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DEVELOPMENT OF MICROFLUIDIC SYSTEMS FOR THE FORMATION OF BRAIN COMPONENTS

Annotation

Organoids, as 3D cell culture models, are in vitro multicellular structures designed to
emulate tissue or organ-like properties that better replicate the cellular environment
in vivo, providing opportunities to produce more relevant research results. Cerebral
organoids offer a unique platform to investigate neurodevelopment and neurological
diseases. However, current methods for generating cerebral organoids suffer from lim-
itations such as time-consuming protocols and high heterogeneity among organoids.
Due to the unique properties of the microfluidic method, we can address these chal-
lenges, and we present an automated microfluidic device for the effective formation
and differentiation of cerebral organoids. Here, we focused on fabrication and optimi-
zation for initial cell formation and cultivation. By using in silico simulations, we sup-
ported the effectiveness of the microfluidic chip in replicating cell culture microenvi-
ronments. We then used this newly developed system for the cultivation and differen-
tiation of cerebral organoids and utilized numerous analytical methods to prove that
our novel microfluidic device could be successfully utilized to generate high-quality
cerebral organoids. Finally, as proof of the versatility of our system, we used our func-
tional microfluidic system to culture and differentiate retinal organoids. Lastly, in col-
laboration with OTH Regensburg, we worked on the development of the microfluidic
system for single-cell sorting. Taken together, these results highlight the potential of
custom-designed microfluidic technology in improving the efficiency of cerebral or-
ganoid culture as well as its utility in other cell-based experimental workflows.
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Abstract

Introduction

Microfluidics enables precise control of microscale environments, essential for culti-
vating 3D tissue structures like cerebral organoids derived from iPSCs, which mimic
human brain functions. Unlike static methods, microfluidics offers dynamic control
and single-cell analysis capabilities. This dissertation focuses on developing a micro-
fluidic chip for organoid culture and droplet generation for single-cell separation.

Methods

A microfluidic chip for organoid culture was fabricated using stereolithography 3D
printing and soft lithography, producing PDMS chips with flow channels and cultiva-
tion wells. Computational Fluid Dynamics simulations optimized nutrient diffusion
and shear stress. Cerebral organoids from human pluripotent stem cells were culti-
vated for 50 days and analyzed with qPCR and immunohistochemistry. Retinal organ-
oid cultivation was tested as proof of concept. A separate chip, created with laser abla-
tion and wet etching, was designed for droplet-based single-cell separation.

Results

Compared to standard methods, the microfluidic system demonstrated enhanced ag-
gregation and differentiation of cerebral organoids, confirmed through microscopy
and molecular analyses. Retinal organoid cultivation validated the chip's versatility,
while the droplet-generation chip showed potential for single-cell applications.

Conclusion

This study demonstrates the advantages of microfluidics in optimizing cerebral and
retinal organoid cultivation and its utility in the droplet generation for single-cell anal-
ysis. All these results highlight the unique potential of microfluidics to be used for di-
verse biomedical applications.
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INTRODUCTION

1 Introduction

1.1  Microfluidics

Microfluidics has emerged as a game-changer field in life sciences, showing prom-
ise in research and industry through its capacity to miniaturize and enhance fluid han-
dling. Originally seen as a groundbreaking technology, microfluidics is now viewed as
a maturing field2. With devices operating at nano or micro scales, the field has ad-
vanced significantly, enabling faster reaction times, novel functionalities, and the study
of phenomena previously inaccessible at larger scales3.

This area of fluid mechanics focuses on the flow of fluids through micro-sized
channels and the creation of devices that can handle extremely small fluid volumes,
typically in the range of 10-15 to 10-¢ liters* Microfluidics involves the design and pro-
duction of microsystems, such as microreactors and micro-channels>%, and typically
consist of valves, chambers, and pumps, which together enable precise control over
fluid movement and reactions?. This interdisciplinary field connects multiple areas, in-
cluding physics, chemistry, biology, and engineering. Through microfluidic technology,
biological and clinical tests can be performed in a highly efficient and parallelized man-
ner8. Compared to traditional equipment, microfluidic devices offer significant ad-
vantages: they consume less power and time, reduce costs of manufacturing and han-
dling, and provide greater flexibility and precision in liquid manipulation. They also
minimize sample and reagent use, support high-throughput screening, enable rapid
sample processing, and achieve high accuracy and resolution®.

1.2 Physical principles for microfluidic in biology

To work with microfluidics, it is essential to first understand the physical phe-
nomena that occur at the microscale. Microfluidics enables the manipulation and anal-
ysis of fluids in structures at the micrometre scale. At the microscale, different forces
become dominant over those experienced in everyday lifel0. Due to scaling effects,
simply shrinking existing large devices and expecting them to function effectively at
the microscale is often counterproductivell. New designs must be created to take ad-
vantage of forces that work on the microscale. The parameters that become dominant
in microfluidics include fluid flow, diffusion, fluid resistance and surface effects.

17
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1.2.1 Fluid flow

The flow of the fluid ion microscale differs from that on a macroscale and it plays an
important role in the design and fabrication of microfluidic devices!2. The flow of flu-
ids along solid surfaces is called internal flow, and the type of flow is characterized by
the Reynolds number (Re). It is the ratio of inertial forces to viscous forces:

pvDy
e =
u

(1)

Where p is the fluid density, v is the characteristic velocity of the fluid, u is the fluid
viscosity, and Dp is the hydraulic diameter. Laminar flow is the movement of fluid par-
ticles in regular, orderly paths that run parallel to the walls of a tube or channel. Lam-
inar flow is characterized by Re < 2000, low viscosity, high momentum diffusion and
small momentum convention. Pressure and velocity are almost independent of time in
laminar flow. Turbulent flow is the random motion of the fluid particle in a particular
one-way direction. Turbulent flow is characterized by Re >4000, high momentum dif-
fusion, low momentum convection, and a rapid variation of pressure and velocity in
space and time. Transition flow is characterized by the transition between the laminar
and turbulent flow with Re between 2000 and 4000. Flow is almost laminar in micro-
fluidic channels due to the small dimensions of microfluidic channels?.13.

1.2.2 Diffusion

Diffusion is the movement of molecules driven by a concentration gradient. As diffu-
sion times are short, concentration gradients can be created in miniaturized de-
vices!*. In one dimension, movement due to diffusion can be governed by the Ein-
stein-Smoluchowski relation:

x =+V2Dt (2)
Where x is the distance a particle moves in a time ¢, and D is the diffusion coefficient of

the particle. In microfluidics, diffusion is important for mixing and for the transport of
nutrients and signaling molecules in biological applications.

18
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1.2.3 Fluidic resistance

Fluid resistance in microchannels is determined by a set of equations with well-known
solutions?>. The flow rate within a microchannel is given by:

Q = AP/R 3)

Where Q is the flow rate, P is the pressure drop across the channel, and R is the channel
resistance. The most common channel geometry, because of its presence in blood
transport, is the circular tube. The resistance of a circular geometry can be calculated
using the formula:

_ 8ul
omré

4)

Where p is fluid viscosity, L is the channel length, and r is the channel radius. The re-
sistance of a rectangular microchannel with a high aspect ratio can be found by:

_12uL
~ wh3

(%)

Where w is channel width and h is channel hightl.

1.24 Surface effect tension and capillarity

The surface area-to-volume ratio and surface tension forces play a key role in fluid flow
within microchannels. Large surface area to volume ratio aids in capillary electropho-
resis in microchannels by removing excessive heat!6. Surface tension results from co-
hesion between liquid molecules at the liquid/gas interface. The surface free energy of
aliquid measures the amount of tension present on its surface. The distance that water
will travel through a capillary is directly related to the water’s surface free energy and
inversely related to the radius of the capillary. When microchannels with dimensions
in the micron range are used, the distances liquids can travel due to capillary forces
alone become significant. The manipulation of surface tension can enhance fluid
transport and mixing in microfluidic devices.

For two-phase microfluidics, capillarity is an important term. Capillary number
representing relative effect of the viscous forces to the surface tension forces:

Ca=— (6)
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Where u is the dynamic viscosity of the liquid, V is the characteristic velocity and o is
the interfacial tension between two fluid phases. The capillary number is used when-
ever the forces resulting from fluid motion are to be compared to the forces resulting
from surface tension. This is the case if a liquid is moved across a second fluid layer,
e.g., a gas or an immiscible second liquid. A good visual example of these effects is drop-
lets suspended in an inert liquid in droplet microfluidics. The viscous forces of the sur-
rounding inert liquid may deform the droplets due to, e.g., local increases in pressure
due to variations in the flow conditions. However, the interface tension forces between
the two liquids are usually significantly higher, in which case the droplet may be locally
deformed but not destroyed. In this case, Ca «< 117,

1.3 Fabrication techniques for microfluidics

Microfluidic fabrication techniques have evolved alongside the increasing complexity
and miniaturization of features integrated into final devices. Consequently, efforts
have been directed towards developing fast and reliable techniques.

1.3.1 Photolithography

The most used technique with general fabrication protocol is photolithography. The
process involves several steps that use light to transfer a 2D pattern from a photomask
onto a photosensitive material called a photoresist, which is applied to the substrate
(Fig. 1). First, a thin layer of photoresist is spin-coated onto the silicon substrate to a
uniform thickness. This viscous material is light-sensitive, which will define the pat-
tern based on how it interacts with light exposure. There are two types of photoresists:
the positive and the negative. When exposed to UV radiation, positive resist becomes
soluble, while negative resist becomes cross-linked and hence insoluble. The photore-
sist-coated substrate is subsequently exposed to UV light through a patterned stencil
known as photomask. The alignment of the photomask is critical for ensuring that the
pattern is transferred accurately. Following exposure, the substrate undergoes devel-
opment. The developer solution is used to dissolve the soluble photoresist, leaving pat-
terned photoresist and exposed substrate. Finally, any remaining photoresist may be
removed, or additional processing steps, such as etching (negative patterns) or dis-
solving (positive patterns), can be applied to create three-dimensional structures on
the substrate based on the developed pattern. This leaves a microstructure of perfectly
patterned silicon once all of the photoresist has been removed. This structure may then
be utilized directly or as a mold to fabricate devices18-20,
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1. wafer

2. photoresist | |

didg vy ved ol

3. exposition | ' v ‘
L |

4. development | ' S B b o
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Fig. 1: Photolithography process

1.3.2 Etching

This fabrication technique is widely used in microfabrication and microelectronics to
selectively remove material from a substrate, forming intricate patterns or structures.
This process is essential in creating micro- and nanoscale features on surfaces, and it
often follows lithographic patterning steps to define specific areas for removal. Etching
can be classified into two main types: wet etching and dry etching, each with distinct
mechanisms and applications. Wet etching involves immersing the substrate in a liquid
chemical solution, or etchant, that reacts with and dissolves the exposed areas of the
substrate. These etchants can be acidic, basic, or oxidizing solutions, depending on the
material being etched. The regions not meant to be etched are protected by a photore-
sist layer, which resists the chemical reaction. Dry etching uses gases or plasmas in-
stead of liquid chemicals to remove material from the substrate. In a vacuum chamber,
reactive gases are introduced and turned into plasma by applying an electric field. The
ions and reactive radicals generated in the plasma interact with the substrate surface,
selectively removing material from the exposed areas. Wet etching is simpler and eas-
ier to implement, but it has higher costs associated with it and requires large quantities
of etching chemicals. Dry etching is more expensive and requires complex equipment,
but it is more efficient and precise21-24,
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1.3.3 Laser ablation

Laser ablation is a process in which a laser beam is used as the main tool for the abla-
tion of the target material. A laser, as a highly concentrated energy source, is centered
ata specific place of the target material for the evaporation of light-absorbing materials
(Fig. 2). The term “ablation” means the removal of surface atoms by a multiphoton ex-
citation process, i.e., thermal evaporation. When the laser beam is cantered on a target
material in an ambient (liquid or gas) medium, it increases the temperature of the ir-
radiated spot and evaporates it. The evaporated species and the surrounding mole-
cules thus collide with each other, which results in the excitation of the electron state
coupled with light emission and generation of ions and electrons, thus forming a laser-
induced plasma plume. The structure of the plasma depends upon the target material,
ambient medium (liquid or gas), ambient pressure, and laser used for ablation.

The advantages of laser ablation include its broad compatibility with various
workpiece materials. It can effectively process metals, polymers, ceramics, composites,
semiconductors, diamond, graphite, and glass. Additionally, the force exerted during
laser ablation is significantly lower than that involved in mechanical machining. This
allows for the effective treatment of thin and elastic workpieces without the need for
mechanical strength. Moreover, laser ablation is a non-contact machining process, re-
sulting in no mechanical wear, and it performs well in atmospheric environments?2>-28,
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\ plasma plume
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Fig. 2: Laser ablation
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1.34 3D printing

3D printing is a form of additive manufacturing technology where a three-dimensional
object is created by successive layers of material from Computer-aided design (CAD).
3D printers are generally faster, more affordable, and easier to use than other additive
manufacturing technologies. They offer product developers the ability to print parts
and assemblies made of several materials with different mechanical and physical prop-
erties in a single build process. Advanced 3D printing technologies can allow for the
development of product prototypes from the conceptual stages of engineering design
through to early-stage functional testing and small-volume production2? quickly and
easily.

The most common printing technique is Fused Deposition Modeling (FDM), which
is an extrusion-based method where a thermoplastic filament is melted and extruded
through a nozzle and then solidified by cooling3? (Fig. 3). This technique works by se-
quentially depositing the melted material layer by layer to create three-dimensional
objects. FDM utilizes thermoplastic filaments available in various materials, including
ABS (Acrylonitrile Butadiene Styrene), PLA (Polylactic Acid), PETG (Polyethylene Ter-
ephthalate Glycol), and others. Although this technique is straightforward, effective,
and compatible with a range of materials, the fabricated structures can be more sus-
ceptible to compressive stress fractures due to insufficient fusion between adjacent
layers31. Additionally, achieving microchannels with appropriate transparency and di-
mensions poses significant challenges32.
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Fig. 3: FDM printing

Vat polymerization, which includes stereolithography (SLA) and digital light pro-
cessing (DLP), is one of the most widely used 3D printing approaches for manufactur-
ing fine features (Fig. 4). This technique utilizes UV light to cure resin and create three-
dimensional printed microfluidics. The method consists of three main components: a
light source that serves as the energy input to activate reactive species and facilitate
reactions; light-sensitive precursor materials with reactants known as photoinitiators,
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which respond to light exposure; and a printing platform that acts as a reaction con-
tainer to hold the mixture and maintain the necessary environment for the reaction. In
SLA, a focused light-emitting diode (LED) laser is directed toward a set of coordinates,
hardening the photopolymer layer by layer by tracing the geometry of the design. The
printing process breaks the 3D model into multiple coordinate sets for each layer. In
contrast, the DLP method employs a stationary UV light source from a DLP projector
to cure the resin. A build plate moves in small increments to expose the liquid polymer
to the light, solidifying it layer by layer until the model is complete. After polymeriza-
tion, the liquid polymer is drained from the vat, leaving the solid object behind. Then
object is post-processed, which mostly includes IPA washing and UV curing. Both ap-
proaches have advantages and disadvantages but mostly differences are set by manu-
facturers, not technologies itself33.
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Fig. 4: SLA and DLP printing

Two-photon polymerization (2PP) is an advanced 3D printing technique that al-
lows for the fabrication of microstructures with high spatial resolution at the na-
noscale. This process utilizes the nonlinear two-photon absorption phenomenon,
which enables the precise curing of photosensitive materials through the simultaneous
absorption of two photons by a photoinitiator in the resin (Fig. 5). 2PP relies on the
principle of two-photon absorption, where two photons of lower energy are absorbed
simultaneously by a photoinitiator molecule, resulting in a higher-energy state that in-
itiates the polymerization process. This nonlinearity allows for better spatial confine-
ment, which is crucial for high-resolution applications. A laser beam, typically a femto-
second pulsed laser, is focused into a small volume within the photopolymer resin. The
high intensity of the laser at the focal point allows for the initiation of polymerization
only at that specific location, enabling the creation of complex three-dimensional struc-
tures. The fabrication process occurs layer by layer. This high-resolution three-
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dimensional printing approach was utilized for prototyping fabrication and increases
the resolution of 3D printing into nano dimensions34-3¢,

galvo mirror

laser

substrate
Fig. 5: Two-photon polymerization

1.35 Soft lithography

By all previously described methods and others (injection molding, EBL, NIL, hot
embossing)37-39 is possible to fabricate a functional prototype of the microfluidic chip.
For replication of the same design, there is a pattering method which is called soft li-
thography. It is a versatile and widely used technique for fabricating microstructures
and microfluidic devices. This method employs elastomeric materials, typically poly-
dimethylsiloxane (PDMS), to create flexible molds that can replicate intricate designs
with high precision. Soft lithography is particularly advantageous due to its low cost,
ease of use, and ability to produce complex features without expensive equipment. The
process generally involves several key steps (Fig. 6). The first step is to create a master
mold. The second step is mold creation. A liquid PDMS prepolymer is mixed with a
curing agent (typically in a 10:1 ratio) and poured over the master mold. The mixture
is then cured at increased temperatures, allowing it to solidify and form a flexible mold
that captures the fine details of the master pattern. After curing, the PDMS mold is
peeled away from the master, resulting in a negative replica of the original features.
The third step involves device fabrication. The PDMS mold can then be used to create
microfluidic devices by filling it with a liquid polymer or other materials. For example,
PDMS can be bonded to a flat substrate to form microchannels. The channels can be
functionalized with various surface coatings to control fluid behavior or facilitate spe-
cific biochemical interactions. The final step is assembly. The molded PDMS is often
bonded to glass or other substrates to create a sealed microfluidic device. This is typi-
cally done by oxygen plasma treatment, which activates the surfaces and promotes
bonding upon contact. Soft lithography enables the rapid prototyping of microfluidic
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devices, allowing researchers to design and test new configurations quickly. Addition-
ally, PDMS offers several advantages in microfluidics, including optical transparency,
gas-permeable, biocompatibility, low-cost, flexibility for creating complex geometries
and ease of surface modification to tailor interactions with fluids and biomolecules4041,
The flexibility and simplicity of soft lithography make it an essential tool in the field of
microfabrication, facilitating the development of innovative microfluidic systems#2.

l pour PDMS

l solidification

l peel off PDMS

Fig. 6: Soft lithography process
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1.4 Organoids

1.4.1 Stem cells

Stem cells are a unique cell type characterized by their remarkable ability to sustain
self-renewal through replication and differentiate into specific tissue types43. Unlike
most cells in the body that serve specific functions, stem cells remain undifferentiated,
meaning they have not yet developed into a specialized cell type. Stem cells were ini-
tially identified by McCulloch and colleagues in 196344, First human pluripotent stem
cell line, a line of human embryonic stem cells (hESCs), was established in 199845 and,
derived from the inner cell mass of the blastocyst. These cells are pluripotent, which
enables them to differentiate into cells from all three germ layers#¢. Human induced
pluripotent stem cells (iPSCs) technology was first established in 200747, These cells
show qualities very similar to hESCs, with the ability to differentiate into any cell type.
Additionally, for therapeutic purposes, iPSCs can be derived from a patient’s own cells
and thus reduce the problem of immune rejection. Induced pluripotent stem cells rep-
resent a significant advancement in stem cell research, offering a powerful tool for un-
derstanding human biology and developing innovative therapies. Overall, stem cells
represent a promising field of modern medicine and it is becoming more influential
due to its crucial roles in areas such as tissue engineering*8, organ regeneration*?, dis-
ease modelling5? and drug development51.

