (CD90, Vimentin,
Fibroblast marker). In blue the negative control of unstained phDF.

In the second CF differentiation protocol tested (Fig. 3.1.5 A), hiPSC are driven through the
cardiac developmental pathway. Starting with the modulation of the Wnt/B-catenin signalling
pathway by small-molecule manipulation, cells reach the CPC stage at day 5. CPCs were
confirmed by immunocytochemistry for the cardiac mesodermal gene, NKX2.5. From day 5
to day 12, CPCs undergo differentiation through the addition of CHIR and Retinoic Acid
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between day 6 and 8. On day 12, they reach the EPC stage, characterized by the expression
of WT-1 and ZO1. In the last 6 days of differentiation, the commercial medium (FGM) was
supplemented with bFGF and TGFp to direct the EPCs towards the CF fate. At day 18 the
cells express the fibroblasts marker DDR2. For all the differentiation stages, cells were also
characterized by flowcytometry using the stage-specific markers (Fig. 3.1.5 B). Throughout
the distinct stages of cellular development, the majority of cells expressed stage-specific
markers, with 88% of the CPC being NKX2-5+ and 96% and 90% of EPC being WT+ and
Z01+ respectively. Again, the final hiPSC-CF were positive for the DDR2 (97%), however
only a small fraction (13%) of DDR2+ cells also expressed the fibroblast marker CD90.

59



CHIR99021

RPMI + B27 - Insulin

DO

D2 D3

IWP-4

CPC

D5 D6

CHIR +
Retinoic
acid

D8

FGF2 + TGFB
FGM

D18

100 = 100 = 100 =
A { \
(| B |
80 = | ‘ 80 = 1\ 80 |r'L
J 1 |
© ’ \ R [\
2 i Y Wt I zo1
= a4 fol noes 80 - | 957 a0 Jiid 899
= [ e — ‘ —
i i ! | |
] [ [ J \ [
E j \ |
E ae | w04 \ a0 \
5 | | f \ | \
I / | | [ \
f | | \ f \
I | | \
0 | | \ 0 = ,/ \ 0 - Al | \
H \ ‘ \ | \
| \ / \ JJ A
] . A ] \ 0
e T ey R — rp - TR - —
R 10° wt 10° w0 10? ot 10° a0 o 0’ i0* 10
Alexa488 Alexab47 Alexab47
100 100 o
1 1
4 w'h‘" ("
a0 18 a0 cDa0+
1 - N \ 129
1 \, DDR2 | t {
680 | 98,6 o0 -] |
] — - |
[ |
40 = | 40 |
f |
/ \ |
|
20~ | \ 20 | |
\ \
j \"" / \\
] R, ™~ 0
ey S . rrrrergRTTTeRy — T
RUS i0? ot i0° a0 o 0’ io* 10°
AlexadBB

PreCP

Figure 3.1.5 Cardiac fibroblasts differentiation protocol 2. (A) Schematic of the differentiation
protocol derived from H. Zhang et al., 2019, and immunocytochemistry of stage-specific progenitors
(CPC = cardiac progenitor cells; EPC = epicardial progenitor cells, CF = cardiac fibroblasts). Nuclear
stain Hoechst (scale bar = 100 um). (B) Flowcytometry analysis of the differentiation stage-specific
progenitors with specific markers (NKX2-5, WT-1, ZO1) and of resulting hiPSC-CF using the
fibroblasts markers CF90 and DDR?2. In blue the negative control of unstained hiPSC-CF.
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3.1.3 Media optimization for co-culture of cardiomyocytes and fibroblasts

CMs and CFs have different nutritional requirements and therefore are typically maintained
in different media. CMs were cultured in RPMI+B27C, phDF in DMEM (high glucose, stable
glutamine) and CFs (both hiPSC-CF and haCFv) can be cultured in either FibroGRO™ or
Fibroblast Growth Medium (FGM). Therefore, the different types of fibroblasts were plated
and cultured either in RPMI+B27C or their respective medium, as control condition, for 3
days. Lactate dehydrogenase (LDH) release and their metabolic activity (MTS) (Fig. 3.1.6
B) in RPMI+B27C were measured each day and normalized on the values of the control
condition (Fig. 3.1.6).

The release of lactate dehydrogenase into the cell culture medium happens upon disruption
of the cellular plasma membrane and is a widely used marker of cytotoxicity. In Fig. 3.1.7
A, phDF shows low levels of LDH, during the 3 days of culture; contrary to this, both hiPSC-
CF and haCFv present levels of LDH far above their baseline, 72 and 17t5-folds higher
than the control condition at day 3. This suggest that, while the RPMI+B27C do not exert a
cytotoxic effect on phDF, it does on CFs. These results are supported by the MTS assay
data (Fig. 3.1.6 B). The metabolic activity of phDF measured in RPMI+B27C remains close
to the baseline over the three days (0.92+0.02 on day 1, 0.91£0.05 on day 2 and 0.86+0.05
on day 3). Both hiPSC-CF and haCFv cells shows a decreased metabolic activity compared
to their native medium over the 3 days, with an average metabolic activity on day 3 of only
0.567%0.006 and 0.18+0.01-folds the control condition, respectively.
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Figure 3.1.6 Assessment of media compatibility of cardiomyocyte medium with fibroblast types:
primary dermal fibroblasts (phDF), hiPSC-derived cardiac fibroblasts (hiPSC-CF), human adult
ventricular cardiac fibroblasts (haCFv). Fibroblasts were plated and cultured for 3 days (D1, D2, D3)
in RPMI+B27C. The levels are normalized onto the corresponding fibroblasts medium. (A) Lactate-
dehydrogenase fluorometric assay (LDH). (B) MTS absorbance levels. The dotted line represents
the fibroblast medium level of y = 1. Bar plots represent the average + SEM.
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As the CMs medium does not support CFs viability, two alternative formulations of co-culture
medium were tested. The formulations are based on the CMs medium, called “RPMI”, as
CMs are the main cell type of interest in this study. The formulation called “bFGF” includes
the addition of 5ng/mL bFGF to the RPMI+B27C medium. bFGF binds to fibroblast growth
factor receptor proteins and promotes cell survival and proliferation. The other formulation,
named “3to1”, included mixing the RPMI+B27C with the FGM in a ratio of 3 parts to 1 part,
to provide, in addition of bFGF, other nutrients present in the FGM basal medium. | opted
for this specific media ratio as it matches the ratio of CMs to fibroblasts that | intend to
combine for co-culture. The LDH and MTS assays were performed on haCFv cultured in
these media again. RPMlwas used as a negative control condition while Fibroblasts Growth
Media, named “FGM”, was used as a positive control condition and as baseline.

Over 7 days of culture, haCFv showed higher LDH release compared to the base line,
starting at day 3 for both RPMI+B27C and bFGF supplemented media. Only the “3to1” mix
medium, showed reduced release of LDH by the haCFv, with an average level comparable
to the baseline on day 7 (1.1+0.5-folds) (Fig. 3.1.7 A). These results were supported by the
metabolic activity assay (Fig. 3.1.7 B) where, after the first day of culture, the RPMI and
bFGF samples showed already a decreased metabolic activity relative to the baseline. Also,
in this assay the mixed medium “3to1” performed similarly to the FGM control (1.0+0.3-
folds), presenting therefore the best alternative medium for haCFv in co-culture.
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Figure 3.1.7 Assessment of co-culture medium compositions on haCFv. Media compositions: RPMI
= RPMI+B27C, bFGF = RPMI+B27C + 5ng/mL bFGF, “3to1” = RPMI+B27C mixed with FGM in 3 to
1 ratio, FGM = fibroblasts growth medium. Fibroblasts were plated and cultured for 7 days and
readings were performed on days 1, 3, 5 and 7 (D1, D3, D5, D7). The levels are normalized onto
FGM. (A) Lactate-dehydrogenase fluorometric assay (LDH). (B) MTS absorbance levels. The dotted
line represents the fibroblast media level of y = 1. Bar plots represent the average + SEM.
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The same assays were performed on a monoculture of hiPSC-CMs (Fig. 3.1.8). For the
CMs the RPMI medium was used as baseline control. The release of LDH (Fig. 3.1.8 A)
was comparable between all the media and the baseline on the first 5 days. On day 7, there
was a spike in LDH release for the FGM medium in one of the replicates. The bFGF and
“3to1” media have comparable average LDH levels of 1.910.2 and 1.810.1-folds the
baseline. Regarding the metabolic activity of CMs in the different media (Fig. 3.1.8 B), the
media alternatives “3to1” and FGM showed metabolic activity after day 1 several folds above
the baseline and the RPMI medium supplemented with bFGF only. Additionally, the “3to1”
medium showed metabolic levels similar to the FGM medium from day 3 to day 7. At day 7,
CMs in “3to1” medium and FGM medium showed 9.4+0.3-folds and 10+1-folds higher
metabolic activity compared to RPMI medium. This suggests that, even diluted, some
components of the FGM medium affects the metabolic activity of the CMs.
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Figure 3.1.8 Assessment of co-culture media compositions on hiPSC-CM. Media compositions:
RPMI = RPMI+B27C, bFGF = RPMI+B27C + 5ng bFGF, “3to1” = RPMI+B27C mixed with FGM in 3
to 1 ratio, FGM = fibroblasts growth medium. CMs were plated and cultured for 7 days and readings
were performed on days 1, 3, 5 and 7 (D1, D3, D5, D7). The levels are normalized onto RPMI. (A)
Lactate-dehydrogenase fluorometric assay (LDH). (B) MTS absorbance levels. The dotted line
represents the RPMI medium level of y = 1. Bar plots represent the average + SEM.

3.1.4 Cardiac spheroid formation

One of the main goals of the project is to obtain a cardiac model within a microfluidic device.
The tissue generation concept, using spheroids as building blocks, was designed to achieve
three key points: (1) achieving physiological densities and cell-cell contacts; (1) obtain a 3D
tissue with the structural organization of the heart tissue; (lll) possibility to integrate other
relevant cell types (i.e., fibroblasts) within the tissue.

The tissue formation (Fig. 3.1.9 A) consists of pre-generating cardiac spheroids as 3D
building-blocks from differentiated CMs and fibroblasts, which subsequently fuse into a
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uniaxially aligned cardiac muscle fibre. The aggregation protocol was tested first with single
cell type (CMs, phDF, haCFv) in their own media to verify their aggregation capabilities (Fig.
3.1.9 B). Spheroids were obtained by seeding 0.5 10°® cells into an AggreWell™400
(STEMCELL Technologies) format, resulting in around 1200 spheroids with a diameter <
150 um, which are suitable for seeding in the microfluidic devices. Differentiated CMs of
high purity (= 90%) could not form compact and spherical aggregates but resulted in
irregular-shaped clumps of few cells, while the majority of the cells remained as singles cells.
The phDF alone formed compacted, round-shaped, cell spheroids with smooth edges; these
spheroids were able to withstand shear stress without falling apart. HaCFv formed loosely
packed cell spheroids without a defined smooth edge, which easily fell apart upon shear
stress. Mixing fibroblasts with the CMs (Fig. 3.1.9 C) improved aggregation. Again, while
the addition of 25-30% of phDF was enough to achieve compact round spheroids in
RPMI+B27C, adding haCFv to the CMs in “3to1” medium produced loose cardiac spheroids
similar to the haCFv monoculture, which did not withstand shear stress. Analysis of the
spheroids’ diameters (Fig. 3.1.9 D) showed a significant difference in the compaction of
phDF and haCFv with an average diameter of 112 + 8 ym (standard deviation) and 139 £ 5
pum respectively. When mixed with CMs, the phDF allows the formation of cardiac spheroids
(CM+phDF) of 120 + 7 um diameter on average, significantly smaller than the cardiac
spheroids with haCFv (138 £ 8 um), which have comparable diameter to the haCFv
monoculture.
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Figure 3.1.9 Cardiac aggregation concept and performance. (A) Schematic of generation of aligned
cardiac fibres, taken from Schneider et al., 2022 (available under the CC BY 4.0 license). Starting
by mixing single cell populations of CMs with fibroblasts in a defined ratio, which will form spherical
3D spheroids of a homogenous size. Spheroids are used as 3D building blocks to fuse into an aligned
tissue fibre, guided by the provided chamber shape. Double headed arrows indicate alignment
direction. (B) Spheroids made of a single cell type. CMs = hiPSC- CMs of purity = 90%, primary
dermal fibroblasts (phDF), human adult ventricular cardiac fibroblasts (haCFv). Scale bar = 300 um
(C) Spheroids containing 2 different cell types: CMs+phDF = 70% CMs + 30% phDF, CMs+haCFv
=75% CMs + 25% haCFv. (D) Box and whiskers plot of the diameter of spheroids with different cell
composition, obtained by seeding 0.5 - 10° cells into a 24-wellplate format AggreWell™. phDF
(N=36), haCFv (N=9), CM+phDF (N=8), CM+haCFv (N=9). Whiskers extends from min to max
values. Data was analysed by One-way ANOVA. *p<0.05; *p <0.01; ***p <0.001; *™**p <0.0001,
ns = non significative.

Based on the media optimization results and the spheroids experiments, a mixture of 25%
phDF and 75% hiPSC-CMs with a purity = 80% was chosen for all further experiments.
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3.2 Cardiac tissue formation in HoC systems

In the framework of this project, two HoC platforms have been established featuring different
cell loading concepts, centrifugal loading of single cell suspensions and convective flow
loading of spheroids. | then describe different loading approaches of cardiac aggregates
with or without hydrogel within the platforms and validate them for tissue formation and
culture.

3.2.1 Spheroids and hydrogel integration within the Centrifugal HoC platform

The first HoOC system tested was the previously developed Centrifugal HoC (O. Schneider
et al., 2019), with the aim of introducing spheroids instead of single cells and integrating
ECM components in the tissue.

The Centrifugal HoC consists of two PDMS layers, called tissue layer and media layer,
separated by an isoporous membrane that allows the diffusion of dissolved medium
components between them. The tissue layer features a main channel tilted at 45° with
respect to the long side of the rectangular chip (Fig. 3.2.1 A); this channel branches into
eight tissue chambers with the shape of a dog-bone. The knob regions of the dog bone
shape offer two adhesion areas at the ends of the shaft region, where the cells self-organize
in a cardiac aligned fibre. Compared to the original design the dimensions of the tissue
chambers had to be adjusted to accommodate the cardiac spheroids. The height of the
chamber was changed from 100 um to 150 um and the width of the shaft region from 150
pum to 200 um, while the length of the chamber was kept 1 mm long.

The media layer comprises of a media channel that splits in eight independent channels
providing media to each tissue before joining back together to exit in the media outlet. An
isoporous membrane is placed at the interface of the tissue and media layer (Fig. 3.2.1 B),
acting as an endothelial-like barrier, by protecting the tissue from shear stress while enabling
diffusion of nutrients and waste metabolites between the layers, while the convective media
flow remains confined to the media layer. For easy handling, the chip was mounted on a
microscope glass slide.

The loading procedure consists of inserting a pipette tip with the cell suspension in the chip
tissue inlet, sealing the media in- and outlet to avoid convective flow, and placing the
platform in a falcon tube for centrifugation (Fig. 3.2.1 C). During centrifugation, the cells
travel through the main tissue channel and start filling each chamber consecutively (Fig.
3.2.1 D). As the cells reach the first tissue chamber, they are trapped in the dead-end tissue
chamber and start filling it. Once the first chamber is completely full, the following chamber
will start filling. This ensure that during loading each chamber is densely packed; and if the
proper number of cells (100,000 cells/chip) is loaded, all 8 tissue chambers will be
completely filled, generating eight non-connected, cardiac tissue replicates. Reducing the
number of cells will result in fewer chambers being filled and therefore fewer replicates.
However, if an excessive number of cells is introduced, the additional cells will start filling
the main channel connecting the neighbouring tissues, which cannot be considered
anymore as independent replicates.
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Figure 3.2.1 Centrifugal HoC design adapted from Schneider et al., 2019 (available under the CC
BY 4.0 license). (A) Photo of the HoC platform. The main channel, tilted by 45° with respect to the
central axis, splits in eight parallel, dog bone-shaped tissue chambers. The zoomed-in schematic
shows the parallelized medium supply of individual chambers. (B) Chamber side view highlighting
the 3 layers forming the chip platform. The tissue layer (blue) is separated from the top media layer
(red) by an isoporous membrane (grey). (C) Schematic of the system during centrifugal cell injection.
A pipette tip containing cell suspension is inserted in the chip tissue inlet. The chip is then inserted
into a falcon tube and centrifuged at rotational speed (w) = 200 % g. (D) lllustration of the sequential
loading of the chambers. Due to the 45° inclination of the main channel, the individual tissue
chambers are filled subsequently.

