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Abstract

Organ-on-a-chip systems are the new frontier of medicine and biotechnology, lead-
ing the research to an easier understanding of disorders’ pathogenesis and a safer
drug testing, which would eliminate the need for animal testing and allow for
patient-specific prescriptions and unequivocal prognoses. Brain organoids are some
of the most interesting organ-on-a-chip systems and they are currently grown start-
ing from human pluripotent stem cells through a self-assembling process, carefully
guided to get homogeneous results. The current state of the art for the culturing
devices consists mostly of either simple culture chambers with a rocker system that
simulates the brain environment or air/interface systems with a partial separation
between the medium and the organoid, which is itself in contact with the air. The
main difficulty with the latest designs is still a lack of vascularization established
inside of the organoid, which in live brains is the main source of nutrients and
oxygen, which then leads to apoptosis due to necrotic cores and hypoxia. Finding
a way to circumvent this issue is the main objective of our thesis, one that we will
make sure of addressing thoroughly and with different design ideas. The thesis work
will begin with a series of COMSOL Multiphysics ® simulations, starting from the
analysis of a design close to the ones found in literature and then introducing the
novelty of a flow inside of the nutrient reservoirs with the hope of automating the
nutrients delivery. It will demonstrate that this solution completely outperforms
the existing designs and that the introduction of flow of the perfusable nutrients
medium stabilises their average concentration in the tissue in the span of one to
a few days. This guarantees longer organoid survival and less human interaction
with the device itself, leading to less chance of contamination and disruption of the
operation. To test these simulations we will show how we attempted to fabricate
a device for an experiment with real organoids, using laser ablation to carve the
bottom channel and 3D printing to build the top chamber. After finding the cor-
rect settings for both steps we will perform some preliminary tests with some dyed
Milli-Q water to get ready for the official experimental test that will take place
at KU. Once these have been done, the real test with live organoids was set up
with a syringe pump and an incubator and was to last two weeks, but, as it will
be revealed, it was stopped after merely 2 days. The cause will be studied and
searched for and it will finally be exposed to be a defect of the 3D printed piece,
which would absorb most, if not all, of the inserted liquid, causing the sides to leak
and the main chamber to overflow. This finding was extremely relevant in order
to characterise the PLA in its relation to our device, leading us finally to fabricate
a last one entirely made of PMMA with laser ablation, which worked perfectly,
at least for what concerns the microfluidics behaviour. The experiments of this
new device with the live organoids are left to future research, however this seems
like an extremely fruitful starting point where many of the fabrication settings and
processes are known and the results are positively promising.
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Danish abstract

Organ-on-a-chip-systemer er avancerede vaerktgjer inden for medicin og bioteknologi.
De hjalper forskere med at forsta sygdomsudvikling bedre og muligggr sikrere
leegemiddeltestning. Ved at bruge disse systemer kan vi undga dyreforsgg og
tilpasse behandlinger til individuelle patienter. Hjerneorganoider er nogle af de
mest interessante organ-on-a-chip-systemer, og de dyrkes i gjeblikket ud fra hu-
mane pluripotente stamceller gennem protokoller, der sikrer ensartede resultater.
Den nuveaerende state-of-the-art for dyrkningsudstyr bestar primeert af enten enkle
kulturkamre med et vippe-system, der simulerer hjernemiljget, eller luft/veeske-
interface-systemer med en delvis adskillelse mellem mediet og organoiden, som selv
er i kontakt med luften. Den stgrste udfordring med de nyeste designs er stadig man-
glende vaskularisering inde i organoiden, hvilket i levende hjerner er hovedkilden
til neeringsstoffer og ilt. Den manglende vaskularisering kan fgre til apoptose pa
grund af nekrotiske kerner og hypoxi. Hovedmalet med vores athandling er at finde
en made at undga celledgd i kernen af organoiderne. Vi udfgrte en raekke COM-
SOL Multiphysics®-simulationer, der tog udgangspunkt i et design taet pa dem, der
findes i litteraturen. Vores simuleringer viser, at vi kan opna bedre resultater ved
at tilfgje en konstant strgm af medium omkring organoiderne, hvilket stabiliserer
koncentrationen af neeringsstoffer i organoiderne i lgbet af fa dage. Dette garan-
terer leengere overlevelse af organoider og mindre menneskelig interaktion med selve
enheden, hvilket forer til mindre risiko for forurening og forstyrrelse af driften. For
at teste disse simulationer fremstillede vi en enhed til et eksperiment med rigtige
organoider ved hjeelp af laserablation til at udskeere bundkanalen og 3D-printning
til at bygge det gverste kammer. Efter at have fundet de korrekte indstillinger
for begge processer udfgrte vi nogle forelgbige tests med farvet Milli-Q-vand for
at sikre os, at vores enhed fungerede uden laekager. Eksperimenter med rigtige
organoider blev udfgrt pa KU, men endte med alvorlige leckproblemer efter blot
to dage. Arsagen til disse problemer blev underspgt og afslgrede nogle veesentlige
problemer med de 3D-printede komponenter, som absorberede det meste af mediet.
Denne opdagelse fgrte os til at fremstille en sidste enhed helt lavet af PMMA med
laserablation, som fungerede perfekt, i det mindste hvad angar mikrofluidikadfeerd.
Eksperimenterne med denne nye enhed med de levende organoider overlades til
fremtidig forskning, men dette synes at veere et ekstremt frugtbart udgangspunkt,
hvor mange af fabrikationens indstillinger og processer er kendt, og resultaterne er
positivt lovende.
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Approximation of the hydraulic resistances in the tube-pipette head
system with quoted lengths and radii: the green cylinder is the tube,
the blue cylinder is the first part of the pipette head, the red cylinder
is the end of the pipette head. . . . . . . . ... ... ... ... ..
New sealing technique: we place a piece of parafilm slightly bigger
than hole on top of it, we stick some tape over it and then seal it
with silicone on the edges. . . . . . . .. ... ...
The 3D printed piece absorbs any liquid going through the device,
either through the inlet and outlet holes or the chamber. . . . . . .
Example of laser damage caused by too many cuts at a too high
laser power on the bottom of a piece of PMMA especially close to
the central square. . . . . . . ... .. Lo
Final successful test with the device fully made of PMMA, on top
is the normal design and below is the one with the pillar in the
main chamber. We can see the inlet tubes coming directly from the
two syringes, one per device, and the outlet tubes ending up in a
collection bottle. . . . . . . .. ..
Details of the final test: bottom channel distribution of the water
and main chamber filling seen from the side. . . . . . . . . ... ..
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Chapter 1
Brain organoids

The brain has always been one of the most intriguing topics of human research, was
it from a sociological, ethical or physiological point of view. A great interest has
been shown in what distinguishes a human from a machine: this is encapsulated in
86 billion neuronal cells temporally and spatially coordinated with 85 billion glial
cells, and specialised vascular cells[1]. The result is a neuronal system consisting of
circa 7000 synapses behaving similarly to a circuit that is still nowadays poorly un-
derstood in its entirety. Models may come close to an approximation, good enough
for an initial research, but never quite get the full picture. Since there is no way
to investigate a live brain tissue, technology has turned its attention to in witro
brain models, or brain organoids. The main culturing method for such organoids
that we will be investigating are organ-on-a-chip systems, which in the last years
have become fertile ground for great discoveries and future biomedical applications.
Their peculiarity and appeal comes from the fact that they would open the door to
new explorations on human brain development and disorders’ pathogenesis, espe-
cially for illnesses with complex genetic origins that end up being very challenging
to model. They would help study drug screening for individual patients, tailoring
their specific needs to specific prescriptions and treatments. Moreover an advantage
that is no less relevant is the reduction of animal testing that is prevalent in the
medical field and is morally questionable. This thesis will explain how such systems
are designed and developed in order to grow brain organoids and make them thrive
in the long term.

1.1 Classification and applications

When other attempts at growing brain-like architectures had just started, the
reaserch was mainly dealing with traditional 2D cell culture, which however had
encountered several limitations|2]:

1. A lack of hierarchical structure;
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1 — Brain organoids

2. No dimensionality;

3. No cellular diversity;

4. A failure of the cell-cell or cell-matrix interaction modeling;

5. Rare presence of the characteristic patient customization option;
6. An extremely challenging long-time in vitro maintenance.

This is why 3D cerebral organoids became a necessity to further explore these top-
ics. Starting from human pluripotent stem cells (hPSCs) a self-assembling process
begins to finally create an organised architecture. During the process we require
a progenitor (maybe from a patient’s biopsy), neuronal and glial cell types and a
Matrigel suspension, or any type of supporting element that provides an apt envi-
ronment for adhesion and growth. For a complete description, glial cells provide
structure and supply nutrients to the neurons, and some also give the immunity
response in case of external lesions. Through these elements we are able to form an
organoid with similar phenotypes to a real fetal human brain, so that it can mimic
its developmental stages and tissue structure allowing for a lot of new research tra-
jectories. There are generally two approaches for brain organoid growth: unguided
and guided. The former creates various cells stochastically, with no proportional
differentiation of the cell types and dimensions, which may be problematic in the
case of a quantitative analysis that requires a specific environment. Whereas the
latter provides particular tissues and cells given by small molecules and growth
factors instructing the hPSCs conscieously, resulting in consistent results. This
can improve cell adhesion and cell to cell signalling, however one downside to this
last method is that the external meddling has to be carefully controlled, otherwise
it could affect the structures and cytoarchitectures. The technique used in the
organoids we are going to work with was a guided process using Biosilk™ scaf-
folding that behaves as a porous network differently from the aqueous environment
of an hydrogel (like the previously mentioned Matrigel) as can be seen in Figure
1.1. This helped reduce cell stress and hypoxia in long term cultures, thus making
it possible to grow rather large organoids (in the millimeter scale), promoted the
formation of the neuroectoderm and enhanced the homogeneity of cellular organi-
zation between individual organoids. The neuroectoderm is an ensemble of cells
derived from the ectoderm and its formation is the first step in the development of
the nervous system.
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Figure 1.1: Two possible techniques to aid the development and the growth of the
cytoarchitectures.[4]

1.2 Microfluidic approaches and challenges

Fabricating chambers that are able to handle such delicate systems and making
them thrive is the main objective of this thesis and of a lot of current research.
In this section we are going to illustrate techniques that have already been tested
and the challenges that have already been faced, taking inspiration for our future
work. Microfluidic chambers rely on a precise control of the microenvironment while
allowing good mass transportation through a fluid flow. However the main concern
with any technique is providing vascularization and oxygenation, since failing to
dispense nutrients and oxygen to every cell in the organoid can lead to hypoxia and
apoptosis, limiting the size of the organoid, which in turn limits the accuracy of
the model. We are dealing with laminar flow physics where the Reynolds numbers
of these channels is well below 2000, and mostly even lower than 1. The different
fabrication techniques are generally based on either passive or active flow. The
former utilises osmosis, surface tension and hydrostatic pressure, while the latter
engages mechanical pumps and mixers giving a more stable and precise result.
Vascularization can be helped by microfluidic devices by combining a perfusion
flow with shear stress induced by the transmural flow and the interstitial flow from
the chip. Up until now we have seen three main types of microfluidics devices:
with 3D-culture areas and channels, with micro-pillar arrays and with air-liquid
interface as we can see in Figure 1.2.