1.4.2 3D culture - Organoids

Today, the extensive use of model systems proves their value in biomedical research
today. However, differences between animal species and humans have become major
obstacles to the effective use of animal models in drug discovery. On the other hand, a
major disadvantage of human-derived 2D cell lines is their lack of hierarchical struc-
ture, dimensionality, cellular diversity, and cell-cell or cell-matrix interactions, which
limits their ability to accurately mimic the cellular functions found in tissues®>2. 3D cell
culture platforms can address the limitations of both 2D cultures and animal models,
creating conditions that mimic the in vivo environment®3. This 3D culture helps repli-
cate the complexity of healthy or diseased tissues, providing a better understanding of
the underlying cellular and molecular mechanisms. The 3D system improves the phe-
notypic stability of primary cells, enables long-term expansion, and supports differen-
tiation into multiple lineages of iPSCs, offering significant advantages over current
methods>455. The ability to achieve high levels of cell organization, cell-cell interac-
tions, and ECM components across various cell types is closely tied to methods and
technologies designed to create 3D cell models that replicate the complexity of tissues
and organs.
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The 3D culture system is formed by suspending cells in a liquid medium while
avoiding direct contact with the plastic surface. This can be achieved using scaffold or
scaffold-free techniques. Scaffolds are biological or synthetic hydrogels that resemble
the natural ECM and provide structural support and ECM signals to the cells>¢. Scaffold-
free techniques involve growing spheroids-like cell structures in a 3D environment,
where no scaffold or surface is needed for cell attachment. Spheroid culture methods,
mainly the low adhesion surface modification and hanging drop techniques, use differ-
ent approaches to gather cells for aggregation>758, Scaffold-free 3D culture utilizes the
natural ability of cells to self-organize, forming 3D structures without the need for a
scaffold, allowing cells to remain closely bound or aggregate naturally. The most
widely used scaffold-free methods are the hanging drop and low-adhesion surface
techniques. The hanging drop method involves placing a drop of cell suspension upside
down, typically on the lid of a culture dish. The culture medium within the drop sup-
ports cell growth, causing the cells to aggregate at the top. The low-adhesion surface
technique, on the other hand, modifies the culture surface to prevent cells from attach-
ing, encouraging them to remain suspended and form aggregates. There are several
modifications to this method, but the most common is an approach that uses a low ad-
herent 96-well plate. Putting cells into U or V-shaped wells results in the formation of
3D spheres.

These spheroids are dense cellular structures composed from one or more cell
types and can be highly effective platform for reproducing characteristics of tumor tis-
sue and therapeutic screening. Also, they mimic chaotic proliferation of cell clusters
which can be unsuitable for modelling of highly ordered 3D structures. Additionally,
spheroids can be formed from pluripotent stem cells which is called embryoid body
(EB). EBs are 3D aggregates of PSCs that undergo initial developmental specification,
similar to the process in the pre-gastrulating embryo>°. EBs can further differentiate
into organized tissues, similar to a teratoma. However, their growth in vitro allows pat-
terning factors to guide specific identities. While not all organoid methods use an initial
EB stage, they all involve tissue patterning and reaggregation to form a 3D self-orga-
nized tissue or organoid®®.

These 3D constructs harbor diverse cell types of original organs and mimic the
derived organs in both architecture and function to a great degree, but they are also
highly heterogeneous. Therefore, each organoid is unique, with tissue regions ar-
ranged in a relatively random manner, likely due to the absence of embryonic axis for-
mation. For example, brain organoids display various brain regions that develop simi-
larly to those in vivo 1 but are not consistently organized relative to one another be-
cause of the lack of anterior-posterior and dorsal-ventral axes. Organoids derived from
human PSCs have been established for the brain, liver, and retina, among others. In this
work, we focus on cerebral organoids and their cultivation methodology.
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1.4.3 Cerebral organoids

Currently, the study of human brain development and the pathogenesis of neurological
diseases primarily relies on animal models. However, the human brain differs from
those of other species, featuring more complex structures and advanced cognitive and
mood functions. As a result, the development of 3D brain organoid cultivation technol-
ogy offers a new approach to investigating the formation and functional networks of
the human brain.

The generation of cerebral organoids (COs) starts with hESCs or iPSCs (Fig. 7). The
stem cells aggregate into EBs, which are cultured in a medium that directs differentia-
tion toward the neural lineage. These are then embedded in an extracellular matrix or
transferred to a proliferative medium that supports progenitor expansion®Z. An organ-
oid is established upon forming radially organized neural progenitors in ventricular
zone-like rosettes. During the first few weeks of culture, human COs mainly consist of
symmetrically expanding progenitor regions. The first neurons begin to appear around
the ventricular zone after approximately 20 days. Organoids can be cultivated for long
periods; postnatal characteristics develop after >1 year®3.

The cellular composition of COs is influenced by the diversity of the initial progen-
itor pool. Unguided protocols, which lack extracellular signaling molecules, lead to a
mixture of regional identities®l. Guided protocols involve the use of morphogens to
promote or limit specific cell fates, leading to regulated CO with more uniform cell pop-
ulations®*. These approaches can be utilized to generate various COs based on the spe-
cific requirements. Duration of organoid culture and protocols for an experiment de-
pend on whether the focus is on early progenitor biology®> and disease susceptibility®®,
neuronal maturation, migration and activity, or late non-neuronal populations®?.

However, there are multiple challenges with these models that should be consid-
ered. Organoids grow rapidly over extended periods of culture, and their size can ex-
ceed the limit for passive oxygen diffusion, which leads to the formation of necrotic
tissue in the core. To improve nutrient supply, vascularized organoids have been de-
veloped®8-70, nevertheless, these techniques currently lack the scalability to replace
regular organoid cultures and require improvements.
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Fig. 7: Schematic illustration of Cerebral organoid generation
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144 Cerebral organoids cultivation methods

Current techniques for aggregating cells and creating organoids primarily involve non-
adherent wells, with the 96-well plate (96WP) being the most commonly used ap-
proach®2. In this method, hESCs or iPSCs are dissociated and seeded into low-adhesion
96WP with standard culture media. Aggregation occurs, followed by the addition of a
neural induction medium to promote neural differentiation. The organoids are then
embedded in hydrogel (e.g., Matrigel, Geltrex) and allowed to continue differentiating.
This robust approach often employs U- or V-shaped wells’! and can be applied in both
96WP and 384WP72. Some protocols further enhance neural induction by transferring
organoids into larger wells, such as 24WP."

Initial aggregation can also be performed using commercially available Aggrewell
800 plates?3. In this study, embryoid bodies (EBs) were transferred on day 5 to a 24-
well ultra-low attachment plate. After 48 hours, the EBs were embedded in Matrigel
and continued in a 4WP. Additionally, microwell arrays can be 3D printed, allowing
customization of parameters such as well size and shape for optimized cell cultiva-
tion74,

The next technique uses hanging drop as a readily feasible and cost-effective
method to generate hPSCs aggregates’s. In the conventional hanging drop method, the
cell aggregation process takes up to 2 or 3 days. After that aggregates were cultivated
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in standard WP or transferred to polystyrene non-treated culture dishes and cultures
were continued under dynamic conditions on an orbital shaker. Another alternative
approach using a chemically defined hydrogel material and chemically defined culture
medium?’¢ or AggreWell EB formation medium??.

With all these methods in place, it is important to note that neurogenesis is signif-
icantly influenced by the size of the embryoid body (EB). The EB size is largely deter-
mined by the dimensions and shape of the microwells, as well as the number of cells
initially seeded’8. Consequently, varying microwell shapes have proven effective in en-
hancing the initial formation of single-cell aggregatess’°. Nonetheless, several chal-
lenges remain, such as frequent liquid handling, sudden shifts in the microenviron-
ment from daily media changes®, and potential mechanical stress or damage to the
organoids®l. Additionally, larger aggregates may suffer from nutrient deprivation,
leading to necrosis in their core, even when cultured with shaking techniques®1.82, Or-
ganoid variability can be counteracted by creating more precisely defined culture con-
ditions. This includes, for example, defined media and matrices, initial cell population,
cell location and cell aggregation. Most, if not all, of these conditions can be consistently
defined through engineering strategies and increased levels of automation?8l.

1.5 Microfluidics for cell cultivation

Microfluidics is a field focused on the manipulation of fluids at the microscale, provid-
ing a versatile platform for cell cultivation and tissue engineering. The development of
microfluidic systems has revolutionized these fields by enabling precise control over
cellular microenvironments. Microchannels within these systems can be designed to
continuously deliver nutrients and oxygen, similar to capillary networks in real tissues,
while efficiently removing metabolic waste conditions essential for the growth and
function of complex tissues83. These environments are crucial for developing con-
structs that support not only cell survival but also the differentiation and organization
of cells into 3D tissue structures. Through microfluidics, it is possible to simulate bio-
mechanical forces such as electrical stimuli84, shear stress8>, and stretch86, which are
useful for promoting cell maturation and development. Additionally, microfluidic sys-
tems can generate solute gradients in the flow87, which are valuable for studying and
inducing diverse cell behaviours.

151 Microfluidics and Cerebral organoids

Microfluidics has recently emerged as a promising tool for COs formation, offering ad-
vancements in culture conditions, physiological relevance, reproducibility, and indus-
trial scalability. Despite its potential, research in this area remains limited, with exist-
ing studies primarily categorized based on the cultivation method: passive or active,
determined by the nature of the pressure source (Fig. 8).
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Passive cultivation methods do not require additional pressure sources to gener-
ate fluid flow within the system. Instead, the flow is gravity-driven, influenced by ex-
ternal forces. For instance, one study employed a rocker system®8, where the entire
setup was tilted periodically, causing the medium to flow back and forth. Initial aggre-
gation and differentiation of the COs followed a standard protocol before they were
transferred to the microfluidic system. Within the microfluidic environment, the COs
were embedded in a brain-specific extracellular matrix, which, along with the flow dy-
namics, significantly enhanced their viability and maturation. Another approach in-
volved the manual lifting of the entire device for medium exchange. This device con-
sisted of individual chambers designed for CO formation, each incorporating an air-
liquid interface. This configuration enabled the entire cultivation process to occur
within a single culture vessel, promoting better oxygenation and reducing the for-
mation of hypoxic cores8?. Overall, passive cultivation methods are simpler to prepare
and operate. Gravity-driven flow effectively supports nutrient exchange; however, me-
dium containers require manual handling, which limits scalability. Consequently, pas-
sive systems are less suited for the automated cultivation of larger quantities of organ-
oids.

Passive cultivation Active cultivation
Gravity-driven Pressure-driven

by

Fig. 8: Microfluidic cultivation method: Passive and Active
Created by author with Biorender

Unlike passive systems, active microfluidic systems utilize pressure-driven flow,
typically provided by pumps, to sustain and manage fluid movement. These systems
interconnect various components via tubing, directing the flow of medium from a res-
ervoir through the cultivation area and into a waste container. This approach has been
employed in studies such as investigating the effects of prenatal nicotine exposure on
neurodevelopment??. One such microfluidic device featured two cultivation channels
filled with extracellular matrix, in which embryoid bodies (EBs) were embedded. A
perfusion channel situated between the cultivation channels improved oxygen and nu-
trient delivery to the COs. This study demonstrated that the microfluidic system en-
hanced COs quality compared to conventional methods and revealed that nicotine ex-
posure impairs early neurogenesis. Another group developed a device using micropil-
lar arrays to facilitate COs formation and conduct neurodevelopmental toxicity tests.
Their optimized micropillar-based system streamlined the process of COs generation,
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encompassing initial aggregation, differentiation, and final maturation while eliminat-
ing the need for labor-intensive manual transfers and reducing procedural complex-
ity?1-93, In a separate study, microfluidics were applied to co-culture COs with vascular
cells. Initially cultivated via conventional methods, the COs were later embedded in a
microfluidic chip, where vascular cells were introduced. This setup enabled the crea-
tion of 3D perfused vasculature within the organoids, significantly enhancing their
maturation compared to non-vascularized controls®%. Together with other studies?®>9,
all these examples confirm the versatility of microfluidic systems in COs cultivation,
where a dynamic environment enhances the viability and differentiation of COs. Im-
portantly, active microfluidic systems offer precise control over fluid flow and, conse-
quently, the microenvironment within the system. The ability to program flow rates
enables automation, reducing or even eliminating the need for manual handling during
cultivation. However, these systems are more challenging to set up and technologically
complex, requiring advanced equipment and expertise for successful implementation.

In summary, microfluidics has proven to be a valuable tool for the formation
and cultivation of COs. Most research emphasizes the differentiation stage, utilizing
continuous flow to enhance organoid maturation, while the initial formation of EBs re-
mains less explored. Although some studies have focused on entirely in situ organoid
culture within microfluidic systems, they often lack direct comparisons with standard
cultivation protocols. Crucially, there remains a significant gap in evidence demon-
strating that microfluidic systems can comprehensively improve or replace standard
protocols, particularly for high-throughput applications.

1.6 Computational Fluid Dynamic simulations

Computational Fluid Dynamics (CFD) is a powerful tool that predicts and analyses fluid
flow behaviour by solving governing equations using numerical methods and compu-
tational power. CFD is the analysis of systems involving fluid flow, heat transfer and
associated phenomena such as chemical reactions by means of computer-based simu-
lation. The technique is very powerful and spans a wide range of industrial and non-
industrial application areas (Aerodynamics, hydrodynamics, turbomachinery, elec-
tronic engineering, biomedical engineering). The main reason why CFD has lagged be-
hind is the tremendous complexity of the underlying behaviour, which precludes a de-
scription of fluid flows that is at the same time economical and sufficiently complete®’.
There are several unique advantages of CFD over experiment-based approaches
to fluid systems design: substantial reduction of lead times and costs of new designs,
ability to study systems where controlled experiments are difficult or impossible to
perform, ability to study systems under hazardous conditions at and beyond their nor-
mal performance limits, practically unlimited level of detail of results. CFD codes are
structured around the numerical algorithms that can tackle fluid flow problems?8.
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1.6.1 Mathematical model

The starting point of any numerical method is the mathematical model, i.e., the set of
partial differential or integro-differential equations and boundary conditions. One
chooses an appropriate model for the target application (incompressible, inviscid, tur-
bulent, two- or three-dimensional, etc.). This model may include simplifications of the
exact conservation laws®°.

The main structure of thermo-fluids examination is directed by governing equa-
tions that are based on the conservation law of fluid’s physical properties. The basic
equations are the three laws of conservation: Conservation of Mass (continuity equa-
tion), Conservation of momentum (Newton'’s second law), and Conservation of Energy
(energy equation). These principles state that mass, momentum, and energy are stable
constants within a closed system. In short, everything must be conserved109,

1.6.2 Continuity Equation

The equation for the Conservation of Mass is specified as:
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Where p is the density, ¥ the velocity and V the gradient operator.
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If the density is constant, the flow is assumed to be incompressible and the continuity

equation reduced to:
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1.6.3 Navier-Stokes Equation

Conservation of Momentum which can be referred to as Navier-Stokes Equation is
given by:
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Where p is static pressure, T is viscous stress tensor and pg is the gravitational force
per unit volume. The Roman numerals denote: I-Local change with time, /l-Momentum
convection, III-Surface force, IV-Diffusion term, V-Mass force. If fluid is assumed to be
incompressible with constant viscosity coefficient u the Navier-Stokes equation sim-
plifies to:

dv
P = —Vp + uV?v + pg (11)
164 Newton’s First Law of Thermodynamics

Conservation of Energy is the first law of thermodynamics which states that the sum
of the works and heat added to the system will result in the increase of the energy in
the system:

dE, = dQ + dW (12)

Where dQ is the heat added to the system, dW is the work done on the system and dE;
is the increment in total energy of the system.

1.6.5 Discretization

To solve the governing equations, it is important to choose a suitable discretization
method, i.e.,, a method of approximating the differential equations by a system of alge-
braic equations for the variables at some set of discrete locations in space and time. It
can be imaged as a network (mesh) of discrete points that divides the computational
domain into smaller sub-regions or control volumes. The main discretization tech-
niques are finite difference, finite volume and finite element (Fig. 9). Other methods,
like spectral schemes, boundary element methods, and lattice-Boltzmann methods
are used in CFD, but their use is limited to special classes of problems?7.