The same loading concept used to load single cells was applied to load cardiac spheroids
(Fig. 3.2.2 A). To introduce physiologically relevant ECM, a collagen | hydrogel (FibriCol®),
which is the most abundant ECM component in the cardiac interstitial matrix, was tested for
loading into the platform.

While hydrogels could be loaded in an empty chip by centrifugation, centrifugation was not
a viable solution when injecting both spheroids and hydrogel. Firstly, in a sealed chip, the
hydrogel could not displace the media that had already filled the chip during the equilibration
step. Secondly, due to the high viscosity of the hydrogel, the spheroids were unable to settle
within the chambers during centrifugation. Therefore, using the same chip design, the
loading process was carried out taking advantage of hydrostatic pressure instead. A
perpendicular tissue inlet was punched through the media layer and the hydrogel was
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loaded by a tip in the tissue inlet, while an empty pipette tip was placed in the tissue outlet.
In this way the hydrostatic flow through the membrane allowed the displacement of the liquid
media towards the media outlet while the hydrogel slowly filled the tissue channels.
However, this procedure was possible only with hydrogels of low viscosity. After 90 min of
incubation at 37 °C, 3 mg/mL FibriCol® polymerized in a 3D hydrogel completely filling the
tissue chamber. To avoid clogging of the media channels, after hydrogel injection, the media
channels are flushed with media to remove any hydrogel that may have passed through the
membrane pores. The hydrogel can be visualized by the addition of fluorescent beads to
the hydrogel solution prior to loading (Fig. 3.2.2 B).
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Figure 3.2.2 Representative pictures of Centrifugal HoC chambers loaded with: (A) phDF spheroids.
(B) 3 mg/mL FibriCol® hydrogel with FITC-conjugated beads (left = max intensity projection of front
view, right = orthogonal view).

To achieve the loading of cardiac spheroids and hydrogel, the optimal approach consisted
of pre-loading the cardiac spheroids into the chip before injecting the hydrogel. As shown in
Fig. 3.2.3, the spheroids completely fill the shaft region upon loading (Fig. 3.2.3 A), while
the subsequent hydrogel injection filled the gaps between the cardiac spheroids, revealing
again the three-dimensionality of the tissue (Fig. 3.2.3 B). After 90 min of incubation the
chip can be attached to the perfusion system.
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Figure 3.2.3 Representative images of a Centrifugal HoC chamber loaded with spheroids and
hydrogel. (A) Bright field image of spheroids in the shaft region. (B) FITC-conjugated beads in the 3
mg/mL FibriCol® hydrogel surrounding the spheroids (left = max intensity projection of the front view,
right = orthogonal view).

After 3 days of culture, the spheroids fused together, and the tissue compacted (Fig. 3.2.4
A). The shrinkage of the tissue leaves the lower knob region partially empty, and the tissue
starts detaching from the edges of the chamber. The tissue showed spontaneous beating,
and the motion vectors showed collective displacement on the y-axis (Fig. 3.2.4 B). Optical
analysis of the bright field video of the beating tissue was performed with the in-house
developed OpenHeartWare software. The beating motion revealed higher contraction (47.3
+ 0.2 um/s) peaks followed by lower relaxation peaks (5.5 £ 0.8 ym/s) with an average
beating rate of 7.0 £ 0.5 beats/min (Fig. 3.2.4 C).
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Figure 3.2.4 Representative images of the Centrifugal HoOC chamber loaded with spheroids and
hydrogel at day 3. (A) Bright field image of the spheroids fused into a cardiac fibre. (B) Motion vectors
of the beating tissue. (C) Optical analysis of the beating kinetics displays contraction (red circles)
and relaxation (red triangles) peaks, which can be used to extrapolate the beating frequency.

After 6 days of culture, the tissue collapsed from the lower knob to the shaft region, probably
due to the collagen shrinkage (Fig. 3.2.5 A). The tissue, however, still retained the
spontaneous beating capability, even though the motion vectors showed a more
disorganised displacement compared to day 3 (Fig. 3.2.5 B). The optical analysis of the
beating motion (Fig. 3.2.5 C) revealed irregular contraction peaks, with an average of 44 +
3 um/s followed by very low relaxation peaks (0.7 + 0.1 ym/s). Even though the tissue
presented a higher beating rate (12 + 1 beats/min) compared to day 3, the tissue embedded
within a hydrogel showed much lower beating rate compared to non-embedded tissues (45
+ 1.8 beats/min in Schneider et al., 2019), which exhibit beating rates close to the
physiological range.
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Figure 3.2.5 Representative images of the Centrifugal HoC chamber loaded with spheroids and
hydrogel at day 6. (A) Bright field image of the spheroids fused into a cardiac fibre. (B) Motion vectors
of the beating tissue. (C) Optical analysis of the beating kinetics displays contraction (red circles)
and relaxation (red triangles) peaks, which can be used to extrapolate the beating frequency.

3.2.2 Establishment of the Spheroflow HoC platform

The second HoC design was developed to enable the injection of spheroids by hydrostatic
pressure driven flow. The advantage of using spheroids as building blocks is the precise
control over size and cellular composition as well as the possibility to trap them in microfluidic
channels while still allowing media flow through the gaps between spheroids. The
Spheroflow HoC platform comprises of a media layer and tissue layer sandwiching a porous
membrane. The tissue layer features two structures of different heights, namely a channel
of 150 ym, ending in the typical dog bone-shaped tissue chamber (blue in Fig. 3.2.6 A) and
an overlapping channel of 30 um in height (light blue in Fig. 3.2.6 A), that spans around the
main channel of about 100 um each side and continues towards the tissue outlet. The tissue
chamber’s shaft region is 270 ym wide while the knob regions are 700 ym in diameter.

During loading, a pipette tip containing the spheroids suspension is inserted in the tissue
inlet and an empty pipette tip is inserted in the tissue outlet. The difference in liquid column
height between the inlet and outlet tip induces a hydrostatic flow, dragging spheroids into
the channel (Fig. 3.2.6 A i). The channel constriction of 30 um around the tissue chamber
prevents the spheroids from being flushed out to the outlet port. They therefore accumulate
within the tissue chamber (Fig. 3.2.6 A ii), while the clogging of the channel is avoided by

71



the flanking 30 um side channel which the spheroids cannot fill. This allows for a constant
flow of media from the inlet to the outlet during spheroids loading.

After completely filling of the tissue chamber, the spheroids merge within 24 hours to an
aligned tissue in the shape of the tissue chamber (Fig. 3.2.6 A iii). 24 hrs after loading, the
tissue ports are sealed with metal plugs. The media layer on top comprises of a channel
structure of 150 ym in height and 200 ym wide which enlarges to a width of 900 ym directly
above the tissue chamber. Continuous perfusion at 50 pL/h is achieved via a syringe pump
connected to the chip media inlets (Fig. 3.2.6 B), while tubings leading to the waste reservoir
are connected to the media outlets. The perfused media can be sampled as effluent at the
media outlet. In this concept, electrical stimulation can be directly provided though the metal
cannulas used for media perfusion (Fig. 3.2.6 B) while, at the same time, a sensor spot,
integrated below the tissue (Fig. 3.2.6 A iii), provides real-time measurements of O2
concentrations at tissue level (Fig. 3.2.6 B).

-~ top view

side view

Figure 3.2.6 Concept of the Spheroflow HoC, taken from O. Schneider et al., 2022 (available under
the CC BY 4.0 license). (A) Chip loading mechanism: (i) Hydrostatic flow guides the spheroids into
the dog bone-shaped tissue chamber, where a channel constriction traps them. (ii) With gradual
filling, the loading flow is maintained by the flanking constriction channel. (iij) Within 24 hours,
spheroids fuse into a single aligned cardiac fibre. An Oz sensor embedded in the knob region enables
the real-time readout of Oz levels. (B) Online monitoring of tissue metabolic activity under electrical
stimulation.

3.2.2.1 Platform fabrication approach

The Spheroflow HoC was implemented to hold two independent tissues, separated from the
respective media channels by a porous membrane. Each tissue chamber's rear knob has
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an integrated O2 sensor, that will lie beneath the tissue (Fig. 3.2.7 A). The completed chip
has a thin bottom layer (tissue layer), made of NOA81 resin, which lies on a PET substrate
where the integrated sensors are located, provided by my collaborator, Stefanie Fuchs, from
the Institute of Analytical Chemistry and Food Chemistry, Graz University of Technology,
Austria. On top of the tissue layer, the PDMS media layer allows for fluidic connections via
media inlets and outlets (Fig. 3.2.7 B). Alternatively, the whole system can be built on a
glass coverslip (25 x 75 mm, 0.13-0.16 mm). This allows for high-resolution microscopy and
compatibility with other microscopic techniques such as Raman Spectroscopy; however, it
does not allow the inclusion of sensors spot due to the lack of adherence of the sensor
mixture to the glass substrate.

A membrane
sensor spot T

(]

tissue channel

media channel

Figure 3.2.7 Design of the Spheroflow HoC, taken from Schneider et al., 2022 (available under the
CC BY 4.0 license). (A) Schematic: Each chip comprises of two individual systems consisting of a
tissue and a media channel, separated by a porous membrane. Sensor spots can be integrated into
the knob region of the tissue chamber. (B) Photo of an assembled chip with integrated sensors. On
the left the magnified view shows the dog bone-shaped tissue chamber with the O, sensor spot.

3.2.2.2 Biocompatibility of chip materials

Two different resins, which are claimed to be biocompatible (R. Li et al., 2016; Yoon et al.,
2016), namely NOA81 and NOAS86, were tested to ensure biocompatibility with CMs. The
two resins were deposited and cured in wells of a 24 well plate. The cured resins were then
coated with Matrigel to allow for CM adhesion, and cells were plated. Control condition
consisted of cells plated in wells without resin coated with Matrigel. A clear difference was
already visible between cells plated on NOA86 and the control condition on day 1 after
plating (Fig. 3.2.8 A). While in the control condition and on NOA81 resin the cells appeared
to have adhered and spread over the substrate, the NOA86 condition shows few cells with
round morphology. Viability staining at day 3 (Fig. 3.2.8 B) confirmed viable cells in the
control and NOA81 conditions, while no viable cells was present in the NOA86 condition.
Therefore, the NOA81 resin was chosen for the tissue layer fabrication of the Spheroflow
HoC platform.
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Figure 3.2.8 Resin compatibility testing. (A) Bright field images of CMs plated on resin substrates
coated with Matrigel at day 1 after plating. (B) Live dead staining of CMs plated on resin substrates
after 3 days.

3.2.2.3 Small molecule absorption

Another important aspect to consider when building an OoC device is the adsorption and
absorption properties of its material components. Understanding the extent of retention of
the drug of interest within the system enables us to make necessary adjustments to either
the design and material composition of the OoC to prevent or reduce drug absorption.
Additionally, it allows us to fine-tune the initial concentration to achieve the desired level at
the tissue interface.

To examine if different chip material compositions absorb drug compounds, the drug
concentration needs to be quantified after flowing through the chip platform, for instance via
HPLC. To obtain an absorption profile which is as accurate as possible, several parameters
must be considered. First, each compound may be retained differently by each material,
based on their chemical properties (i.e., Molecular Weight, logP, and functional groups),
therefore each different compound should be tested beforehand. Secondly, the set-up for
the analysis must correspond as closely as possible to the set-up of the experiment; this
ideally comprises the same perfusion methods, flow-rate, time and temperature, and if
possible, the same medium solution in which the drugs are dissolved during experimental
procedure.
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For these reasons, | chose to test Isoproterenol and Verapamil as the two main drugs used
for the validation of heart tissue models. However, the drug compounds were diluted in MilliQ
water as the media components might interfere with the spectroscopic absorption of the
drugs at 278 nm. As for the chip materials, the chips were built with the following
combinations of materials: 1. both tissue and media layer were made of PDMS (PDMS-
PDMS); 2. NOA81 resin for the tissue layer and PDMS for the media layer; 3. NOA81 resin
for the tissue layer and TPE for the media layer. Syringes containing drug solutions were
connected to 50 cm tubings. These were either attached to the chips (samples) or directly
ended in 0.5 mL collection tubes (negative controls). The system was perfused at the
standard flow rate of 50 yL/h in an incubator (37°C, 5% COz2, 99% RH) for 2 hrs and the chip
effluent was collected in a 200 L tip inserted in the media outlet.

The HPLC-UV method and samples analysis was carried out by the HPLC technical
employee, Marina Shirokikh (Fig. 3.2.9). From the calibration curves the limit of detection
(LOD) and limit of quantification (LOQ) were calculated. Verapamil (Fig. 3.2.9 A) had LOD
=1.18 yM and LOQ = 3.35 pM while Isoproterenol (Fig. 3.2.9 B) had LOD = 1.78 yM and
LOQ = 5.35 uM. Taking into consideration the LOD and LOQ values and the highest
concentration of verapamil and isoproterenol delivered in a similar model (Mathur et al.,
2015), concentrations in the range of 10 uM were tested.

Both drugs were mainly retained by the tubings, with a significative difference compared to
the stock solution of 2.1 uM for the Verapamil (Fig. 3.2.9 A) and 1.6 pM for the Isoproterenol
(Fig. 3.2.9 B). The drug retention by the chips of different materials was negligible compared
to the tubings. These results proves that most of the drug retention happens even before
the compounds reach the chip. Optimized HPLC protocols for each drug needs to be
implemented to further examine, at a higher resolution, the differences in retention between
chips of different material as well as their absorption and adsorption kinetics. However, this
was outside the scope of this thesis.
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Figure 3.2.9 Drug absorption during perfusion by Spheroflow platforms made of different materials.
Different chip assemblies are as follow: PDMS tissue layer — PDMS media layer (PDMS-PDMS),
NOAB8T1 resin tissue layer — PDMS media layer (resin-PDMS), PDMS tissue layer — TPE media layer
(PDMS-TPE). (A) Verapamil: at the top, calibration curve (equation, R?, LOD and LOQ); at the
bottom, Verapamil concentrations after 2 hours perfusion at 37°C, 99% RH, 5% CO,, compared to
stock solution. (Stock N = 2; Tubings N = 2; PDMS-PDMS N = 2; NOA81-PDMS N = 4; NOA81-TPE
N =3). (B) Isoproterenol: at the top, calibration curve (equation, R?, LOD and LOQ); at the bottom,
Isoproterenol concentrations after 2 hours perfusion at 37°C, 99% RH, 5% CO,, compared to stock
solution. (Stock N = 1; Tubings N = 2; PDMS-PDMS N = 4; NOA81-PDMS N = 4; NOA81-TPE N =
3). Data is represented as average + SEM in a Scatter dot plot. The Mann-Whitney test was used
for comparison between the Stock and the Tubings samples. * p < 0.05; **p < 0.01.

3.2.3 Cardiac tissue formation and characterization within the Spheroflow HoC

Upon adding the spheroids from the pipette tip into the inlet port, within one minute the tissue
chamber is completely filled with spheroids (Fig. 3.2.10 A). During this loading process, a
number important aspects need to be considered, i.e.: (I) The optimal spheroid size is 150
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pum; larger spheroids increase the risk of clogging the loading channel, while too small
spheroids may squeeze through the channel, constricting, reducing or even stopping liquid
flow; (1) when the tips at the tissue inlet and outlet are equilibrated, the flow ceases, requiring
the top up of the tissue inlet tip to restore flow. (I1l) Backflow from the tissue outlet to the
inlet can displace the spheroids loaded in the chamber; therefore, it is important to avoid
causing backflow by tilting the chip or having a higher fluid volume in the outlet tip.

After loading, the chip is incubated at 37°C, 5% CO:2 with media provided only by the tips
placed in the tissue and media inlets and outlets. After 24 hours, the spheroids merge into
a single cardiac fibre instead of spreading on the substrate (Fig. 3.2.10 B). In fact, the lack
of any coating promotes cell to cell adhesion. Compared to t = 1 hr, where individual
spheroids could be distinguished, at t = 24 hr the spheroids edges are not visible anymore
(Fig. 3.2.10 B).

A 0s

Figure 3.2.10 Spheroflow HoC loading and tissue formation. (A) Time-lapse of the chip loading by
hydrostatic spheroid injection. (B) Adapted from Schneider et al., 2022. Time-lapse of the cardiac
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spheroid fusion to an aligned tissue over the timespan of 24 h after loading. On the right the
underlying integrated O sensor spot is imaged by fluorescence microscopy (green, Cy5).