In the case of the devices with 3D-culture chambers there are many different types,
which include different perfusion techniques. Through these we found that usually
bi-directional flow are more realistic in modelling the complex flows in the brain and
that highly confining environments help accelerate maturation. In the article " Mi-
crofluidic device with brain extracellular matriz promotes structural and functional
maturation of human brain organoids'[6], we have found an extremely interesting
example which can be seen in Figure 1.3.

Here organoids were embedded in hydrogels and the lack of pumps and tubing led
21



1 — Brain organoids

(i) Microfluidic device (ii) Microfluidic device (iii) Microfluidic device
with 3D-culture areas and with micro-pillar array with air/liquid interface
channels

Figure 1.2: Schematic representation of the three main types of microfluidic devices
used for brain organoid-on-chip systems. (i) Microfluidic device with 3D-culture
areas and channels; (ii) Microfluidic device with micropillar array; (iii) microfluidic
device with air-liquid interface.[5]

Medium flow direction

Pressure generated
1 by height difference

Slope angle

Figure 1.3: Design of a pump-free microfluidic device with a rocker system-driven
medium flow in the chamber.[6]

to a larger scale culture. They observed that the level of glucose in the organoid
equilibrated quite quickly with that in the medium, however in static conditions
the concentration of glucose inside the organoid was quite low. As a solution they
created a rocker system that would move the medium and help diffusion inside of
the tissue, improving the neuronal maturation. A fascinating analysis that they
made was observing how the number of connecting channels between the organoid
chamber and the reservoir impacted on the diffusion of glucose to the core. Through
a simplified COMSOL Multiphysics® simulation they found that horizontally par-
allel channels helped more than vertically parallel channels, while a combination of
both was the best solution, their results are shown in Figure 1.4.

The micropillar arrays devices are of less interest to us, so we are going to discuss the
air-liquid interface devices more in depth. Again our investigation led to another
intriguing article, ' One-Stop Microfluidic Assembly of Human Brain Organoids To
Model Prenatal Cannabis Exposure'[7], on neurodevelopmental toxicity. In it a very
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Figure 1.4: Simulation of glucose diffusion in a simplified version of microfluidic
devices having different numbers of channels using COMSOL Multiphysics® . [6]
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interesting design was created to study how prenatal cannabis exposure influences
human brain development. They fabricated a one-stop microfluidic platform to
assemble and culture human cerebral organoids from human embryonic stem cells
(hESC). Designing a perfusable culture chambers which incorporates an air-liquid
interface during maturation and a one-stop protocol, they were able to simplify the
fabrication procedure and produce a large number of organoids with limited size
variation and hypoxia. In their design each well with an organoid included a bottom
chamber loaded with embryonic body formation medium, which was connected to
the top chamber through a series of perfusable holes. This top chamber, according
to the growth stage of the organoid was either loaded with the same medium, or
it just had a thin layer of medium. The medium was then changed periodically to
refurbish the chamber with nutrients and remove the organoid’s waste. As we can
see in Figure 1.5 their design has two main stages which interest us: EB forma-
tion, that resembles the environment of organoids in the devices with 3D-culture
chambers, and organoid maturation, where we can note the air-liquid interface.
These devices work well enough for now, but vascularization and long term growth
are still big concerns for the organoids, for this reason we will try to find new
solutions and hopefully advance this field of research.
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(b)

Microfluidic device

Well plate

hESC seeding EB formation Organoid maturation
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Figure 1.5: (a) Prenatal cannabis (e.g., cannabinoids such as THC) exposure may
impact fetal brain development. (b) Schematics of a microfluidic brain organoid
assembly device that compacts with well plates. (c¢) Schematics of brain organoid
fabrication and cannabis exposure within the microfluidic device.[7]

1.3 Thesis aim and structure

The aim of this thesis is to design and fabricate a device for brain organoid culture,
taking inspiration from and improving on the designs shown in section 1.2 in order
to aid the problem of vascularisation. The objectives of the thesis are:

1. Use COMSOL simulations to design a device delivering a stable concentration
of nutrients to an organoid;

2. Investigate fabrication methods for the designed device;
3. Fabricate and test the device using live brain organoids at KU.

Part II of this thesis deals with the simulations done on COMSOL Multiphysics ® to
find the right parameters for our devices studying the average concentration in the
organoid. It is divided in two chapters concerning static and dynamic simulations,
where the difference is in the fact that the latter have a flow going through the
channels and not only static fluids. Each chapter deals with a 1 plate design and a
5 plate design, described later, where the 1 plate design is similar to those found in
literature and the 5 plate one is our own idea. Since our main goal for the project
was implementing this flow in designs that up until now have only had static media
or a rocker systems, in the dynamic simulations chapter we studied the problem
more thoroughly with a membrane porosity analysis and a concentration analysis.
Moreover we included two new types of design with needles and tubes and a final
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simulation of our bottom channel design for the bottom plate. Our main objective
is proving that this continuous flow will cause the average concentration in the
tissue to stabilise on a constant value by perpetually feeding more nutrients on its
own, with no human intervention.

Part III will show the fabrication tests we conducted, where we divided our device
in two parts: the bottom one done in PMMA with laser ablation and the top one
built with a filament 3D printer, each with their chapter. Due to time constraints
and fabrication limits we focused on creating two of the 1 plate designs previously
studied, where the medium will only be present in the bottom plate. We will discuss
how we characterised the CO, laser for depth and roughness for our final design
and how we adapted our 3D design to the printer and our needs. In the last chapter
we will describe the assembly process of the whole device step by step, including
bonding, securing the tubes and the flow splitters and sealing the chamber. Finally
we will show our preliminary tests done in our lab and the sterilisation process
necessary for the application.

Part IV describes the actual experiment at KU with live organoids, the problems we
encountered and the consequent troubleshooting in two different chapters. There
will be a description of the experimental set up and the final results we observed,
and later we delved into possible solutions to the flaws encountered until we found
the successful one. Finally we included the conclusions to the whole project and
described the future prospects of this thesis.
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Chapter 2
Materials and methods

In this chapter we will discuss our choices of softwares, materials and machines
crucial for our project and we will analyse each one for an introductory description.

2.1 COMSOL Multiphysics ®

For this project we used the Microfluidics Module from COMSOL, since in our case
we need to analyse a single-phase flow with laminar flow and a transport of diluted
species in both 2D and 3D spaces. These processes are simulated by COMSOL
with the homonymous studies and, by computing them, it is actually solving them
and the related equations iteratively, discretising them on each mesh element of
our geometry and following the boundary conditions: the smaller the elements of
the mesh the more precise the solution, but the longer it takes for the simulation
to finish. When we will deal with static simulations where there will be no liquid
flow, we only introduce the time-dependent "Transport of Diluted Species" study
which simulates the nutrients’” diffusion through the liquid and the tissue in a static
fluid, but it will also be crucial in the dynamic simulations since the flow will be
steady. When there are diluted particles in the fluid COMSOL has to do a study
on their concentration variation over time and the analysis is based on the diffusion
equation:

§ic=—v-Ve+ DV (2.1)

This time variation of the dilute species concentration is given as the difference
between the convection term and the diffusion one (with D the diffusivity of the
particle in the liquid), where the former is not considered in the static simulations.
However when we move on to the dynamic ones, we have to integrate the "Laminar
Flow" study and couple the fluid convection to the velocity field and specify that our
fluid is incompressible to simplify the simulation. The incompressible Navier-Stokes
equation is defined as:

P00 + (v V)v) = =VP + V20 + feut (2.2)
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2 — Materials and methods

where py is the fluid density, v is the fluid velocity that causes acceleration and
advection (first and second term in the equation respectively), V P is the pressure
gradient, V2w are the viscous forces of the fluid in the Newtonian picture (with 7
the dynamic viscosity) and fe,; are the external forces that may affect the system.
Since the fluid is incompressible its density is considered constant in time, so from
the mass conservation law we get the continuity equation:

p=—-V(p-v)=0=>V-v=0 (2.3)

and from this we can conclude that the change of flow velocity in all directions has
to amount to zero. We can further simplify equation 2.2 considering the following:
we are working with a system with Reynolds number well below 1; the flow is
approximated as fully developed at every inlet, so constant in time; we are not
considering any external force. As a consequence we get:

VP =nVv (2.4)

also known as the Stokes equation, which is what COMSOL’s solver will use. As
one may have already guessed, using COMSOL is fundamental for solving these
equations for quite complicated geometrical models as our own, but most of all
its advantage comes from the results visualisation. With COMSOL we are able
to create multiple types of graphs, streamlines and much more to easily picture
the simulation results in a clear and organised manner. In a case like ours where
we would like to send multiple simulations with different parameters to scope out
the best ones, we will need fast simulations so we will have to take some factors
into consideration when setting them up, as well as choosing the correct boundary
conditions. The details of the simulations will be seen in the appropriate chapter.

2.2 Desktop laser cutter

To fabricate the bottom piece of our device we decided to use laser ablation on
a piece of PMMA. This acrylic material (formally polymethyl methacrylate) is
transparent and rigid, but easy to cut and cost-effective, which opens the possibility
of doing multiple tests without wasting resources. The thickness of the piece has
to be taken into consideration when looking to put bigger organoids inside, but if
sterilised it is biocompatible and it is tough enough to withstand scratches. However
PMMA'’s biggest obstacle is its limited chemical resistance towards organic solvents
and our choices for the sterilisation are between ethanol and isopropanol, the former
is more polar than the latter which may be a greater danger to the polymer chains of
PMMA leading to cracking and swelling. Our solution was then to use isopropanol
really quickly and drying it immediately to reduce the risk it still posed to the
acrylic.