Finite difference method (FDM) approximates the derivatives in the governing
equations using finite differences. The continuous variables (such as velocity, pres-
sure, and temperature) are evaluated at discrete grid points, and the derivatives are
replaced by differences between these points.

Finite elements method (FEM) is a more flexible and used primarily in structural
mechanics. The domain is discretized into small elements (such as triangles, tetrahe-
dra, etc.), and the governing equations are solved by approximating the solution over
each element using shape functions. FEM is well-suited for handling complex geome-
tries and boundary conditions but can be computationally expensive for large-scale
fluid dynamics problems.

Finite volume method (FVM) divide domain into small control volumes or cells.
The governing equations are integrated over each control volume, and fluxes (like
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mass, momentum, and energy) are computed across the surfaces of these volumes.
The method conserves physical quantities (such as mass, momentum, and energy) ex-
actly within each control volume, making it robust and widely used in fluid flow sim-
ulations, especially for complex 3D geometries®s.

FDM FEM

Fig. 9: Concept of discretization methods

1.6.6 Calculation strategy

A specific calculation strategy is used to solve the governing integral equations for
the conservation of mass and momentum energy (when appropriate) and other sca-
lars, such as turbulence and chemical species. Firstly, it is important to choose an ade-
quate solver. Historically, the pressure-based solver approach was developed for low-
speed incompressible flows (Mach number below 0.3), while the density-based solver
approach was mainly used for high-speed compressible flows. Both solvers can be used
for a broad range of flows, but in some cases one formulation may perform better (i.e.,
yield a solution more quickly or resolve certain flow features better) than the other.
The pressure-based and density-based approaches differ in the way that the continu-
ity, momentum, and (where appropriate) energy and species equations are solved.
Both solvers use solution methods for equations109,

Many solution methods developed for steady incompressible flows are implicit
and use pressure equation to enforce mass conservation for either time step solving or
steady solving. The most used methods are Segregated and Coupled algorithm.

The Segregated algorithm solves governing equations one after the other, which
reduces the memory used due to the serial nature of the equation solution, but it also
reduces the speed of convergence of the problem.

The coupled solution method solves a set of momentum coupling equations and
the pressure-based continuity equation, so there is no need to solve the pressure cor-
rection equation. Since the momentum and continuity equations are solved in a closely
coupled manner, the rate of solution convergence significantly improves when com-
pared to the segregated algorithm. However, the memory requirement increases by
1.5 - 2 times that of the segregated algorithm since the discrete system of all
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momentum and pressure-based continuity equations needs to be stored in the
memory when solving for the velocity and pressure fields?°.

In general, segregated methods are faster per iteration, while the coupled algo-
rithm usually requires fewer iterations to converge. For this reason, the coupled solver
is usually recommended for steady-state simulations. For transient simulations, the
coupled solver has the best robustness properties, especially for large time step sizes.

As mentioned above, simulation can be simulated in two variants: steady-state
and transient flow. In order to account for time-dependent effects, a transient simula-
tion should be considered. A steady-state simulation should be considered if one is only
interested in the converged steady state solutions where the flow condition does not
change over time?7.

1.6.7 The sequence of Computational Fluid Dynamics simulations

The sequence of steps in a Computational Fluid Dynamics (CFD) simulation follows a
systematic approach, typically divided into three main stages: pre-processing, solving,
and post-processing (Fig. 10).

Pre-processing in a Computational Fluid Dynamics (CFD) simulation begins with
geometry design, which can either be created directly within the CFD interface or im-
ported from external modeling platforms such as AutoCAD, SolidWorks, or Rhino. The
geometry must be both simple and accurate, tailored to the simulation's purpose and
expected outcomes. Simplifying the geometry to emphasize key features is often an
effective strategy for expediting the pre-processing phase. Once the geometry is im-
ported into the CFD interface, material properties are assigned. For solid materials, es-
sential properties include thermal conductivity and wall roughness. For fluid materi-
als, the required properties include density, viscosity, thermal conductivity, specific
heat capacity, and compressibility. These attributes are critical for accurate simulation
results. Boundary conditions are also defined during pre-processing. These conditions
serve as initial inputs that establish the limits of the computational domain and its in-
teraction with the surrounding environment. It connects the computational domain
and its surroundings showing the velocity, pressure, or volumetric flow rate of the in-
coming or outgoing fluid. For steady-state simulations, these inputs remain constant
over time, while in transient simulations, they vary with time. At the outlet, the bound-
ary condition is typically set using the operating pressure to ensure accurate flow be-
havior throughout the computational domain.

The solving phase of a CFD simulation involves three key steps: grid generation,
solver selection, and simulation calculation. Grid generation, also known as meshing
or discretization, is critical to the accuracy and reliability of the simulation. In this step,
the computational domain is divided into smaller segments, or cells, to enable numer-
ical calculations. Proper grid generation requires selecting an appropriate discretiza-
tion scheme and optimizing the size of the cells to balance computational cost and
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result accuracy. The quality and configuration of the mesh significantly influence the
accuracy, stability, and convergence of the simulation. A fine mesh may capture de-
tailed features more accurately, but it increases computational demands. Poor-quality
meshes can lead to numerical errors, slow convergence, or even divergence of the so-
lution. High-quality meshes have well-shaped cells that are as uniform as possible.
Subsequently, the choice of solver (calculation strategy) and method plays a crucial
role in determining the uncertainties and accuracy of simulation results.

Once the simulation configuration is finalized, the iterative calculation process be-
gins. In this process, the governing equations are repeatedly solved to compute flow
variables such as velocity, pressure, and temperature. The goal is to achieve solution
convergence, a state where the changes in the computed variables from one iteration
to the next become negligible. Convergence indicates that the solution is stable and
sufficiently accurate for analysis. Once the solution has converged, the gathered data
should be presented using diverse visualization techniques to facilitate analysis. While
commercial CFD software offers a range of visualization options, it is crucial for users
to choose the method that best aligns with the objectives of their analysis101.
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Fig. 10: The sequence of CFD simulations
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1.7 Microfluidic system for cell isolation and separation

Single-cell multi-omics technologies characterize cell states and activities by integrat-
ing various omics methods, such as transcriptome, genome, epigenome, epitranscrip-
tome, proteome, or metabolome, all from the same single cell. These technologies allow
for the simultaneous identification of multiple molecule classes within a single cell,
providing deeper biological insights than analyzing each molecular level from separate
cells. Two key aspects are crucial for the routine application of single-cell multi-omics
analysis. First, cells must be detectable and isolable, even if they are very rare. Second,
there must be automated and parallelized preparation of multi-omics data from indi-
vidual cells. However, recent years have seen challenges in detecting and isolating spe-
cific cells, such as tumor cells from patients, using current detection markers and tech-
niques. The process also relies on the quantitative and physical separation of cells
while ensuring high-quality recovery of cellular information. Therefore, combining re-
liable separation and recovery methods with innovative microfluidic circuits is essen-
tial for effectively implementing single-cell multi-omics analyses. Those microfluidic
systems can be used to process a sample collected from liquid biopsies (Fig. 11). The
system can detect, measure and manipulate cells, which will be physically separated
and transferred for a single multi-omics analysis.

As mentioned above (chapter 1.3), most microfluidic chips are fabricated from
conventional silicone materials. On the other hand, for repetitive use of the microflu-
idic chip, researchers developed an idea to use silicon semiconductor substates. This
material has greater compatibility with molecular biological analysis than conven-
tional silicone materials and has an excellent ability to create nano- and microstruc-
tures. Semiconductor substrates also offer several benefits over silicone-based meth-
ods: (1) they do not absorb biomolecules!%2, (2) they can be sterilized and made
DNA/RNA-free, making them reusablel03, (3) they have excellent wettability with
aqueous solutions1%4 and (4) they exhibit negligible channel expansion effects due to
their mechanical properties195. These qualities make silicon ideal for microscale fluidic
circuits and for cost-effective implementation of molecular biological analysis meth-
ods. Furthermore, silicon-based microchannels can be produced in large quantities at
a low cost106,

At the end of the thesis, we present results from collaboration with OTH Univer-
sity in Regensburg, where we developed a novel manufacturing method based on sili-
con technology, which enables the production of microfluidic chips with high repro-
ducibility in under 20 minutes. This process can create microchannel dimensions of
around 50 pum quickly, resulting in microchannel geometry well-suited for processing
individual cells. Results from this research stay are summarized in the final section of
the chapter (4.6) results.
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Fig. 11: Microfluidics incorporated for Multi-Omics analysis
Created by author with Biorender
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2 Goal of thesis

Microfluidic systems are becoming essential in cell biology and stem cell engineering,
with increasing research highlighting their use for cultivating cells and mimicking tis-
sue functionality. By precisely controlling the microenvironment, these systems repli-
cate physiological and pathological conditions. The expanding microfluidics market of-
fers tailored solutions for scientific research, yet the technology remains largely in the
prototyping stage, limited by expensive, single-use fabrication processes and a lack of
standardized methods. To tackle these challenges and drive progress in the field, this
thesis is guided by the following four objectives and their respective specific aims:

1) Streamline Microfluidic System Fabrication and Design
Develop an efficient and flexible fabrication protocol for microfluidic systems that al-
lows to modify designs easily and complete the process from design to ready-to-use
chip within a few days. Utilize computational simulations to predict system perfor-
mance, reducing the time and cost associated with experimental optimization.

2) Optimize Microfluidic Systems for Cell Cultivation and Organoid Differen-
tiation
Design and refine microfluidic systems for uniform cell aggregation and cultivation.
Adapt these systems to support cerebral organoid differentiation by leveraging micro-
fluidic advantages and optimizing protocols for enhanced maturation and uniformity.

3) Demonstrate Versatility for Other Organoid Types
Validate the adaptability of the designed microfluidic system for cultivating different
types of organoids without altering the chip design.

4) Create a Reusable Microfluidic System

Establish a fabrication process for reusable microfluidic systems, improving current
protocols for simple and rapid prototyping with customizable properties.
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3 Material and Methods

3.1 Fabrication of chip

The microfluidic chip was fabricated using a stereolithography (SLA) 3D printer (Form
2, Formlabs). The 3D models of the casting molds were designed using Fusion 360 (Au-
todesk), and the molds were printed from UV-cured resin (FLGPCLO3, Clear). The chip
consists of two parts - a top and a bottom. The bottom part contains a flow channel
(height: 800 um, width: 2600 um) with 48 U- and V-shaped microwells (diameter:
1000 pm, depth: 1000 um) and a vacuum channel (height: 800 pm width: 500 um) (Fig.
12). The top and bottom parts of the chip were cast from PDMS prepolymer (1673921,
Sylgard 184, Dow) mixed at a ratio of 10:1 (w/w) with PDMS precursor and curing
agent. The mixture was degassed for 10 min, then poured into a printed 3D mold and
baked at 80 °C for 30 min in an oven. The PDMS was then peeled off from the mold. The
top layer was cast with a thickness of 5 mm and punched for tubing (800/100/120,
Smith Medicals). The layers were assembled and bonded with a PDMS mixture. The
whole chip was baked at 80 °C for 30 min, followed by ethanol cleaning and UV light
sterilization for 30 min. Before use, the chip was washed with 0.1 M phosphate-buff-
ered saline (PBS) and coated with 2% BSA in PBS overnight.

Outlet
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Fig. 12: Desing of microfluidic chip for COs formation
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3.2 Numerical simulation for dextran diffusion

Numerical simulations of the dextran diffusion were performed using Ansys Fluent
software (Ansys, Inc.). The equations were solved for the transient state flow by Na-
vier-Stokes equations and the multi-component equations using the finite volume
solver of ANSYS Fluent 2023 R1. The geometry of the agarose block was designed in
Ansys SpaceClaim 2023 R1 and split into tetrahedral control volumes (elements). For
simulation, a pressure-based solver was used with a coupled method and second-order
spatial discretization. For boundary conditions, walls were set as stationary, with no
slip conditions. Diffusion through agarose was modeled as free diffusion. The specific
parameters set for the simulation are listed in Tab. 1.

Parameter Value Ref.

Density of culture media [kg/m3] 998 107
Dynamic viscosity of culture media [Pa.s] 0.001003 107
Dextran diffusion coefficient in agarose [m?2/s] 1x10-10 108
Density of agarose [kg/m3] 1640 109
Viscosity of agarose [kg/m.s] 0.25 110
Dextran molecular weight [kDa] 10 N/A
Agarose molecular weight [g/mol] 306 N/A
Pressure in outlet channel [Pa] 101325 N/A
Number of mesh elements [-] 3x10° N/A

Tab. 1: Parameters for simulation of dextran dynamic diffusion in agarose block

3.3 Numerical simulation for lactate diffusion

Numerical simulations of the medium flow and lactate diffusion were performed using
Ansys Fluent software (Ansys, Inc.). The equations were solved for the transient state
flow by Navier-Stokes equations and the multi-component equations using the finite
volume solver of ANSYS Fluent 2023 R1. The geometry of the chip and WP was de-
signed in Ansys SpaceClaim 2023 R1 and split into tetrahedral control volumes (ele-
ments). For simulation, a pressure-based solver was used with a coupled method and
second-order spatial discretization. For boundary conditions, walls were set as station-
ary, with no slip conditions. Due to the low Reynolds number (Re<<1), the flow was
considered as laminar. The outlet was set to pressure outlet at a standard pressure.
The simulations focused on lactate production and diffusion in wells together with in-
teraction between wells and flow channel. The compositions and dimensions of the
microfluidic devices analyzed in the numerical simulation were identical to those fab-
ricated and used in the cell experiments. Spheroid lactate production was determined
based on previous work111.112 ysing data on production by a single cell and the number

43



MATERIAL AND METHODS

of cells. The number of cells per spheroid was derived from the volume of the spheroid,
450 um in diameter, and the volume of the single cell. The specific parameters set for
the simulation are listed in Tab. 2.

Parameter Value Ref.
Density of culture media [kg/m3] 998 107
Dynamic viscosity of culture media [Pa.s] 0.001003 107
Lactate diffusion coefficient in culture medium 5.9x10-11 113
[m?/s]
Density of organoids [kg/m3] 1020 114
Medium flow rate [ul/h] 100/50 N/A
Volume of a single cell, 10 um in diameter [um3] 513 N/A
Lactate molecular weight [g/mol] 90 N/A
Lactate production per cell [pmol/24 h] 20 111,115
Pressure in outlet channel [Pa] 101325 N/A
Number of mesh elements [-] Chip_U: 5.08x10° N/A

Chip_V: 4.81x10°

WP: 4.09%10°

Tab. 2: Parameters for simulation of dynamic diffusion in a microfluidic chip

3.4 Propagation of human embryonic stem cells for microfluidic
system optimization

Human embryonic stem cells of the CCTL14 line (Center of Cell Therapy Line 14,
https://hpscreg.eu/cell-line/MUNIe007-A) were used for the optimization of the mi-
crofluidic system. The line was cultured at 37 °C with 5% CO2 and propagated on cell
culture dishes coated with Matrigel (356277, hESC-Qualified, Corning) in a mouse em-
bryonic fibroblast (MEF)-conditioned medium (enriched with factors produced by
MEF), supplemented by 10ng/ml of FGF2. Cells were passaged using TrypLE™ (Life
Technologies, 12605010).

3.5 Cerebral organoids

351 Propagation of human pluripotent stem cells for Cerebral
organoids

As lines of pluripotent stem cells, we used human embryonic stem cells (hESCs; line H1
and H9; characterized in #°) and induced pluripotent stem cells (hiPSCs) line BWT3;
(MUNIi017-A), line M8(UQi00A-A), line WTF80(MUNIi010-A), line M67(derivated
from skin fibroblasts)!16, line Neol(derived from neonatal fibroblasts)117, line
AM13(derivated from skin fibroblasts)118. All lines were cultured at 37 °C with 5% CO2
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and propagated on cell culture dishes coated with Matrigel (356277, hESC-Qualified,
Corning). H1, H9, BWT3, WTF80, M8, Neol in mTeSR™1 medium (85857, StemCell
technologies) supplemented with 0.5% ZellShield (13-0050, Minerva Biolabs). Cells
were passaged using 0.5 mM EDTA in sterile D-PBS. AM13 was maintained in an MEF-
conditioned medium.

3.5.2 Media for differentiation of cerebral organoids

Following cell culture media were used for the differentiation of hPSCs to cerebral or-
ganoids:

Aggregation medium: mTeSR™1(85857, StemCell Technologies) was supplemented
with 20 pM Rho-kinase inhibitor Y-27632 (ROCKi; S1049, Selleckchem).

Neural induction medium (NIM): DMEM-F12 (21331046, Gibco) was supplemented
with 1% N2 (17502001, Gibco) (v/v), 1% Glutamax (35050061, Gibco) (v/v), 1%
MEM-NEAA (11140035, Gibco) (v/v), 1% ZellShield, heparin (H3149, Merck; final con-
centration 1 pg-ml-1).

Cerebral organoid differentiation medium without vitamin A (COI): DMEM-F12
and Neurobasal (21103049, Gibco) were mixed in a 1:1 ratio and complemented with
0.5% N2 supplement, 0.025% Insulin (19278, Merck), 1% Glutamax, 0.5% MEM-NEAA
and 1% ZellShield, 100 pM 2-mercaptoethanol (M3148, Merck), and 1% B27 supple-
ment without vitamin A (12587010, Gibco).

Cerebral organoid differentiation medium with vitamin A (COII): DMEM-F12 and
Neurobasal were mixed in a 1:1 ratio and complemented with 0.5% N2 supplement,
0.025% insulin, 1% Glutamax, 0.5% MEM-NEAA and 1% ZellShield, 100 uM 2-mercap-
toethanol, and 1% B27 supplement with vitamin A (17504044, Gibco).