Cell re-organization from single spheroids to a connected cardiac fibre was confirmed via
immunofluorescence microscopy and cTnT and nuclei staining (Fig. 3.2.11 A), showing the
uniaxial alignment of the filaments in the shaft region (Fig. 3.2.11 A-B). Additionally, z-stack
imaging of the tissue demonstrates that three-dimensionality of the spheroids is maintained.
Three days after loading, the generated tissues display spontaneous beating, with collective
uniaxial motion (Fig. 3.2.11 C) and pronounced contraction and relaxation peaks (Fig.
3.2.11 D).
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Figure 3.2.11 Spheroflow HoC tissue characterization adapted from Schneider et al., 2022 (available
under the CC BY 4.0 license). (A) Immunostaining with cTnT (green) and DAPI (blue) of the whole
tissue (20x, tiled). (B) Immunostaining with cTnT (green) and DAPI (blue) shows aligned cardiac
fibres (xy slice) within the shaft region. The orthogonal view (yz slice) of the nuclei confirms the
generation of a multilayered 3D tissue. (C) Analysis of the beating motion of the fibre. The motion
vectors reveal collective displacement. (D) Optical analysis of the beating kinetics displays
pronounced contraction (red circles) and relaxation (red triangles) peaks.

3.2.4 Tissue responsiveness to electrical impulses

To assess tissue responsiveness to external stimuli, electrical stimulation was provided by
an in-house built pacer, named “Easypace” (Fig. 3.2.12 A) (see building instruction at
https://github.com/loslab/easypace/). The stainless-steel cannulas used for tubing
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https://github.com/loslab/easypace/

connections for the media supply were wused as pacing electrodes.
A fit-for-purpose platform (Fig. 3.2.12 B) was made of PMMA to hold the Spheroflow HoC
in place during pacing and Oz readout procedures. The HoC was held in place by magnets
while crocodile clips were attached to the metal cannulas and connected to the pacer. The
cut outs at the bottoms of the PMMA platform were designed to match the sensors’ positions
within the HoC and host the optical fibres for the readout. The platform could hold up to 4
chips. A COMSOL simulation (Fig. 3.2.12 C) of the distribution of the electrical field within
the channels was performed by Dr. Oliver Schneider (Fraunhofer IGB). The theoretical
electrical field distribution within the tissue shaft region was estimated to be uniform with an
average of |E| = 0.8 V/cm under a voltage of Uo = +10 V applied to the inlet and outlet media
connectors.
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Figure 3.2.12 Electrical stimulation set up, adapted from Schneider et al., 2022 (available under the
CC BY 4.0 license). (A) Picture of the in-house build pacer “Easypace”. (B) The “Easypace” is
connected via crocodile clips to the stainless-steel media fluidic connectors, which act as electrodes
and deliver the electrical impulses through the media to the tissue. White arrows highlight the
magnets holding the chip in place. The red circle indicates the two optical fibre sockets. (C)
Simulation in COMSOL of the electrical field intensity withing the media and the tissue channels,
when a current of 10 V is applied.

At day 5 of culture in the Spheroflow HoC, tissues were electrically stimulated.
Frequencies in the range of 0.3-2.0 Hz, with a stepwise increase of Af = 0.1 Hz, were applied
for 10 s per frequency, videos of the tissues beating were recorded and beating kinetics
extrapolated. For each frequency tested, the recorded beating frequency was plotted,
showing a linear relation between pacing frequency and the beating frequency up to 2 Hz
(Fig. 3.2.13). Tissues could not match their beating frequency to frequencies above 2 Hz,
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showing beating rates of half of the applied frequency. Nevertheless, integrated tissues
could be electrically stimulated, and their beating frequency could be precisely adjusted
within a physiological range.
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Figure 3.2.13 Beating analysis of electrically stimulated tissues, adapted from Schneider et al., 2022
(available under the CC BY 4.0 license). Tissue beating frequency in function of the pacing
frequency. Red line indicates beating frequency equal to pacing frequency. Insets show the beating
kinetics from which the beating frequency of the tissue is calculated from. Scatter XY plot with
average = SEM. (N = 3).

To explore whether continuous pacing at a physiological frequency of 1Hz would affect
tissue functionality and metabolism, cardiac tissues were cultured in the Spheroflow HoC
for 14 days and continuously paced from day 5, were compared to control tissues, which
were cultured in parallel without undergoing the pacing regime. Pacing was carried out at 1
Hz, 50 ms, 10 V. The only times where electrical stimulation was paused was during media
change procedures and effluent collection.

A cell death dye was used to compare tissue viability between paced and control tissues at
day 14. As shown in Fig. 3.2.14, both conditions show low level of cell death. This result
indicates not only that continuous pacing does not exert cytotoxicity but also that the
Spheroflow HoC provides adequate conditions for long-term culture of cardiac tissues. |
arbitrarily chose day 14 as the end timepoint but theoretically the tissues could be cultured
for longer periods.
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Figure 3.2.14 Tissue viability after prolonged continuous pacing. Assessment of cell death by
CellTox™ Green (green) staining. On the left, a control tissue after 14 days of culture, while on the
right a tissue continuously paced from day 5 to day 14 of culture at 1 Hz, 10 V, 50 ms pulses. Scale
= 100um.

Tissues in both conditions are responsive to pacing at 1 Hz at day 5 and day 14 (Fig. 3.2.15
A). Control tissue exhibited a reduced spontaneous beating rate at day 14 compared to day
5, albeit not significant. Tissues under constant pacing exhibited spontaneous beating at
day 14 comparable to their spontaneous beating at day 5. However, paced tissues exhibited
significant higher spontaneous frequency (p = 0.02), compared to control tissues. The
average maximum contraction velocity (Fig. 3.2.15. B) decrease slightly but not
significatively when tissues in both conditions are paced. Moreover, an overall, but not
significant, decrease in the spontaneous maximum contraction velocity is observed during
culture (comparing day 5 and day 14) in both control and paced conditions.

81



>

801 Control Pacing
g %0 T
I © |
(4]
‘_:.!:40- o ° ...
p— {: o o S 2 -+
o °
m20{ © %" . .
o oS0
S R
Q N Q N
B Q Q
= Control Pacing
€ 15 :
= ] i
c E °
o L e .
s o |
c 1 o P .
o | ° i
ST & & & = % -
E | o 8%&3 o @—% ; eoe °° '}—P'
=] o 00 i Se o
£ : $
X !
S & SR
R H R » L H R
6:6 Q b? S 6:6 Q” o >
© ) o o

Figure 3.2.15 Tissue functionality at day 5 and day 14 after prolonged continuous pacing. (A)
Beating frequency during spontaneous beating (Spont.) and under pacing at 1Hz. (B) Maximum
contraction velocity during spontaneous beating and under pacing at 1Hz. Data is represented as a
Scatter dot plots, with average + SEM. Control condition = tissues cultured for 14 days without
electrical stimulation (N = 9); Pacing = tissues continuously paced from day 5 to day 14 of culture at
1 Hz, 10 V, 50 ms pulses (N = 7). Statistical analysis of the spontaneous beating frequencies of
control and paced tissues at day 5 and day 14 was conducted by One-way ANOVA. The following
pairs were compared: Control D5 Spont. Vs Control D14 Spont.; Control D5 Spont. Vs Pacing D5
Spont.; Pacing D5 Spont. Vs Pacing D14 Spont. and Control D14 Spont. Vs Pacing D14 Spont. * p
< 0.05.
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3.3 Readouts

In the scope of this thesis, | aimed at integrating electrical stimulation of the tissue and
coupled it with non-invasive readouts. Non-invasive measurements can be performed
repeatedly over time without affecting tissue functionality and viability, therefore allowing for
long-term monitoring of tissues changes. In medical research, this is crucial for
understanding disease progression, evaluating treatment effects, and developing new
therapies. As they do not require the sacrifice of the sample for data acquisition, non-
invasive readouts maximize data yield while minimizing the need of additional resources.
This is more efficient and cost-effective compared to terminal assays.
Here, a broad toolbox of non-invasive readouts for the Spheroflow HoC was developed,
namely video recording, Oz sensors, Raman spectroscopy, and analysis of effluents. This
toolbox enables the investigation of changes in tissue function and metabolism upon
electrical stimulation or drug injection.

3.3.1 Establishment of O2 sensors readouts

For real-time recording of oxygen levels, optical fibres were connected to either the phase
fluorimeter (FireSting pro or the FirePlate prototype), which was set to have an illumination
intensity of 100% and detection amplification of 400x. The Spheroflow HoC sensors were
manually aligned to the optical fibres, until an acceptable intensity above U = 100 mV was
achieved for every measurement. While for the p,, = 0% calibration point the average
phase shift (Ap) of 4 sensors spots was used, for the p,, = 100% calibration point each
sensor was calibrated in cell culture media before cell seeding. To verify sensors stability
under culture conditions, empty Spheroflow HoC were perfused at 50 uL/h in culture media
at 37°C while recording Oz levels every second for 12 hours (Fig. 3.3.1 A). The signal did
not shift significantly over time (< 1 hPa/h), excluding any scavenging of the Oz from the
media by the NOA81 resin. Additionally, it is possible to detect in real time the passing
through of potential air bubbles, as shown by the temporary spike in chamber D.

As one of the main goals was to couple the electrical stimulation with the O2 sensing to
understand if pacing might affect O2 metabolism, it was important to investigate if the
application of an electrical current would skew the O2 readouts due to electrolysis. Therefore,
O:2 levels were recorded in empty chips perfused with media, while electrical stimulation at
12.5 V and 50 ms with 1Hz and 3 Hz frequency was applied. In Fig 3.3.1 B it is possible to
observe that chambers C and D maintained constant Oz level during both pacing regimes,
comparable to non-paced controls (chambers A and B). This excludes possible O2 changes
induced by electrolysis, allowing O2 measurement during electrical stimulation.
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Figure 3.3.1 Assessment of O, sensors stability under experimental conditions, adapted from
Schneider et al., 2022 (available under the CC BY 4.0 license). (A) Stability of the O sensors over
12 hours of media perfusion in empty Spheroflow HoC. (B) Effect of pacing (red area) onto O level
and sensor readout in media-perfused empty Spheroflow HoC. Chambers C and D were paced first
at 1 Hz, 12.5 V, 50 ms pulses, followed by pacing at 3 Hz, 12.5 V, 50 ms. Chambers A and B were
used as negative controls.

Following this, pacing and O2 readout were combined to assess whether increased beating
frequency would result in a higher O2 consumption. Two cultured tissues within the same
chip, were alternatively paced at increasing frequencies of 0.7, 1.0, 1.2, and 1.5 Hz for 10
minutes, followed by 30 minutes at rest before the next pacing cycle was applied (Fig. 3.3.2
A). Each frequency cycle was repeated three times. The choice of pacing one tissue while
keeping the other at rest was made to have an internal control, excluding external influences
on Oz2 levels but also to exclude any crosstalk between tissues residing within the same
Spheroflow HoC platform. This proves that each Spheroflow HoC hosts two completely
independent tissues. Coincident to the starting of the pacing, a noticeable decrease in
measured O2 occurred (as indicated by the reference line), which returned to the basal level
upon termination of the electrical stimulus. For each iteration, no O2 level change was
detected in the respective non-paced chamber. Additionally, higher pacing frequencies
showed larger decreases in Oz levels.

In Fig. 3.3.2 B, the differences in Oz levels between onset of pacing and pacing termination
were normalized to the difference of Oz partial pressure between the non-paced state and
the fully oxygenated state, yielding relative differences in O2 consumption. Relative
differences consistently increased with higher pacing frequencies in each pacing cycle for
both investigated systems. These results indicate that the drops in Oz levels correlate to a
higher O2 consumption rate of the tissues. The difference in O2 consumption appears to be
proportional to the beating frequency of the tissue. My theory is that the electrical stimulation
triggers an increase in the metabolic activity of the cardiac tissues.
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Figure 3.3.2 O, levels recording by integrated optical sensors, adapted from Schneider et al., 2022
(available under the CC BY 4.0 license). (A) Alternate pacing of two tissues (blue and red dashed
lines) coupled to simultaneous recording of O partial pressures (hPa). Increasing frequencies of 0.7,
1.0, 1.2, 1.5 Hz. (B) Analysis of the relative difference in O2 consumption (%) dependent on the
pacing frequency (0.7, 1.0, 1.2, 1.5 Hz). Data is expressed as average + SD. Data points are
technical triplicates of 2 independent tissues (orange and blue).

In the next step | wanted to monitor the O2 levels from the start of the pacing procedure to
the endpoint at day 14. In Figure 3.3.3, it is possible to see two tissues being monitored for
several days. As observed in the previous experiments, as soon as electrical stimulation
was started, the paced tissue (blue line) presented a steep drop in Oz level (from 101 hPa
to 71 hPa in 2 hours), while the control level remained unchanged (61 hPa at both time
points). However, it is possible to see after 24 hours a high spike, of the same magnitude,
in O2 levels for both systems (red highlighted area). This was caused by a partial
dealignment of the sensor spots from the optical fibre during acquisition, confirmed by the
concurrent drop of signal intensity below the 100 mV. Chips were re-aligned on top of the
optical fibres after media change, bringing back the measured O:2 levels at the previous
values. It is also possible to notice a gradual increase in Oz levels over the days in both
systems, with an increase of 26 hPa for the control at day 14 and an increase of 22 hPa for
the paced tissue from the O:2 levels detected after pacing. This underlines changes in O2
dependent metabolism over time in both tissues.
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Figure 3.3.3 Recording of O; partial pressures (hPa) of 2 tissues over 8 days. Dashed lines illustrate
the times of the start of the pacing regime and the time of media change. Blue line indicates O; level
of the tissue under pacing, while black line illustrates the O level of the control tissue.

This experiment was overall difficult to perform due to the complex set up, which included a
several electronical devices outside of the incubator being connected to the chip within the
incubator by cables, which could be accidentally pulled by the lab staff and the operator
themselves. It is also possible to see much higher fluctuations (> 1 hPa) in the O2 level
compared to previous graphs. This was due to the fact that bigger volume syringe (10 mL)
as well as a lower acquisition rate of the shift phase (1 / 10 seconds) were used. Using
higher volume syringes was necessary to assure continuous perfusion of media over several
days without the operator touching the set up; however, as previously demonstrated this
translates into high oscillations of amplitude = 10 hPa (data not shown — (O. Schneider,
2022)).

3.3.2 On-chip mitochondrial respiration assay

To verify that the current readout method could be used to detect drug-induced metabolic
changes in Oz consumption, | tested different compounds known to affect the cellular
respiratory chain (or Electron transport chain) (Fig. 3.3.4). These drugs, nominally,
Oligomycin A, FCCP, Rotenone and Antimycin A, are also used for the analysis of
mitochondrial respiration in the Seahorse XF Analyzer (Agilent).

In order to administer several drugs within each chip in an automated and timely manner,
the uProcess Microfluidic Automation switches (LabSmith) were used and a script was
written in the uProcess software to control each switch. In this way drugs were automatically
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injected without stopping the perfusion system and manually switching syringes, decreasing
chances of air bubble formation and perturbation of the readout.

In Fig. 3.3.4 A, it is possible to observe how the addition of each drug influences O:2
consumption by the tissues. Oligomycin A is an ATP synthase (complex V) inhibitor, it blocks
the intake of H* ions required for ATP synthesis as well as leading to reduced levels of
intracellular H* ions which are used by the previous protein complexes of the respiration
chain. Therefore, after the addition of Oligomycin A, the tissues consumed less O2 and the
O:2 level rose. Conversely, FCCP disrupts the H* gradients and mitochondrial membrane
potential, uncoupling the intake of H* ions from the ATP synthase, allowing higher H*
intracellular concentration and increased oxygen consumption by the complex IV. During
incubation of the tissues with FCCP, it was possible see a gradual decrease in O2 levels
until a plateau was reached. Lastly, Rotenone and Antimycin A (R / A) blocks the complex |
and Il of the electron transportation chain respectively. This completely shuts down
mitochondrial respiration, leading to a spike in Oz levels.

As different chambers present different basal Oz levels due to different cell number, before
analysis, the data from each tissue was normalized over the average O:2 level before the
addition of Oligomycin A (Fig. 3.3.4 B). To calculate the mitochondrial respiration
parameters, the following variable were defined: pOligo refers to the last measured Oz value
(hPa) prior to the injection of Oligomycin A; pFCCP refers to the last measured O2 value
(hPa) prior to the injection of FCCP; pRA refers to the last measured O2 value (hPa) prior
to the injection of Rotenone / Antimycin A; aRA refers to the last measured O2z value (hPa)
after the injection of Rotenone / Antimycin A. The mitochondrial respiration parameters (Fig.
3.3.4 C) were then calculated as described in Busche et al. (2022):

Basal respiration = pOligo — aRA
Proton leak = pFCCP — aRA
ATP production = Basal respiration — Proton leak
Maximal respiration = pRA — aRA

Spare capacity = Maximal respiration — Basal respiration
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Figure 3.3.4 On-chip mitochondrial respiration assay. (A) O levels (hPa) of cardiac tissues treated
in sequence with Oligomycin A (7.5 uM), FCCP (2.4 uM) and Rotenone / Antimycin A (3 uM / 6 uM)
(Chambers A and B - red lines). Controls were provided with equivalent dilution of DMSO in media
(Chambers C and D — black/grey lines) (B) O2 consumption normalised on baseline (average of O:
consumption before Oligomycin A injection). Dashed lines highlight timepoints of the drug injections.
Negative controls (grey scale) were treated with media containing DMSO. (C) Analysis of cellular
respiration from the O levels measured by integrated sensors. Values are normalized on Basal
respiration. Data is represented in a Bar plot as average + SD (N=2).