We will use a desktop laser cutter with a CO, laser (main information taken from the
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2.3 — Filament 3D printer

website here cited [8]) since it does not require contact with the material, reducing
damage on both the PMMA and the machine, and gives an extremely precise replica
of the model fed through the computer program. The working principle is based on
the generation of an electric current through a tube filled with a mixture of carbon
dioxide, nitrogen, hydrogen, and helium that ionises the gas molecules causing
them to emit light. A couple of mirrors (one highly reflective and one partially
reflective) at both ends of the tube collect the light and collimate it on the surface
of the PMMA once it has an extremely high intensity. COs lasers usually work in
the mid-infrared range with a wavelength from 9300 to 10600 nm and, even if the
energies are not some of the highest ones, the extremely high heat produced on the
surface vaporises the material leaving little to no residues. According to the needed
feature we have to find the best parameters to get the required result by testing
different values of cutting speed, power and number of passes with either a raster
scan or just an outline cut. Laser cutters risk swelling the lines due to the material
melting and could leave a rough surface especially when doing small feature like
ours, so we will keep an eye out for that by characterising a test piece with a stylus
profilometer to find the best settings for our application. Some roughness would
not be too much of a problem for us since the bottom piece channel will not be
directly in contact with the organoid, but it is an interesting information to have
to get the full picture of our fabrication.

2.3 Filament 3D printer

For what concerns the top piece of our device we will use a filament 3D printer in an
additive manufacturing process that first requires a digital model (done in our case
with Fusion 360) later converted to an STL file and fed to a slicer. This software
will divide our model in slices, as the name suggests, that the printer will process
one at a time, building the object layer by layer from the bottom up. The settings
for the print are decided here, for example infill density, printing temperature and
speed and most importantly the supports settings, and the program will give an
approximation of how long the print will take. Supports are sacrificial structures
needed by the printer to build free-standing parts of the model where the filament
could not hold on its own before cooling down. They are therefore mandatory the
bigger the unconnected structures are, but there are ways to avoid them where
they would pose a problem for removal in small features, like tilting the model
or rotating it. The result is a physical replica of the model that follows all of our
instructions, with a resolution dependent on the type of printer and on the required
quality of the piece. In our case we chose 3D printing due to its ability of creating
hollow structures with ease, without requiring the fabrication of multiple pieces to
be bonded. The material used is a PLA (polylactic acid) filament, which is made
from organic sources and is indeed biocompatible and sustainable; it provides quite
a high printing speed compared to other materials and the resulting piece is tough
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enough for us, since we do not require moving parts. In the nozzle of the printer
the filament is preheated above melting temperature (170-180°C[9]) and, once it
is ready, it is placed on the heated bed of the printer, where it builds up layer by
layer as the printer nozzle moves upwards. Once the print is done the bed and, as
a consequence, the bottom layer of the object have to cool down so that the latter
does not warp during the removal.

The reasons why the PLA printer was chosen over a SLA (stereolithography) resin
printer are multiple; starting from the practical side resin printers are more complex
to use and require a post-processing cleaning and UV-curing step which would take
too much time and the materials are too expensive for our fast prototyping needs.
Most importantly it uses some solvents that are toxic and not at all biocompatible
which is our main priority. Due to this, even if the SLA printer would give a much
higher resolution and smoother surfaces, we agreed that this level of detail was not
necessary in the face of the other drawbacks.

2.4 Bonding method

We will bond our two main pieces with double sided tape, which was chosen on
the basis of simplicity and because it can be cut using the desktop laser cutter
in a design specific to our needs. First of all we will have to find the right laser
settings for this flimsy material, and we will have to be extremely careful when
manually aligning it on our device. The main issues that could come from this
simple technique is the risk of leakages if the adhesion is not optimal. For this
reason we will have to carry on multiple tests to check if high flow rates, long terms
usage or other factors could cause problems to the adherent characteristic of the
tape.
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] Design H Holes \ Membrane \ Description
1 plate static 3.1.1 3.1.2 No flow, only bottom
reservoir.
5 plates static 3.2.1 3.2.2 No flow, bottom reservoir
and 4 on the walls.
1 plate dynamic 4.1.1 4.1.2 Holes flow rate:
2.1pL/min, membrane flow
rate: 4.2uL/min. Only
bottom reservoir.

5 plates dynamic 4.2.1 4.2.2 Holes flow rate:
27.0pL/min, membrane
flow rate: 300.0uL/min.

Bottom reservoir and 4 on
the walls.

Porosity study / 1 plate: Study on the porosity of

4.3.1; the membrane to check if it
5 plates: influences the operation.
4.3.2
Concentration / 1 plate: Analysis on the minimum
analysis 4.4.1; usable flow rate for good
5 plates: results.
4.4.2
Needle and tubing / 4.5 Bottom plate and
lateral /top tube flow rate:
2.1pL/min and
600004L /min respectively.
No wall reservoir.
Bottom plate / 4.6

Study on the dynamics of
the bottom plate and

design optimisation.

Table 2.1: Summary of all the designs simulated in COMSOL with the section
number where they are situated and a brief descritpion.
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Chapter 3
Static simulations

As said in the COMSOL introduction, these simulations will only be solved through
the diffusion equation 2.1, considering the diffusion term alone for now. As you will
see we dealt with both a hole and a membrane design, the first one being closer
to the original design from paper [7] and the second one being what we will use in
practice. We did this because punching the holes through any material would have
been a very complicated and cumbersome task, and also not extremely relevant
to our work. Instead membranes have more of a mesh structure with a multitude
of small holes and cavities that resemble paper more than straight holes and were
readily available to us. However as you will see we made sure of simulating an
equivalent design for the best comparison. In order to better approach this task,
we have decided to start simulating the device in different configurations according
to some values that were given to us by KU and some found in the literature.
The main stages we will be dealing with are what in article [7] they called the
embryonic body formation, which we will call “growth” and is similar to what they
did in article [6], and the organoid maturation with the air-liquid interface, called
simply "maturation". Also of course we would expect the organoid to grow, but
in the simulation we kept it at constant dimension to simplify the simulation load.
However it is important to highlight and keep in mind that the longer the organoid
matures the more difficult it is to feed, especially towards the core, so parameters
will need to be adjusted accordingly when considering the full picture.

3.1 1 plate design

The first step was setting up the geometry and for our intents we needed to en-
gineer an equivalent "membrane" design to the "holes" design with a membrane of
equivalent porosity to the original 13x13 array of holes of 30um of radius as we can
see in Figure 3.1. The plate has dimensions 2mm x2mmx0.25mm which gives a
volume of 1 x 1073mL.
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(a) 1 plate holes geometry. (b) 1 plate membrane geometry.

Figure 3.1: Two designs for the 1 plate static simulations.

On top of this plate we added a block of medium 5mm high, defined as water since
anyway it composes most nutrient solutions. If we consider an arbitrary starting
concentration in the medium and the tissue of 28 mol/m?, the diffusion time to
travel a length L = 0.5mm (from the bottom of the plate to just above the holes)
with the general diffusivity of sugar (D = 2.0 x 107'%m?/s) is 20.8 minutes, following

the formula: )

L
sz’ff == 5 = 1250s (31)

As we can see from the graphs in Figure 3.2 that time is not enough to reach
complete 50/50 concentration distribution in the chamber and that is due to the
porosity of the surface which elicits accounting for an effective diffusivity in the
path due to a friction effect. This effective diffusion coefficient through the holes
can be calculated by multiplying the diffusion coefficient by what we define as
porosity. The porosity can be roughly calculated as being the ratio between the
area of the holes and the total area of the plate. In the hole configuration that gives
a porosity of 47.8% and an effective diffusivity of 9.56 x 107*'m?/s. This will be
the value we are going to use when defining the diffusivity through the membrane
to get a comparable result, considering a damping factor so high that there is no
fluid convection but only diffusion through it. With the membrane design we have
a slightly faster diffusion, but the end result is the same.

If we calculate the diffusion time with the effective diffusivity we get:

L2
eff

Tdiff = = 2615s (32)
which is approximately 43.6 minutes. If we go and use that in the simulation we
can then see in Figure 3.3 that this time the 50/50 distribution in the system is
reached as we would expect.

Now introducing a 2mm diameter tissue, simplified as a sphere pressed on the bot-
tom we can start simulating the organoid consumption of nutrients and see how fast
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Figure 3.2: Sugar concentration diffusion in the system from the bottom of the plate
to slightly above the holes/membrane layer in circa 20.8 minutes with diffusivity D
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Figure 3.3: Sugar concentration diffusion in the system from the bottom of the plate

to slightly above the holes/membrane layer in circa 43.6 minutes with diffusivity D
= 9.56 x 1071m?/s.

it depletes in the course of a week. In the first step we are perfusing only through
the bottom plate as in the original paper with a static medium inside of the plate.
The nutrient transport is completely governed by diffusion and there is no convec-
tion, which is why we only use the time dependent Transport of Diluted Species
study. During the growth stage the medium was changed each day, whereas during
maturation it was changed every other day, so we will use this information to gather
more or less the reaction rate for the consumption of the nutrients starting from 28
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3 — Static simulations

millimolar. In the growth stage it is found to be —3.2407 %mol/(m? - s) whereas it
is —1.6204 x 10~*mol/(m? - s) during the maturation phase. The geometry now can
be observed in Figure 3.4. The porosity of the tissue is arbitrarily taken as 20%
since we found that the interstitial space (ISS) component of brain extracellular
space typically has this value[10]. Note that the brain extracellular space is the
narrow microenvironment that surrounds every cell of the central nervous system.

(a) 1 plate holes geometry with tissue. (b) 1 plate membrane geometry with tissue.
Figure 3.4: Two designs for the 1 plate static simulations with the tissue on top.
We studied two different cutlines (along the x-axis and the z-axis) and the average

concentration in the tissue through a probe domain. We can see the cutlines’ plots
in Figure 3.5.

mm mm

(a) X-cutline. (b) Z-cutline.

Figure 3.5: Plots of the two cutlines taken to analyse the concentration inside of
the organoid.
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3.1 — 1 plate design

3.1.1 Holes design

X-cutline: holes, 1 plate design
T

Z-cutline: holes, 1 plate design
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Figure 3.6: Concentration in the cutlines

4 days.
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Figure 3.7: Average concentration in the organoid in the 1 plate holes design in 4

days.