3.5.3 Generation of cerebral organoids in a 96-well plate

Cerebral organoid formation in 96WP followed the Lancaster protocol®? with minor
modifications!19120, Briefly, cells were harvested using Accutase (A1110501, Gibco).
They were then resuspended in aggregation medium and seeded into a low adherent
poly-HEMA (P3932, Merck) coated 96WP (M9686-100EA, Greiner CELLSTAR) at a
concentration of 2000-9000 cells per well in 150 pl of the medium, centrifuged at 200 g
for 2 min and incubated. The EBs were formed, and the medium was exchanged after
48 h by gentle aspiration and the addition of fresh 100 pl mTeSR™1 medium without
ROCKi. The differentiation media were changed depending on the timing and
size/morphology of cell aggregates. After EBs were larger than 350-400 um, a NIM
medium was added. Approximately over the next seven days, the organoids grew to a
size of 900-1000 pm and were then embedded into 10 pl droplets of GeltrexTM
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(A1413302, Gibco). The droplets were maintained in a 6 cm cell culture dish (12 drop-
lets per dish) with COI medium exchanged every other day until rosettes were clearly
observable in the peripheries of organoids around day 7. Then COIl medium was ap-
plied, and the dishes were placed on an orbital shaker (Rotamax 120, Heidolph) at 50
rpm. Organoids were maintained until day 55.

3.54 Generation of cerebral organoids in a microfluidic device

The formation of cerebral organoids in the chip corresponded to the protocol for the
96WP. The microfluidic chip was loaded with cell suspension to achieve a concentra-
tion of 2000-9000 cells per well in the Aggregation medium. The cells loaded into the
microfluidic chip were centrifuged at 200 g for 2 min, then allowed to aggregate ini-
tially at 37 °C for 10 min, and finally, the chip was connected to a syringe pump (Fusion
4000, Chemyx). Two experimental conditions were set up with flow rates of 100 pl/h
and 50 pl/h. Similarly to the 96WP protocol, the Aggregation medium was replaced
with mTeSR™1 after 48 h, and then the NIM medium was used when EBs were 350-
400 pm in size. Cell culture continued until the aggregates reached a size of 900-1000
um, approximately at day 10 (1 day). Then, organoids were removed from the micro-
fluidic chips, embedded in Geltrex droplets, and cultured until day 55 with COI and
COIl medium.

3.5.5 Histochemistry

For hematoxylin and eosin staining, sections were incubated for 10 min in hematoxy-
lin, washed two times in warm water, and incubated in eosin for 5 min. Subsequently,
sections were washed with cold tap water, dehydrated in alcohol for 10 min, and clar-
ified in xylene for 10 min.

356 Immunofluorescence

Organoids were fixed in 4% (v/v) formaldehyde solution for 1 h, washed 3 times with
0.1 M PBS, embedded into liquid 3% low-temperature gelling agarose (A9414-25G,
Merck), embedded in a paraffin block and sectioned. Sections 7 pm thick were depar-
affinized by xylene and a descending series of alcohols and washed with dH20. Then,
sections were incubated with Target retrieval solution pH 6 for 30 min in 96 °C (S2031,
Dako) to unmask the antigenic epitope, permeabilized with 0.2% (v/v) Triton X-100 in
PBS and blocked with 1% (w/v) bovine serum albumin in 0.2% Triton X-100 for 1 hr.
The samples were then incubated with primary antibodies (listed in Appendix A) over-
night, then washed with PBS and incubated with secondary antibodies AF488
(A11070, ThermoFisher) or AF568 (A21069, ThermoFisher) at a 1:250 dilution for 1
hr. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, 62248,
ThermoFisher) for 5 min and washed with PBS. The final mounting of samples was
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performed in the Mowiol mounting medium (0713.1, Roth). Six organoids from a
96WP, U-shaped, as well as V-shaped microwells of the microfluidic chip were ana-
lyzed per each time point from each condition.

3.5.7 Microscopy, image analysis, and calculating the wrinkling index

Brightfield images of the organoid size and morphology were captured by a Cell*R mi-
croscope system (Olympus) and DMIL microscope (DMIL LED, Leica). Immunofluores-
cence images were acquired with LSM880 laser scanning confocal microscope (Carl
Zeiss AG). Automated image acquisition of whole sections was performed with Tissue-
FAXS (TissueGnostics). Image analysis of organoid diameter, area, and wrinkling index
was performed using Fiji (Image]) and Imaris software (RRID: SCR_007370). On day
14, the wrinkling index was calculated as follows:

W; = Lg/Lp (13)

Where Lc is the contour perimeter of the organoid and Lr is the length of the outer
convex contour of organoids’4.

3.5.8 Gene expression by gPCR analysis

On days 9 and 55, individual organoids were lysed in RNA Blue (R011, Top-Bio), and
RNA was isolated by chloroform extraction and isopropanol precipitation according to
the standard protocol!?l. RNA concentration was measured by a spectrophotometer
(mySpec, VWR). Reverse transcription was performed using Transcriptor First Strand
cDNA Synthesis Kit (04896866001, Roche) according to the manufacturer’s instruc-
tions. gPCR with specific primers and SYBR Green [ master (cat. 04707516001, Roche)
was performed on a LightCycler 480 Instrument Il system (Roche). Results were nor-
malized to the expression of endogenous control RPL13A. Primers used for qPCR are
listed in Appendix B. Six organoids from 96WP, U-shaped, as well as V-shaped mi-
crowells of the microfluidic chip were pooled and analyzed per condition for each time
point.

3.6 Retinal organoids

3.6.1 Propagation of human pluripotent stem cells for Retinal organoids

As lines of pluripotent stem cells, we used human induced pluripotent stem cells line
M8 (UQiO0A-A). The line was cultured at 37 °C with 5% CO2 and propagated on cell
culture dishes coated with Vitronectine in E8 medium (Gibco, Cat. A1517001). Regular
enzymatic passage was performed using TrypLE™ (Life Technologies, 12605010).
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3.6.2 Media for differentiation of retinal organoids

Following cell culture media were used for the differentiation of iPSCs to retinal organ-
oids:

Aggregation medium: Essential 8™ Medium (A1517001, Gibco) supplemented
with 20uM ROCK inhibitor.

The differentiation medium: Growth factor-free CDM (gfCDM) supplemented
with 15% KOSR, 41% Iscove’s modified Dulbecco’s medium (IMDM), 41% HAM's F12,
1% GlutaMAX, 1% Chcemicaly defined lipid concentrate, 1% Pen/Strep and 225 2-
mercaptoethanol. On day 6, 2,25nM of recombinant human BMP4 was added.

Maintenance medium: DMEM /F12 supplemented with 10% FBS, 1% GlutaMAX,
1% N2 supplement 0,5 uM Retinoic Acid, 0,1 mM Taurine and 1% Pen/Strep.

3.6.3 Generation of retinal organoids in a 96-well plate

Cells were harvested using 0.5 mM EDTA in sterile D-PBS. Then cells were resuspended
in aggregation medium and seeded into a low adherent poly-HEMA (P3932, Merck)
coated 96WP (M9686-100EA, Greiner CELLSTAR) at a concentration of 2000 cells per
well in 150 pl of the medium. After two days(DO0), the medium was changed for the
differentiation medium, and the medium was exchanged after 48 h by gentle aspiration
and the addition of fresh medium. At D6, 2,25 nM BMP4 was added into the differenti-
ation medium for 3 days. Then, the medium was switched back to GECDM medium. On
day 19, organoids were transferred from WP to PM6, where maintenance medium was
exchanged every 3 days.

3.6.4 Generation of retinal organoids in a microfluidic device

The formation of cerebral organoids in the chip corresponded to the protocol for the
96WP. The microfluidic chip was loaded with cell suspension to achieve a concentra-
tion of 2000 cells per well in the Aggregation medium. The cells loaded into the micro-
fluidic chip were centrifuged at 200 g for 2 min, then allowed to aggregate initially at
37 °C for 10 min, and finally, the chip was connected to a syringe pump (Fusion 4000,
Chemyx). Two experimental conditions were set up with flow rates of 100 pl/h and 50
ul/h. Similarly to the 96WP protocol, the Aggregation medium was replaced with dif-
ferentiation medium after 48 h, and then at D6 in the differentiation medium was
added 2,25 nM BMP4 for 3 days. Then the medium was switched back to GFCDM me-
dium. On day 19, organoids were transferred from WP to PM6, where maintenance
medium was exchanged every 3 days.
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3.6.5 Immunofluorescence

On day 21, the organoids were fixed in 4% (v/v) formaldehyde solution for 1 h, washed
3 times with 0.1 M PBS. After washing, 30% sucrose was added overnight. Then, su-
crose with organoids was transferred into the plastic mold for OCT molding. Half of the
sucrose was aspirated and OCT was added. Next, the mold was put on a shaker for 15
minutes. The second half of sucrose was aspirated and the mold was filled with OCT.
By needle, organoids were positioned in the centre of the mold. After that, the mold
was put on dry ice for fast freezing. Molds were stored at -80°. The block of OCT was
cut into 5um thick slices and placed on glass slides. Slices were dried for 20 minutes at
room temperature. Then, slides were gently washed three times with PBS to remove
OCT and a blocking buffer (0.3% Triton-x with 1% BSA) was added for 1 hour. Next,
the primary antibody was diluted by antibody diluent (0.3% Triton-x with 1%BSA) and
added for overnight incubation at 4°. After that, the slides were washed three times
with an antibody dilutant. Then, a diluted secondary antibody was added for 1 hour.
Finally, the slides were washed three times with PBS and mounted with Vectashield.

3.6.6 Gene expression by gPCR analysis

Analysis of retinal organoids by qPCR was performed as described for cerebral organ-
oids.

3.7 Microfluidic chip for water/oil droplet generation

3.7.1 Chip fabrication

The microfluidic chip was fabricated using a laser ablation (Quantel, Evergreen
EVG00200). The 2D design was designed using Fusion 360 (Autodesk). Chip was ab-
lated from a silicon wafer (Thickness: 525 pm, Orientation: 100, Type: P, Dopant: B,
Resistance: 10-200hm, Polish: DSP). The flow channel had a height of 60 um and the
T-junctions area (dispersed and continuous phase) had a width of 60 um. Channels
were smoothed by Wet etching. Firstly, the chip was first etched by HF 10% for 2
minutes and washed by [PA in an ultrasonic bath for 5 minutes. Final etching was done
by TMOH 20% for 3 minutes.

Then, the chip was cleaned by SC1 cleaning protocol114 and closed with borosili-
cate glass (Thickness: 250um) by anodic bonding at 400°C and voltage 1000 V. For
coating, the chip was fixed into the holder by screws (35N/cm2), and the tubes were
connected to the holder by fitting. Syringes were filled with coating solutions and con-
nected to tubes. By pumps (NE-1002X) chip channels were filled with coating solu-
tions. Then, the chip was disconnected from the holder, and the coating solution was
blown away by air. This process was repeated three times.
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3.7.2 Droplet generation

The chip was fixed into the holder. Two Hamilton syringes (HAM80075, Hamilton)
were filled with water for the dispersed phase, and one Hamilton syringe (HAM80075,
Hamilton) was filled with a mixture of mineral oil (Sigma M8410) with 0.5% Span80.
Then, syringes were connected to pumps (NE-1002X). Firstly, oil was introduced into
channels and after that, water was pumped into chip.
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4 Results

As depicted in the chapter “Goals of the thesis”, the primary objective of this work was
to design, fabricate and test the microfluidic system for the generation and growth of
stem cells-derived cerebral organoids. Importantly, having this technology in hands,
we have also performed a proof-of-concept experiment where we aimed to differenti-
ate retinal organoids from iPSCs via the same microfluidic chip setup. Finally, in col-
laboration with OTH University in Regensburg, we aimed to develop a microfluidic sys-
tem designed for the separation of single cells. These efforts, described in the following
sections, collectively highlight the versatility and potential of microfluidic systems, not
only in advancing organoid research but also in expanding the toolkit for precision sin-
gle-cell analysis and differentiation studies.

4.1 Chip fabrication

4.1.1 Chip design software

We aimed to develop a simple cultivation tool that facilitates initial aggregation, fol-
lowed by the cultivation and differentiation of 3D cell structures. The microfluidic chip
consists of two primary components: channels and wells. The channels enable nutrient
exchange, while the wells serve as chambers where the 3D cell structures are formed
(Fig. 13). This closed system is connected via tubing to a syringe on one end and a
waste reservoir on the other. The syringe is mounted on a pump, allowing precise con-
trol of fluid flow, which can be adjusted to meet specific cultivation requirements.
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Fig. 13: Idea of automated microfluidic system for cell aggregation
Created by author with Biorender

The design concept for the microfluidic chip (Fig. 13) was developed using the student
version of Fusion360 software. Each version of the microfluidic system was iteratively
refined in this software. Initially, a model of the chip itself was created. From this, a
negative mold was generated, around which the PDMS casting mold was designed (Fig.
14). This 3D design was exported in multiple formats to facilitate easy modification
and preparation for 3D printing.
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Fig. 14: Creating of the master mold from the design of the chip

4.1.2 SLA printing and optimization

To achieve optimal fabrication results in surface smoothness and well quality, the
printing settings were carefully optimized. The initial parameter adjusted was the
printing tilt of the mold, a critical factor for overall surface smoothness. To test this,
prisms with various tilt angles (90°, 65°, 45°, 35°, 25°, and 15°) were fabricated. This
stage also included testing two different printing materials: clear resin (FLGPCLO03)
and white resin (FLGPWHO02) (Fig. 15). Clear resin was chosen for its superior post-
processing capabilities, while white resin was selected for its favourable mechanical
properties.

Fig. 15: Angle of tilt for two printing materials. On the left is FLGPCLO03 (Clear) and on the right
is FLGPWHO02 (White).

Based on both prints, a tilt angle of 45° produced the smoothest surface. Regard-
ing material choice, clear resin yielded a smoother surface compared to white resin. In
the next step, pillars (negative wells) were added to the surface to observe the effects
tilt angle on pillar geometry. Pillars were fabricated at angles of 40°, 43°, 46°, 49°, 52°,
and 55° to include a range of possible configurations (Fig. 16A).
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Fig. 16: Fabricated pillar in different tilt angles (scale bar: 400pum)

Microscopic images revealed that a tilt angle of 55° caused teardrop-shaped for-
mations around the pillars (Fig. 16B). In contrast, a tilt angle of 40° yielded the best
results, with no interconnections between pillars (Fig. 16C). To ensure surface smooth-
ness and minimize the teardrop effect, a 40° tilt angle was chosen.

To further analyze the impact of pillar size (diameter, height) and distribution on
fabrication quality and detail, a large plate containing pillars was designed and printed
with a 40° tilt angle (Fig. 17A). The specific dimensions of the printed pillars are pro-
vided in Tab. 3.
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Fig. 17: Printed pillars on large plate, macro and microscopic observation (scale bar: 600pum)
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Tab. 3: List of printed pillars

Pillars were printed with spacings of 100 um and 200 pm. A 100 pm spacing yielded
unsatisfactory results, as all pillars became interconnected. Images in Fig. 17B and Fig.
17C show pillars with spacings of 600 pym and 800 pm and a height of 600 pm. Due to
the small gap and high energy in this region, the resin polymerized, filling the spaces
between pillars. A 200 um spacing between pillars produced promising results in four
cases, with a maximum pillar height of 500 um and a diameter-to-height ratio not ex-
ceeding 2:1. Pillars with a diameter and height of 400 um successfully maintained a
gap between them (Fig. 17D). Based on these results, we concluded that a minimum
spacing of 200 um is required for smaller pillars, with larger pillars greater distance is
required.

4.1.3 PDMS molding

According to the standard molding protocol, PDMS is poured onto the master mold,
with solidification time dependent on temperature. Higher temperatures reduce the
PDMS curing time. This same protocol was applied for molding using the 3D-printed
mold. Based on this approach, a specific design was created to form a closed master
mold in combination with a glass slide (Fig. 18). PDMS was poured into the SLA mold,
and a glass slide was positioned to create a smooth, flat surface. The master mold with
PDMS was then placed in an oven to solidify.

Fig. 18: SLA mold with a glass slide

54



RESULTS

A problem occurred due to leftover uncured resin on the surface or inside the printed
mold, which prevented PDMS from solidifying. This made pre-treatment of SLA molds
essential prior to PDMS molding. Additionally, the wide variety of resins available
meant that no single protocol could be applied universally. To address this, a protocol
was developed to optimize the treatment of SLA-printed molds. UV post-curing, tem-
perature, and solvent treatments were tested. Results indicated that resin adsorption
is a gradual process; while acceleration is possible, the best outcomes were observed
after an extended period (over one day). Based on these findings, a post-treatment pro-
tocol was established. It includes thorough rinsing with IPA, UV curing for 15 minutes,
and baking at 60°C for 24 hours.

In some cases, the initially molded PDMS remained sticky and uncured. To address
this, the curing time and temperature were optimized (Tab. 4). It was found that curing
at 60°C or lower required 24 hours for complete solidification, while curing at 80°C or
higher achieved full curing in just one hour.

Time/
Temp.
60°C
70°C
80°C
90°C
100°C
110°C

1h 2h 3h 4h

Tab. 4: Optimization of PDMS curing

4.1.4 Connection of two PDMS layers

Typically, connecting PDMS to PDMS is achieved through plasma treatment, which
creates a watertight covalent bond. For successful bonding, both surfaces must be
nearly perfectly smooth and free of defects, similar to a silicon wafer or glass slide.
However, SLA printing did not yield PDMS molds with sufficiently smooth surfaces
for effective connection. To address this issue, uncured PDMS was used as an adhe-
sive by applying a thin layer to both PDMS surfaces. The layers were then connected
and placed in an oven for permanent bonding.