3.3.3 Drug response — Optical and O2 sensors readouts

After successfully demonstrating that the induction of higher beating frequencies via
electrical stimulation leads to changes in O2 consumption, which can be measured non-
invasively via the integrated sensors, the next question was whether drugs affecting cardiac
function would also affect O2 consumption. Therefore, the HoC with integrated sensors was
exposed to two commonly used drugs, Verapamil and Isoproterenol, with opposing effects
on cardiac beating.

Verapamil is a calcium channel blocker, which causes a decrease in beat frequency
(negative chronotropic response) and cardiac contraction force (negative inotropic

88



response). On the contrary, administration of Isoproterenol, a beta-adrenergic agonist,
results in a positive chronotropic and inotropic effect.

As previously showed, during perfusion, these compounds were retained by the plastic
tubings. To avoid this in the following experiments, the compounds were supplied by a 100
uL tip inserted in the media outlet and the perfusion was performed by withdrawing the
media from the tip through the chip and then into the syringes (Supplementary Fig. 2).

To test the effects of these compounds on tissue functionality, increasing concentration of
the drugs (0 — 10°000 nM) was administered to the tissue and videos of the tissue beating
were acquired. For each concentration, the drug was delivered under a constant flow rate
for 20 minutes before video recording, after recording the tissues were left to recover in
normal media for another 20 minutes before the injection of the next dose. Beating kinetics
calculated from the videos showed a sharp increase in beats per minute already at 10 nM
of Isoproterenol, while for Verapamil, higher concentrations were needed to lower the beat
rate, with 10°000 nM stopping completely the beating of both tissues (Fig. 3.3.5 A). The
average relative contraction also showed a similar trend (Fig. 3.3.5 B), presenting a
progressive increase from 100 nM of Isoproterenol and complete ceasing at 10°'000 nM of
Isoproterenol.
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Figure 3.3.5 Functional response to Verapamil and Isoproterenol drugs. (A) Beating frequency in
response to increasing concentrations (0 — 10°000 nM) of Verapamil (orange, N = 2) and
Isoproterenol (blue, N = 2). (B) Relative Maximum Contraction velocity in response to increasing
concentrations (0 — 10°000 nM) of Verapamil (orange, N =2) and Isoproterenol (blue, N = 2). Line
plot with standard deviations.

To understand if the changes in functionality previously observed are reflected by a change
in O2 metabolism, | measured Oz consumption before and during treatment with 10 uM of
Verapamil or 100 nM of Isoproterenol (Fig. 3.3.6 A). The data from each chip was
normalized by the average O:2 level before the start of the treatment; then relative Oz levels
were averaged for samples and controls. As Fig. 3.3.6 B illustrates, there is no significant
difference in Oz levels between the samples and the respective controls in the trend. This
hints that both drugs, despite affecting the tissues functionality, do not induce a change in
the cellular metabolism; at least in the short-term. From the drug response curves, |
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calculated the Isoproterenol half-maximal effective concentration (ECso = 250 nM) and the
Verapamil half-maximal inhibitory concentration (ICs0 = 1155 nM).
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Figure 3.3.6 Consumption of O in cardiac tissues treated with 10 uM of Verapamil or 100 nM
Isoproterenol. (A) O: levels (hPa) under drug treatment with either Verapamil (orange scale) or
Isoproterenol (blue scale). (B) Average O levels normalised on baseline (average O value before
treatment start) + SD (area around the curve). Negative controls (grey scale) were treated with media
containing DMSO 1:1000. Vertical dashed lines highlight the start and end of the treatment.

3.3.4 Effluent Analysis

While the use of integrated sensors for detection and real-time measurement of
biomolecules such as glucose and lactate are still a challenge, it is still possible to assess a
tissues metabolism over-time by using commercial kits for effluent analysis. In particular, |
investigated glucose consumption and lactate production to understand the metabolism of
tissues cultured in the Spheroflow HoC over 14 days with and without pacing.

Chips were perfused in RPMI media (11.1 mM Glucose) + 2% B27 supplement at a constant
rate of 50 uL/h. 24 hours before effluent collection, the outlet tube was moved from the waste
reservoir to a 2 mL tube and after 24 hours the tube was collected and stored at -80°C until
analysis. The effluent was collected at several time points (days 3, 5, 7, and 14). Pacing of
the chip always started at day 5 after effluent collection.
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The glucose concentration was measured using the QuantiChrom™ Glucose Assay Kit
(DIGL-100, BioAssay Systems). The standard curve was obtained using 6 concentration
points of glucose dissolved in water. The kit had a resolution of 0.3 mM, LOD = 0.9 mM and
LOQ = 2.7 mM. The nominal medium Glucose concentration is 11.11 mM, however as it is
possible to see in Fig. 3.3.7, most of the measured samples presented a higher glucose
concentration. This could be due to partial water evaporation of the effluent during collection
as a volume of only 50 pL/hr was perfused and collected over 24 hrs.
Assuming the evaporation rate would remain constant for each chip for the duration of the
experiment, to attempt to assess changes in glucose consumption over 14 days of culture,
| normalised the concentration measured at each timepoint on the concentration at day 3 for
each chip. At all timepoints, the concentration remained constant with differences below the
resolution of the method (Fig. 3.3.7 A). The same could be observed for the comparison
between paced and non-paced groups (Fig. 3.3.7 B). These results highlight that the
QuantiChrom™ Glucose Assay Kit for detection of glucose in blood samples may not be
suited for in-chip experiments.
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Figure 3.3.7 Analysis of glucose consumption in chip effluent. Effluent samples are collected at day
3, 5, 7, 14 after 24 hours of perfusion. (A) On the left, Glucose concentration in chips’ effluent over
14 days of culture; on the right, glucose concentrations of each chip were normalized over the
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respective glucose value at day 3. Statistical analysis by Two-way ANOVA of the normalized data
showed no significative difference in glucose concentration between different timepoints. (B)
Comparison in glucose levels between Control condition and Pacing condition, where pacing started
at D5 after effluent collection. On the left, Glucose concentration in chips’ effluent over 14 days of
culture; on the right, glucose concentrations of each chip were normalized over the respective
glucose value at day 3. Data is represented in a Scatter dot plot with average + SEM. Control
condition (N = 8); Pacing condition (N=6, data points for tissue 2 on day 14 and tissue 5 on day 7
are missing). Statistical analysis by Two-way ANOVA of the normalized data showed no significant
difference in glucose concentration between control and pacing condition at day 7 and day 14.

While detection of glucose consumption could not be achieved, the Lactate-Glo™ Assay kit
(45022, Promega) worked in the uM range (up to 200 uM) and could detect secreted lactate
in the media. From a 7-point calibration curve, a resolution of 0.2 uM, LOD = 0.7 yM and
LOQ = 2.1 uM were calculated. Measured lactate concentrations fit within the range of the
assay (Fig. 3.3.8), and differences in lactate secretion over time could be determined (Fig.
3.3.8 A). Over 14 days of culture, non-paced tissues show a progressive decrease in lactate
secretion, from an average of 87 uM to an average of 57 uM at day 14. By normalizing the
data for each chip over their baseline at day 3, a significant decrease in lactate concentration
at day 14 by an average of 35% compared to the baseline is observed. Comparison between
non-paced and paced tissues during the 14 days culture (Fig 3.3.8 B) showed constant
higher levels of lactate secreted by paced tissues compared to non-paced controls, although
not statistically significant.
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Figure 3.3.8 Analysis of lactate secretion in chip effluent. Effluent samples are collected at day 3, 5,
7, 14 after 24 hours of perfusion. (A) On the left, lactate secretion in chips’ effluent over 14 days of
culture; on the right, lactate secretion of each chip was normalized over the respective glucose value
at day 3. Statistical analysis by Two-way ANOVA of the normalized data showed significance in
lactate secretions between different timepoints. (B) Comparison in lactate secretion between Control
condition and Pacing condition, where pacing started at D5 after effluent collection. On the left,
lactate secretion in chips’ effluent over 14 days of culture; on the right, lactate secretion of each chip
was normalized over the respective lactate value at day 3. Data is represented in a Scatter dot plot
with average + SEM. Control condition (N = 8); Pacing condition (N=6, data points for replicate 2 day
14 and replicate 5 day 7 are missing). Statistical analysis by Two-way ANOVA of the normalized
data showed no significative difference in lactate secretion between control and pacing condition at
day 7 and day 14. *p < 0.05; ** p < 0.01; ** p < 0.001; ns = non significative.

3.3.5 Raman Spectroscopy

While sensors and effluent analysis provide a non-invasive approach for monitoring tissue
metabolites uptake or secretion in media, Raman microspectroscopy provides a non-
invasive imaging approach for live-tissue characterization without the use of dyes or cell-
reporter lines. The Raman imaging, spectra fingerprints detection, TCA and PCA were
carried out together with Daniel Carvajal Berrio, from the Schenke-Layland Lab,
Universitatsklinikum Tubingen, Germany.
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Thanks to the Spheroflow HoC design, where the tissue is directly in contact with the bottom
glass coverslip, it was possible to perform Raman spectra analysis through the glass
substrate without the interference of the PDMS material.

Raman spectra were scanned with a 1 x 1 pym resolution and the resulting scans were
analysed via TCA. TCA allows for the generation of true components that explain the
spectral variability of the analysed sample. Moreover, heatmaps displaying the spatial
distribution of the extracted true components, can be generated allowing the evaluation of
changes within samples. Marker-independent imaging could be achieved within the platform
and different cellular components (i.e., single cell nucleus) could be distinguished (Fig.
3.3.9).

d

-.{[ o 25 pm

Figure 3.3.9 TCA results of Raman imaging of fixed sample of fibroblasts in Spheroflow HoC. On
the left, bright-field image of the tissue (scan tile) with highlighted 2 areas (a and b) for Raman
scanning. On the right, TCA of Raman spectra of 2 areas (a, b). Different spectra are color-coded
(lipids in red, background in-green,proteins in light blue and DNA in dark blue).

Additionally, Raman depth-scans were performed to assess the Raman spectra signal
characteristics and distribution in the z plane. The scans were done to a depth of 200 ym
starting from the bottom of the chip, which was characterized by the dominant contribution
of glass to the Raman signal. Within the Spheroflow HoC chip, the spectra from the chip
materials could be identified and discerned from biological fingerprints (Fig. 3.3.10),
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ensuring that the chip materials do not interfere with detection of cellular components within

the tissue.
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Figure 3.3.10 Raman spectra detected in Spheroflow HoC tissue. Known spectra fingerprints are
glass (magenta), DNA (blue), Lipids (red), PET membrane (yellow). Light blue and green spectra
belong to cellular components that are not fully characterized.

When phDFs were seeded in the Spheroflow HoC, these cells spread from the aggregates
adhering mainly to the chip material. These resulted in a less compacted tissue compared
to the cardiac fibre, where CMs form tighter cell-cell junctions and do not adhere to the chip
material. In this scenario, it was possible to image along the Z axis and observe the
distribution of different cellular components, such as lipids and proteins (Fig. 3.3.11). This,
however, was not possible in highly compacted tissues such as cardiac fibres. Therefore,

further tissue analyses were performed solely by imaging the tissue on the XY plane.
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Figure 3.3.11 Raman Imaging in fixed Spheroflow HoC fibroblasts tissue sample on the Z-axis. Scan
of the tissue spectra from the glass surface (top, magenta) to the PET membrane (bottom, yellow).
Color-coded single components distribution over the whole tissue thickness, in the following order
from left to right: Glass, Lipids, Cellular components 1, Cellular components 2, PET membrane. The
last panel on the right is the merged image.

For a preliminary characterization of cardiac tissues on-chip, tissues were fixed and imaged
at day 5. Five different cellular components were detected, and colour coded in Fig. 3.3.12
A, with the most abundant ones being proteins and Component #1. It was also possible to
detect DNA within the tissue, showing high nuclei content (Fig. 3.3.12 B). While some of the
spectra fingerprints could be identified (Fig. 3.3.12 C), as lipid (yellow), DNA (blue) and
proteins (green), some others were difficult to interpret. Component #1 may be Glycogen as
it presents prominent peaks around 488, 854, 940 cm™' as reported in literature (Konorov et
al., 2011; Zbinden et al., 2020), while Component #2 present a spectrum similar to the
mitochondria fingerprint (Tang et al., 2007; Zbinden et al., 2020). Component #3 was not
properly identified.
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Figure 3.3.12 Raman imaging of a cardiac tissue at day 5 in the Spheroflow HoC. (A) Raman image,
showing presence of lipids, proteins, and 3 different cellular components (#1, #2, #3). (B) Raman
image, highlighting the presence of lipids, DNA, cellular components #1 and #2 and proteins. (C)
Spectra from of each component identified within the tissue.

To compare cardiac tissues at day 5 to paced cardiac tissues at day 14, wavenumbers in
the fingerprint region, from 397 to 1800 cm-!, were further analysed via PCA. PCA of the
protein content (Fig. 3.3.13) revealed differential distribution of the scores on the PC-2 axis
between the two conditions (Fig. 3.3.13 A). The loadings of PC-2 show at what
wavenumbers the paced tissues presented higher differences to the unpaced tissue at day
5, with positive values meaning that the paced tissues presented higher intensities at those
wavenumbers, while negative values stand for lower intensities compared to the unpaced
tissue at day 5 (Fig. 3.3.13 B). Statistical comparison of the average protein scores for PC-
1 and PC-2 (Fig. 3.3.13 C), reveals a significative difference between unpaced and paced
samples for PC-2 (p = 0.0001).
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Figure 3.3.13 PCA of the Raman proteins spectrum. (A) Scores for the PC-1 (x-axis) and PC-2 (y-
axis) of cardiac tissue at day 5 before pacing (unpaced - 5 days, red) and at day 14 after pacing
regime (paced — 14 days, blue). (B) Loadings graph for the PC-2 displays the difference at each
wavenumber in the fingerprint region (397 — 1800 cm™) of the paced tissue compared to the unpaced
tissue. (C) Scatter dot plot of the average + SD, PC-1 and PC-2 and comparison between unpaced
and paced tissues. Data points represent 5 different images acquired randomly within the sample.
Data was analysed by Unpaired t-test. *** p = 0.0001.

In the same way, lipid content was also analysed and compared in cardiac tissues at day 5
and day 14 after pacing (Fig. 3.3.14). Scores between day 5 and day 14 samples were
shifted on the PC-1 axis (Fig. 3.3.14 A). The loadings of PC-1 show bigger shifts in the
paced tissue compared to the unpaced tissue in the 1300 — 1800 cm' range (Fig. 3.3.14
B). Statistical comparison of the average lipid scores for PC-1 and PC-2 (Fig. 3.3.14 C),
reveals a significative difference between unpaced and paced samples for PC-1 (p = 0.02).
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Figure 3.3.14 PCA of the Raman lipids spectrum. (A) Scores for the PC-1 (x-axis) and PC-2 (y-axis)
of cardiac tissue at day 5 before pacing (unpaced - 5 days, red) and at day 14 after pacing regime
(paced — 14 days, blue). (B) Loadings graph for the PC-1 displays the difference at each
wavenumber of the paced tissue compared to the unpaced tissue. (C) Scatter dot plot of the average
+ SD, PC-1 and PC-2 and comparison between unpaced and paced tissues. Data points represent
4 different images acquired randomly within the sample. Data was analysed by Unpaired t-test. * p
=0.02.

Overall, these results demonstrate the suitability of the platform for tissues investigation
through Raman spectroscopy and the possibility to detect biological changes within tissues
that underwent electrical stimulation.

3.4 Skeletal muscle-on-chip

The Spheroflow HoC platform and the readouts were established mainly focusing on cardiac
tissues. However, the platform is also suitable for generation of skeletal muscle models. The
aim is to generate functional skeletal muscle tissue out of primary myocytes isolated from
either healthy or diabetic patients in order to study how physical exercise, modelled by
electrical stimulation, can influence skeletal muscle functionality and metabolism.