During growth we can see that after a day the average concentration (Figure 3.7)
decreases by almost 30%, which is why the medium was changed that frequently.
The average concentration is found to be linear due to the fact that we are still
doing a static analysis. We can see in the x-cutline (Figure 3.6a) that the center is
slightly more depleted that the edges as we would expect, due to the low diffusivity
through the tissue. This is the main problem that we are facing nowadays, even if
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3 — Static simulations

here it seems less relevant due to the concentration value still being quite constant
throughout the tissue. We can see that after 2 days the core cells have halved
their concentration. In the z-cutline in Figure 3.6b we can observe how different
the value of concentration at the extremities is compared to the core, especially at
the top of the tissue where we have close contact with the medium and so more
nutrients can be fed more directly.

X-cutline: holes, 1 plate design
T

Z-cutline: holes, 1 plate design
T T
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Figure 3.8: Concentration in the cutlines

4 days during maturation.
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Figure 3.9: Chosen cutplane to measure the concentration in the cross section of
the 1 plate holes design in the span of 2 days during maturation and result.

During maturation we see a big loss after the 2-day mark, which is why they
changed it every other day. We can see in Figure 3.10 that after 2 days and a half
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3.1 — 1 plate design

Hales, 1 plate design during maturation
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Figure 3.10: Average concentration in the organoid in the 1 plate holes design
during maturation in 4 days.

the concentration would be negative, which physically speaking means that the
tissue would be in a deficit. Here, adding to the cutlines in Figure 3.8, we decided
to show a surface map of the cutplane at the center of the sphere of the system
after 2 days. The cutplane plot can be seen in Figure 3.9a while the actual data
plot is in Figure 3.9b. By doing so we can better visualise how the concentration
is pretty homogeneously distributed in the tissue, with obviously a higher value
the closer to the source of nutrients. This is because there are no lateral inputs of
concentration that would come from the medium, so the core and the outer layers
of the organoids are fed equally, with diffused nutrients exclusively from the bottom
plate.

3.1.2 Membrane design

The same study was done with the aforementioned membrane, following the same
process as before, and as a result we get the same behaviour and more or less equal
values. In the results of the growth phase, seen in Figure 3.11, the core is slightly
more depleted than the edges of the sphere and the encompassing medium feeds the
top of the tissue better than the source since it is not hindered by the membrane.
The average concentration in Figure 3.12 is also exactly the same.

For the maturation the outcome is equivalent to the previous one. Looking at
Figures 3.13 and 3.14, the concentration is more or less homogeneously distributed
in the tissue, but we can clearly see that the top is less nourished due to the slower
diffusion through the tissue. Again after 2 days and a half the tissue no longer has
any nutrients.

As we can see, our membrane design is good enough to simulate their holes design
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3 — Static simulations

X-cutline: membrane, 1 plate design

Z-cutline: membrane, 1 plate design
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Figure 3.11: Concentration in the cutlines of the 1 plate membrane design in the
span of 4 days.
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Figure 3.12: Average concentration in the organoid in the 1 plate membrane design
in 4 days.

and is also a lot less computationally heavy. For such a small organoid these designs
work well enough for keeping a good concentration level, but our first resolution
was trying to design a chamber where the nutrients were not only coming from the
bottom plate, but also 4 other surrounding plates that in the original design would
just be normal walls. The inspiration came from paper [6], where we saw that many
lateral channel could help the organoid’s nutrition level in Figure 1.4 in under 60
minutes. We decided to combine that idea with the original model from paper [7]
and see if we would get some improvements, especially in the core concentration.
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3.2 — 5 plates design

X-cutline: membrane, 1 plate design

Z-cutline: membrane, 1 plate design
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Figure 3.13: Concentration in the cutlines of the 1 plate membrane design in the
span of 4 days during maturation.
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Figure 3.14: Cutplane surface concentration and average concentration in the tissue
in the 1 plate membrane design during maturation.

3.2 5 plates design

The two designs for the holes and the membrane were originally created as a quarter
of the geometry, since everything would then be symmetrical, to test the computa-
tional weight of the simulations and check the cross-sectional behaviour all in one.
We have to keep the top open to allow for the necessary air-liquid interface, but
the rest of the walls, although complicated to fabricate, could very well work as ad-
ditional reservoirs. By doing so we are not only increasing the amount of nutrients
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3 — Static simulations

a chamber can hold and dispense, but also we are helping with the diffusion to the
higher parts of the organoid that would be farther away the more it grows. The
organoid has been simulated as moderately squeezed between the walls to adhere
better to the sidewalls. This confinement technique has been proven to enhance the
size homogenization of organoids and constrained environments accelerate matu-
ration and the appearence of wrinkles and folding in the organoid (see paper [5],
Table 1, 3rd row). Every other detail about the simulations was kept the same to
better compare them to the 1 plate design’s ones. The geometry of the designs can
be seen in Figure 3.15.

z §
SR
X s 0 2

¥

x e—lay

(a) 5 plates holes geometry with tissue. (b) 5 plates membrane geometry with tissue.

Figure 3.15: Two quarters of the designs for the 5 plates static simulations with
the tissue inside.

3.2.1 Holes design

If we go and compare the results in Figure 3.7 for the 1 plate design with the 5
plates design graph in Figure 3.17 we can observe that the latter, as expected, has
higher average concentrations of nutrients in the tissue throughout the days and can
potentially last longer. In fact, during growth, up to the fourth day it still has an
acceptable value of nutrient concentration. As we can see in the x-cutline in Figure
3.16a we only have the result for half of the sphere, but the rest can be imagined
to be mirrored for the other half of the tissue. Also the value of concentration in
correspondence with the wall shows the influence of the new reservoir with a more
definite uptick.

When we enter the maturation phase we can clearly see how the system can work
for longer periods of time before changing medium: where before the tissue would
finish the nutrients in the span of 2 days and a half, now it could go for even longer
than four days (see Figures 3.14 and 3.19). This is a critical difference that is
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3.2 — 5 plates design

X-cutline: holes, 5 plate design

Zecutline: hales, 5 plate design
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Figure 3.16: Concentration in the cutlines of the 5 plates holes design in the span
of 4 days.
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Figure 3.17: Average concentration in the organoid in the 5 plates holes design in
4 days.

extremely relevant to our cause: not only can it work for longer times, but this also
means less human intervention in the process to manually change the fluid, which
can lead to less contamination and mechanical disruption. It is also interesting to
note how in the surface concentration distribution in Figure 3.19a we can clearly
see the sides supplying some nutrients and as a result increasing the concentration
at the top of the tissue and in the core and overall homogenizing it even more in
the whole organoid.
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3 — Static simulations
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Figure 3.18: Concentration in the cutlines of the 5 plates holes design in the span
of 4 days during maturation.
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Figure 3.19: Surface concentration and average concentration in the tissue in the 5
plates holes design during maturation.

3.2.2 Membrane design

Again the results, and as a consequence the comments, with the membrane are
closely related to the previous ones with the holes. The average concentration has
increased in both growth and maturation stage (Figures 3.21 and 3.23b) and the
latter works as well as the former. This opens new doors for less frequent medium
change and overall waste, while introducing an air-liquid interface to combat hy-
poxia.
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3.2 — 5 plates design

X-cutline: membrane, 5 plate design

Z-cutline: membrane, 5 plate design
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Figure 3.20: Concentration in the cutlines of the 5 plates membrane design in the

span of 4 days.
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Figure 3.21: Average concentration in the organoid in the 5 plates membrane design

in 4 days.
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3 — Static simulations

X-cutline: membrane, 5 plate design

Z-cutline: membrane, 5 plate design
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Figure 3.22: Concentration in the cutlines of the 5 plates membrane design in the
span of 4 days during maturation.
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Figure 3.23: Surface concentration and average concentration in the tissue in the 5
plates membrane design during maturation.
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3.2 — 5 plates design

3.2.3 5 plates design with complete geometry

(a) 5 plates holes complete geometry. (b) 5 plates membrane complete geometry.

Figure 3.24: The two complete designs for the 5 plates static simulations.

To complete the picture we simulated the entire geometry, since it will also be
needed in future analyses, only in the maturation phase, to check that the result
were correct. In Figure 3.24 we can observe the two geometries seen from the top.
We can note that there are no overlapping of walls which would cause fluid passing
from one to the other, which would alter the results. Without reporting repetitive
results, since the graphs are completely compatible with the previous ones, we can
confirm that our design work as intended and that the computation was not even
as long as expected. This is extremely promising for the rest of the work.

To further simplify our next 5-plates simulations, for the membrane design we
decided to create a structure where the membrane only covered the contact area
between the tissue and the wall (as can be seen in Figure 3.25a). By doing so
the results are exactly comparable to the full design, were it not for an almost
unnoticeable difference in the overall average concentration, comparing Figure 3.25b
and 3.23b. This confirms to us that we can move on with this structure for future
reference.
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3 — Static simulations

(a) 5 plates complete geometry with
the small membrane.

Average concentration (mol/m®}

Smaller membrane, 5 plate complete design during maturation

h
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(b) Average concentration in the organoid.

Figure 3.25: The complete designs for the 5 plates static simulations with the small
membrane and the average concentration of the tissue in such model.
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Chapter 4

Dynamic simulations

As a next step we decided to introduce a flow through the reservoirs, which would
change the medium automatically, remove possible waste from the chamber and
keep the nutrient’s concentration as constant as possible if not completely stable in
time. Doing so practically will be a challenge, but it is the natural progression of
the original design because it lessens drastically the need for a human interference
with the chip and automates the operation. We know that the velocity of interstitial
flow is circa between 0.1-1um/s[11] = 5x107¥m3 /s (found by multiplying 1pm/s
for the cross-sectional area of the inlet A; = 0.25mmx2mm) so to have an efficient
diffusion through the tissue the chosen flow rates will need to be a lot higher than
this value. We introduce a Laminar Flow physics inside of each reservoir, parallel
to the face where we have the holes/membrane as shown in Figure 4.1. By doing
so COMSOL will solve the Stokes equation (2.4) coupled with both diffusion and
convection from the diffusion equation (2.1).

Figure 4.1: Depiction of the flow direction in the bottom plate.
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4 — Dynamic simulations

We have a stationary study that resolves for the Laminar Flow physics and then
a time-dependent Transport of Diluted Species study. The latter is now the one
that includes convection, which takes its velocity field from the former study. As
before we have kept into account that through the membrane there needs to be
no convection, but only diffusion, same as for the tissue. Up to this point we had
been using physics-controlled fine mesh, but from now on we had to use a user-
controlled mesh to account for some artifacts and to help the simulation converge
and solve in less time. For the time-dependent analysis we have extended the time
frame to 8 days to better observe the stabilization of the average concentration in
the tissue after the one-week mark. Whether we have 1 or 5 plates, each inlet was
simulated to have the same flow rate and our goal was to find the correct one that
utilised the convection to its advantage. After some tentative values we have found
the following ones to be the most effective and we will now display them for each
design.