4.1.5 Thickness of PDMS for microscopy

During the cultivation process, it is essential to validate the conditions within the PDMS
chip and monitor the cell structures. To assess the environment inside the chip, mi-
croscopy methods with appropriate magnifications were employed. Literaturel22 has
indicated that the thickness of the PDMS layer affects light transmission and high-
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magnification observations. Based on that,a PDMS chip with a thickness of 200 um was
designed and fabricated. This thickness ensures that the PDMS layer is located beneath
the wells, which serve as the primary focus for observation (Fig. 19).

Fig. 19: Thickness of PDMS under wells

After fabrication, the observation capabilities were evaluated (Fig. 20). Cell aggre-
gates were placed in the wells for testing. Four different magnifications were used for
microscopy. Ultimately, focusing on the cell aggregates during cultivation was not an
issue.

Fig. 20: Observation and focus capabilities for different magnifications
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4.1.6 Degassing of microfluidic system

Connection and test running of the complete automatic system (Fig. 13) showed gen-
eration of bubbles inside the flow channel. It was not possible to determine the primary
source of these bubbles. There were two possibilities: first, bubbles could have been
generated in the tube or syringe and then introduced into the chip through the tubing;
Second, gas might have permeated the chip through the semi-permeable PDMS. To
identify the source of the bubbles and resolve the issue, a following experiment was
designed (Fig. 21A). A pump was connected to two chambers to capture the bubbles,
and a control experiment without exhaust was also conducted.

5 d

0
O 8 O
o ol Poo 9
O a O

Q
O 8 e
o ol Poo 9
, J

gas exhaustion

Fig. 21: Scheme of gas exhaustion experiment and results during days

During the experiment, it was discovered that bubbles formed on the walls of
the chambers, indicating that gas was penetrating through the PDMS. Additionally, a
large bubble was transferred into the first chamber. The medium flowed for one day
without gas exhaustion (D0) (Fig. 21B). On day D1, gas exhaustion was activated. Ob-
servations from the images showed that bubble formation on the walls of the chambers
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ceased. However, the largest bubble remained in the first chamber. Due to its size, the
exhaustion system was unable to remove this bubble over two days.

To simplify the microfluidic system, a new microfluidic chip was fabricated with
an exhaustion channel surrounding the main cultivation channel (Fig. 22). The differ-
ences between the chip with the exhaustion channel and the one without are also illus-
trated. In subsequent experiments, it was found that the exhaustion channel continued
to function even without active gas exhaustion. The exhaustion channel, equipped with
an opening for gas, was sufficient to prevent bubble formation in the main channel.

| No exhaustion

Exhaustion
Fig. 22: Chip with exhaustion system

4.1.7 Depth and diameter of wells

The diameter and depth of wells affect SLA printing, but more importantly, it is essen-
tial to understand how these parameters influence cell cultivation. Based on the data
in (Tab. 3), suitable pillar/well configurations for printing were selected. For the culti-
vation test, wells with a diameter of 400 um and depths of 200, 400, 600, and 800 pum
were prepared. After seeding, the cells were cultivated for three days, after which the
cell aggregates were measured. The graph (Fig. 23) did not show a significant differ-
ence in aggregate size among the 200, 400, and 600 um wells. However, the 800 pm
well exhibited smaller aggregates compared to the others. Since the depth was twice
the diameter, it may have impacted the nutrient supply to the cells.
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Fig. 23: Impact of well depth on cell aggregate size

To analyze the effect of diameter, wells with diameters of 400, 600, and 800 um
were prepared, each with a depth of 400 um. The cells were cultivated for three days.
The assumption was that wells with larger diameters would initially accommodate
more cells. The graph (Fig. 24) supported this assumption; however, there was not a
significant difference in cell numbers between the 400 pum and 600 pm wells.
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Fig. 24 Impact of well diameter on cell aggregate size
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4.1.8 Surface modification to increase cells clustering

The quality of SLA printing depends on various factors, one of which is the printing
resolution. For our printing process, a Form 2 printer with a laser spot size of 140 mi-
crons was used. In macro-observations, this resolution provides good surface smooth-
ness with optimal settings. However, the curvature or inclination of specific design fea-
tures in areas smaller than 1 mm can impact the printing results. For our fabrication
process, the shape of the pillars and wells is critical, as it creates microtopography on
the surface (Fig. 25A). This microtopography negatively affects PDMS molding, as
PDMS can become embedded in the surface irregularities and tear away during
demolding. Additionally, it impacts cell cultivation and adhesion, causing cells to clus-
ter on the walls of the well rather than at the bottom, which can compromise the ho-
mogeneity of the cell culture. To mitigate these negative effects, the 3D-printed master
mold was coated with varnish. A thin layer of varnish was applied, resulting in a
smoother surface (Fig. 25B). Although more layers of varnish were applied, it was
found that after the second layer (Fig. 25C), additional applications did not significantly
improve smoothness.

1. layer

2. layer

Fig. 25: Microtopography on wells surface
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The smoothing step during cultivation reduced the total number of aggregates to
12 + 2 per U-shaped well; however, clustering remained inadequate, likely due to the
adhesive properties of PDMS. To address this issue, as described by Azizipour et al.123,
the PDMS surfaces of the channels and microwells were coated with bovine serum al-
bumin (BSA) to form an anti-fouling layer. This modification inhibited cell adhesion to
the walls during culture and significantly improved cell clustering into a single aggre-
gate (Fig. 26). Similar results were also observed with V-shaped wells.
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Fig. 26: Surface modification for cell clustering
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4.1.9 V-shaped well optimization

During the optimization process and the seeding of cells into the wells, the formation
of multiple cell aggregates was observed. The geometric shape of the well is another
important aspect that affects this phenomenon. Initially, a standard U-shaped well was
used; however, it does not allow for adjustments to the steepness of the walls. To ad-
dress the issue of multiple aggregates while providing a means to modify the geometry,
V-shaped wells were designed. Four types of wells with different tilt angles were cre-
ated for optimization (Fig. 27). The well with a 60-degree angle ensured that cells set-
tled in the middle, but the shape of the well influenced the morphology of the organ-
oids. The well with a 30-degree angle also produced positive results, although small
satellite aggregates appeared around the organoids. The best angle-to-formation ratio
was observed with wells at 40 and 50 degrees. Based on these findings, a well with a
45-degree angle was ultimately designed.

1000 um

NN T
in V-shaped wells
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4.1.10  Chip centrifugation

In the standard protocol for seeding cells in a 96WP (V-bottom), the plate is centri-
fuged to facilitate the accumulation of cells at the bottom and promote faster spheroid
formation. To concentrate as many cells as possible at the bottom of the well and elim-
inate the formation of satellite aggregates, centrifugation was also applied to the chip.
In both cases, spheroids were observed without any satellite aggregates (Fig. 28).

U shape well V shape well

No centrifugation

Centrifugation

X : - [~ SIIETNG o e
Fig. 28: Chip centrifugation after seeding

4.1.11  Different shapes of wells

The geometry of well shape is an important aspect of cell cultivation, as it influences
the formation of organoids both initially and during the cultivation process. During
the optimization steps, both U-shaped and V-shaped wells were utilized. This experi-
ence indicated that there are additional opportunities to modify the original designs
or create new ones. Consequently, we decided to develop a library of designs from
which users could select specific options for cultivation (Fig. 29) In addition to the U
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and V shapes, a hybrid design known as MVU was created, aimed at achieving per-
fectly round aggregates from the outset. Functional elements were incorporated at
the bottom of the well, where the tilt angle helps position the cells in the middle of
the curved bottom. The VU design was intended for larger organoids, featuring steep
walls for better seeding and a U-shaped bottom. Additionally, pyramidal and hexago-
nal shapes were designed to enhance space utilization while minimizing dead space
around the wells, both featuring a V-shaped bottom.

1000 U 1000V 800U 800V Pyramide
1000pm 1000pm 800 pm 800 um J200um
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— — 800um
—>
£
3| E|
S 3 IR
- @ 1=
w m Ig
“~go0m 600um 5
1000MVU 1000VU 800 MVU 800VU Hexagon

Fig. 29: Various shapes for cultivation well

During cultivation with cells U- and V-shaped wells produced results similar to those
obtained previously (Fig. 30). Although smaller diameters resulted in fewer cells en-
tering the wells, there was no visible difference in outcomes. Pyramidal wells ad-
dressed the issue of dead space around the wells; however, the corners became ideal
spots for cell adhesion and aggregate formation. Additionally, it was observed that ag-
gregates adapted well to the geometry of the wells. The MVU design performed com-
parably to the U and V shapes, making it difficult to determine whether the geometry
had a better impact on aggregation. Aggregates in the VU shape were larger than ex-
pected and functional. In the hexagonal wells, the aggregates were the smallest, yet
they maintained a round shape with no additional aggregates forming around them.
Based on these findings, U and V shapes were selected for future experiments, as they
demonstrated comparable or better performance than other shapes. Moreover, these
shapes are commonly used in standard cultivation, facilitating direct comparison with
the microfluidic system.
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Fig. 30: Cultivation in various wells geometry

4.2 Optimization of function

4.2.1 Cells seeding to provide uniform deployment of cells

The geometry of the wells and surface modifications facilitate the successful aggrega-
tion of cells into a single structure. Additionally, the spacing between the microwells
was designed in a staggered zig-zag arrangement to minimize dead space and maxim-
ize the number of cells that settle into the wells after seeding. To form homogeneous
cell clusters, an even distribution of cells is essential. This was achieved through the
gentle injection of cells into the channel and subsequently into the wells during the
seeding process (Fig. 31).

Inlet
Outlet ¢

i i
|

Pipette tip

Seeding
|

Aggregation

Fig. 31: Cell seeding into chip

The original number of cells was calculated based on the number of cells per well. How-
ever, during the optimization process, it was observed that not 100% of the cells settle
into the wells due to the presence of dead spaces at the inlet, outlet, and around the
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wells. As a result, it was necessary to increase the original cell count. To determine the
correct number of cells, different seeding densities were compared (110%, 120%,
150%, and 200%). The cells were cultivated for 24 hours, after which the sizes of the
aggregates were measured and compared (Fig. 32). From the graphs, it appears that a
seeding density of 150% is the minimum required to ensure a homogeneous distribu-
tion of cells in the channel. Conversely, a twofold increase in cell number seems exces-
sive, as the size of the resulting aggregates in the chip increases significantly. There-
fore, for this channel size with a specific number of wells and appropriate seeding tech-
niques, the ideal cell count should be 1.5 to 2 times larger than the original number.
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Fig. 32: Number of cells seeded to form uniform spheroids

4.2.2 Impact of ROCK inhibitor and cell number on the aggregate shape

Rho kinase inhibitors are a series of compounds that specifically target Rho-associated
protein kinase. These inhibitors enhance the survival of human embryonic stem cells
(hESCs) when they are dissociated into single cells by preventing dissociation-induced
apoptosis (anoikis)!?4, thereby increasing their cloning efficiency. Additionally, they
improve embryoid body formation using forced-aggregation protocols. In our protocol
for the generation of cerebral organoids, published by Lancaster et al, a Rho kinase
inhibitor was used during the first six days of cultivation. The Lancaster protocol 62
typically employs a concentration of 50 uM, while other protocols use a concentration
of 20 uM125, We compared these concentrations alongside different cell numbers per
well. The first experiment was conducted in a 96WP (V-bottom). On day 5, spheroids
were transferred to a flat dish for shape analysis (Fig. 33). Results from day 5 of culti-
vation showed that, from a top view, the spheroids treated with 20 uM exhibited a
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wrinkled shape. Side view analysis indicated that the 20 uM spheroids formed a flatter
structure. Notably, a higher number of cells also tended to form flatter structures.
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Fig. 33: Shape of spheroids after 5 days of cultivation in WP

The second experiment was conducted in a chip, and based on the results from
the 96WP experiment, only 50 pM of Rho kinase inhibitor (ROCKi) was used. In the
chip, the shapes of spheroids were tested in U and V wells (Fig. 34). From a top view,
there was no noticeable difference in the morphology of the spheroids. Side view ob-
servations showed similar results for the number of cells seeded per well, with sphe-
roids in the V wells exhibiting shapes that conformed to the geometry of the wells.
Overall, the number of cells seeded per well plays a crucial role in maintaining a round
spheroid shape, and a higher concentration of ROCKi contributes to achieving this re-
sult.
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Fig. 34: Shape of spheroids after 5 days of cultivation in chip

Another experiment was added to the chip study to investigate how the number
of cells affects the size of aggregates after three days of cultivation in U and V-shaped
wells. Four cell concentrations were compared: 9000, 6000, 3000, and 2000 cells per
well (Fig. 35). For both U and V-shaped wells, there was no significant difference in
aggregate size. The smallest difference in diameter was observed between the 3,000
and 2,000 cell conditions, indicating that a seeding density of 2,000 cells may lead to a
more uniform round shape of aggregates compared to 3,000 cells.
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Fig. 35: Aggregate diameter for different number of cells in chip

4.2.3 Optical aberration in V shaped 96-well plate

To assess the functionality of the microfluidic chip, the system was compared to the
commonly used cultivation protocol in a 96WP. During the experiments, the diameter
of aggregates from the WP was larger than those from the chip, despite the cell seeding
densities per well being the same. To further investigate this, the sizes of aggregates in
the 96WP (V-bottom) were compared to those in a cell culture dish with a flat bottom.
A total of 70 aggregates were analyzed, revealing differences in diameter (Fig. 36A).
From the measured values, a power trendline was established (Fig. 36B) along with
the equation for converting to the real size of the organoid.
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Fig. 36: Comparison of aggregates and power trendline

Conversion equation

y = 2,5x0-8287

Where the x is measured diameter of aggregate in WP.
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4.3 Simulations

Optimizing various parameters for cultivation was essential to understand the key fac-
tors before conducting experiments. However, this optimization process can be time-
consuming. Therefore, simulations are more suitable for gaining insights into various
conditions and investigating dynamic environments. This approach is more cost-effec-
tive and efficient, allowing for the simultaneous adjustment of multiple parameters.

431 Simulations validations

Before using simulations for cultivation in microfluidic system, it was necessary to val-
idate simulation protocol and methods. For this purpose, a simple model was created
to compare simulation results with laboratory experiments. As the model, we designed
an experiment where dextran diffusion was observed.

Based on literaturel%8, the properties of the materials and diffusion parameters
were established and simulations were conducted in an agarose block (Fig. 37). Three
different concentrations of dextran were compared, revealing that the mass fraction in
the agarose gel decreases with lower concentrations of dextran. Notably, reducing the
concentration to 0.1 mg/ml significantly affected the mass fraction of dextran in the
agarose block. Fluorescence measurements of the gradient demonstrated results con-
sistent with the predicted gradients from the simulations. The intensity of fluorescence
from dextran decreased with lower concentrations. Additionally, fluorescein was in-
troduced into the simulations to compare the mass fraction of molecules at specific
time points. The simulations confirmed that molecules with lower atomic mass exhibit
higher diffusivity; at every time point, fluorescein penetrated further into the agarose
block than dextran. After 24 hours, the mass fraction of fluorescein decreased linearly,
while simulations for dextran indicated differences in mass fraction between the be-
ginning and further regions of the agarose block. The graph after 24 hours showed an
exponential decrease in the mass fraction of dextran.
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Fig. 37: Gradient and diffusivity of Dextran and Fluorescine in simple agarose block

Next, a defined amount of medium was added on top of the agarose block (Fig. 38). The
introduction of the medium led to dispersed diffusion of dextran, resulting in a reduc-
tion of dextran concentration within the agarose block. This phenomenon was consist-
ently observed across all concentrations tested. Fluorescence measurements of the
gradient mirrored the predicted outcomes from the simulations. The intensity of dex-
tran fluorescence decreased with lower concentrations, and the model incorporating
the medium exhibited lower intensity compared to the model without it. Additionally,
the model with medium demonstrated a reduced mass fraction of dextran in the aga-
rose block. In this scenario, the same trend was observed for both molecules, similar
to the model without medium; however, the differences in their behaviour were more
pronounced. The graphs confirmed the earlier findings, indicating that at specific
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distances, the mass fraction of molecules was lower in the model with medium com-
pared to the initial model.
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Fig. 38: Gradient and diffusivity of Dextran and Fluorescine to agarose block with medium

Additionally, after a verification of accuracy, simulations were employed to pre-
dict diffusion from a 3D printed agarose through water over a 24-hour period (Fig. 39).
The images illustrate specific time points of diffusion. Initially, molecules accumulate
in the source. According to the simulation, after 6 hours, the molecules are expected to
diffuse into the area with a specific structure. This simulation enables the prediction of
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molecular diffusion and identifies key time points for observing morphological
changes. The distance between structures and the volume of specific substances can
be adjusted to achieve the desired effect.
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Fig. 39: Simulation of 24-hour diffusion from 3D printed source through water

4.3.2 Diffusion of lactate from cell structures in microfluidic conditions

After simulation validation, we continued with simulation in a microfluidic environ-
ment, where we investigated the role of flow rate in medium exchange and metabolite
diffusion. The medium exchange simulations were inspired by findings from Berger et
al.?¢ and Cho et al.88, which highlighted the impact of microfluidic flow on lactate con-
centration and nutrient/oxygen transfer. Our simulations aimed to analyze lactate con-
centration and evaluate the reduction in required culture medium volume compared
to conventional 96 WP. We also added a microfluidic chip with half of the flow
(Chip50%) and compared to the chip with the original flow (Chip100%) and 96WP.
In the simulated model, microfluidic chips with microwells contained spherical
cell aggregates releasing lactate into the surrounding area. Aggregates with a diameter
of 450 um were modelled to represent densely packed cells occupying less than half
the microwell diameter, corresponding to approximately day 4 of cell culture. Lactate
diffusion was visualized over time during a continuous exchange with fresh medium,
allowing for the establishment of a steady-state lactate concentration around the ag-
gregates (Fig. 40). We compared four flow rates (1000, 100, 50, and 10 pl/h) in both
U- and V-shaped microwells. The results showed that after 30 minutes of simulation,
lactate accumulated in all microwells. After three hours, the lactate concentration in
the Chip100% and Chip50% variants, along with their diffusion and removal, reached
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equilibrium due to the continuous supply of fresh medium and the removal of metab-
olites. The analyzed outlier variants, chip with 10 times higher flow(Chip1000%) and
chip with 10 times lower flow (Chip10%), equilibrated the average lactate concentra-
tion within 0.5 and 8 hours, respectively (Fig. 40).
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Fig. 40: Effect of microwell shapes on diffusion and accumulation of lactate in the chip in time