Skeletal muscle cells were isolated from patients’ biopsies and cryopreserved. For the
experiment, the cells were thawed and expanded in “Cloning medium” (for medium
composition see Table 2.1.3) until confluency. During expansion, the skeletal muscle cells
mainly remain as elongated mononucleated cells. To induce cellular fusion into myotubules,
the media was switched to “POC medium” (for medium composition see Table 2.1.3), which
contained important FAs (palmitate, oleate and carnitine) for cellular maturation. Cells were
cultured in POC medium for 10 days (Fig. 3.4.1 A). However, such medium was not
generating functional myotubules. Even though cellular fusion was prompted, the cells were
not responsive to electrical stimulation. It was determined that addition of IGF-1 to the POC
medium was essential for generation of functional myotubules. Myocytes treated with POC
media supplemented with IGF-1 not only showed higher cell fusion into bigger myotubules
compared to the control condition without IGF-1 (Fig. 3.4.1), but also produced myotubules
responsive to pacing. However, a frequent occurrence during pacing in adherent cells was
the detachment and cell death of such formed myotubules during contraction.
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Figure 3.4.1 Myotubule formation and functionality in 2D culture. (A) Timeline of the protocol:
myocytes are cultured in cloning media until confluency is reached. The media is then switched to
the POC media to allow for cell fusion in myotubules. (B) Differences in myotubules’ morphology
formed in POC media with and without IGF.

Before establishing the protocol within a microfluidic device, the generation of 3D tissues
following the 2D protocol was tested. To produce 3D skeletal muscle fibres, a 3D printed
master mould for PDMS casting was designed (Fig 3.4.2 A). The PDMS mould featured an
outer frame to hold a polyester frame and 2 channels to host the muscle fibres. The PDMS
mould was provided to Dr. rer. nat. Simon Dreher from the Institute for Clinical Chemistry
and Pathobiochemistry, University Hospital Tubingen. The mould allowed for the generation
of primary human myobundles in a Fibrin/Matrigel® hydrogel, with the tissue extremities
anchored to a polyester frame (Fig 3.4.2 B). The tissues were cultured following the same
protocol applied for myocytes in 2D, and at day 10 the 3D myobundles displayed the same
functionality (Fig 3.4.2 C). The flexibility of the polyester frame allowed the myobundles to
contract during pacing while remaining anchored to it.
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Figure 3.4.2 Myobundle formation in 3D. (A) Design of the 3D printed master for generation of the
myobundle PDMS moulds. Top view on the XY axes and view of the sidecut on the XZ axes. (units
= mm) (B) Myobundles formed in the PDMS mold with a polyester frame, generated by Dr. Simon
Dreher. (C) Motion vectors of the beating myobundle.

Having successfully formed 3D myobundles in a Fibrin/Matrigel® hydrogel, the next step
involved testing a similar approach within a microfluidic device. The protocol was chosen to
be implemented in the Spheroflow HoC based on the hypothesis that the chamber geometry
would facilitate the formation of aligned myotubules. Primary human satellite cells were
mixed with either 4 mg/mL Fibrin/Geltrex® hydrogel, 1:5 Geltrex®, or 3 mg/mL TeloCol®-6,
and 500,000 cells were injected per chamber into the Spheroflow HoC by pipetting.
However, introduction of fibrin hydrogels within the tissue posed a challenge due to their
high viscosity and the fast polymerization time of the hydrogel, which met high flow
resistance due to the narrow chip channels. Therefore, further experiments were carried out

in 1:5 dilution of Geltrex® or 3 mg/mL TeloCol®-6. The same culture protocol was
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reproduced in 2D with and without the addition of IGF-1; as shown in Fig 3.4.3, the addition
of IGF-1 led to the formation of bigger myotubules in the shaft region, spanning from one
knob region to the other.
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Figure 3.4.3 Generation of the skeletal muscle tissue into the Spheroflow chip. Myocytes were
seeded in Geltrex® hydrogel and the same protocol for myobundle formation in 2D was carried out
with or without the addition of IGF. Red arrows indicate the myotubules formed.

After 10 days, the skeletal muscle myobundles formed in Geltrex® hydrogel within the
Spheroflow HoC. The myobundles showed responsiveness to electrical stimulation and
collective movement during contraction at 1Hz (Fig 3.4.4). However, in both the 3D
generated myobundles and on chip, Matrigel® and Geltrex® derived hydrogels were used.
To move away from non-chemically defined product a bovine derived collagen hydrogel was
tested, 3 mg/mL TeloCol®-6, which is, however, still of animal origin. The TeloCol®-6
hydrogel supported the tissue formation in the same way and resulted in a more ordered
motion of the tissue during contraction, as displayed by the red arrows in Fig 3.4.4 B.
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Figure 3.4.4 Tissue formation and functionality in hydrogels. (A) Beating skeletal muscle fibre in
Geltrex® (1:5). (B) Beating skeletal muscle fibre in TeloCol® (3 mg/mL). Red arrows show collective
movement of the tissue within the chip shaft region.

Tissue characterization showed good tissue viability at day 10 (Fig 3.4.5 A), under
continuous perfusion of 50 pyL/h with the media recirculation approach described in the
method section 2.5.3.2. This approached allowed the use of a total of 6 mL of media/tissue
over the 10 days of culture in POC media; compared to the standard approach without
recirculation, which required 12 mL of media/tissue. The orthogonal view of the tissue
revealed a 3D distribution of the nuclei within the height of the channel; however, a higher
density of cells can be detected closer to the membrane side compared to the chip bottom
(Fig 3.4.5 B). This could be due to the hydrogel slowing down nutrient diffusion from the
membrane to the bottom of the chip. The staining of the tissues for F-actin and nuclei
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revealed multinucleated myotubules and aligned actin filaments in the shaft region of the
chip (Fig 3.4.5 C).
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Figure 3.4.5 Tissue viability and myotubules structure. (A) Front view: cell nuclei stained with
Hoechst (blue) and dead cells stained with CellTox™ Green (red). Side view of nuclei reveals 3D
distribution of cells. (B) Staining of the skeletal muscle fibre nuclei (blue) and actin filaments (green)
displays multinucleated myotubules (white arrows) and aligned actin filaments on the y-axis in the
shaft region.
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4 Discussion

The aim of this project was to establish and characterise a novel OoC platform for the robust
generation of 3D cardiac tissues. The first milestone involved hiPSC differentiation and
characterization of cardiac cell types such as CMs and CFs, followed by media screening
for co-culture of CMs and fibroblasts. In parallel, the second milestone consisted of the
development and validation of a microfluidic platform with a thin glass bottom layer and
incorporation of electrodes for electrical stimulation and optical O2 sensors. The third
milestone consisted of achieving 3D tissue formation by loading pre-generated cardiac
spheroids and characterising tissue morphology and functionality. The last milestone was to
develop and apply non-invasive readout technologies to monitor tissue functionality and
metabolic changes during electrical stimulation or drug treatment.

An additional part of this thesis included the repurposing of the OoC platform for generation
of skeletal muscle fibres with the future aim of utilizing the platform for investigation of the
effects of physical exercise on diabetic patients’ skeletal muscles as well as to combine the
skeletal muscle-on-chip model with other metabolic relevant OoCs (i.e. pancreas, fat and
liver) to investigate metabolic interactions between the tissues in patho-/physio-logical
conditions.

4.1 Validation of cell types used in this study

In the initial phase of the study, | developed protocols for maintaining and differentiating
hiPSCs into CMs and CFs. The aim was to investigate alternatives to the use of undefined
media composition and plate-coating for hiPSC maintenance. Despite their attempt to use
chemically defined media, commonly used protocols for hiPSCs culture in monolayer rely
on Matrigel coating and FBS for cryopreservation, which are chemically undefined due to
their complex composition and isolation method (Y. Y. Kim et al., 2011; Laflamme et al.,
2007; Lian et al., 2013; Passier et al., 2005; van den Berg et al., 2014). From the previously
established protocol (O. Schneider et al., 2019), | substituted Matrigel with human
recombinant vitronectin and used the chemically defined ibidi Freezing Medium Classic as
freezing medium. Comparing different conditions, cells frozen in ibidi medium showed higher
recovery rate and retained their morphology when thawed and seeded on vitronectin (Fig.
3.1.1). Despite being suitable for hiPSC maintenance, neither vitronectin nor laminin were
able to support consistent differentiation of hiPSC into CMs (data not shown). Few papers,
reviewed in Barnes et al., investigated the possibility of using human recombinant proteins
as substrates for hiPSC differentiation into CMs (Barnes et al., 2022). Similar to my
experience, Burridge et al., showed that vitronectin does not allow for adhesion of terminally
differentiated CMs, resulting in the detachment and cell death of differentiated CMs; but
contrary to my observations they estimated that laminin-521 substrate would be a suitable
substrate for efficient CM generation, while fibronectin substrate despite being able to
support terminally differentiated CM adhesion (O. Schneider et al., 2019) did not support
pluripotent growth (Burridge et al., 2014). Therefore, hiPSC differentiation procedures in this
thesis still rely on Matrigel coating.
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Despite being suitable for hiPSCs and hiPSC-CMs cryopreservation, ibidi Freezing Medium
Classic still contains BSA as a component; to further move away from animal components,
alternative xeno-free freezing media (i.e., StemMACS™ Cryo-Brew and CryoStor® CS10)
should be used. Additionally, B27 supplements, used in the described protocols, should also
be switched with their commercially available xeno-free variants.

hiPSC-CMs differentiation protocol is based on the modulation of the Wnt/B-catenin
signalling pathway by small-molecule manipulation. Differentiated CMs showed high
expression of cTnT, indicating their CMs identity, but they also faintly expressed vimentin
(Fig. 3.1.2), which has been reported to be a marker of foetal and hiPSC-CMs and to
disappear postnatally (Dewing et al., 2022; H.-D. Kim, 1996; Zuppinger et al., 2017). This
reveals that the hiPSC-CMs still lack proper maturation to a more adult phenotype.
Cryopreservation or replating of the CMs does not compromise their purity, and lactate
treatment further enhances their purity by selectively promoting the survival of CMs (Fig
3.1.3).

| then tested two protocols for isogenic CFs generation to support the functionality of hiPSC-
CMs and compared protein expression of relevant markers with haCFv isolated from adult
heart tissue and phDF.

In the first protocol, fibroblasts were differentiated by treating the cells with CHIR and bFGF
for 18 days (Fig 3.1.4). The differentiated fibroblasts showed positive staining for vimentin
but differences in the protein expression of the surface fibroblast marker, Cx43 and Collagen
| compared to haCFv. In the second protocol, hiPSCs were driven through the cardiac
developmental pathway, reaching CPCs stage at day 5 and EPCs stage at day 12. By day
18, the cells expressed the fibroblast marker DDR2 (Fig 3.1.5). In both protocols only a
small fraction of hiPSC-CFs expressed the fibroblast marker CD90, for which the haCFv
were positive. In accordance with Zhang et al., haCFv contrary to phDF do not express
CD90 marker (J. Zhang et al., 2019). However, the haCFv bought by us from another
company displayed high expression of CD90. These discrepancies in commonly used CF
markers expression (fibroblast marker, CD90, Vimentin) and the lack of a CF unique marker
make it hard to identify proper fibroblasts population and verify proper hiPSC differentiation
into the fibroblast cell type. The lack of well-defined and specific markers hinders precise
characterization and understanding of CF populations, emphasizing the need for continued
research efforts to identify novel and reliable markers for these cells (Tallquist & Molkentin,
2017).

In monoculture, CMs and CFs are maintained in their own media. However, it is crucial to
define a medium composition that allows for the viability of both cell types in a co-culture
setting. The preliminary screening of cell viability in CM medium (Fig. 3.1.6) revealed that
while dermal fibroblasts are viable and metabolically active in CM medium RPMI+B27C, this
induces cytotoxicity in both hiPSC-CFs and haCFv. The presence of specific components in
CF media, such as FiboroGRO™ or FGM, highlights the importance of these factors for CF
viability and function. For both media, the composition of the basal medium is proprietary
however, important supplements contained are human serum albumin, linoleic acid, lecithin,
ascorbic acid, insulin, L-glutamine, Hydrocortisone Hemisuccinate and 5ng/mL recombinant
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human bFGF. Of these components, serum albumin, linoleic acid, insulin, and L-glutamine
are also present in the RPMI+B27C medium; however, the proprietary media composition
of the CF media does not allow us to determine in what concentration ranges these
components are needed. As bFGF is a key factor to fibroblasts mitotic and survival activities,
one approach was its addition to the RPMI+B27C medium, which however was not sufficient
to sustain CFs viability. In an attempt to provide a sufficient amount of nutrients to the CFs,
| mixed in a 3:1 ratio RPMI+B27C and FGM, which show reduced cytotoxicity and improved
metabolic activity in fibroblasts (Fig. 3.1.7). This ratio was chosen to reflect the cell type ratio
in the co-culture condition. The same media combinations were tested on hiPSC-CMs (Fig.
3.1.8), which showed an enhanced metabolic activity observed in the FGM and 3:1 mixed
medium, indicating the influence of components in CF media on CM metabolism.

The tissue generation approach involves using spheroids as building blocks to achieve
physiological densities, cell-cell contacts, 3D structural organization resembling heart tissue,
and the ability to integrate other relevant cell types such as fibroblasts. The formation of
tissue involves pre-generating cardiac spheroids from differentiated CMs and CFs, which
then fuse into a uniaxially aligned cardiac muscle fibre. Testing the aggregation protocol with
the different cell types (Fig. 3.1.9) revealed that both hiPSC-CMs and CFs alone formed
irregular clumps, while phDF formed compacted, round spheroids that were resistant to
shear stress. Adding phDF, to CMs improved aggregation, with a mixture of 25% phDF
resulting in compact round spheroids of around 120 ym in diameter. The ratio of 75% CMs
and 25% CFs was decided based on similar studies (Beauchamp et al., 2020; Giacomelli et
al., 2020) and investigations of the heart composition (Banerjee et al., 2007; Dewing et al.,
2022). Further analysis showed significant differences in spheroid compaction, with phDF-
containing spheroids being smaller than those containing haCFv, which still resulted in
loosely packed cells that could not bear sheer stress. Several other studies achieved
spheroids generation with CMs and either hiPSC-derived or primary foetal CFs. However,
their spheroids were generated by the hanging drop method or in a U- or V-shaped 96
wellplate, required high cell count / spheroids and several days of culture (4-7 days) to
aggregate with regular media changes (Beauchamp et al., 2020; Giacomelli, Bellin, Sala, et
al., 2017; Kahn-Krell et al., 2022). The strategy presented in this work relied instead on the
AggreWell™ plate format which allows the high-throughput cardiac spheroid generation,
with 1200 aggregates/well with only 0.5 - 10° cells, thus allowing formation of smaller
aggregates. While this approach allows generation of spheroids within 24 hours, it is not
suited for media change as the spheroids are easily displaced from their microwell by the
sheer stress caused by pipetting or just by moving the plate, with subsequent fusion of the
spheroids which come in contact with each other.

Based on the results of the media screening, the limited knowledge of CF media
composition, and the inability to aggregate CMs with CFs, | decided to utilize dermal
fibroblasts in the chemically defined RPMI+B27C medium for the subsequent development
of the HoC model.
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4.2 HoC platforms and tissue validation

Spheroid formation is a widely established technique yielding 3D tissues without the use of
hydrogel; however, they cannot reproduce structural organization and cell alignment,
recapitulating human physiology only partially. On the other hand, as illustrated in EHTs and
HoCs, using single cells interspersed in a hydrogel with a defined shaped allows for
recapitulation of tissue physiognomy. However, injection of cell-laden hydrogels yields low
cell densities, is prone to clogging due to high viscosity and polymerization time and may
lead to uneven cellular distribution. In contrast, when employing flow-based injection of cell
suspensions, it is common to utilize retaining features to concentrate cells in specific
geometries. However, these features are susceptible to clogging during the loading process,
resulting in unpredictable loading pressures, flow interruption, and limited three-
dimensionality of the cell distribution. In addition, both approaches require high cell densities
to cast a single tissue. Generation of spheroids enables a precisely controlled cellular tissue
composition by mixing defined ratios of different cell types, such as CMs and fibroblasts and
allows for the formation of 3D tissues from pre-generated 3D building blocks, increasing
tissue density compared to other commonly used approaches.

Two platform concepts were investigated for the injection of cardiac aggregates, with and
without the addition of ECM components, for the formation of dense aligned cardiac tissues.

In the Centrifugal HoC, the centrifugal loading procedure relies solely on a conventional
centrifuge commonly available in cell culture laboratories and allows the loading of multiple
units in one centrifuge simultaneously (Fig. 3.2.1). The application of centrifugal forces
during cell loading leads to consecutive loading of the chambers in a self-organized manner
(Burger et al., 2012; Espulgar et al., 2015; Glynn et al., 2015; Park et al., 2017). This
approach was previously used for the loading of single cell suspension within 8 adjacent
chambers (O. Schneider et al., 2019). Furthermore, centrifugal loading provides the
opportunity to tune the number of tissue replicates by modulating the cell number in
suspension. By adapting chamber width and height it was possible to transfer this approach
for the loading of cardiac spheroids in the Centrifugal HoC platform (Fig. 3.2.2 A).

