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going from 2D to 3D culture

Technological challenges and tissue integration concepts

Abstract: Recently, we could demonstrate positive effects of

microfluidic cultivation conditions on maturation of
cardiomyocytes derived from human induced pluripotent stem
cells (iPS-CMs) in a 2D model. However, 3D cell culture
models are much closer to physiological conditions.
Combined with microfluidics, 3D systems should resemble the
in-vivo conditions even better than standard 2D cultivation.
For 3D models, two main technical challenges arise, the tissue
integration and sufficient nutrient supply for the cells. This
work focuses on concepts for the tissue integration based on a
modular approach and different manufacturing technologies as
well as using an oxygenator in the microfluidic device to

provide sufficient oxygen supply for the cells.
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1 Introduction

(MPS)
technology for different biological questions from basic

Microphysiological systems are a promising
research to applied drug screening [1]. They use microsystem
technology to better mimic the cell microenvironment, ensure
sufficient nutrient supply, maintain physiological medium-to-
cell ratios and provide specific cultivation conditions. Most of
them are referred as microfluidic systems with passive
components, like micro-channels, or active parts including

micro-pumps and valves. We have developed a multi-layered
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MPS with an integrated pneumatic micro-pump, one cell
cultivation chamber, a spiral-shaped gas exchanger for oxygen
control and several fluidic connectors [2].

Recently, that
cardiomyocytes derived from human induced pluripotent stem
cells (iPS-CMs) show a better maturation which comes in a
line with stronger beating motion, better motion alignment,

we could successfully show

morphological changes and a higher expression of maturation
related genes [3]. However, in the currently used 2D model
with cardiomyocytes growing at the bottom of a cell chamber
is not very close to an in-vivo-like model system of the heart.
In contrast, a 3D tissue structure involving several cell types
like fibroblasts or endothelial cells would much better
recapitulate the heart’s physiology. There are several 3D
models of the heart, so-called engineered heart muscles
(EHMSs), presented in literature. Most of them are muscle
strings or rings, fixed by flexible pillars or other retaining
structures [4]. Other systems use fenestrations or porous
membranes to separate the cells from direct flow but anyhow
are still 2D models [5].

This work focuses on integrating a 3D model in the
already developed multi-layered MPS to provide a more
physiological environment for the iPS-CMs with the aim to
further drive iPS-CM maturation [6]. For this, different
like laser-ablation,
diffusion bonding, soft-lithography and plasma treatment are

manufacturing technologies thermal

combined to built-up a microfluidic base chip with integrated
pumps and oxygenators together with a specific cultivation
chamber for EHMs generated from iPS-CMs.

2 Materials and methods

2.1 Multilayer MPS technology

The microfluidic system consists of several laser-cut polymer
foils (250 pum thick Polycarbonate (PC) sheets) bonded
together by a thermal diffusion process [7]. As shown in Fig.
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Figure 1: Views of the MPS. A) Explosion view indicating the polycarbonate foils (grey), the gas permeable membrane (yellow), the
fluid (green) and the applied compressed air (red). B) Operational scheme of the pump by applying compressed air (red) or
vacuum (grey) sub sequentially in 4 steps. C) By applying pressure (red) to the medium exchange valve, fluid flows from in- to
outlet (black arrows) instead of in the closed circuit. D) Image of the complete device fixed in a holder. E) Perpendicular cross-
section of the cell culture chamber with indicated flow profile (blue arrows), direction of hemodynamic forces (green arrows),
and cell layer (red). F) Cross-sectional view of the chamber in flow direction with deflected membrane (yellow).

1A, the device can be divided in a pneumatic and a fluidic part,
separated by a flexible, gas-permeable silicone membrane
(200 pm thick SILPURAN® FILM, Wacker Chemie AG). For
membrane integration, a chemical bonding process is utilized.
By applying compressed air to this membrane, fluid can be
moved in the fluidic part and oxygen can be exchanged at the
spiral-shaped oxygenator. For both, pump and oxygenator
respective gas controlling systems has been developed. This
allows for precise oxygen and flow control in the chamber. As
shown in Fig. 1B, fluid transport is peristaltic and an additional
filling valve can be used for automatic medium exchange (Fig.
1C). Actually, cells are seeded at the bottom of the chamber
shown in Fig. 1E/F and directly flushed with media on top.
The yellow marked membrane allows for sufficient oxygen
input during cell seeding at both seeding ports.

2.2 Casting process for soft chamber

Additional tissue modules e.g. for the heart can be made by
casting Polydimethylsiloxane (PDMS). The high flexibility of
PDMS makes it well suited to hold the muscle string in place
while ensuring sufficient movability for the tissue. Moreover,
PDMS has good sealing properties so the cell culture module

can be directly connected to the microfluidic base device.
Finally, by adding conductive fillers like carbon black,
electrical pacing of the cells can be achieved. PDMS
(Sylgard® 184 from Dow Corning) is mixed with its curing
agent in a ratio of 10:1, stirred, degassed in a vacuum oven and
then poured over the master mould. To produce flexible pacing
electrodes, acetylene Carbone Black powder (Alfa Aesar) is
mixed with a ratio of 15% by weight to produce conductive
PDMS (cPDMS) [8]. After pouring the PDMS over the
moulds, it is baked at 60 °C for several hours.