Although there are differences in local lactate concentrations between chips with
V-shaped and U-shaped wells, as well as between the first and last microwells on the
chip (Fig. 41), the average lactate levels in the chips are much lower than those in a
96WP At a flow rate of 10 ul/h, the lactate concentration difference between the first
and last wells was about 33%, and the average lactate in Chip10% was over 10 times
lower than in the static conditions of the 96WP. For a flow rate of 1000 pl/h, this dif-
ference decreased to 10%, and the average lactate concentration was 100 times lower
than in the 96WP. At a flow rate of 50 pl/h (Chip50%), the steady-state lactate concen-
trations were slightly higher than at 100 pl/h (Chip100%), reaching up to 0.54x10"-6
M. This is partly due to the microfluidic chip having a smaller microwell volume of 0.75
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ul compared to the 150 pl volume of the 96WP. Importantly, while lactate levels in a
standard 96WP change with each media swap, the continuous flow in the chip main-
tains a stable lactate concentration (and likely other metabolites and media supple-
ments) throughout the cell culture period.
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Fig. 41: Local lactate concentration in wells around the organoid

The shape of the microwells affects how lactate diffuses and its local concentra-
tion around cell aggregates. When comparing U-shaped and V-shaped microwells on
the chip, or V-shaped microwells with V-shaped 96WP, the V-shaped microwells had
about 50% higher lactate concentration between the bottom of the microwell and the
centre of the aggregate (Fig. 41 and Fig. 42). This is because the aggregate settles
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higher in the V-shaped microwells, limiting space for lactate to diffuse. Above 250 pm,
which represents the upper half of the organoid, there was a noticeable increase in
lactate diffusion into the flow channel in both chip conditions, but the lactate concen-
tration remained higher in the 96WP. Despite this, the overall trend in lactate concen-
tration changes was similar between the plate and chip. This similarity is due to the
larger volume of the 96WP, which allows lactate to diffuse into it, while the smaller
volume in the microwells is continuously refreshed through the flow channel. Overall,
this simulation showed that our newly designed microfluidic chip can support the
long-term growth of cell aggregates effectively.
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Fig. 42: Visualization of the lactate concentration in all cultivation systems

4.3.3 Shear stress simulation

Cultivating cells in a microfluidic chip with continuous fluid flow can lead to problems
with shear stress. High flow rates might disturb the microwells and negatively impact
the initial cell aggregation phase. For a specific maximum fluid flow rate of 100 pl/h,
complex simulations were created to study how flow speed and well size affect sphe-
roid surfaces. The simulations showed the impact of fluid flow on spheroids and the
shear stress on their surfaces at 100% flow in a U-shaped well. The maximum calcu-
lated shear stress on the surface of the cell aggregate at a 100 pl/h flow rate was
3.6x10"-6 N/m? (Fig. 43). This value is much lower than the harmful level of 1 N/m?,
which is known to negatively affect cell survival126.127,
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Fig. 43: Simulations of fluid flow inside wells and shear stress created on spheroid surface

4.4 Cerebral organoid cultivation

After finalizing the design of the microfluidic chip and conducting simulations to opti-
mize its function, the device's performance was validated through extensive cell cul-
ture experiments. These experiments included initial setups to establish cultivation
parameters, select appropriate cell lines, and conduct experiments with cerebral or-
ganoids. Detailed analyses were performed on organoid size, morphology, gene ex-
pression profiles, and immunohistochemistry, allowing for a reliable comparison be-
tween the chip and conventional 96WP. The optimization of cultivation parameters
was carried out simultaneously with the optimization of chip fabrication and function,
adjusting the parameters based on the specific cultivation needs.

44.1 Setting the medium flow for the cultivation of organoids

The standard cultivation protocol (Fig. 44) was based on Lancaster's original method.
After cell seeding, aggregates were grown for 6 days in an expansion medium and then
transferred to 48WP with a neural induction medium. On day 11, the organoids were
moved to Geltrex drops and cultured in a petri dish. They were kept in a differentiation
medium for cerebral organoids for 4 days, then switched to a differentiation medium
with Vitamin A until day 50. Organoids were also differentiated in a microfluidic
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system with U-shaped wells. The chip flow rate was calculated based on the medium
usage from the standard protocol for transferring between 96WP and 48WP, as de-
scribed in the methods. A flow rate of 100 ul/h was used, and based on simulation data,
a second chip was added with the flow rate decreased to half. After 11 days, the organ-
oids were transferred to Geltrex droplets and cultivated using the same methods as
before.
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Fig. 44: Protocol for the cultivation of organoids with different flow rates

100ul/h

On day 2, spheroids are formed, with those in the WP being slightly larger in di-
ameter than those in the chip, although their shapes are the same (Fig. 45). By day 6,
after transferring spheroids from 96WP to 48WP, there was no difference in size or
morphology between the WP and the chip, and this similarity continued until day 11.
After transferring to Geltrex drops, similar morphology and shape of the organoids
were observed by day 15. This confirmed that using half of the original flow rate is
suitable for cultivating the organoids.
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Fig. 45: Difference in size and morphology for different flow rate

4.4.2 Transformation of cultivation protocol

During the optimization process and cultivation following the standard Lancaster pro-
tocol, it was found that ROCK:i is effective in the first 2 or 3 days, as it aids in cell clus-
tering. Based on this information, an experiment was designed to compare two differ-
ent protocols (Fig. 46). The first protocol involved switching to an expansion medium
without ROCKi on day 2. The second protocol changed to a neural induction medium
on day 2. Each protocol included three approaches: the standard protocol, the standard
protocol without transferring to 48WP, and the chip method.
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Fig. 46: Scheme of cultivation protocols

Initially, the cultivation was compared using the standard protocol with and with-
out the 48WP. For the 48WP, a twice as large volume of media was used, but images
showed no impact of the smaller volume in the 96WP on organoid diameter. However,
it was noted that organoids in the WP had a larger diameter, which was later deter-
mined to be due to optical aberrance (described in chapter 4.2.3). There was no signif-
icant difference in shape or morphology (Fig. 47). After transferring the organoids into
Geltrex, their sizes were comparable. When comparing the sizes between protocols,
organoids cultivated using Protocol 1 were larger starting from day 10. By day 15, the
organoids from Protocol 1 also exhibited a more wrinkled shape.

Protocol1 Protocol 2 Protocol 1 Protocol 2

D3

D7

D10

D15

Standard cultivation

Fig. 47: Morphology of organoids by two different protocols and cultivation approaches

81



RESULTS

For the next steps, Protocol 1 was chosen to cultivate organoids in the chip, which
was then compared with standard cultivation (Fig. 48). Both U-shaped and V-shaped
wells were used in this experiment. Organoids in the chip were smaller from the be-
ginning due to unoptimized seeding densities. The morphology in U-shaped wells was
similar to that of standard cultivation, but in V-shaped wells, wrinkling was observed
by day 7, likely due to the shape of the well. After transferring to Geltrex, the morphol-
ogy was similar to that of standard cultivation. Protocol 1 and cultivation in 96 WP were
chosen for organoid cultivation because the results were comparable to standard
methods, and handling the organoids was easier.

Standard U shap

e V shape

Fig. 48: Cultivation in chip according to Protocol 1
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443 Selection of cell lines

For the successful cultivation and differentiation of cerebral organoids, it is essential
to have not only a functional protocol and effective cultivation methodology but also a
suitable cell line that can differentiate into neural tissue. For our microfluidic technol-
ogy, finding a cell line that could adapt to an environment different from 96 WP was
crucial. Factors like material, microenvironment, and continuous flow significantly in-
fluenced the living cells. During the optimization process of cultivation protocols and
microfluidic chip setup, nine pluripotent cell lines were tested (Fig. 49). All cell lines
are detailed in the methods section (chapter 3.5.1). To demonstrate the functionality
of the microfluidic system, we aimed to test one cell line from human embryonic stem
cells (hESCs) and one from induced pluripotent stem cells (iPSCs). There were two
main challenges. The first was the failure of initial clustering, as cell lines WTF80, M8,
and NEO1 were unable to form aggregates upon initial cell seeding to the chip. The
second challenge was the inability to differentiate; cell lines CCTL14, H9, and AM13
formed aggregates but started to disintegrate after being transferred to Geltrex around
day 20. The cell line M67 did not fully differentiate into cerebral organoids. The best
results were observed with the hES cell line H1 and the iPS cell line BWT3. Therefore,
these two cell lines were chosen for cerebral organoid differentiation using microflu-
idic chips.
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Fig. 49: Cell lines tested for cultivation and differentiation
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4.4.4 Cerebral organoids cultivated by microfluidic chip

After finalizing the microfluidic chip design, conducting in silico simulations and culti-
vation optimizations, comprehensive cell culture experiments were performed to val-
idate the device’s performance. These experiments included detailed analyses of or-
ganoid size, morphology, gene expression profiles, and immunohistochemistry, which
provided a reliable comparison of the chip and the conventional WP method. In all sub-
sequent experiments, two human pluripotent stem cell lines, H1 and BWT3, were
seeded, with each line having two biological replicates (marked as Experiment 1 - “E1”
and Experiment 2 - “E2”). The initial seeding concentration was 2000 cells per well.
Importantly, compared to the standard WP format that involves regular media changes
every 24-48 hours (indicated by a “drop” sign in Fig. 50), our designed chip automates
the culture procedure during the initial 9-11 days, eliminating the need for direct pi-
petting of fresh media onto the organoids during manual medium changes (Fig. 50).
This automation is thus not only less labor-intensive but also reduces the risk of or-
ganoid damage and contamination. Additionally, to demonstrate that using a microflu-
idic chip can reduce the amount of media required for cultivation, an experimental con-
dition with half the flow rate was implemented.
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Fig. 50: Functional cultivation protocol for cerebral organoids differentiation

Upon initiation of differentiation, we first compared the size and morphology of the
cell aggregates over a period of 10 days (* 1 day based on the size of the organoids).
Brightfield images confirmed the proper formation and growth of the aggregates in
both the microfluidic chip and WP. On day 3, we observed the formation of homogene-
ous aggregates with consistent sizes in both V-shaped and U-shaped microwells (Fig.
51), regardless of their relative position in the microfluidic chip or the flow rate.
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Fig. 51: Uniformity of aggregates in chip

Neural induction was observed between days 3 and 5, characterized by bright and
smooth edges, followed by the formation of distinct bright layers with luminal-like
structures forming within the cell aggregates between days 6 and 9 (Fig. 52).
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When the size of the aggregates was measured, they achieved similar dimensions
during the neural induction phase in all experimental conditions, even when the flow
rate in the microfluidic devices was reduced by 50% (Fig. 52). The only minor differ-
ences were observed between V-shaped and U-shaped wells, with aggregates cultured
in V-shaped wells being slightly smaller in three out of four biological replicates, likely
due to denser cellular packing. Subsequently, after 9-11 days of in vitro culture, the
differentiating aggregates were removed from their respective cell culture vessels
(chip or WP) and embedded into Geltrex droplets. From this point onwards, we deter-
mined increased variation in the size of individual organoids, both in the microfluidic
chips and WP (Fig. 53). Importantly, we noticed no major differences between aggre-
gates grown in the chip and those grown under the standard WP format during the 48-
day period and we thus concluded that the newly designed chip supports the growth
of hPSC-derived aggregates when assessed by the standard morphological criteria.
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Fig. 53: Size of aggregates for each cell line experiments
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To further complement the standard morphological criteria evaluated in 9-day-
old cerebral organoids grown in chip and WP, we aimed to evaluate the extent of early-
stage neural differentiation by the assessment of the commonly used neurodifferenti-
ation-related markers, including PAX6 and N-cadherin/CDH2 as well as the expression
of SOX1 and SOX2 genes. Experimental data from immunohistochemistry (IHC) analy-
sis show that all tested conditions within the chip and WP adequately support the early
onset of differentiation (Fig. 54), and PAX6 expression and N-cadherin expression
were similar in all tested conditions.
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Fig. 54: Inmunofluorescence analysis of early-stage neural differentiation
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Gene expression analysis by qPCR revealed significant variability in the expres-
sion levels of the PAX6, CDH2, SOX1, and SOX2 genes across both individual batches of
cell lines and experimental conditions, including variations between the microfluidic
chip and WP settings. Notably, the expression of the SOX2 gene remained consistently
stable across all experimental conditions, indicating the successful initiation of early
neural differentiation in the developing cerebral organoids across all tested samples
(Fig. 55).

PAX6 CDH? - Chips0%V

= Chip100%_U
B Chip100%_V

1 *:* 15 X *kk = WP
* 4k Sk o)
01{ _*. R 5x o
g ol S I
2 0.011 ?E i! --i-- ? & i l-T 3 lji
N wi ?! 5 i!ll- ~ 00| g T B I}
0.0014{=
0.0001 r . . . 0.001 : : . .
hiPSCs-E1 hiPSCs-E2 hESCs-E1 hESCs-E2 hiPSCs-E1 hiPSCs-E2 hESCs-E1 hESCs-E2
s0X2 S0X1
1 1
0.14 ki
ANTLL LT -
T 011 = ! T 0.011 - T=
: * ol Mgl =5 e ok
0.0014{& ! .
0.01 . . . . 0.0001 . . . .
hiPSCs-E1 hiPSCs-E2 hESCs-E1 hESCs-E2 hiPSCs-E1 hiPSCs-E2 hESCs-E1 hESCs-E2

Fig. 55: qPCR of early-stage neural differentiation

To further assess other biological parameters in the developing 9-day-old cere-
bral organoids, we first examined the expression of the proliferation marker Ki-67 and
apoptotic marker cleaved caspase 3 (cCasp3). Ki-67 was widely expressed in all organ-
oids, with the expression intensity decreasing towards the organoid center (Fig. 56).
cCasp3-positive cells showed a low expression pattern with comparable levels be-
tween all tested conditions (Fig. 56). Although no significant differences were found
between culture conditions, our analysis of the percentage of cCasp3-positive cells re-
vealed lower values in Chip100%_U and Chip100%_V with less variability than in the
other cases. Overall, the percentage of apoptotic cells in Chip conditions was found to
be similar or lower than the percentage observed in WP conditions, as shown in Fig.
56.
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Fig. 56: Immunofluorescence analysis of proliferation and apoptosis

Additionally, considering the nutrient supply and oxidative stress in static (WP)
and dynamic (Chip) organoid culture environments, we analysed the expression of two
markers, glucose transporter 1 (GLUT1) and 8-hydroxyguanine (8-OHG). Glucose
transport is vital for cellular energy production and various cellular processes, with
impaired glucose transport resulting in decreased energy production and altered cel-
lular behavior. Our results from IHC analysis show that GLUT1 expression was compa-
rably low in organoids produced in chip with 100% and 50% flow irrespectively of U-
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or V-shaped wells (Fig. 57), indicating favorable glucose metabolism in all tested con-
ditions. Similarly, the expression of 8-OHG, a biomarker of oxidative DNA and RNA
damage, was comparably low in chips with 100% and 50% flow rates irrespectively of
U- or V-shaped microwells (Fig. 57). The examined biological parameters across vari-
ous chip conditions thus consistently confirmed the successful initial development of
organoids within the chip without any hindered cell growth, significant oxidative DNA
damage, or impaired glucose transportation.

Chip50%_U Chip50%_V Chip100%_U Chip100%_V

Fig. 57: Immunofluorescence analysis of oxidative stress and nutrient supply

To this point, we analyzed the organoids cultured until day 10 (*1) inside the
closed microfluidic chip. After this period, and reaching the diameter of ~1000 pum,
organoids were, according to the original protocol, embedded in a surrogate extracel-
lular matrix (e.g. Geltrex). This embedding promotes further neuroepithelial expan-
sion, and if neural identity is properly accomplished, organoids generate large neural
tube-like buds on the edges that also appear bright8l. Experimental data (Fig. 58)
shows that, our 14-day-old organoids also developed a wrinkled outer layer of neu-
roectoderm with an orderly arrangement, which appeared more translucent in bright-
field microscopy.
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Fig. 58: Brightfield microscopy analysis of cerebral organoids

To further examine the histological composition of the developing organoids, we
performed hematoxylin and eosin staining. All analyzed organoids exhibited increased
complexity, forming neural rosettes and ventricle-like lumens (Fig. 59). A subsequent
[HC analysis demonstrated well-developed ventricle-like cavities, with N-cadherin lo-
calized at the apical side of these structures. No substantial differences were noticed
between the four chip conditions, suggesting that all tested conditions supported the
neural differentiation to a similar extent (Fig. 59).
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Fig. 59: Histological composition and Immunofluorescence analysis of ventricle-like structures

Interestingly, the analysis revealed that organoids cultured in the microfluidic de-
vice exhibited a higher abundance of smaller rosettes compared to those in the WP
format. Specifically, the average size of rosettes in organoids cultured in the microflu-
idic chip ranged from 1000 to 3000 um2, with rosette counts varying from 10 to 17. In
contrast, the WP exhibits fewer rosettes, ranging from 5 to 10, with sizes ranging from

1000 to 8000 pm?2 (Fig. 60).
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Fig. 60: Statistical analysis of rosettes

To further examine the extent of neural differentiation of organoids taken out of the
chip and WP and embedded into Geltrex droplets, we aimed to quantify two mentioned
morphological features that are consistent with developing neuroepithelium in vitro — the
appearance of bright edges and the development of neuroepithelial buds. The brightness of
organoid edges was analysed as the proportional brightness of organoids by measuring in-
tensity in four crossing lines'?® as schematized in Fig. 61.
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Fig. 61: Brightness of organoid edges
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The wrinkling of organoids (i.e., the appearance of neuroepithelial buds) was
quantified using the wrinkling index as previously described by Karzbrun et al.12° and
calculated as the ratio of the contour length (Lc) of the organoid to the outer convex
length (Lr) (Fig. 62).
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Fig. 62: Organoids wrinkling analysis

Both analyses confirmed that organoids cultured in the chip did not significantly
differ between the four tested chip conditions in either of the tested parameters, con-
firming ongoing neural differentiation in vitro (Fig. 61, Fig. 62). However, we noticed
several differences between organoids grown on a chip and in a standard WP. Specifi-
cally, the growth on the chip seemed to promote the formation of a larger bright area
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on their edges compared to those cultured in the WP, although the quantification was
not statistically significant (data not shown). Importantly, the analysis of the growth of
neuroepithelial buds showed that at day 14 (4 days after embedding to Geltrex), or-
ganoids grown in chip had consistently higher wrinkling index than those grown in
WP, with the differences being significant in more chip conditions with ongoing cell
culture (i.e., at day 21, 11 days after embedding to Geltex, Fig. 62). The reason behind
these observations remains to be defined.