As previously explained, cardiac ECM is predominantly composed of collagen fibres, and is
essential for supporting CM adhesion, contraction, and maturation. Despite the successful
loading of hydrogels within the Centrifugal HoC chamber (Fig. 3.2.2 B), centrifugation was
found to be ineffective for co-loading both hydrogel and cardiac spheroids into the chip.
Instead, the loading process was adapted to utilize hydrostatic pressure for the loading of
spheroids and the subsequent injection of the hydrogel (Fig. 3.2.3). In order to incorporate
a physiologically relevant ECM, a collagen | hydrogel (FibriCol®) was employed. It is
important to mention that this loading method was specifically suitable for hydrogels with
low viscosity, such as collagen | at concentrations up to 3mg/mL. This ensured that the
hydrogel could effectively fill the spaces between the cardiac spheroids, promoting their
structural integration within the tissue model. The limitation of using low concentrations of
FibriCol® used for the hydrogel is that the resulting hydrogel has a nominal stiffness of 0.5
kPa. This stiffness is more similar to the embryonic stage of ECM stiffness (0.2 kPa) rather
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than the stiffness observed in the adult heart (10-20 kPa) (Gaetani et al., 2020; Huyer et al.,
2015).

Over 6 days of culture, the tissue remained viable (Fig. 3.2.4; Fig. 3.2.5) and displayed
compaction and spontaneous beating, meaning that the hydrogel does not prevent cell
migration and tissue formation. However, the tissue experienced collapse from the lower
knob to the shaft region, likely due to collagen shrinkage. Despite this, the tissue retained
its ability for spontaneous beating, although the motion vectors showed more disorganized
displacement compared to day 3 and exhibited a much lower beating rate compared to non-
hydrogel-embedded tissues (O. Schneider et al., 2019, 2022). As reviewed by Hameed and
Manivasagam, several studies have reported the collagen hydrogels undergo gradual
shrinkage when cultured in vitro (EI-Fiqgi et al., 2013; Galois et al., 2006; X. Liu et al., 1998;
Velegol & Lanni, 2001). Cells cultured have been observed to cause contraction, shrinkage,
and actuation of the hydrogel due to cell-generated traction forces exerted on collagen type
1 hydrogels (Bacakova et al., 2019). This can alter the mechanical properties of hydrogels,
such as compressive strain energy, tensile modulus, and compressive modulus (Hameed &
Manivasagam, 2021; Velegol & Lanni, 2001). To prevent shrinkage and collapse of the
tissue, one potential solution is to apply a PDMS coating with polydopamine (S. Kim et al.,
2022). This approach can help maintain the mechanical properties of the hydrogel, preserve
tissue structure, and enable linear contraction motion in the cardiac system.

Overall, the loading of cardiac aggregates and hydrogel within the centrifugal platform was
possible but the filling of all 8 tissue replicates was not consistent, as aggregates often
caused the clogging of the chambers’ shaft region, resulting in incomplete chamber loading.

The Spheroflow HoC platform (Fig. 3.2.6; Fig 3.2.7) incorporates side lying constrained
channels that prevent excessive pressure buildup during cell injection, similar to the trapping
system described by Bruzewicz et al. (Bruzewicz et al., 2008). This design avoids the need
for uncontrolled manual pressure and ensures the use of defined hydrostatic pressures.
Furthermore, the HoC tissue layer can be assembled on coverslips for high-resolution
imaging and Raman imaging or on top of O2 sensor PET substrates.

To provide an on-line real-time monitoring of oxygen tissue metabolism, optical O2 sensors
were integrated into the platform. As explained in the introduction (section 1.2.3),
measurement of Oz levels were determined by the A@. PDMS exhibits oxygen permeability,
which implies that in a complete PDMS chip, oxygen can permeate through the bulk material
in the tissue layer, thus affecting the measurement of oxygen levels. Furthermore, the
polymer mixture used for O2 sensors does not adhere well to the PDMS material. These two
factors present challenges in integrating sensor spots into fully PDMS platforms. To
overcome these limitations, the chip fabrication process involves casting a gas impermeable
resin for the tissue layer, which allows for the placement of Oz sensors beneath the tissue
(Fig. 3.2.7; Fig. 3.2.10 B) within the tissue chamber. This design bypasses the limitations
posed by PDMS. In this set up, the PDMS media permits oxygenation of the top layer, while
the measured Oz concentration at the tissue level corresponds to the remaining oxygen
concentration after tissue consumption. This configuration enables reliable O2 measurement
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under a constant media flow. However, the thin glass substrate, which is ideal for
microscopy, was unsuitable for sensor adhesion and had to be replaced with a PET foil.

The chip concept described in this study is not limited to a specific fabrication method and
material, as explained in Section 2.3.2 of the Methods. HoCs were successfully assembled
using PDMS for both the tissue and media layers, as well as resin-based combinations of
tissue layer with PDMS or TPE media layers. All these materials were also compatible with
organic and water-based imaging clearing solutions (Supplementary Table 1). The
biocompatibility of the resin used in the resin-based assemblies was confirmed for CM
culture (Fig. 3.2.8).

When building an OoC device, it is crucial to consider its adsorption and absorption
properties. Understanding the extent to which the drug of interest is retained within the
system allows for adjusting the starting concentration to achieve the desired concentration
at the tissue interface. Few studies in OoC tried to determine material drug absorption by
using fluorescence molecules (i.e., rodhamines, cyanine NHS ester, paclitaxel and nile red)
and measuring fluorescence spreading within the material (Ongaro et al.,, 2020; S.
Schneider et al., 2021). Despite providing predictive insight, each different compound may
be retained differently based on their chemical properties, such as molecular weight, logP,
and functional groups. Therefore, it is important to test each compound beforehand. Van
Meer et al. and Mair at al. characterized PDMS absorption of different drug compounds by
UV-Vis spectroscopy (van Meer et al., 2017), and Mair et al. proposed a PDMS-PEG co-
polymer to prevent drug absorption (Mair et al., 2022). Nonetheless, all mentioned studies
were executed in static conditions. However, parameters such as chip design (Shirure &
George, 2017), perfusion flow rate, time, temperature, and solvent all influence drug
retention (absorption and adsorption) in the material. Therefore, the analysis set up should
closely resemble the experimental set up in order to take into account all the aforementioned
parameters.

To investigate the potential retainment of two majorly used drug compounds for HoC
validation, Verapamil and Isoproterenol, a HPLC analysis of the drugs” concentration after
passing through the chip platform at a constant flow rate was performed (Fig. 3.2.9). The
results showed that both drugs were primarily retained by the plastic tubings used for
perfusion, with significant differences compared to the stock solution. The drug retention by
the chips of different materials was negligible compared to those of the tubings. These
findings indicate that most of the drug retention occurs before reaching the chip. Further
investigation with optimized HPLC protocols for verapamil and isoproterenol detection at a
higher resolution (Leedahl, 2016; Ozkan et al., 2000) is required to examine the differences
in retention, absorption, and adsorption kinetics between chips of different materials.

In the Spheroflow HoC platform, a suspension of cardiac spheroids was loaded into the
chamber using hydrostatic flow, completing the process within one minute. Unlike previous
methods that trap individual spheroids in microfluidic environments (Bergstrom et al., 2015),
this approach confines a relatively large number of spheroids (approx. 50 spheroids) within
a single chamber (Fig. 3.2.10 A). However, a drawback of this loading strategy is that each
chamber may contain a slightly different number of cardiac spheroids, resulting in variations
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in cell numbers between different tissues without precise knowledge of the exact cell count
per chamber. Research conducted by Kim et al. (2018) and Arai et al. (2020) demonstrated
that these generated spheroids tend to merge spontaneously upon contact (Arai et al., 2020;
T. Y. Kim et al., 2018). The microfluidic geometry guides the tissue's shape as the
aggregates fuse over a 24-hour period (Fig. 3.2.10 B). By utilizing the approach of forming
spheroids in microwells, it was possible to reliably generate a high number of spheroids
(approx. 1200 spheroids/well) of uniform size, from 0.5 million cells. These 1200 spheroids
enable the generation of 24 aligned cardiac tissues (with approximately 50 spheroids per
tissue) after injection into the chip.

Achieving physiological cellular alignment is a key objective in cardiac tissue engineering.
Both platforms, by confining introduced spheroids within dog bone-shaped tissue chambers,
successfully generate 3D tissues with significant alignment, evident from the aligned
sarcomeres observed in the shaft region of the tissue chamber (Fig. 3.2.11 A-B), similarly
to what was previously achieved with single cell seeding (O. Schneider et al., 2019). As a
result, the HoCs accurately replicate the microstructure found in native cardiac tissue.
Furthermore, media perfusion ensures an effective diffusion of nutrients in both HoCs,
sustaining tissue functionality (Fig. 3.2.4; Fig. 3.2.5; Fig. 3.2.11 C-D). In comparison to
static culture with periodic media exchanges, both systems offer closer mimicry of human

physiology.

Although this chip could also be loaded with hydrogels, like the centrifugal HoC, once again
hydrogel viscosity constituted a limiting factor (data not shown). However, while the
Centrifugal HoC loading approach did not offer the possibility to load two different spheroid
types within the same chamber (i.e. healthy/diseased, atrial/ventricular) as the sequential
loading of each chamber relies on the prior chamber being fully loaded; the Spheroflow HoC
approach offers the possibility of producing hetero-tissues, similarly to the Biowire platform
(E. Y. Wang et al., 2019). Heterogeneous tissue formation, contraction coupling and beating
dynamics were investigated in the Spheroflow HoC by my colleagues Joanna Nowacka and
Dr. Dominik Eckardt at Miltenyi Biotec and they are therefore not reported in this thesis.

One characteristic of the implemented spheroid loading approach is the incomplete filling of
the tissue compartment when compared to single cell loading (O. Schneider et al., 2019).
The spherical shape of the introduced spheroids results in empty spaces between individual
spheroids. As the spheroids merge and further compact, the compartment remains partially
unfilled. This altered filling may affect the fluid dynamics of the system, potentially enabling
increased media flow through the membrane into the tissue compartment. While this
additional flow may enhance nutrient supply by introducing a convective nutrient delivery
component alongside diffusion, it can also potentially impact tissue functionality in
unpredictable ways. To protect the tissue from shear forces after compaction, one possible
solution is to inject and subsequently polymerize a hydrogel into the tissue chamber,
effectively filling the void. In addition, the current system does not include endothelialisation
of the tissue, as the endothelial barrier is simulated by the porous membrane. However, it
offers the possibility to integrate ECs by seeding them in the media layer on top of the porous
membrane, similarly to what is presented in many other organ models (Cipriano et al., 2022;
Nawroth et al., 2021; Ronaldson-Bouchard et al., 2022; Si et al., 2021). Despite this, inner
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vascularization of the tissue and cell-cell contact between CMs and ECs cannot be
investigated in the current set up of the platforms. A possible approach to studing
vascularization and CM-EC interaction consists of introducing a hydrogel mixture with
interspersed ECs into a tissue chamber hosting pre-formed cardiac tissues containing ECs.
As demonstrated by Ulgu et al., when the cardiac organoids are surrounded by a fibrin
hydrogel containing ECs, over time, lumenized vascular networks spontaneously form
around and inside the cardiac tissue through anastomosis (Arslan et al., 2023).

As previously explained, electrical actuation is one of the main stimulation approaches
investigated to drive hiPSC-CMs maturation, as well as to verify changes in tissue
contraction parameters in pathological conditions (i.e. arrythmia, fibrosis etc) and provide a
defined baseline beating frequency for drug testing. Therefore, it is desirable to have an
easy integration of electrodes into existing HoCs, without requiring changes in chip design
and fabrication. This can be achieved by using the metal fluidic connectors to deliver
electrical stimulation through the media compartment (Fig. 3.3.12 A-B). However, fluidic
connectors limit the electrode material to the connector material, which in this case is
stainless steel. This may not be optimal for electrophysiology and could potentially generate
toxic byproducts. Nonetheless, compared to pacing in a static system, the existing media
flow can assist in removing these toxic byproducts, allowing pacing to be conducted for
longer durations (Tandon et al., 2011).

Simulation results indicate that both investigated HoCs exhibit a homogeneous electrical
field in the shaft region. The predicted field strength of 0.8 V/cm (Fig. 3.3.12 C) is lower than
the conventionally applied electrical fields of approximately 5 V/cm for pacing cardiac
tissues, considering the chosen pacing parameters (Ruan et al., 2016; Tandon et al., 2009).
Despite this, robust stimulation of the tissues was achieved, leading to precise control and
adaption of observed tissue beating rate within a tissue-specific range (Fig. 3.3.13). In future
scenarios where standardized non-metal connectors are used for media supply, it becomes
possible to utilize the metal plugs, currently used for the sealing of the tissue channels as
electrodes. This modification would result in a shorter distance between the electrodes and
the tissue, potentially leading to an increased electrical field. Studies around electrical
stimulation effects on CM maturity were carried out using high frequencies (up to 6 Hz), in
some cases outside physiological range (Nunes et al., 2013; Ronaldson-Bouchard et al.,
2018; Ruan et al., 2016). | therefore decided to apply continuous pacing from day 5 for day
14 at 1 Hz frequency, which represents the average beating frequency at rest in a human.
For the duration of the pacing, the cells remained viable (Fig. 3.3.14) and functional. Paced
tissues exhibited a higher beating rate on average but with comparable maximum
contraction velocity to the control tissues (Fig. 3.3.15), similar to what was observed by Eng
and colleagues (Eng et al., 2016).

4.3 Non-invasive monitoring of cardiac metabolic changes under external stimuli

The focus of this thesis was the establishment of non-invasive readout procedures for living
tissue analysis. As mentioned before, in terminal assays, the sample is often irreversibly
altered or destroyed during the assessment process, limiting further study opportunities. In
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contrast, non-invasive assays enable repeated measurements on the same sample over
time, maximizing data yield and reducing the need for additional resources. By employing
non-invasive methods, researchers can track dynamic changes, responses to stimuli, and
recovery processes within the same sample, minimizing the need for a large number of
individual samples. This approach accelerates data collection, streamlines experimental
workflows, and facilitates quicker results.

The integrated O2 sensor spots within the Spheroflow HoC provided a continuous real-time
measurement of O2 levels. Prior to recording Oz2 levels, the stability of the oxygen sensors
over time and the potential impact of electrical current in the media were assessed (Fig.
3.3.1). The consistent O2 levels observed in the empty perfused chamber indicate that the
sensors maintain stability under continuous culture conditions. This finding denies the
possibility of the resin used for tissue layer fabrication, specifically NOA81, exhibiting O2
scavenging properties, as observed in chips fabricated from OSTEMER, a thiolene-based
resin similar to NOA81 (Sticker et al., 2019). Moreover, sporadic spikes in O2 concentration
suggest that these sensors are capable of detecting transient air bubbles passing through
the media layer during perfusion.

To ensure that electrical currents do not interfere with O2 measurement, | paced empty
chambers at different parameters and observed that O2 levels remained unaffected.
However, upon pacing the tissue, the results revealed an augmented Oz consumption in
cardiac tissues within the microphysiological system (Fig. 3.3.2). This finding aligns with a
similar study conducted on O2 consumption in myobundles undergoing electrical stimulation
(B. N. Davis et al., 2019). The observed reductions in partial pressure of Oz (pO2) were
synchronized with the pacing onset and ending, strongly suggesting an influence of pacing
onto the tissue metabolism. The increase in tissue beating frequency resulting from electrical
stimulation may lead to an elevation in tissue O2 consumption. As the pacing frequency
increases, tissue metabolism and subsequent O2 consumption also increase, thus providing
an explanation for the observed correlation between O2 consumption and pacing frequency.
During long-term monitoring of Oz levels under a continuous and constant pacing regimen
(Fig. 3.3.3), the paced tissue exhibited an immediate drop in Oz levels upon initiation of
pacing. Although the Oz2 levels remained lower than the initial level, there was a gradual but
consistent increase in Oz, indicating a decrease in O2 consumption. However, control tissue
also displayed progressively higher Oz levels. This finding suggests that the tissues still
heavily rely on anaerobic glycolysis to fulfil their energy requirements; however, more
replicates measurements are required to confirm this trend. Additionally, the overall set up
should be simplified and improved to avoid sensors displacement as well as reduce the
noise in the O2 readings due to the current syringe pumping system.

Following the confirmation of a correlation between metabolic changes in cardiac tissues
and the induced beating frequency through electrical stimulation, the objective was to
examine whether drug compounds could also influence tissue respiration.