4.1 1 plate design

The designs used are the same as in Figure 3.4. From this section on we decided
to leave the cutlines plots behind, since for our purpose they became less relevant.
We will now be observing mainly average concentration in the tissue and cutplanes
plot of the surface concentration. Also you will see that our interest will shift
more towards the membrane design since we have been proving that it is mostly
equivalent to the holes one and it is what we will be working with in practice, so it
is more important to get more specific and quantitative results.

4.1.1 Holes design

Here the mesh was set as normal everywhere, but fine in the holes to have a better
result. During growth the best value we found for the inlet flow rate into the
bottom plate was 2.1uL/min and, as we can see in Figure 4.2, with this flow rate
the concentration inside of the tissue remains more or less the same throughout
the days after a very quick fall within the first day. It is not a perfectly constant
plateau, but it was our closest result.

During maturation we observed that keeping the same flow rate gives again a good
constant behaviour towards the end of a week (Figure 4.3), but the initial slope is
less steep and the final average concentration is slightly lower than during growth,
as previously detected in the 1 plate design. It is to be expected that the slope is
gentler because there is less medium to help with the homogenization of the con-
centration throughout the tissue. Increasing the inlet flow rate would just increase
the average concentration at constant value by a very small amount and not help
with the overall operation, so saving some medium seems like the best option.
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4.1 — 1 plate design

Holes, 1 plate design with flow rate = 3.5e-11 m/s
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Figure 4.2: Average concentration in the organoid in the 1 plate holes design with
flow rate = 3.5x107 "' m3 /s = 2.1uL/min.
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Figure 4.3: Average concentration in the organoid in the 1 plate holes design with
flow rate = 3.5x107"'m?/s = 2.1uL/min during maturation.

4.1.2 Membrane design

This design was subject to a lot of mesh artifacts so the mesh was changed to
fine in the membrane, normal in the tissue and coarse in the rest of the structure.
Moreover we took more points for the time-dependent analysis in the initial part
of the simulation because the deep slope in the average concentration was more
difficult to detect properly. During growth the design requires twice the flow rate,
4.2pL/min, than before. However the resulting concentration at the end is quite
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Figure 4.4: Average concentration in the tissue and cutplane of surface concentra-
tion after 8 days in the 1 plate membrane design with flow rate = 7x10""m3 /s =
4.2pL /min.

high (Figure 4.4a), which gives hope for this design. If we take a cut-plane in the
middle of the tissue as we already did in Figure 3.9a we can observe, after more
than a week, how the center of the organoid appears less nourished (Figure 4.4b).
In the simulation we just assumed the tissue to be close to the walls, which gives a
slightly lower concentration in the fluid at the top, but even if there was more space
at the edges for the medium to refurbish everywhere, the situation would be pretty
similar. A more realistic approach will be taken further down in the analysis, while
this still stands as a valuable result on its own. Obviously we can see here how a
bigger tissue could impact significantly the concentration gradient all over, however
some suggestions to combat this will be shown later.

During maturation the same flow rate was used, as it proved itself to be good
enough and the results in Figure 4.5a were really nice, even though there is a slower
pleateau and an overall lower average concentration value as expected. Differently
from the growth phase, during maturation the membrane design has a lower average
concentration than the holes design. It may be that having a higher flow rate in
the plate, the membrane is able to let through less nutrients, which are more easily
transported away by the flow. So, whereas with the medium all around the nutrients
are more likely to feed the tissue, when it is just a thin layer it is not the same.
The cutplane in Figure 4.5b now shows another problem of the maturation phase:
not only is the core less fed, but also the top of the tissue shows a particularly
lower value of concentration than the rest. The gradient here is far more clear and
justifies the inferior value of average concentration.
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(a) Average concentration in the organoid. (b) Concentration along the xz-cutplane.

Figure 4.5: Average concentration in the tissue and cutplane of surface concentra-
tion after 8 days in the 1 plate membrane design with flow rate = 7x10""m3 /s =
4.2uL/min during maturation.

4.2 5 plates design

These simulation were quite complex and elicited the need for a mesh adjustment:
defining a user-controlled mesh with coarser medium and holes/membrane, extra
coarse tissue and the rest extremely coarse allowed the simulations to run for a
shorter time.

Figure 4.6: Depiction of the flow direction in the side walls.

In these structures each of the side walls has an inlet on the bottom and an outlet at
the top, as seen in Figure 4.6, which makes it a very complicated design to reproduce
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practically. However we were particularly interested in seeing how it would work
and decided to go on with simulating it anyway. Obviously we still have the same
flow in the bottom plate as it was in Figure 4.1. Each inlet will have the same flow
rate for simplicity’s sake and as we will see the flow rates have increased an order
of magnitude because now there is a more complex diffusion-convection coupling

4.2.1 Holes design

Holes, 5 plate complete design with flow rate = 4.5e-10 m®/s
T
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Figure 4.7: Average concentration in the organoid in the 5 plates holes design with
flow rate = 4.5x1071%m? /s = 27.0uL/min.

It was extremely difficult to get a constant behaviour of average concentration
going through the days, but for the growth stage the value of flow rate we ended up
choosing was 27.0uL/min. Looking at the average concentration in Figure 4.7 we
can notice that, even if it is not as stable as we would like, the variation in value is
extremely small. Because of this we can accept this result as it was found to not
be a mesh artifact. To be thorough we decided to investigate how the trend was
after 2 months and the result is a quite unstable behaviour but overall the values
of concentration is kept high enough for the tissue to survive that long.

The same can be said for the maturation phase: with the aforementioned flow rate
the average concentration in Figure 4.8 does not reach a steady state in time, but
the values remain in an acceptable interval and it seems better than the growth
stage in terms of linearity.
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Figure 4.8: Average concentration in the organoid in the 5 plates holes design with
flow rate = 4.5x107%m3 /s = 27.0uL/min during maturation.

4.2.2 Membrane design
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Figure 4.9: Average concentration in the tissue and cutplane of surface concentra-
tion after 8 days in the 5 plates membrane design with flow rate = 5x107%m3/s =
300.04L/min.

This design works a lot better than the holes design, but as for the 1 plate ones it
requires a higher inlet flow rate. This has to be taken into account when considering
the medium usage per minute and its cost, since the flow rate found for both growth
and maturation is 300.0p¢L/min. During growth we get a good result in Figure 4.9a
since the behaviour, even if slightly decreasing, is still varying between very close
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number and especially with this design it is no longer unstable. Also looking at
the cut plane in Figure 4.9b we get a sense of the concentration gradient in the
tissue, which, differently from the 1 plate design in Figure 4.4b, has higher core
concentration: this is mainly due to the support from the side walls which supply

more nutrients. However the average concentration is more or less the same.
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Figure 4.10: Average concentration in the tissue and cutplane of surface concentra-
tion after 8 days in the 5 plates membrane design with flow rate = 5x107%m3/s =
300.0pL/min during maturation.

During maturation the curve in Figure 4.10a falls faster however that was the best
we could get since it will still work well for a long time. From the cross section in
Figure 4.10b we can see that the core has a slightly lower concentration, but the
side walls help greatly with keeping it higher than what we previously observed in
this phase (see Figure 4.5b) and this also stands for the concentration at the top
of the tissue. So the main advantages of this complicated design come during the
maturation stage, rather than in growth, where the medium can very well supply
the tissue on his own.

4.3 Study on the porosity of the membrane

Our goal in this section was to see if playing with the porosity of the membrane we
were able to use this design with the same flow rates as for the holes design. The
purpose of this was to see if we managed to save medium since the membrane design
requires more fluid and could possibly be more expensive in the long term. The
results were not as promising as we expected, because there is more to consider.
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4.3 — Study on the porosity of the membrane

4.3.1 1 plate design

We aim at finding the porosity to obtain constant average concentration with a
flow rate of 2.1uL/min at the inlet. Despite our best effort we were not able to
find a suitable value for the growth phase and whatever we chose the curve did not
change much with respect to this with the original 47.8% (seen in Figure 4.11a).
This is probably because the bottom plate has to replenish both the tissue and the
whole column of medium, which makes this flow rate is too low.

Membrane, 1 plate design with flow rate =3.5e-11 m%s Membrane, 1 plate design during maturation with flow rate =3.5e-11 m%/s
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(a) Growth phase. (b) Maturation phase.

Figure 4.11: Average concentration in the organoid in the 1 plate membrane design
with flow rate = 2.1x107"%m3/s = 2.1uL/min in growth and maturation phase
with porosity 47.8%.

During maturation instead we found that this flow rate was good enough even with
the original porosity value, as we can see from the nice plateau in Figure 4.11b.
In this case the reservoir only has to refurbish with nutrients the tissue and a thin
layer of medium, which is why this flow rate is enough.

4.3.2 5 plates design

The objective here is finding the best porosity to get a constant average concen-
tration with the inlets’ flow rate equal to 27.0uL/min. If we look at the average
concentration during growth with the usual porosity (Figure 4.12a) it has a clear
downwards slope that we want to prevent. Increasing the porosity more only im-
proves the concentration value overall it but it does not change the slope. With
70% porosity (Figure 4.12b) it seems good enough to withstand for longer periods
of time, especially since even in Figure 4.9a it was not perfectly constant. This
works better probably because we have more walls to help replenish both the tissue
and the whole medium volume.
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Smaller membrane, 5 plate complete design with flow rate = 4.5e-10 m%s Smaller membrane, 5 plate complete design with flow rate = 4.5e-10 m%/s
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Figure 4.12: Average concentration in the organoid in the 5 plates membrane design
with flow rate = 4.5x107m? /s = 27.0uL/min with two values of porosity.
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Figure 4.13: Average concentration in the organoid in the 5 plates membrane design

with flow rate = 4.5x107%m3 /s = 27.0uL/min with porosity 70% during matura-
tion.