Master moulds were fabricated using a CO; laser-cutter
(Epilog Legend 36EXT) from Polymethylmethacrylate
(PMMA) sheets solvent-bonded together to produce multi-
layered moulds with different heights.

3 Results

3.1 Heart chamber design

Currently, the cell cultivation chamber is just a channel with
5 mm width and 0.75 mm height at which the iPSC-CMs were
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cultivated under direct flow conditions. This simple channel

layout has several limitations:

—  Cells cannot be paced externally, so beating is based on
their natural pacing rhythm.

—  High contraction forces lead to detaching of the CMs as
no retaining structures are included.

—  Shear forces might affect cell behaviour.

—  Cell-cell interactions are only partially considered; in
particular, no 3D cell contacts are present.

—  Force produced by the cells cannot be measured.

Figure 2: Chamber for mini-EHM (pink) with body made of
PDMS (blue) and conductive tissue posts made of cPDMS
(black). Orange arrows indicate beating motion and black
arrows define flow direction.

To overcome this issue, miniaturized 3D heart muscle strings
should be inserted in the cell culture chamber. For this, the
culture chamber shown in Fig. 1E is opened to hold a specific
cell culture module plugged in directly as shown in Fig. 2.

The black tissue posts are made of conductive cPDMS to allow
pacing of the cells while holding them in place. They are going
to be connected to an external pacer with needles. The modular
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design allows static pre-cultivation of the mini-EHM before
transferring it to the perfusion system. The production process
(See Fig. 3) uses three different moulds, for the PDMS body,
the flexible electrode made of cPDMS and the mini-EHMs.
After casting, the device is transferred to the microdevice
(MD) and connected to an external pacer via needle electrodes
directly put into the cPDMS holders.

3.2 Oxygen uptake and supply

A very challenging aspect of going from a 2D model to a thick
3D tissue construct like the mini-EHM is the increased oxygen
uptake by the cells. In the past, we mostly used the oxygenator
shown in Fig. 1 to achieve low-oxygen environments for
hypoxia studies. For this, nitrogen, carbon dioxide and
compressed air was mixed and transported to the oxygenator
to slowly reduce the oxygen content in the media [2]. Oxygen
uptake of cells can be remodelled using a Michaelis-Menten
kinetics [9], with Ryax being the maximum oxygen uptake and
Ky representing the Michaelis-Menten constant:

8coz _ . _Co2
ot max Ky+co2

€y

If the amount of oxygen is greater than 5%, the oxygen uptake
becomes constant because cell metabolism isn’t slowed down.
For a 3D model, Rgpm is now:

— Vehm

Ronm =7 Reen ~ 4.86 nmol min~! Q)

Figure 3: Heart chamber fabrication process based on casting of different materials on each other.
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Whereby, Venwm is the volume of the muscle ring (7.44 uL),
Ve is the volume of one cell (50pm - 10pm - 10um = 5pL)
and Ree is the oxygen uptake of one single cardiomyocyte
(5.44 - 10~8nmol s~1) [9]. Assuming that the EHM is not
fully packed with cells but also contains a significant amount
of extracellular matrix this value can be further reduced.

The maximum oxygen input by the oxygenator is
defined by its oxygen transfer coefficient Ko, [10]. This value
depends on the geometry of the oxygenator, the mean flow
velocity and its length. For a mean flow of Q = 8 pL s~! and
a length of 110 mm, Ko, is about 0.8 [10]. From this, the
oxygen influx through the oxygenator can be calculated as
follows:

Noz = Q- Kgz(cs — €in) (3)

With the oxygen saturation concentration in water (¢, =
272 pmol 1), the oxygen input becomes maximal when all
oxygen is consumed by the cells (c¢;, = 0). The respective
influx now is: N,,4, ~ 100 nmol min~!. As this value is 20
times higher than the estimated oxygen uptake of the mini-
EHM calculated in Eq. (2), a sufficient oxygen supply should
be ensured when using the oxygenator.

4 Summary and Outlook

In this study, a concept for integrating a miniaturized
engineered heart muscle (mini-EHM) in a microfluidic
perfusion system is presented. Thereby the device is split-up
in the microfluidic base device, built-up with a layer-by-layer
manufacturing technology of laser-cut thermoplastic foils, and
the cell culture module, which has been produced by a 2-step
casting process of PDMS and cPDMS. Finally, the EHM is
casted in the soft tissue-chamber. With this approach,
sufficient movability can be ensured while pacing of the cells
becomes possible with the conductive cPDMS.

Beside manufacturing and designing the chamber, oxygen
supply is crucial, especially when 3D tissue constructs are
about to be cultivated in the device. For this, a helical-shaped
oxygenator integrated in the microfluidic base-chip, widely
used for hypoxia studies in the past, is now used to provide
sufficient oxygen to the cells. To estimate whether gas
exchange is sufficiently high, the oxygen exchange factor is
used which has been published previously. It could be proven
that the maximum oxygen influx is 20 times higher than the
oxygen consumption of the mini-EHM model and therefore
nutrient supply should be sufficiently high. This system offers
new opportunities to culture 3D-mini EHM stuctures under
hemodynamic stimulation and highly defined oxygen levels.
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In future studies, this MPS will be used to address complex
biological questions that require technically demanding
experimental setups.
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