Measurements of OCR and ECAR are used extensively in the cardiac field to investigate
metabolic changes in response to maturation approaches (Giacomelli et al., 2020;
Ronaldson-Bouchard et al., 2018), cardiac disease modelling (Giacomelli et al., 2020;
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Richards et al., 2020), and acute or chronic drug treatment (Fiserova et al., 2022; Mills et
al., 2018, 2019). However, as explained in section 1.2.3, one of the challenges currently
being tackled in the OoC platform is the application of such techniques to such closed
systems. Therefore, similarly to what has been recently established by Busche et al. and
Fuchs et al., | tried to establish the mitochondrial respiration assay within the platform under
constant perfusion. In the Busche et al. paper, the perfusion was achieved by gravity flow
and the addition of the assay drug compounds was performed by emptying the outlet
reservoir and refilling the inlet reservoir with media containing the appropriate drug at each
step of the assay (Busche et al., 2022). In contrast, in Fuchs et al., the perfusion was
provided by syringe pumps; however, the drug administration was still performed manually
by stopping the flow to exchange the syringes at each step (Fuchs et al., 2022). Additionally,
the chip design consisted of a single channel with cells seeded at the bottom and the sensors
were positioned on the top of the channel, with media flowing in the same channel.
Therefore, the O2 levels measured in absence or presence of drug, were kept constant by
the continuous flow of oxygenated media. This means that, to measure the OCR and ECAR
and to compare the measurements to the Seahorse XF Analyzer, the perfusion had to be
stopped to measure a decrease in oxygen and an increase of the pH; with this approach
they demonstrated the comparability between the assays in the OoC platform and the 2D
well plated assay performed with the commercially available Seahorse Analyzer.

In this set up (Supplementary Fig. 1), the perfusion was kept at a constant flow rate and
the drug injection was automated by using valve switches which can be programmed to
assure a timely control of the drug injection. As one solution is pumped through the chip, the
other tubing is primed with the next solution, preventing air bubble formation, which occur
when manually disconnecting and connecting syringes. The system | had in place only used
one 4-port microfluidic valve which only allows the perfusion of 2 solutions at the same time;
and therefore still required manual syringe exchange. To have a fully automated system, a
valve that provides the possibility to switch between multiple solution is required. An
example of a commercially available option is the sequential fluid injection pack by Elveflow
(A. Yang et al., 2023).

By following the same protocol published by Busche et al. (Busche et al., 2022), in terms of
drug concentrations and incubation times, the appropriate tissue for all the drugs injected
was confirmed (Oligomycin A, FCCP, Rotenone / Antimycin A) and | could extrapolate the
all the relevant parameters of the mitochondrial respiration (Fig. 3.3.4). However, as it is not
possible to know the exact cell number within the platform, and because | measured
remaining Oz levels in the media after cellular respiration, | could not provide an OCR as
hPa/min*10000 cells, as reported in Fuchs et al. (Fuchs et al., 2022).

Another noteworthy distinction lies in the HoC platform, where | measure the OCR of a 3D
tissue, in contrast to the aforementioned examples where hiPSCs and hepatocytes were
cultured as monolayers in microfluidic channels. In a recent study by Magliaro et al., it was
demonstrated that cells exhibit a reduction in their maximal OCR as cell density increases.
Furthermore, it was revealed that in static culture, the average OCR decreases over time
for a given cell density, indicating that cells adapt their OCR in response to the availability
of oxygen (Ahluwalia, 2017; Magliaro et al., 2019). This study raises the significative
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question of whether it is meaningful to compare the OCR and ECAR of 3D tissues subjected
to constant perfusion with their 2D counterparts cultured under static conditions.

Despite these differences compared to other studies and the limitation of not having a
defined cell number, this newly developed automated mitochondrial respiration assay on-
chip would provide an important tool for future on-chip studies on the modulation of CM
respiration in response to drug treatment as well as different nutritional regimes, as already
investigated in static conditions (Angelini et al., 2021; Fiserova et al., 2022). Additionally,
other optical sensors could be implemented to measure pH for glycolysis assays (ECAR) as
well as monitor glycolysis and lactate production changes.

Upon validating the feasibility of quantifying drug-induced alterations in Oz levels, | inquired
whether pharmacological compounds influencing cardiac functionality would also incite
changes in O2 consumption. For this purpose, two known compounds, Verapamil and
Isoproterenol were used. Verapamil, acting as a calcium channel blocker, elicits a negative
chronotropic and ionotropic response, while Isoproterenol, a beta-adrenergic agonist,
induces a positive chronotropic and ionotropic effect.

Initially, | assessed the functional response of the tissues to Verapamil and Isoproterenol,
which are commonly used drugs in cardiac research. In order to avoid drug absorption by
the tubings used for perfusion (explained in section 4.2), a pipette tip attached to the media
inlet was employed as a reservoir while the tubing and syringe were connected to the media
outlet. The chip was perfused by negative pressure (Supplementary Fig. 2) as pipette tips
were confirmed to exhibit no retention of the studied drug compounds (Supplementary Fig.
3). The tissue's beating response was analysed using drug concentrations ranging from 0
to 10 uM, similarly a previous study utilizing a comparable HoC platform (Huebsch et al.,
2016; Mathur et al., 2015). The experimental results (Fig. 3.3.5) revealed that the tissue's
response to Verapamil closely resembled the findings of the previous study. Conversely,
when Isoproterenol was applied, the tissue displayed a two-fold increase in contraction rate
at a concentration as low as 10 nM, which differed from the previous studies where a similar
magnitude of response was observed at concentrations close to 1 uM. To quantify the drug
response, | calculated the Isoproterenol half-maximal effective concentration (ECso) and the
Verapamil half-maximal inhibitory concentration (1Cso) using the drug response curves. The
obtained values align with the aforementioned study, the ECso for Isoproterenol was 250 nM
(compared to 315 nM in the previous study), and the ICso for Verapamil was 1155 nM
(compared to 950 nM).

After validating the tissue functional response to these drug compounds, | wanted to
investigate if they also induce a metabolic change in cardiac tissues. To determine if the
observed changes in tissue functionality corresponded to alterations in O2 metabolism, O2
levels were measured before and during treatment with 10 uM of Verapamil or 100 nM of
Isoproterenol. The analysis (Fig. 3.3.6) indicated no significant difference in O2 levels
between the samples and their respective controls. This may suggest that both drugs,
despite affecting tissue functionality, did not induce a change in cellular metabolism, at least
in the short-term or that higher drug concentrations are needed to induce a significant
decrease or increase in Oz consumption in the short-term.
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Commonly used non-invasive screening techniques rely on effluent analysis for biologically
relevant metabolites. Not having integrated glucose and lactate sensors in the platform yet,
| used commercially available kits to quantify glucose and lactate concentration in the media
after perfusion. This approach is still non-invasive as it is based on effluent collection but
does not provide real-time measurement as the effluent is only collected as specific time-
points to monitor metabolic changes. Analysis of glucose levels in the media (Fig. 3.3.7),
showed an overall higher glucose concentration compared to the nominal concentration of
the media (11.11 mM). | hypothesise that media collection over 24 hours at such low flow
rate (50 ul/hr) may result in partial evaporation of the media due to high surface area
exposed to air. Possible evaporation points in the system are the tubings which have an
internal diameter of 0.05 mm and are gas permeable, the PDMS media layer and the media
droplets exiting the tubing and dropping into the empty reservoir at the beginning of
collection. Additionally, the results highlighted that the QuantiChrom™ Glucose Assay Kit,
which is suitable for detection of glucose in serum and plasma may not be suited for in-chip
experiments. | assumed that the low consumption of the tissue and the one-way perfusion
of the media resulted in a glucose consumption rate too low to detect any difference in
glucose concentration in the scale of mM. Alternatives could be implementing a recirculation
system of the media to detect overall progressive consumption as well as providing media
with glucose concentration in the physiological range.

Another relevant analyte of CM metabolism is lactate. In this case, the Lactate-Glo™ Assay
kit, was used, which worked within an appropriate concentration range (up to 200 yM) and
a sensitivity of 0.2 pyM. In the current experiment set up, tissues in which a higher beating
frequency is induced maintained a higher glycolytic rate compared to control tissue (Fig
3.3.8). These results, in addition to the slight decrease in OCR measured over time in both
control and paced tissues (Fig. 3.3.3), may confirm that, as reported by Magliaro et al., the
tissues are adapting their metabolism to a reduced O2 concentration (Magliaro et al., 2019).
Tissues that were not subjected to continuous pacing exhibited a decline in beating rate
(refer to Fig. 3.2.15) and a reduction in lactate secretion, which aligns with the observed
decrease in oxygen consumption. Conversely, tissues subjected to pacing did not display a
decrease in spontaneous beating rate and maintained a consistent production of lactate,
despite experiencing a decline in oxygen consumption. Based on this, my hypothesis is that
these tissues require sustained anaerobic respiration to support the induced beating rate of
1 Hz while also adapting their oxygen consumption to the surrounding oxygen levels.
However, further investigation into the metabolic dynamics is required to elucidate the
intricate interplay between various metabolic pathways and oxygen consumption in cardiac
tissues. Additionally, the measurement of FA consumption could be included in these
metabolic investigations to provide a comprehensive understanding of the metabolic
processes involved.

Regrettably, in this particular study, the measurement of FAs was not feasible. The
commercially available kits commonly employed for detecting fatty acids, such as the Free
Fatty Acid Assay Kit - Quantification, are primarily designed for use with serum and plasma
samples. Consequently, these kits offer a wider detection range (up to 600 uM) but have
low sensitivity (> 2 yM) compared to what is typically found in cell culture media. |
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approximatively calculated the FA concentrations in this experimental set up. Considering
the original formulation of the B27 supplement, it is important to note that commercially
available options do not provide precise concentrations of individual components. As a
result, | estimated the composition of the current media, which consists of 2% B27 in RPMI
medium, to contain approximately 3.56 uM of Linoleic acid, 3.6 uM of Linolenic acid, and
3.54 pM of Oleic acid (Hanna Lab Protocol — Weizmann Institute of Science, n.d.).

As previously mentioned, the incorporation of glucose, lactate, and pH sensors within the
Spheroflow HoC platform holds the potential to provide valuable insights into metabolic
modulation within cardiac tissue. However, careful considerations need to be made
regarding the integration positions of these sensors. Specifically, the glucose sensor should
be positioned within the tissue layer to accurately measure the remaining glucose levels
after cellular metabolism, without being influenced by the influx of new glucose-rich media.
Furthermore, since the currently developed sensor is sensitive to oxygen concentrations for
measurement, modifications to the chip design are necessary (Fuchs et al., 2023). These
modifications should include a compartment where the sensor can assess glucose
concentration following cell metabolism, while simultaneously maintaining a constant level
of oxygenation in the media. An additional critical aspect to consider with this sensor is its
reliance on an enzyme. Despite being proven compatible with several sterilization
techniques (i.e. plasma treatment, UV-exposure, and E-beam), it has not been tested
against solvents (i.e. ethanol and isopropanol) and high temperature (> 60 °C) which are
commonly used in OoC fabrication. Thus, meticulous attention must be given to these
procedures to ensure that the sensor remains unaffected and functions optimally; moreover,
the sensor’s stability lasts only for up to 5 days at 37°C, limiting experimental time. Another
strategy would be redesigning the Spheroflow HoC to host a plug-in sensors attachment so
that sensors can be replaced at the end of their lifetime.

Sensors and effluent analysis offer a non-invasive method to monitor the uptake and
secretion of tissue metabolites in media. In contrast, Raman spectroscopy provides a non-
invasive imaging approach for characterizing live tissue, eliminating the need for dyes or
cell-reporter lines. The advantage of the Spheroflow HoC design is that it enables direct
contact between the tissue and the bottom glass coverslip, allowing for Raman spectroscopy
analysis through the glass substrate without any potential interference from PDMS or plastic
materials. High resolution imaging (1 x 1 um) could be achieved within the platform and
different biological fingerprints (Fig. 3.3.9; Fig. 3.3.10; Fig. 3.3.11) and the chip material
fingerprints could be identified. The analysis of cardiac tissues revealed three additional
cellular components in addition to DNA, lipids, and proteins (Fig. 3.3.12), two of which
present fingerprints similar to glycogen and mitochondria  respectively.

Despite the mainstream use of Raman spectroscopy for bulk material characterization (i.e.
graphene) in material science, its application to biological samples is still a challenge as
there is currently no extensive database of biological fingerprints and the conditions the
biological sample (i.e. cryopreserve slice or paraffin-embedded) is in may also affect the
fingerprint of biomolecules making their identification challenging. Currently very few studies
have been performed to characterize cardiac differentiation and maturity (Brauchle et al.,
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2016; Pascut et al., 2013; Shen et al., 2017). Brauchle and colleagues, from Katja Schenke-
Layland’s group, identified differences in Raman spectra between different CMs
populations, atrial and ventricular and were able to distinguish by PCA of the Raman spectra
between human embryonic stem cells (hESC), hESC-derived CMs and human foetal CMs
(Brauchle et al., 2016). A subsequent study, from the same group, analysed the effects of
strain on hESC-derived CMs maturation and compared them to primary human foetal CMs.
While the PCA analysis showed hESC-CMs after 10 days of strain training as a distinctive
cell population compared to primary CMs, after 20 days of training the hESC-CMs and the
primary CMs population showed comparable Raman fingerprints (Shen et al., 2017), proving
that dynamic strain was inducing cardiac maturation.

Similarly, to determine whether Raman imaging could be a useful tool for on-chip tissue
analysis, | tried to analyse the differences between cardiac tissues at day 5 and at day 14
after a pacing regime. | focused on the 2 better characterised components, lipids and
proteins. PCA analysis of the protein content (Fig. 3.3.13) revealed a partial separation of
day 5 and day 14 spectra on the PC-2, with loading values ranging between -0.2 and 0.2;
on the other hand, in the lipids PCA analysis (Fig. 3.3.14) the difference between the two
conditions is less pronounced but they still present a significative difference on the PC-1
with loading values ranging between -0.1 and 0.3. Such small loading values in PCA
analysis are due to the intrinsic variability of biological samples and are comparable to
loading values obtained in the abovementioned studies on CMs. Therefore, | concluded that
Raman imaging can effectively be applied on the microfluidic platform, is able to detect
biological differences between samples and can be a valuable tool to monitor in vivo tissue
changes over time.

4.4 Skeletal muscle tissue establishment

In this study, the Spheroflow HoC platform was presented as a suitable tool for investigating
cardiac tissues, however due to their similarity in functionality and structure | investigated its
potential to host skeletal muscle models as well.

As current challenges in skeletal muscle modelling from patient’s primary cells is the
ineffective differentiation of satellite cells into functional myotubules | tested a newly
developed protocol (Dreher et al., 2023), which relies on IGF-1 as the main molecule driving
myocytes fusion. The use of this novel protocol on 2D plates successfully generated
electrically responsive myotubules in contrast to medium without IGF-1 (Fig. 3.5.1). This
protocol was then successfully transferred to engineered 3D myobundles in fibrin hydrogel
(Fig. 3.5.2), which displayed a uniaxial contraction response when prompted by electrical
stimulation. Therefore, | used a similar approach to generate hydrogel embedded 3D
myobundles in the Spheroflow HoC platform.

As mentioned before, the integration of hydrogels with cardiac spheroids presented
challenges in this study, primarily due to the high viscosity of the hydrogels and the difficulty
in achieving compact tissue using dispersed CMs, as these cells are not proliferative.
However, the integration of Matrigel and collagen hydrogels in the chip was successfully
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accomplished by loading a cell suspension of myocytes. Since satellite cells, which are
proliferative, were included in the gel, they were allowed to expand within the platform for 3
days before initiating the differentiation protocol with IGF. This approach ensured that the
tissue chambers were fully filled. Although this approach was feasible, it lacked robustness
due to the rapid polymerization of temperature-sensitive hydrogels. Therefore, to enhance
user-friendliness, alternative hydrogels that employ different gelation methods or adaptation
of the OoC platform may be necessary.

Under phase contrast imaging, it was possible to see myotubules being formed in the IGF+
condition (Fig. 3.5.3). Furthermore, as skeletal muscle lacks constant spontaneous beating,
the collagen hydrogel did not undergo shrinkage during the 14-day culture period. This
observation supports the hypothesis that the contraction of cardiac tissue would exert
sufficient strain on the collagen filaments to cause the collapse of the hydrogel. (See
Discussion 4.2; Fig. 3.2.5; Fig. 3.2.6). Such formed skeletal muscle myotubules were
functionally active and exhibited an organised uniaxial contraction of the tissue (Fig. 3.5.4).