Lastly, we aimed to assess the impact of various chip parameters on the develop-
ment of mature cerebral organoids and cortical neurogenesis. The evaluation focused
on multiple aspects: i) overall organoid morphology, size, and patterning; ii) expres-
sion of neurodifferentiation-related markers; and iii) thickness of MAP2 /NeuN posi-
tive neuronal layers in 55-day-old organoids. The results demonstrated that cerebral
organoids cultured in the four different chip conditions, as well as in the standard
96WP, exhibited comparable outcomes within each batch. Specifically, when analyzing
the tissue morphology and size, organoids from all tested conditions within each batch
displayed similar sizes regardless of the initial cell culture conditions (Fig. 63).
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Fig. 63: Brightfield microscopy analysis of mature organoids
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Patterning of cerebral organoids was evaluated by DAPI staining in representative
images from the experiment with hiPSCs-E1. We also observed presence of PAX6/TUJ-
positive luminal ventricle-like formations and neural rosettes (Fig. 64).
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Fig. 64: Morphology and patterning of cerebral organoids
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Additionally, the expression levels of selected neurodifferentiation markers were as-
sessed using gPCR. Specifically, we analyzed the expression of early neuronal markers
(PAX6, SOX2), immature neuronal markers (DCX, TUBB3/TUJ), and mature neuronal
markers (MAP2, RBFOX3/NeuN). Variability in gene expression was observed between
batches. However, within each batch, there was no trend in the expression of the analyzed
markers among the tested conditions; therefore, significant differences were not detected for
these analyzed biological replicates by gPCR (Fig. 65).
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Fig. 65: The gene expression analysis of cerebral organoids at day 55 by qPCR

Finally, to evaluate organoid maturation, we examined the expression of the neuron-
specific cytoskeletal protein MAP2 and the nuclear protein NeuN and measured the thick-
ness of MAP2/NeuN-positive layers. The results showed that both MAP2- and NeuN-posi-
tive neurons formed similarly thick layers, and there were no significant differences between
organoids cultured using different approaches (Fig. 66). Overall, these findings suggest that
the tested chip conditions had comparable effects on the development of mature cerebral
organoids and cortical neurogenesis when compared with each other and also to the standard
WP method.
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Fig. 66: The thickness of the layer for MAP2 and NeuN-positive cells
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4.5 Retinal organoids cultivation

The initial objective was to design a microfluidic chip as a versatile platform for culti-
vating diverse cell structures and organoids. Therefore, after successfully optimizing
the microfluidic system and cultivating cerebral organoids, retinal organoids were also
cultivated in the chip as a proof-of-concept experiment and compared with the stand-
ard protocol. The cultivation process was designed according to the standard retinal
differentiation protocol (Fig. 67) as published before130.
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Fig. 67: Retinal organoids cultivation process

After four days of cultivation (day 2), organoids were observed to have similar
sizes and spherical shapes (Fig. 68). In U-shaped wells, there were few cells around the
aggregates, even after centrifugation. In the WP, where no centrifugation was used,
microscopy revealed the presence of multiple aggregates in each well. After BMP4
treatment on day 8, the number of cells around the organoids increased (Fig. 68). The
highest number of cells was found around the organoids in the Chip50%_V condition.
The retinal organoids exhibited a faint, bright outer rim, indicating developing neu-
roepithelium?31. Around day 12, the brighter regions of the retinal domains grew, and
the organoids became less uniform in shape and size. In V-shaped wells, a stronger
neuroepithelial rim was observed on one side of the organoids, while in U-shaped
wells, the organoids grew in multiple directions, resulting in a more heterogeneous
population.
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Chip50%_U Chip50%_V Chip100%_U Chip100%_V WP

Flg. 68: Morphology of retinal organoids in a microfluidic chip

On day 21, early-stage retinal development was analyzed by examining the mark-
ers PAX6 and VSX2. PAX6, an early retinal marker, was expressed in both the chip and
WP approaches (Fig. 69). In the Chip50%_V condition, the expression was weak and
localized to single cells. In contrast, the Chip100% and Chip50%_U conditions showed
comparable expression levels to those in the WP. VSX2, a marker for retinal progenitor
cells, was only present in Chip100% and the WP (Fig. 70). A low signal was detected in
the Chip50% condition, which did not confirm VSX2 expression.
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Chip50%_U Chip50%_V Chip100%_U Chip100%_V WP

Fig. 69: Immunofluorescence analysis of retinal neurogenesis

Chip50%_U Chip50%_V Chip100%_U Chip100%_V wp

Fig. 70: Imnmunofluorescence analysis of photoreceptor differentiation
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Next, the expression levels of selected retinal development markers were ana-
lyzed using qPCR (Fig. 71). Specifically, we analyzed the expression of PAX6, VSX2 and
RAX. Expression of PAX6 was comparable for each cultivation method. For VSX2 and
RAX markers, there was similar lower expression in organoids from Chip50%. For
Chip100% expression was comparable to WP. In the case of expression uniformity,
there was not significant difference between cultured using different methods. The
chip was tested for different and longer cultivation periods without transferring the
organoids, and it had a comparable impact on the differentiation of retinal organoids
compared to the standard WP method.
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Fig. 71: qPCR analysis of retinal organoids

4.6 Microfluidic droplet generator for cell isolation/separation

In addition to working on the differentiation of hPSC-derived organoids, I contributed
to a project focused on developing a microfluidic device for cell isolation. During my
six-month internship at OTH Regensburg in the Biofluid Mechanics and Microsystems
Engineering laboratories, | developed a rapid fabrication protocol for a droplet gener-
ator. This effort was part of a broader project to create a reusable microfluidic tool for
single-cell multi-omics analysis.

4.6.1 Chip fabrication for single droplet generation

The design of the single droplet generator includes buffer and cell inlets as the dis-
persed phase, oil as the continuous phase, and an outlet (Fig. 72). Cells from liquid bi-
opsies will be introduced into the chip, where they can mix with the buffer or specific
medium. In the T-junction, the cells will be separated and encapsulated in droplets.
The entire chip has a depth of 60 pm, and the channel width in the T-junction is also 60
um for both phases. The chip was fabricated from a silicon semiconductor substrate
using laser ablation (Quantel, Evergreen EVG00200). The laser was used to create the
chip design, including the holes for inputs and outputs, and to cut the chip from the
substrate.

101



RESULTS

Buffer Cell
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Fig. 72: Design and laser ablation of chip

4.6.2 Surface smoothing and coating

After the laser ablation of the chip surface, there was residual molten silicon around
the ablated channels (Fig. 73). First, silicon dioxide was removed using hydrogen fluo-
ride (HF), and then molten silicon was etched away with TMAH. The etching process
was optimized alongside laser ablation to achieve the desired depth and smoothness
of the surface. Next, the chips were permanently bonded to glass using anodic bonding
(Fig. 74). This procedure made the walls of the chips hydrophilic. Thus, to create a hy-
drophobic surface for water-oil droplets, the chip was coated with Aquapel.
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Fig. 73: Cleaning and etching of molted silicon

4.6.3 Droplet generator

The chip was fixed to a chip holder using screws and plexiglass (Fig. 74). Tubing was
connected to the holder via fittings, and this tubing was linked to syringes. Three
pumps were used for the experiment: one for oil (the dispersed phase) and two for
water (the continuous phase), which were introduced to the cell and buffer inputs.

Fig. 74: Bonded chip and platform with chip connected to tubes

The flow rate of water was set to 2.5 pl/h. For initial water droplet generation, the
flow ratio between the continuous and dispersed phases was set to 0.25. Water
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droplets were formed in the T-junction (Fig. 75) and moved continuously across the
channel without disruption. The meandering channel was used to verify droplet ho-
mogeneity and measure their size. Videos and images showed successful generation of
water droplets, with sizes of 65 pm at a 0.25 ratio. Changing the ratio to 0.5 produced
droplets that were 105 pm in size.

Overall, this initial task was aimed at verifying the fabrication process for droplet
generation. These findings serve as initial data for the project, and individual steps are
currently being examined in more detail OTH University in Regensburg.
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Fig. 75: Water droplets formed in oil
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5 Discussion

The use of microfluidics for cell cultivation and differentiation is still not widespread.
Conventional tools with well-established protocols and standardized materials remain
the preferred choice. However, in the field of microfluidics, there is ongoing develop-
ment of new fabrication methods and materials. Due to the closed nature of microflu-
idic systems, protocols and workflows must be adapted, and a unified approach for
cultivation has yet to be established. This dissertation thesis explored the usability of
the microfluidic method and the versatility that it offers for the cultivation of cerebral
organoids. This work also aimed to simplify workflow with microfluidics, minimizing
the time and material requirements for the cultivation of cerebral organoids. The ver-
satility was highlighted during an internship, where microfluidics was used for droplet
generation and fabricated with different method and material.

5.1 Fabrication

Microfluidic chips are currently fabricated using various techniques, including soft li-
thography, 3D printing, laser ablation, and injection molding, among others132. These
methods typically rely on 2D designs, where the depth of the microfluidic system is
specified during the production process. Each technique presents distinct advantages
and trade-offs regarding cost, scalability, fabrication complexity, and material compat-
ibility. As a result, the choice of fabrication method depends on factors such as the de-
sired chip design, material requirements, production volume, and available resources.

Today, 3D printing has become the most widely used technology for prototyping.
With the development of new materials, it offers the advantages of rapid prototyping
and the ability to create complex geometries with high precision!33. Stereolithography
(SLA) is particularly favoured for its ability to quickly and easily produce 3D objects
with customized designs!34. However, the quality of the fabricated structures depends
on the 3D design. The resolution of SLA printing is primarily constrained by the avail-
able technology and its associated costs13>.

For this project, the Form 2 printer by Formlabs was utilized, offering an XY reso-
lution of 140 microns. It is important to note that advancements in 3D printing have
led to more common resolutions of around 50 microns, as seen with newer models like
the Form 4 (Formlabs). Despite the limitations of Form 2, these were reduced by ad-
justing the fabrication settings and applying post-processing techniques to the printed
mold.

Firstly, finding the optimal printing angle was crucial for minimizing the distance
between structures and achieving maximum surface smoothness. Several studies have
discussed the impact of part orientation on printing accuracy36-139, [n one study using
the same printer, a 45-degree angle was identified as ideal for achieving optimal print
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quality137. In our project, findings show that the best results were also 45 degrees.
Taken into consideration different 3D model and conditions, results were comparable.
We thus used this 45 degree angle for all our future fabrication.

After that, we identified that the surface roughness of the 3D-printed mold's de-
tails was crucial in achieving better cultivation results. The type of resin used plays a
significant role in determining the surface characteristics140, Different resins offer var-
ying degrees of smoothness, depending on their specific properties and intended ap-
plications. For this project, we used clear resin (FLGPCLO3) and white resin
(FLGPWHO02), both of which are known for capturing fine details. The clear resin pro-
duced superior results, likely due to its transparency, which allows for more uniform
post-curing under UV light. When surface smoothness is insufficient, several tech-
niques can be employed to improve it, such as sanding, solvent vapor smoothing, pol-
ishing, or applying polyethylene wax14l. However, most of these methods were either
ineffective for the fine details required in this project or were too complex and time-
consuming. Applying a commercially available varnish provided a quick and effective
method to achieve the desired smoothness. The drawback of this technique is that it is
operator-dependent, and achieving consistent results is challenging, with limited re-
peatability.

The next step involved PDMS molding, a process whose effectiveness depends on
the post-curing of SLA-printed molds and the removal of uncured residues42. While
the use of IPA and UV curing effectively removes surface residues, studies have shown
that uncured materials often remain embedded within the 3D-printed structurel42,
When PDMS was molded, exposure to higher temperatures caused these internal resi-
dues to migrate to the mold's surface, where they reacted with the PDMS—a phenom-
enon confirmed by another study43. Various studies have combined UV curing, I[PA
washing, and baking to optimize the preparation of different resins142-145, with some
also applying salinization to seal the surface!43. Our findings revealed that the most
critical step was baking, with 60°C for 24 hours being sufficient to eliminate internal
residues effectively. Finaly, to bond the two PDMS layers, fresh, uncured liquid PDMS
was used. The most common method for bonding PDMS to glass or PDMS to PDMS is
plasma treatment146.147 which creates a stable, permanent bond through surface acti-
vation. Other alternatives, such as PDMS mortar (a mixture of PDMS and hexane)148,
have been previously used to achieve an even closure between two PDMS layers.
Chemical bonding methods were also explored by other studies!4’. While these meth-
ods are precise and effective, they are usually time-consuming and relatively complex.
In our setup, we initially tested plasma treatment; however, it proved unsuccessful due
to the imperfect smoothness of the surface. Ultimately, we opted for bonding with lig-
uid, uncured PDMS, which provided an optimal solution regarding of both time effi-
ciency and bonding quality.
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5.2 Cell aggregation and cultivation

Before the cultivation process, the microfluidic chip required preparation to prevent
issues with cell adhesion and the formation of bubbles during cultivation. Cell adhesion
to the chip surface can significantly reduce the quality of cell aggregation. There are
several methods for surface treatment. For long-term cultures, coatings like mPEG or
Lipidure are commonly used, as they create covalent bonds with PDMS74, Other studies
have used Pluronic F-68 to create an anti-fouling layer23, to maintain a steady protein
level with low serum protein adsorption for a PDMS microbioreactor in a culture sys-
tem. However, there is limited research on coating closed systems with mPEG or Lipi-
dure, and we were unable to successfully coat our chip using these methods. Therefore,
for our purposes, based on previously published study!23, we chose bovine serum al-
bumin (BSA), a readily available and easy-to-use coating that is suitable for short-term
cell culture. By utilizing BSA’s charge-blocking properties, our system effectively pro-
moted the aggregation of cells into a single cellular cluster.

For initial cultivation, the shape of microwells is an important parameter for cell
aggregation’®. There are commercially available cultivation tools that offer various
well shapes, with U-shaped and V-shaped wells being the most commonly used
[Greiner, Corning, etc.]. Some companies provide wells specifically designed for analy-
sis [e.g., InSphero]. Most studies utilize common U and V-shaped wells or some varia-
tion of this design [6271.149,150]  [ndividual studies have also explored pyramidal shapes
or different curvatures to enhance aggregation’3. In our study, we initially focused on
the widely used U and V shapes. During our preliminary experiments, we investigated
additional shapes that could improve aggregation or cultivation. We found that the op-
timal shape should be selected based on the specific needs of the experiment. It is also
important to note that centrifugation after cell seeding improved aggregation, which
we included as a necessary step in subsequent cultivation experiments.

For further investigations, we selected U and V-shaped wells. U-shaped mi-
crowells generally promote the formation of single aggregates. However, when seed-
ing a low number of cells (e.g., hundreds) into wells with a diameter exceeding several
hundred micrometers, cell dispersion occurs, similar to what is observed in cylindrical
microwells with a flat bottom. In contrast, V-shaped microwells demonstrate enhanced
capabilities for cell aggregation, even with low cell numbers. While V-shaped mi-
crowells facilitate aggregation, it is essential to consider their impact on the final shape
of the organoids (7174151 and our unpublished observations) and the accessibility of
nutrients to the cells at the bottom of the well as aggregates grow. Our simulations of
lactate production and diffusion indicated a markedly increased concentration of me-
tabolites at the bottom of V-shaped wells. However, this property did not significantly
affect the overall quality of the organoids, as neural differentiation was comparable
across all analyzed chip conditions. Overall, our results demonstrated that seeding low
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cell numbers into both U- and V-shaped microwells led to early aggregation into spher-
ical organoids.

The next step was to achieve a homogeneous distribution of cells within the culti-
vation channel. Cell seeding depends largely on the chip design. Previously described
methods often seed cells through an inlet located above the cultivation area, which is
then closed after seeding!>2. Another approach divides the cells into two groups, grad-
ually seeding them from both sides of the perfusion channell53.

In our setup, to achieve uniform cell distribution, we utilized a single straight
channel and injected the cells from one side. Seeding from both sides proved ineffective
with the small number of cells we were working with. The uniformity of cell distribu-
tion depended significantly on the operator technique and the quality of the pipette,
introducing the potential for error.