And as expected also during maturation these values work well enough for us (Fig-
ure 4.13) as they did in the 1 plate design and for the same reasons.
As a conclusion, this analysis was done mainly to see which parameter we were able
to tweak and what would the results be, especially since practically it was still not
clear what membrane porosity we would be working with. This demonstrates that
any choice can be tailored to the needs and the resources at ones disposal and that
there is no one way to approach these designs.
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4.4 — Concentration analysis

4.4 Concentration analysis

Since our main objective will be fabricating membrane systems, we decided to
better investigate the right value for the inlet flow rate in this setup. This was
found analyzing the average concentration of the tissue after each day in a week
to observe when it would plateau. By doing so we would be seeing what is the
lowest possible flow rate with which we can get a high enough value of average
concentration that would the be more or less constant from then on. This means
that using any flow rate value over this hypothetical one is wasteful because the
concentration value will not change significantly. We have observed that the faster
in the week that we want to reach this ideal concentration value, the higher is the
flow rate needed. Here we will now show the results of these concentration analyses
only considering the seventh day, which as we saw in previous sections is a good
time frame to get a constant behaviour. Because we expect to use the device for
long periods of time, waiting for a week for the concentration to stabilise is good
enough with the prospect of saving medium.

4.4.1 1 plate design
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Figure 4.14: Average concentration in the organoid in the 1 plate membrane design

as a function of inlet flow rate after 7 days.

We can note in Figure 4.14 that during growth in the course of a week a good
plateau is reached starting from 3x107"m?3/s or 1.8uL/min, so our previous find
of 4.2u1./min was obviously good, but not as optimised from a waste point of view.
During maturation the constant behaviour is not easily observed in Figure 4.15,
but it is important to note that the values of concentration are so close here that
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Figure 4.15: Average concentration in the organoid in the 1 plate membrane design
as a function of inlet flow rate after 7 days during maturation.

we can determine that since 3x 107 m3/s or 1.8uL/min any value is good enough,
as in fact we saw previously.

4.4.2 5 plates design

Let us remind you that now we are using a 70% membrane porosity to better
compare our results and honour our previous analysis.
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Figure 4.16: Average concentration in the organoid in the 5 plates membrane design
as a function of inlets flow rate after 7 days.
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During growth, as expected, it is not as constant as we would like it to be. How-
ever the variation has become quite small as we can see in Figure 4.16, especially
after 4x1071%m? /s or 24.0uL/min which means that anything above that would be
superfluous.
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Figure 4.17: Average concentration in the organoid in the 5 plates membrane design

as a function of inlets flow rate after 7 days during maturation.

During maturation the variations in concentration value are truly minimal (see
Figure 4.17), so we could basically accept any value. Anyway for precision’s sake
we can say that above 3-4x107%m? /s or 18.0-24.0uL/min we are in the best cases.

4.5 Needle and tubing simulations

Lastly we wanted to go back to a more realistic approach and explore ways to im-
prove the 1 plate systems without introducing new reservoirs. Our tissue will be in
a chamber apt for its growth, first we study it in growth phase and then matura-
tion phase and look for ways to support it with nutrients up to its core. The tissue
was now enlarged to a 3mm diameter sphere in order to challenge our model and
see how such a small difference can impact the results that were previously very
promising. The mesh is normal on the membrane, coarse in the tissue and coarser
in the rest of the design.

We still have flow in the bottom plate, but we will be now introducing a tubing or
needle system that will inject more diluted particles either in the medium environ-
ment or directly inside of the organoid. The size of these inputs has been simulated
as that of a normal 30 gauge insulin needle, which means a diameter of 0.3mm,
since it was the best choice for our small organoids. This model is equivalent to
a tubing system where the liquid is pushed inside the same as a needle, so we
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will use the two terms, "tubing" and "needle", interchangeably to describe the de-
sign. The membrane porosity was brought back to our original value of 47.8% and
initially the concentration in the needle was set as the usual 28 millimolars for uni-
formity. For the needle simulation a realistic input flow rate is around 0.1mL/s[12]
or 1x107%m?/s for COMSOL or 60000uL/min.

Figure 4.18: Plot of the chosen xz-cutplane at y = 0.
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Figure 4.19: Average concentration in the tissue and cutplane after 8 days in the
lateral perfusion design with plate flow rate = 3.5x107"'m?/s = 2.1uL/min and
needle flow rate = 1x107°m?®/s = 60000xL/min.

For the growth stage we will be employing the previous parameters and the bottom
plate flow rate will be taken from the minimum value found before: 2.1uL/min.
Taking the cutplane in Figure 4.18, we can note that the tubing was put at half
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the height of the tissue for the time being, but it was not that relevant. Also a
zero pressure outlet was designed on the other side to have an exit for the medium
without having to go through the membrane, keeping it at zero convection. As a
result we get a high and perfectly constant average concentration as well as a very
high core concentration as we can see in Figure 4.19. If we compare it with the
cut plane of the previous, and smaller, tissue without tubing in Figure 4.4b, we
can observe how the tubing greatly helps the design: in fact the core concentration
is quite high even if the organoid is bigger, which is exactly our goal. However
differently from what we observed in paper [6], we found that more input channels
were not helping the diffusion to the core, probably because in the paper they did
not have the help from the lower plate which is much more impressive. For this
reason we limited ourselves to only one inlet, which was actually even easier to
fabricate.
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Figure 4.20: Cutplane concentration after 8 days with plate flow rate = 3.5x1071!
m?/s = 2.1uL/min and no needle flow rate during maturation.

However in the maturation phase, instead of pushing nutrients in the environment,
since the medium is not enough, we will be puncturing the tissue with a needle and
directly feeding it from the inside. The simulation does not take into consideration
the space taken by the needle, but models it as a simple input with a diluted species
inflow and a liquid medium inlet. The only outlet here is the one in the bottom
plate, which is extremely relevant. A crucial parameter is the height at which we will
insert the needle especially with this organoid size. As we can see from the cutplane
in Figure 4.20, the top of the organoid would be completely devoid of nutrients if we
cannot manage to help with the injection. The negative concentration is of course
non-physical, but purely mathematical: this means the organoid would die way
before the eighth day due to lack of nutrients. Here the stark difference between
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a 2 and 3 millimeters tissue is clear and it is why investigating a bigger one was
necessary to actually tackle the problem.

Membrane, 1 plate design during maturation with flow rate =3.5e-11 m*/s Time=6.912E5 s Surface: Concentration (mel/m?)
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Figure 4.21: Average concentration in the tissue and cutplane after 8 days in the
top needle design with plate flow rate = 3.5x107"'m?®/s = 2.1uL./min and needle
flow rate = 1x107%m?/s = 60000xL/min injected at z = 1.41.

When we actually push nutrients in from a needle inserted from the top, the liquid
has no output, other than the one in the bottom plate. For this reason it will be
forced to go through the membrane, having to solve the Navier-Stokes equation con-
sidering also convection in it. When dealing with convection in a porous medium,
we have to take into account the Darcy number which helps including a damping
factor in the flow velocity. So in the simulation we had to add the membrane do-
main to the Laminar Flow solution and couple it with the Transport of Diluted
Species through the convection velocity solved in the former study. By doing so we
will introduce a volume force in the membrane domain described as F = —a - u.
The parameter a can be found through the Darcy number, which represents the
relation between the permeability of the medium and its cross-sectional area. This
Darcy number can be defined as

Da = "

-1 (4.1)

where 7 is the dynamic viscosity of the fluid and L is the characteristic length of the
system. In our design we use the viscosity of water, 1 mPa-s, and the characteristic
length is the thickness of the membrane, 10 ym. The Darcy number can be assumed
to be 107%[13] and as a result the factor « is found to be 10" kg/m?-s and introduced
in the simulation. After we had introduced this element to the simulation we did
not observe visible changes, however at the time we failed to notice it and we forgot
to include this volume force inside of the tissue as well. We later found that the

66



4.5 — Needle and tubing simulations

permeability () of brain tissue is on the scale of 107'%m?[14], which with a tissue
of 3mm of diameter gives a Darcy number of

Da=X

~ 1071 (4.2)
which characterises a semi-pervious material. In the future it would be necessary
to include this analysis and it could also improve the results since a convection in
the tissue should move the nutrients faster than simple diffusion, so for now keep
this in the back of your mind. The mesh here was pushed to coarse everywhere,
but normal in the tissue and fine in the membrane to help compute the volume
force. If we insert the needle in the middle, as shown in Figure 4.21b, we would
not be helping with the top concentration as much as we would need and therefore

the overall average concentration (Figure 4.21a) is quite low.

Membrane, 1 plate design during maturation with flow rate =3.5e-11 m%/s Time=6.912E5 s
T T T T T

Surface: Concentration (molim?)
mm T T T

centration (mol/m®)

9
-
@

Average con
-
&

2.8F
2.6
241
2.2
2k
1.8F
1.6
14
1.2
1k
0.8
0.6
0.4
0.2
ol
0.2

N E

. . N N I
0 1 2 3 4 5 6 7 x10°
Time (s}

n n n ! n L
-1.5 4. -0.5 0 0.5 1 1.5 mm

(a) Average concentration in the organoid. (b) Concentration along the xz-cutplane.

Figure 4.22: Average concentration in the tissue and cutplane after 8 days in the
top needle design with plate flow rate = 3.5x10""m?/s = 2.1uL/min and needle
flow rate = 1x107%m3/s = 60000uL/min injected at z = 1.41.
concentration = 40 millimolar.

Needle inflow

If we increase the needle flow rate nothing changes, but if we arbitrarily increase the
concentration of dilute species in the needle from 28 to 40 millimolar we get some
better results. By looking at Figure 4.22, the average concentration has slightly
increased to a better value as expected, however the problem of the concentration
on the upper part of the tissue remains.

To solve it we can try inserting the needle more towards the top of the organoid and
let the diffusion do the rest. The coordinate z = 2.1 was found to be the best height
because it left some space around the needle to let diffusion help with homogeniz-
ing the concentration. Here the concentration was put back to 28 millimolar and
comparing it with the previous one (Figure 4.21) we can see the slight improvement
in both average concentration and concentration distribution in Figure 4.23. With
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Figure 4.23: Average concentration in the tissue and cutplane after 8 days in the
top needle design with plate flow rate = 3.5x10""m3 /s = 2.1uL/min and needle

flow rate = 1x107%m3/s = 60000xL/min injected at z = 2.1.

this configuration the core will have lower concentration of nutrients, but

the tissue will be more likely to survive.
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Figure 4.24: Average concentration in the tissue and cutplane after 8 days in the
top needle design with plate flow rate = 3.5x107"'m?®/s = 2.1yL./min and needle
flow rate = 1x107%m?3/s = 60000uL/min injected at z = 2.1. Needle inflow con-
centration = 40 millimolar.