Tissue characterization confirmed tissue viability at day 10 (Fig 3.5.5 A), under continuous
perfusion of 50 uL/h. The orthogonal view of the tissue revealed a three-dimensional
distribution of nuclei within the channel's height. Notably, a higher density of cells was
observed closer to the membrane side of the chip compared to the chip bottom (Fig. 3.5.5
B). This phenomenon may be attributed to the hydrogel's impact on nutrient diffusion,
slowing down the transfer of nutrients from the membrane to the chip's bottom.
Consequently, the cells migrate towards the porous membrane region to access more
nutrients and oxygen. Immunostaining of the tissues for F-actin and nuclei demonstrated the
presence of multinucleated myotubules and aligned actin filaments in the shaft region of the
chip (Fig. 3.5.5 C). This confirms that the skeletal muscle fibres generated on the chip
replicate the 3D structural organization observed in vivo.

Overall, the viability, functionality, and structure of the myobundles engineered within the
Spheroflow HoC system as a proof of concept, demonstrated that it is possible to form and
culture primary skeletal muscle tissues within a perusable platform and lays the basis for
further studies on the relation between metabolic disorders (i.e. Diabetes Type 2) and
physical exercise as a one organ model. In future studies, the microfluidic platform could be
connected to other OoC pathophysiological models (i.e. liver, pancreas, fat) to study cross-
interaction between affected organs.
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5 Outlook and Perspectives

Although proof-of-concept studies have been conducted in the field of HoC technology, the
full potential of these systems has only been partially realized. Existing systems have
primarily focused on tissue generation, with functional readouts such as contraction kinetics
and electrophysiology primarily utilized for drug response assessment, maturation studies,
or disease modelling. In most cases, the chip developers themselves are the primary users
of these developed systems. To fully harness the tremendous potential of HoCs, it is crucial
not only to advance the generation of more sophisticated model systems but also to
incorporate different readouts and promote transferability. By enabling end-user
investigators to probe and gain advanced insights into key biological questions, the transition
from the development stage to real applications can be truly achieved.

The studies presented in this thesis aimed to validate the HoC platform and cardiac tissue
model, and further explore novel tools and integration approaches for biophysical stimulation
and probing metabolic responses in MPS. These investigations contribute to advancing the
capabilities and understanding of HoCs, paving the way for their broader utilization in
addressing important research questions and facilitating their transition into practical
applications.

| focused first on cellular validation, aiming to achieve chemically defined culture conditions
at all steps from hiPSC maintenance to chip culture. Despite being able to have all media
components serum-free and chemically defined, hiPSC differentiation still relied on Matrigel
coating as the use of recombinant human substrates (i.e. laminin-521 and vitronectin) did
not sustain efficient hiPSC differentiation in CMs. Additionally, some animal components
are still present: the ibidi Freezing media classic contains BSA and the B27 supplement also
contains BSA and other proteins of animal origin; but xeno-free alternatives for both are
commercially available even though far more expensive (e.g. B-27™ Supplement,
XenoFree, A1486701, Gibco; StemMACS™ iPS-Brew XF, human, 130-104-368, Miltenyi).

| qualified our HoC platform by ensuring cellular biocompatibility and defining a protocol for
detection of drug absorption. Often disregarded in OoC drug studies is how different
materials in the experimental set up may retain drug compounds, therefore changing the
drug concentration when it reaches the tissue. For this reason, it is important to test the drug
retention of the experimental set up for each drug of interest and keep the set up consistent
(tubing length, flow rate, temperature, humidity etc.) with each experiment. As
immunocytochemistry is one of the most commonly used technique in biology, | also tested
which microscopy clearing agents may compromise the platform material when performing
standard staining techniques. | have developed a robust and user-friendly protocol for
cellular loading that minimizes the wastage of valuable cell types, such as CMs.

The cardiac and skeletal muscle tissue models were validated by assessing their
functionality and their structure. The HoC tissue model has been validated for different
hiPSC-CMs lines: (i) the hiPSC line GM25256, (ii) the commercially available hiPSC line E1
(A18945; Thermofisher) and (iii) the commercially available hiPSC-derived ventricular CMs
(male) (ax2508; AXOL Bioscience). All these cell lines allowed for the formation of
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aggregates with a diameter within the required range and after loading in the chip, they all
produced a fused cardiac fibre within 24 hrs. A minimal beat rate threshold could not be
defined as spontaneous beat rate varies considerably between cell lines and differentiations;
however, all the tissues are able to follow a physiological pacing frequency of 1 Hz at day 5.
The tissue exhibits long-term (= 14 days under perfusion) viability and functionality (beating).
The system can be easily challenged with electrochemical stimulation over an extensive
period without inducing cytotoxicity.

| showed that the system is easy to use and allows reproducible and reliable tissue
formation. The system, without sensors integration, has been already transferred to other
laboratories (Miltenyi R&D) where proprietary hiPSC lines, different differentiation procedure
and culture media are used and shown to be compatible with the system with little to no-
optimization required. Despite being transferable, additional equipment is needed to work
with the chip (syringe pumps, tubing etc.) which is not provided with the platform.

The system allows the measurement of several parameters in a non-invasive and real-time
manner. The integrated O2 sensors are stable during long term culture (>14 days) and are
suitable for performing mitochondrial respiration assays, obtaining key respiration
parameters. As it is not possible to tightly control the cell number present in every system,
the basal O2 consumption rate varies quite significantly, therefore you can only compare
relative O2 consumption values. Effluent analysis can also be exploited to obtain more
insight on metabolic pathways such as lactate secretions. However, not all commercially
available kits provide a suitable range for the analysis of OoC effluents as they are
developed for detection in plasma or serum.

Finally, the developed platform demonstrates suitability for Raman imaging due to its
utilization of a thin glass bottom layer. Raman imaging is an advantageous technique as it
is non-invasive and not dependent on dyes, allowing the monitoring of tissue changes within
the same sample over a period. Through my research, | have successfully demonstrated
the platform's ability to detect tissue components and significant tissue changes under
varying conditions.

In conclusion, | have established a toolkit of non-invasive readout technologies that enable
the monitoring of live tissues, thereby facilitating the acquisition of extensive datasets from
single samples. Furthermore, | have verified the transferability of the system to other
laboratories, thereby laying the foundation for its broader application in addressing crucial
research inquiries.

Despite these accomplishments, | acknowledge that this HoC model can still be enhanced
from both a biological perspective and in terms of its readout capabilities. To render the
cardiac tissue model more physiologically relevant, additional efforts should be devoted to
integrating CFs and relevant vascular structures. Furthermore, the proof-of-concept for
sensor integration and metabolism monitoring, as well as the development of an assay
similar to Seahorse Analyzer's mitochondrial respiration assay, opens up possibilities for the
incorporation of other optical sensors that can read other analytes of cardiac significance,
such as pH, glucose, and lactate. Such implementation would provide valuable insights into
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the metabolic changes of CMs in response to chronic stimuli such as pacing and drug
compounds.

With regards to non-invasive microscopy, it is worth noting that Raman spectroscopy
currently suffers from a lack of a comprehensive and diverse spectral database for biological
compounds, thus limiting the technique's potential. However, this limitation is expected to
be resolved in the future as researchers in the field continue to collaborate and enrich the
existing database. Another live imaging technique that can be applied to the chip, but was
not examined in this study, is FLIM, which has the capacity to unveil alterations in oxidative
phosphorylation by tracking the NADH/NAD+ ratio within individual cells.

Furthermore, a more thorough investigation of metabolic responses to drug compounds
using the currently established readout techniques is required to further validate the utility
of this HoC model for drug studies.
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6 Summary

Cardiac spheroids and engineered tissues have risen in the past years as potential
alternatives to animal models for cardiovascular research and drug development.
Nevertheless, conventional spheroid models fail to accurately replicate the cellular
organization observed in native cardiac tissue. Similarly, engineered heart models utilizing
hydrogel-embedded cells have struggled to attain the high cell density characteristic of in
vivo tissue. Addressing these challenges, Organ-on-a-Chip platforms have been developed
with the aim of introducing the concept of nutrient perfusion to mimic the human vascular
system and achieve a more accurate reproduction of physiological conditions.

With the concept of “making the most out of your samples” in mind, | aimed to develop a
HoC model which provides a non-invasive toolkit of techniques for the analysis of the
function of live tissues and their metabolism. This thesis presents an innovative Heart-on-
Chip platform designed for robust 3D tissue generation of contractile tissues. Two different
cell injection approaches were utilized to create cardiac and skeletal muscle tissues.

The initial Centrifugal HoC platform lacked robustness in the loading of spheroids and
hydrogels. Therefore, a new HoC platform was developed, called Spheroflow HoC.
Spheroflow HoC provided robust spheroid loading but was incompatible with co-loading of
hydrogel and spheroids due to the high viscosity and quick gelation of hydrogels during
injection. Nevertheless, the strategy proved successful for single cell loading of skeletal
myocytes, which could proliferate, reach adequate cell density, and form myotubules,
resulting in contractile tissue over a 10-day differentiation period. In addition to cultivation,
the tissues were characterized by brightfield video microscopy for analysis of beating
kinetics, and immunostaining to verify tissue morphology. Both tissues exhibited structural
organization resembling their respective organs, with uniaxial alignment guided by the
chamber geometry. They displayed full functionality and response to electrical stimulation.

With a specific focus on cardiac tissues, | established non-invasive measurements that could
be applied to investigate different biological questions. To achieve this, electrodes were
seamlessly integrated into the Spheroflow HoC platform, enabling successful electrical
stimulation of both cardiac and skeletal muscle tissues. Additionally, the platform
incorporated oxygen sensors, allowing real-time monitoring of oxygen consumption during
stimulation. To enhance the versatility of the platform, an automated drug injection and
readout procedure was implemented. This innovation facilitated not only potential drug
screening but also the execution of respirometry analysis directly within the chip, eliminating
the requirement for external machines or modifications to the chip design to accommodate
the use of an analyser. The platform was compatible with non-invasive high resolution
imaging techniques thanks to its thin glass bottom layer. | was able to detect tissue
components and significant tissue changes under varying conditions by Raman
spectroscopic imaging.

These features distinguish this Heart-on-Chip model from currently available models and
enhance its capabilities for studying cardiac physiology and pathology metabolism in a more
non-invasive manner.

125



German summary

Kardiale Spharoide und kunstlich hergestellte Gewebe haben sich in den letzten Jahren als
mogliche Alternativen zu Tiermodellen fur die kardiovaskulare Forschung und
Arzneimittelentwicklung etabliert. Herkdmmliche Spharoidmodelle kénnen jedoch die im
natUrlichen Herzgewebe beobachtete Zellorganisation nicht genau nachbilden. Auch bei
Herzmodellen mit in Hydrogelen eingebetteten Zellen ist es schwierig, die fur In vivo-
Gewebe charakteristische hohe Zelldichte zu erreichen. Um diesen Herausforderungen zu
begegnen, wurden Organ-on-a-Chip-Plattformen entwickelt, die das Konzept der
Nahrstoffperfusion einfuhren, um das menschliche Gefallsystem zu imitieren und eine
genauere Rekapitulation der physiologischen Bedingungen zu erreichen.

Mit dem Konzept "das Beste aus den Proben herausholen" im Hinterkopf wollten wir ein
Heart-on-Chip -Modell entwickeln, das ein nicht-invasives Repertoire an Techniken flr die
Analyse der Funktion lebender Gewebe und ihres Stoffwechsels bietet. In dieser
Dissertation wird eine innovative Heart-on-Chip-Plattform vorgestellt, die fur die robuste 3D-
Gewebeerzeugung von kontraktiiem Gewebe konzipiert wurde. Fur die Herstellung von
Herz- und Skelettmuskelgewebe wurden zwei verschiedene Zellinjektionsverfahren
verwendet.

Der urspringlichen Zentrifugal-HoC-Plattform mangelte es an Robustheit bei der Beladung
von Spharoiden und Hydrogelen. Daher wurde eine neue HoC-Plattform mit der
Bezeichnung Spheroflow HoC entwickelt. Spheroflow HoC ermdglichte eine robuste
Beladung mit Spharoiden, war aber, aufgrund der hohen Viskositat und der schnellen
Gelierung von Hydrogelen wahrend der Injektion, nicht mit der gemeinsamen Beladung von
Hydrogelen und Spharoiden kompatibel. Nichtsdestotrotz erwies sich die Strategie als
erfolgreich fur die Einzelzell-Beladung des Systems mit Skelettmuskelzellen, die sich
vermehren, eine angemessene Zelldichte erreichen und Myotubuli bilden konnten. Dies
fUhrte, Uber einen Differenzierungszeitraum von 10 Tagen, zur Bildung von kontraktilem
Gewebe. Zusatzlich zur Kultivierung wurden die Gewebe durch Hellfeld-Videomikroskopie,
zur Analyse der Schlagkinetik, und durch Immunfarbung, zur Histologischen Evaluation,
charakterisiert. Beide Gewebe wiesen eine strukturelle Organisation auf, die ihren jeweiligen
Organen ahnelte, wobei die uniaxiale Ausrichtung durch die Kammergeometrie vorgegeben
war. Sie zeigten volle Funktionalitat und reagierten auf elektrische Stimulation.

Mit besonderem Augenmerk auf Herzgewebe haben wir nicht-invasive Messungen
entwickelt, die zur Untersuchung verschiedener biologischer Fragen eingesetzt werden
konnen. Zu diesem Zweck wurden Elektroden nahtlos in die Spheroflow HoC-Plattform
integriert, die eine erfolgreiche elektrische Stimulation sowohl von Herz- als auch von
Skelettmuskelgewebe ermdglicht. DarUber hinaus wurden in die Plattform
Sauerstoffsensoren integriert, die eine Echtzeitiberwachung des Sauerstoffverbrauchs
wahrend der Stimulation ermdglichen. Um die Vielseitigkeit der Plattform zu erhéhen, wurde
ein automatisiertes Verfahren zur Injektion von Wirkstoffen und Ablesung der
Messverfahren eingefuihrt. Diese Innovation erleichterte nicht nur das potenzielle
Wirkstoffscreening, sondern auch die Durchfiihrung von Experimenten zur Evaluierung des
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Zellstoffwechsels direkt im Chip, so dass keine externen Gerate oder Anderungen am
Chipdesign fur die Verwendung eines externen Gerates erforderlich waren. Die Plattform
war dank ihrer dunnen Glasbodenschicht mit nicht-invasiven hochauflésenden
Bildgebungsverfahren kompatibel. Wir waren in der Lage, Gewebekomponenten und
signifikante Gewebeveranderungen unter verschiedenen Bedingungen durch Raman-
spektroskopische Bildgebung zu erkennen.

Diese Eigenschaften unterscheiden unser Heart-on-Chip-Modell von den derzeit
verfugbaren Modellen und verbessern seine Madoglichkeiten zur Untersuchung der
Herzphysiologie und des pathologischen Stoffwechsels auf nicht-invasive Weise.
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7 Appendix

Material/Clearing
Kit

Methanol:BABB
(Renneretal., 2020)

MACS® Clearing Kit
(130-126-719;
Miltenyi Biotec)

RTF
(Yu et al., 2018)

PDMS Yes Yes Yes
PET membrane Yes Yes Yes
NOAS81 Yes Yes Yes
TPE Yes Yes Yes
PMMA NO (melted) Yes Yes

Supplementary Table 1 Compatibility of different materials to clearing solutions.

After being kept submerged for 3 days in the clearing solutions, the materials consistency
and transparency was assessed. The material was deemed compatible if its original
consistency and transparency were maintained.
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Position A Position B
Waste Waste
Pump A QPump B Pump A Pump B
Chip Chip

Supplementary Figure 1 Automated injection set up. (A) Configuration of perfusion system with the
pumps connected to the valve which deliver the media of one pump into the chip and of the other
pump to the waste reservoir. The valve position is remotely regulated by a controller. (B) Valve
position A: the chip is perfused by Pump A; Valve position B: the chip is perfused by Pump B.

Two pumps, named pump A and pump B, are perfusing at the same time. In the first
configuration, the valve is in position A and the pump A is perfusing into the chip, while the
pump B is perfusing into a waste reservoir. When the valve is switched to position B, the
pump B is now perfusing the solution into the chip while the pump A is perfusing into the
waste reservoir. The switching between position A and B can be fully automated via the
controller.
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Flow

Wast
D
Waste Flow
G

Supplementary Figure 2 Perfusion set ups. (A) Standard set up. (B) Withdrawal set up.

B

In the standard set up (A), the pump pushed the syringes pistons and perfuses media by
positive pressure. In the withdrawal set up, a pipette tip is used as reservoir for the media.
The pump pulls the syringes pistons, withdrawing media from the pipette tip by negative
pressure.
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Supplementary Figure 3 HPLC analysis of pipet tip plasticware absorbance of Verapamil and
Isoproterenol.

Drug solutions were kept in a 100 pL pipette tip for 2hr at 37°C 99% Hr, 5% CO:2 and
subsequently collected. The samples were then analysed and compared to the initial
concentration of the stock, demonstrating that the plastic of the tips does not retain either
verapamil or isoproterenol.
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