After seeding, cell aggregation is enhanced using ROCK inhibitor (ROCKi). The
standard protocol for cultivating cerebral organoids typically utilizes a concentration
of 50 uM ROCKi%273, while other protocols have successfully used 20 uM to promote
cell aggregation125154155, From our initial tests, we observed that a certain amount of
ROCK:i is essential for effective aggregation. However, we discovered that, for one par-
ticular cell line, the combination of ROCKi concentration and cell number had a notice-
able impact on the final spheroid shape. Further observations indicated that the cell
line itself also plays a significant role, suggesting that the concentration of ROCKi
should be optimized for each specific experiment based on the cell line and experi-
mental conditions. However, it is worth noting that the optimal cell numbers and the
efficiency of cell aggregation can vary depending on the specific characteristics of the
cell line under investigation81.156,

Cultivation in a closed microfluidic system depends on the continuous exchange
of nutrients. Microfluidic flow mediates more efficient nutrient transport8® and re-
duces lactate concentration?. For cultivation within microfluidic channels, two main
approaches are typically used: active pumping150.157 and passive pumping’9:88. Active
pumping, which utilizes syringe pumps, allows for precise control of flow rates but re-
quires more complex maintenancel58. In contrast, passive pumping, which often uses
a rocking shaker driven by gravity, is easier to manage but offers less control over the
flow15°, In our study, we chose a pump-driven system to maintain better control over
the microenvironment inside the microfluidic chip. This setup enabled unidirectional
flow through a single channel containing 48 wells.

Subsequently, to determine the appropriate flow rate, we referred to a commonly
used protocol for cultivation in 96WP81.156, From this protocol, we extracted the vol-
ume of media used per day for a single aggregate and calculated the flow rate accord-
ingly. Our goal was also to demonstrate that using a microfluidic system could reduce
the volume of medium required for cultivation. To test this, we added a chip where
aggregates were cultivated using only 50% of the originally calculated medium. Before
proceeding with the 50% medium -cultivation, we conducted simulations to
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theoretically validate this approach. Our experimental data demonstrated and con-
firmed simulation data that chip using 50% of the original medium can be used in this
designed setup for cell clusters cultivation.

Lastly, bubble formation during chip preparation (BSA coating) or cultivation is a
common issue that can negatively impact cell seeding and cultivation. Several commer-
cial companies, such as Elveflow, uFluidix, and Darwin Microfluidics, offer components
and guidance on preventing bubble formation. Significant research has also been con-
ducted to address this issue, employing methods such as bubble trapping¢%, mem-
brane integrationl6l, lateral degassing!¢?, and designing microfluidic systems specifi-
cally to counteract bubble formation163. In our work, to prevent creating bubbles, we
first degassed the medium used for cultivation. To eliminate bubbles from the chip, we
leveraged the natural gas permeability of PDMS to design a vacuum channel system.
By generating negative pressure within the flow channel, this system efficiently elimi-
nated air bubbles. To simplify the design, we implemented a single vacuum channel
running across the entire chip. This degassing system not only effectively removes
bubbles from the flow channel but also enhances ease of use for end-users, making chip
handling more straightforward.

5.3 Simulations

To support our approach prior to cultivation, we conducted numerical simulations.
Previous studies have utilized simulations to calculate basic flow rates164, nutrient dis-
tribution165 , and oxygen diffusion66. The proper simulation setup is crucial for accu-
rately predicting environmental behaviour. Additionally, comparing simulation results
with laboratory experiments is essential to validate the simulation methods. For vali-
dation, we applied a methodology adapted from a study that simulated a gradient pat-
terning device and the dynamic diffusion transfer of specific molecules67 .

In our study, we first compared the diffusion of dextran and fluorescein in an aga-
rose block over time. This comparison provided a straightforward verification of our
simulation settings and methods. For more complex simulations, we then added me-
dium above the agarose block which decreased concertation of dextran and fluores-
cence. Using these validated settings, we could predict the behaviour of bioprinting
structures and molecule diffusion, which aided in calculating the appropriate concen-
trations of specific molecules.

After that, we simulated the diffusion of lactate in dynamic cultivation conditions.
Simulation of lactate production can be used to monitor several aspects, e.g., flow rate,
diffusion of lactate from aggregates into the wells and channel, and exchange of lactate
with fresh medium. In contrast to previous models of lactate production, where lactate
was produced by a thin layer of cells168, in this study, lactate was produced by the sphe-
roids inside the microwells, offering an illustrative view of the chip's dynamic
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environment and validating its design. First, we examined the overall generation, dif-
fusion, and washout of lactate from the chip. We also compared the dynamic and static
systems, estimating the time required to reach stable conditions in each of them. Then,
we closely analysed the microenvironments within the wells, focusing on lactate con-
centrations immediately surrounding the spheroids. A lactate concentration of 40-80
mM was previously determined to decrease cell viability62170, Qur simulations
showed that lactate concentration in the wells was below 40 mM. This finding confirms
that our system with flow rates of 50 and 100 pl/h is suitable for sufficient nutrient
exchange and can reduce the amount of medium required for static cell culture condi-
tions.

Additionally, we closely examined how the maximum flow rate impacts the con-
ditions within the wells, specifically whether it increases shear stress to levels that
could compromise cell survival. Previous studies have used similar simulations to de-
termine shear stress caused by flow rate151.171 with 1 Pa identified as a threshold det-
rimental to cell viability126.127.172, However, since these studies used different geome-
tries and simulation parameters, we did not have direct validation for our setup. Nev-
ertheless, in our simulation, even at a maximum flow rate of 100 pL/h, we did not reach
the 1 Pa threshold, allowing us to proceed with this setting for in vitro cell cultivation.

5.4 Cerebral organoids

To date, several studies have explored different approaches for culturing hPSC-derived
brain organoids on microfluidic devices. These technologically diverse systems enable
the long-term culture and maturation of brain organoids while allowing the perfusion
of cell culture media around them88.96.129.157 However, these methods present several
drawbacks, such as the high cost of microfluidic devices, complex fabrication and setup
processes, limited scalability, and the use of hydrostatic pressure for media exchange.
Importantly, none of these microfluidic devices are designed as closed perfusion sys-
tems for cultivating cerebral organoids from the single-cell suspension stage (Day 0);
instead, they are typically designed to differentiate and culture embryoid bodies pre-
viously developed in standard 96WP. In contrast, our microfluidic device offers a
unique, fully closed system with microwells and a continuous supply of fresh medium,
allowing single-cell suspensions to be loaded from Day 0. It is also easily scalable, can
be produced using widely accessible 3D printers and PDMS materials, and features a
relatively simple design, making it accessible to a broad scientific community.
Cerebral organoid differentiation has become widely used for modelling early hu-
man brain development and neurological diseases in vitro. The “Lancaster’s protocol”
is one of the most frequently used protocols today and was originally published by
Lancaster et al. in173. Human PSCs are first dissociated into single cells, allowed to re-
aggregate to form EBs, and then subjected to neural induction in a minimal medium
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that allows the neuroectoderm to develop. This phase is represented by the formation
of an organized translucent neuroectoderm on the borders of the forming aggregates,
which are then embedded into a floating droplet of a surrogate extracellular matrix,
promoting the outgrowth of neuroepithelial buds. Finally, the tissues are transferred
to an orbital shaking plate, which promotes nutrient and oxygen exchange to allow
more extensive growth and further development into defined brain regions®2.

Importantly, the initial culture steps are guided by specific time points, based on
the appropriate size of the aggregates and the morphology characteristic of cerebral
organoids®! . In addition to the previously described optimization steps, we have also
refined these culture stages. Since the publication of the Lancaster protocol, several
modified protocols have been developed, varying in cell typel74, cell number156, me-
dium composition!’5, medium volume?8! , and critical time points17¢, These protocols
were further optimized according to the cultivation tools and techniques used. In col-
laboration with other members of DaSa Bohaciakova’s group, we optimized the com-
monly used Lancaster cultivation protocol for 96WP and simplified it for use in micro-
fluidic systems, taking advantage of their unique properties. In this study, we switched
different differentiation media when forming aggregates that reached specific sizes or
acquired specific morphological features. While in the 96WP format all media changes
must be done manually, our data show that the chip automation during the initial 9-
11 days reduces labour intensity and minimizes the risk of organoid damage and con-
tamination.

Additionally, during the optimization of the cultivation protocol, we observed that
the successful cultivation and differentiation of cerebral organoids is cell line-depend-
ent, as also noted in other studies81.156, In our study, we tested various cell lines and
found issues with initial aggregation, early differentiation, or the maturation of cere-
bral organoids in some cases. Following this screening process, we selected two cell
lines for the validation of our microfluidic system.

Subsequently, we started with the cultivation of cerebral organoids. In cultivation,
we confirmed that the chip allows the proper formation and growth of cell aggregates,
with similar sizes achieved during the neural induction phase in all experimental con-
ditions. The expression of neurodifferentiation-related markers, including PAX6 and
N-cadherin, was successfully observed in both the chip and plate conditions. It is of
note that our IHC analysis showed that in two independent experimental batches, the
N-cadherin and PAX6 expression showed a stronger signal in Chip100%_U and
Chip100%_V conditions in comparison to the 96WP. This increased expression could
be related to the increased abundance of small rosettes observed in microfluidic con-
ditions, where a continuous flow of medium may enhance the accessibility of trophic
factors and nutrients, thereby promoting the proliferation of neural precursors. Alt-
hough our qPCR analysis did not confirm this finding, it is worth noting that enhance-
ment in PAX6 expression and higher rosette numbers were observed in vascularized
cerebral organoids!?’’. In addition, examination of other biological parameters
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indicated favourable cell growth, minimal DNA damage, and proper glucose metabo-
lism in all chip cultures. All data thus confirmed that the initial differentiation phase of
cerebral organoids can be successfully transferred to the microfluidic device.

Lastly, after embedding the organoids in a surrogate extracellular matrix, they fur-
ther followed neuroepithelial expansion, forming neural tube-like buds and exhibiting
increased complexity with the formation of neural rosettes and ventricle-like lumens
as described in Giandomenico et al.81 The immunofluorescence analysis confirmed
well-developed ventricle-like cavities and N-cadherin expression in all tested condi-
tions, suggesting proper neural differentiation. However, differences were observed
between organoids grown in the chip and those grown in the 96WP, including a larger
bright area on the edges and a higher wrinkling index in chip-grown organoids. Similar
observations of organoids growing better in microfluidic conditions were reported®s,
but the significance of these differences and their underlying mechanisms require fur-
ther investigation. Finally, the analysis of mature tissue morphology, size, and pattern-
ing at day 55 showed similar results across all tested conditions within each batch. The
expression levels of neurodifferentiation markers exhibited variability between
batches but showed consistent trends among the tested chip conditions. Furthermore,
the thickness of MAP2 /NeuN-positive neuronal layers’4, indicative of organoid matu-
ration, was comparable between organoids cultured using different approaches. These
findings indicate that the chip conditions had similar effects on the development of
mature cerebral organoids and cortical neurogenesis, showing a clear potential of the
tested microfluidic chip as an alternative method to the standard 96WP for organoid
culture.

5.5 Retinal organoids

The successful cultivation of cerebral organoids within the microfluidic chip confirmed
our assumption that microfluidic systems can serve as effective tools for organoid cul-
tivation. The next step was to determine whether this system could function as a uni-
versal platform for organoid cultivation and support longer-term culture. In collabora-
tion with the Tomas Barta group, we adapted the cultivation protocol to our system
and successfully cultivated retinal organoids without the need for transferring them to
other cultivation tools.

During cultivation, successful cell aggregation and growth were observed, fol-
lowed by the appearance of small bright areas along the edges. According to the liter-
ature, this is a characteristic morphological feature indicating the development of neu-
roepithelium131.178179 These bright areas became more pronounced over time, partic-
ularly in the V-shaped wells. Early retinal development was confirmed by the expres-
sion of PAX6 and VSX2 markers in both the Chip100% and WP conditions. However,
results from the Chip50% condition were not comparable to the others, likely due to
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insufficient nutrient and chemical factor supply for differentiation. Overall, this initial
experiment confirmed the versatility of the microfluidic system for cultivating differ-
ent types of organoids and protocols. Optimization of the decreased flow rate will be
necessary for future experiments.

5.6 Droplet generator

In recent years, multi-omics technologies have emerged as a promising tool to inte-
grate multiple analyses into a single process, yielding comprehensive results for a
given research question180.181, However, these technologies are still in the develop-
mental phase, with protocols being refined. One of the critical factors for ensuring a
successful and reproducible process is cell isolation and preparation82, The literature
indicates that microfluidic tools are reliable and frequently employed for single-cell
analysis183, Yet, these tools are still primarily optimized and prototyped for research
purposes or specific experimental approaches.

In collaboration with OTH Regensburg, we proposed using a microfluidic system
for clinical applications, aiming to create a reusable tool rather than a single-use prod-
uct. In our initial steps, we successfully validated the fabrication process, materials,
and workflow for preparing a microfluidic separator from a silicon wafer. Microfluidic
chips made from silicon are typically fabricated using photolithography-dry etching184,
wet etching185, or laser ablation combined with wet etching!86. While photolithography
and etching processes are time-consuming and complex, laser ablation with wet etch-
ing was our preferred choice for quick and high-quality prototyping.

After fabrication, the chip surface remained hydrophilic. For hydrophobic coating,
we were inspired by studies using HMDS187 and APTES88; however, these protocols
were ineffective for our closed microfluidic chip. Instead, we utilized Aquapel, a ready-
to-use solution commonly employed for hydrophobic coatings on PDMS and glass,
which we injected into the chip.

In summary, we have developed a protocol for the rapid fabrication of microfluidic
chips. This method enables reproducible and cost-effective mass production of chips
with consistent quality. Moreover, the surface of this reusable tool can be customized
for specific applications, making it highly versatile. This approach holds significant po-
tential for further optimization and advancements in single-cell multi-omics analysis.
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6 Conclusion

This dissertation focused on designing and applying a microfluidic system for brain
component formation, particularly cerebral organoids. Microfluidic technology,
known for its ability to simulate complex systems and integrate multiple functions, was
shown to address key challenges in organoid cultivation effectively. Specifically, we es-
tablished an efficient fabrication protocol for microfluidic chips. Using stereolithogra-
phy and soft lithography, a streamlined process was developed, resulting in high-qual-
ity PDMS chips with optimized properties for cell cultivation. The protocol emphasized
simplicity and reproducibility, enabling rapid prototyping. We subsequently optimized
the chip for cell aggregation and cultivation. Various well shapes and dimensions were
evaluated, along with cell seeding density and ROCK inhibitor concentrations, to en-
sure uniform aggregate formation. CFD simulations were used to model fluid flow, me-
tabolite diffusion, and shear stress, demonstrating that continuous flow reduced media
consumption by half while maintaining safe and efficient cultivation conditions. Fi-
nally, we applied the microfluidic system for cerebral organoid formation. Two cell
lines were successfully cultivated, and organoids produced in the microfluidic chip
were comparable in quality and homogeneity to those generated using standard pro-
tocols, with reduced costs and time. Additionally, the system was adapted for retinal
organoid cultivation as proof of concept. Lastly, during an internship at OTH Regens-
burg, fabrication methods for reusable microfluidic systems were explored. A droplet
generator chip was fabricated using laser ablation and wet etching, demonstrating a
simple and effective process for single-cell applications. In conclusion, this work high-
lights the potential of microfluidic systems to streamline organoid cultivation, reduce
resource usage, and expand applications in tissue engineering and single-cell analysis.
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Appendix A List of primary antibodies

Antibody Host Cat. No Dilution Company
anti-8-OHG Mouse monoclonal | 200-301-A99 | 1:50 Rockland
anti-cCasp3 Rabbit polyclonal 9661 1:100 Cell Signaling Technology
anti-N-Cadherin Rabbit monoclonal | 13116s 1:100 Cell Signaling Technology
anti-GFAP Rabbit monoclonal | 12389P 1:100 Cell Signaling Technology
anti-GLUT1 Rabbit monoclonal | 07-1401 1:100 Merck
anti-Ki67 Rabbit monoclonal | RBK027 1:100 Cell Signaling Technology
anti-MAP2 Rabbit monoclonal | 8707 1:200 Cell Signaling Technology
anti-NeuN Rabbit monoclonal | 24307 1:100 Cell Signaling Technology
anti-PAX6 Rabbit monoclonal | 60433S 1:100 Cell Signaling Technology
anti-TUJ Mouse monoclonal | 5568 1:200 Cell Signaling Technology
anti-RAX Mouse monoclonal | 271889 1:200 Santa Cruz
anti-VSX2 Mouse monoclonal | 365513 1:200 Santa Cruz
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Appendix B Sequence of primers used for gPCR

Gene name Forward Sequence 5'-3' Reverse Sequence 5'-3’
CDH?2 AGTATCCGGTCCGATCTGC CTGTGGGGTCATTGTCAGC
DCX GCAGTCTCCCATCTCTACGC GGACAGAGGCAGGTACAGGT
MAP2 TTGGTGCCGAGTGAGAAGA GTCTGGCAGTGGTTGGTTAA
PAX6 GCCGGCACACACACATTA GAGCAATTCTCAGATTCCTATGC
RBFOX3 | CCAAGCGGCTACACGTCT GCTCGGTCAGCATCTGAG
RPL13A | ATGACAAGAAAAAGCGGATG CTTTTCTGCCTGTTTCCGTA
SOX1 GCCACAGTTTGGTCCAGAG TTCATCCATGGCCTGGTC
SOX2 ATGGGTTCGGTGGTCAAGT CTGATCATGTCCCGGAGGT
TUBB3 GCAACTACGTGGGCGACT CGAGGCACGTACTTGTGAGA
RAX GGCAAGGTCAACCTACCAGA CTTCATGGAGGACACTTCCAG
VSX2 GGCGACACAGGACAATCTTTA TTCCGGCAGCTCCGTTTTC
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