If we increase again the needle nutrients’ inflow to 40 millimolar obviously the
situation improves even more (Figure 4.24). Consequently it depends on what the
research requires, either high average concentration or core concentration. Also
since we are dealing with millimeters dimensions it is relevant to note that the

68



4.6 — Bottom plate channel

precision needed for a manual insertion of the needle is quite high, so we will never
be sure how far we are inserting the needle unless we take the necessary precautions.
As a last experiment on the matter we decided to see what would happen in the
growth phase if we combined tubing and the needle insertion and if we could help
the inner concentration even more. The needle inflow rate is still 600004L/min and
the diluted species’ concentration is 28 millimolar in both the lateral and the top
needle.
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(a) Average concentration in the organoid. (b) Concentration along the xz-cutplane.

Figure 4.25: Average concentration in the tissue and cutplane after 8 days in the lat-
eral perfusion and top inserted needle design with plate flow rate = 3.5x 107 'm?3 /s
= 2.1uL/min and needle flow rate = 1x107%m?3/s = 60000uL/min injected at
z=2.1.

If we leave the needle input at the height of z = 2.1 we observe how the average
concentration has trivially improved, benefiting from the new nutrients input, but
the core still has the same concentration (Figure 4.26). This is because due to the
presence of the medium all over the organoid the sides are well fed and the only
issue is the middle. For this reason in this case a better design would have the
needle more towards the center of the tissue at z = 1.41.

In fact if we do so we can observe how both the average concentration and the core
concentration improve (see Figure 4.26), compared to the previous design without
the needle in Figure 4.19b. Again a case can be made for increasing the nutrients
concentration in the needle, but as for the previous analysis, by doing so the overall
concentration would increase but there would be nothing more to note.

4.6 Bottom plate channel

As a final simulation we decided to investigate a possible design for the bottom plate
flow, more specifically in the case where in the future we would be growing more
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(a) Average concentration in the organoid. (b) Concentration along the xz-cutplane.

Figure 4.26: Average concentration in the tissue and cutplane after 8 days in the lat-
eral perfusion and top inserted needle design with plate flow rate = 3.5x107'm3 /s
= 2.1uL/min and needle flow rate = 1x107%m?/s = 60000uL/min at 2 = 1.41.
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Figure 4.27: Velocity streamlines in the bottom plate channel in a 2D simulation
with shallow channel approximation.

than one sample at a time. This was initially done as a 2D simulation with shallow
channel approximation to test the equipartition of the flow in the big chamber, as
we show in Figure 4.27. Aiming for uniformity and no vortices we finally chose this
design with a fully developed flow at the inlet with flow rate 4.2uL/min. As we
can see from the streamlines and the colour map the inlet flow rate is firstly halved
and secondly halved once more. By doing so at each channel separation both parts
would be fed an equal and well distributed amount of flow, and as a result so would
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4.6 — Bottom plate channel

be the main chamber.

z

.

Figure 4.28: Lateral view of the bottom plate channel in a 3D simulation which
shows the three layers: channel, membrane and tissue.

Now moving the design to a 3D simulation we will be studying how multiple tissues
will behave in this same chamber, while sharing the nutrients source, and the
best way to allocate them. The parameters that have been used are the same:
initial 28 millimolar of nutrients all over; 47.8% of porosity in the membrane and
20% in the organoid; inlet flow rate is 4.2ul/min; for the reaction rate of the
nutrients’ consumption we used the growth one which is -3.2407x10~*mol/(m?-s).
The simulation was done for the duration of 1 day. The system has been simplified
to act as an initial analysis in order to understand the basic concepts of this design
and to investigate its simplest form. As we can see in Figure 4.28 the bottom part
is the channel, the second layer is the membrane and the third one is a slice of
tissue. We will now show some of the configurations we have simulated and the
conclusions we drew from them.

4.6.1 First configuration

In our first design we chose a simple case of four organoids that need to be positioned
in the chamber. The first configuration we chose was the obvious one in Figure
4.29a. As we can see from the simulation in Figure 4.29b the biggest problem we
are going to face is what we will call a “shadowing effect”, where slices directly
behind others in the nutrients’ flow will receive less due to the first ones consuming
them beforehand. From the probe plot in Figure 4.30 we can clearly see how tissues
2 and 4 lack some nutrients, even if for a small amount. Another nice result is that
we can observe how after not even a day the concentration settles on a constant
value, like we have previously found in the other membrane simulations.
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(a) First tissue configuration geometry in the
bottom channel. (b) Concentration along the model’s surface.

Figure 4.29: Geometry and surface concentration of the first tissue configuration
with 4 slices.
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Figure 4.30: Average concentration in each of the 4 slices in the first configuration.

4.6.2 Second configuration

To solve this problem we have to look for a tissue display that prevents the shad-
owing effect and with four slices it is quite easy. Our solution was to dispose them
on a line as shown in Figure 4.31a so that no organoid was behind another and
we can see that they all get the same average concentration in Figure 4.32. This
solution is trivial and more difficult to achieve when the organoids become too big
or we want to study more at once. This is why we decided to investigate also a
more challenging situation with 9 tissue slices, where allocating them on a line was
not possible.
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(a) Second tissue configuration geometry in
the bottom channel. (b) Concentration along the model’s surface.

Figure 4.31: Geometry and surface concentration of the second tissue configuration
with 4 slices.
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Figure 4.32: Average concentration in each of the 4 slices in the second configura-
tion.

4.6.3 Third configuration

If we display the organoids as shown in Figure 4.33a the shadowing effect is easier
to see and more prominent for the last column of organoids with respect to the
second one (see Figure 4.34b). The difference is still small, but we can certainly
improve the result still.
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(a) Third tissue configuration geometry in
the bottom channel. (b) Concentration along the model’s surface.

Figure 4.33: Geometry and surface concentration of the third tissue configuration
with 9 slices.
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Figure 4.34: Average concentration and zoom of the plot in each of the 9 slices in
the third configuration.

4.6.4 Fourth configuration

Here in Figure 4.35a a solution was proposed that would minimise the shadowing
effect, while still leaving enough space for each slice. We can analyse the system
from the probe plot and, more specifically, the zoom in on such plot (Figure 4.36b).
Tissues directly in front of the inlet, like 1 and 4, have the highest concentration
and generally the closer to the center of the channel you are, like organoids in the
second row (4, 5 and 6), the higher the concentration is with respect to the other
rows. In fact putting both these observations together we can see that tissue 4 is
the one with highest average concentration. Overall this design is good enough for
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Figure 4.35: Geometry and surface concentration of the fourth tissue configuration
with 9 slices.

28T T T T 7 T T T T T

—— Tissue 1 27.938 — Tissue 1 | ]

2R9R — Tissue 2 | ] — Tissue 2

— Tissue 3 — Tissue 3
27.99 K
— Tissue 4 27,937 — Tissue 4 | |
27.985 — Tissue 5 |7 — Tissue 5
— Tissue 6 — Tissue 6
27.98 A fus 4

— Tissue 7 27938, — Tissue 7
27.975 — Tissue 8 | — Tissue 8

— Tissue 9 — Tissue 9
27.97- b

27.935

27.965 =

27.96 4 27.934F

Concentration (molfm?)
Concentration (mol/m?)

27.955 A

27.933
27.95- =

27.945 b
27.932
27.94F A

27.935 k_ — 27.0311

L L 1 | . L L I I L . I
] 20000 40000 60000 80000 56800 57000 57200 57400 57600 57800 58000 58200
Time (s} Time (s)

(a) Average concentration in each slice. (b) Zoom on the average concentration.

Figure 4.36: Average concentration and zoom of the plot in each of the 9 slices in
the fourth configuration.

a generally well working chip, we would just have to make sure that the organoids
do not overlap as much as possible in the flow stream to get the best out of the
nutrients delivery.

4.7 Simulations summary

This concludes our simulation chapter, where we have discovered that we are able to
replicate the original paper’s design with a membrane that will deliver nutrients to
the tissue through diffusion. Any design with flow in the plates will be more effective
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than a static one in the long term, because it will require less manual medium
change since the average concentration becomes more or less constant, leading to
less possible damage the chip and the organoid itself. A 5-plates design would be
great for the organoid since it would provide more nutrients and reach more areas
of the tissue, battling the problem of core necrosis. However to be more realistic
for the time we have for this thesis, we have found that using needles and lateral
tubing is also a good solution, while being less heavy from the fabrication point of
view as well. The design for the bottom plate will be used for our models since it
works well enough as it is, but as we showed it could be taken into consideration
even for future, more complex, developments.
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Fabrication tests
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Chapter 5
Laser ablation

In this part we will be discussing our steps to creating the designs that have been
simulated up to now. At first in this chapter we will show how we fabricated the
bottom plate channel with a COy Desktop Laser Cutter, which will then be closed
with the membrane and double sided tape. We will then describe how we modelled
and built the top chamber with a filament 3D printer. The assembly will be better
discussed later, but we have to make sure to align the two systems at the inlet, at
the outlet and at the window for the chamber.

Figure 5.1: AEON MIRA5 COs Desktop Laser Cutting Machine.

To start we designed an initial model for the bottom channel on Fusion 360 to get
an idea of the dimensions and then recreated it in RDWorks V8 as shown in Figure
5.2. The software is connected to an AEON MIRA5 COy Desktop Laser Cutting
Machine, shown in Figure 5.1, that follows the exact design using the settings
we define. Before delving into the final bottom plate design and fabrication we
conducted a test to define which parameters suited our goals best. Keep in mind
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Figure 5.2: Bottom channel model recreated in RDWorks V8 to carve with the
laser cutter on the PMMA.

that we want a channel that is approximately 0.5mm deep, so that it is closer
to our simulations value, while still being relatively easy to fabricate. The main
parameters we played with were laser power, cutting speed and how many times
we went over the same spots.

i1 |mmn’ mm“\-\\||m’||nw\\'|-||-||||u\‘mmm\nnum‘m||uu|
9 [ 4 £ 4 | 0

(a) Laser cutter tests on PMMA divided (b) Zoom on the laser cutter tests on the
in six sectors. second sector.

Figure 5.3: Image of the PMMA piece over which we conducted some characteri-
sation tests with the laser cutter.
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In Figure 5.3a we can see 6 numbered sections that have been separated to better
keep track of the settings changes. Each column has a different power setting, while
the two rows have a different speed and it is summarised in the following table for
an easier understanding.

’ H Power: 10% \ Power: 12.5% \ Power: 15% ‘

Speed: 30 mm/s Section 1 Section 5 Section 3
Speed: 50 mm/s Section 2 Section 6 Section 4

Table 5.1: Laser power and speed settings for each section of the test PMMA piece.

Each section has been cut with the same designs for better comparison, aside for
some small additions like the full channels done in sections 6 and 2. Looking at
Figure 5.3b we can see on the top left a 5mm x5mm square done by raster scanning;
next to it are six Imm long lines where progressively we cut one more time with the
laser up to six times; next to them we repeated the process with S5mm long lines;
below the square we have 3 rotated "T" structures scanned increasingly 1, 2 and 3
times; finally on the edge we scanned a 10mm line to observe the cross section to
get an initial idea of which setting was closer to giving us the needed depth. After
doing so we used a Dektak 150 profilometer to characterise the cuts and choose
which settings were more useful for our design.
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5.1 Stylus profilometer characterisation
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Figure 5.5: Geometry of the stylus tip and how this geometry affects the measure-
ment accuracy depending on the shape of the structure we are studying.

In Figure 5.4 we can observe the machine we used to study our test pieces, with the
center stage and the stylus tower. The stylus itself can be seen in Figure 5.5, which
comes from the Dektak 150 manual provided by DTU. It has a radius of 5um and a
standard force of 3.00 mg, which was good enough for us not to scratch the PMMA.
We made standard scans with the maximum vertical range of 1000um, which gives
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5.1 — Stylus profilometer characterisation

a vertical resolution of ideally 160 A, however due to the vibrational noise of the
stylus it is definitely worse. The machine was then calibrated and we began our
analysis which will be summarised in the following sections. Keep in mind that we
were not able to study the cross section of the Imm lines in the different sectors
because the aspect ratio between depth and width is greater than 1. So when we
scanned perpendicularly to the line the geometry of the stylus did not fit correctly,
due to the incompatibility of the structures that can be seen in Figure 5.5 image
c, and the measurement was then inconsequential.

5.1.1 5 millimiters long lines

ke

e

(a) Cut one time. (b) Cut six times.

Figure 5.6: Image of the surface of the PMMA piece in section 2. The dark and
pointy tip of the Dektak stylus can be seen on the left, the untouched surface is
the yellow /brown part and on the right there is the beginning of the 5 millimiters
lines cut respectively one and six times.

The 5mm long lines were studied to observe how much a line would blow out each
time we passed on it. This analysis is completely qualitative, due to the stylus not
fitting transversally in the line as previously stated, so we can only compare the
camera images and use the red marker as a reference. First we can observe the
results of the least damaging settings of section 2 (10% power and 50mm/s writing
speed) in Figure 5.6, which is a view of the PMMA surface from the top: the dark
pointy object on the left is the Dektak stylus, the black line on the right is the
beginning of our 5mm line and the yellow and brown background is the untouched
surface of the acrylic. We can see that the red cursor has 10 lines, so we can say
that the line that has been cut 1 time is approximately 10% smaller than the one
cut six times.

Secondly in Figure 5.7 we can see the lines of section one (10% power and 30mm /s
writing speed) and since it is slower the blowout is bigger. In this case the line cut
six times is more or less 20% bigger than the line cut only once, and also it has a
bigger affected area around it that caused tapering.
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(a) Cut one time. (b) Cut six times.

Figure 5.7: Image of the surface of the PMMA piece in section 1. The dark and
pointy tip of the Dektak stylus can be seen on the left, the untouched surface is
the yellow/brown part and on the right there is the beginning of the 5 millimiters
lines cut respectively one and six times.
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(a) 12.5% power. (b) 15% power.

Figure 5.8: Image of the surface of the PMMA piece in section 5 and 3 respectively.
The dark and pointy tip of the Dektak stylus can be seen on the left, the untouched
surface is the yellow/brown part and on the right there is the beginning of the 5
millimiters lines cut six times.

Finally to compare the worst case scenarios we can observe in Figure 5.8 the 5mm
lines cut six times in sectors 5 and 3 (12.5% and 15% power respectively and 30mm/s
writing speed). As expected the situation gets worse with the power increasing and
still having the slowest writing speed, as the lines no longer have a uniform and
straight blow out. Approximately, compared to the line done with 12.5% power,
the one done with 10% power in Figure 5.7b is 30% smaller; while compared to the
one done with 15% power it is 40% smaller. This kind of precision is not our first
priority, but it was relevant to see how power and speed affect the line profile.
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5.1.2 Rotated "T" structures

1 mm

4 mm

Figure 5.9: "T" structures geometry and scan directions: on the left we have what
we will call the "A" direction and on the right the "B" direction, both from beginning
to end of the channel.

These structures had been created by raster scan and were interesting to see how
an intersection was treated by the laser and get an initial idea of how our 1mm
channels would come out.
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Figure 5.10: Cross section of the channel measured along direction A in the "T"
structure in section 1, depth = 668.0um.
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Figure 5.11: Cross section of the channel measured along direction B in the "T"
structure in section 1, depth = 532.8um.

We tried measuring the cross section of the channels in the A and B directions shown
in Figure 5.9 and the outcome is shown in Figures 5.10 and 5.11 respectively. In
both cases we can observe how the plastic piled up before the edge and is more
carved right after the edge: this is due to the melting and consequent cooling of
the PMMA close to the area impinged by the laser. Moreover it was impossible to
get a good rendition of the second edge, because we get an unexplained artifact of
the stylus dragging on the edge, which we are not sure is to blame entirely on the
geometry incompatibility explained earlier for the Imm and 5mm lines. As a result
it is impossible for us to determine if the channels have the expected width and
length. The depths appear to be different, but it might just be that in the second
case we encounter more roughness that makes the analysis more complicated.
From Figures 5.12 and 5.13, studying the A scanning direction of the first and
the second "T" structures in sector 2 respectively, we can see how cutting twice
makes the channel too deep for our needs, so we will not be considering this avenue
anymore when cutting the final channel. For this reason the third "T" structure that
had been cut was not even measured because it is out of our needs and sometimes
cut through the PMMA piece, making it unsafe to measure it with the Dektak.
Another interesting analysis comes from qualitatively observing how the intersec-
tion is cut and how well it is represented using different writing speeds. As expected
when we write slower (Figure 5.14a) the acrilic melts more and we can observe bub-
bles and rounder lines, compared to when we cut faster with the same power (Figure
5.14b). This is in accordance with the 5 millimeters lines we studied previously.
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Figure 5.12: Cross section of the channel measured along direction A in the first
"T" structure in section 2, depth = 417.1um.

Ea ParEmeten

Data XY Chart

Parameter Yalue
Scan Type Standard Scan R
hir} i
Stylus Radus: S pm
Location 112430 um, 26077.0 0.00000
Length 1500.0 um
Duration 15 sec
Resolution 0,333 umfsample
Force 3.00 mg ~100.00000
Measurement Range 1000 um
Profils Valleys
Display Range Auto -200.00000
R. Cursor Pos: 443.3 um Width:
M, Cursor Fos: 722,3 um Width:
1 +-300.00000
Function |RPos | Rwidth | Mpos -400.00000 =
-500.00000
-600.00000
H +-700.00000
1 * -800.00000
0.0 375.0 7500 1125.0 500.0
| — | Micrometar
atchi List
A R. Cursor Lﬁendi A
;U”EUU” | ‘1‘2‘1\134431 | ’V 0.06519 um  Pos um  Width um ‘ Raw
a i um
Rq 16590080 um
AsH -744,34821 um M. Cursor 4 F E>
Rt o éth
Horizontal Distance | 706.3um SniEaat i Box | : i R V| M
Vertical Distance -747,59330 um

Figure 5.13: First edge of the channel measured along direction A in the second
"T" structure in section 2, depth = 747.6um.
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(a) Section 1. (b) Section 2.

Figure 5.14: Angle of two "T" structures cut with 10% power and writing speeds
30mm/s and 50mm/s respectively.
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Figure 5.15: Square structure geometry and scan directions: A, B and C. For the
edge measurements each arrow was followed, for the roughness measurement only
the middle two.

5.1.3 SmmXxX5Smm squares

One of the most relevant structures in our tests are the squares we scanned in each
section, which were used for depth and roughness analyses. The Dektak scans were
done along each of the directions shown in Figure 5.15 and the results for both
depth and roughness were averaged out to have a general sense of the structures’
properties. The second edge was left out of the scans because as shown previously
it holds no significant meaning. To quantify roughness we took some peaks on the
surfaces and averaged out their heights to get their overall value. The square depth
analysis was done close to the edge, whereas the roughness was analysed along
3mm inside the structure and two examples are shown in Figures 5.16 and 5.17.
In Table 5.2 we will summarise our findings, where the error on the measurements
was calculated with the standard deviation. Note that section 3 is not included
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5.1 — Stylus profilometer characterisation
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Figure 5.16: Measurement in the square structure in section 2 scanned along direc-
tion B: edge depth = 424.4um.
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Figure 5.17: Measurement in the center of direction B, without the edge, of the
square structure in section 2: random peak height = 30.2um.

because the combination of high power (15%) and slow writing speed (30mm/s)
cut through the PMMA, making it impossible to study it and also outside of our
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region of interest.

Section Depth, pum Roughness, um Relative roughness =
(Roughness/Depth)*100
1 678.2 £ 19.9 29.5 £ 84 4.3%
2 376.8 £ 41.2 50.8 £+ 20.2 13.5%
4 786.4 + 42.3 178.5 4+ 68.0 22.7%
5 818.8 + 24.8 39.4 £ 12.8 4.8%
6 4759 £ 9.2 113.1 £ 31.1 23.8%

Table 5.2: Measurement values of average depth, average roughness height and
relative roughness in the square structures in each section.

Looking at these results, the ones closer to our desired depth are the squares in
section 2 and 6, which in both cases write with the faster speed of 50mm/s, but
use 10% and 12.5% power respectively. The square in section 6 comes closer to the
required depth of 0.5mm and has a much lower deviation, but looks a lot rougher
relatively to the square in section 2. The fact that it is also rougher than the
square in section 4, which has 15% power and the same writing speed, is not easily
understandable without section 3 to compare. As expected the sections with slower
speeds (1 and 5) also have lower relative roughness than the ones where the writing
was fast and less precise. However now we need one last test to definitely choose
our settings between section 2 and 6.

5.1.4 Bottom channels

A bottom channel design had been recreated on both sections 2 and 6 and from it
came some important considerations for the design overall. The model on RDWorks
has to be carefully done to have each connecting channel close enough in order to
not leave some uncut barriers, while also not overlapping them which would give
the same result. Both mistakes had been done in these two designs, but they were
noticed and rectified for the actual final model. Here we will show the depth and
roughness measurements and finally decide our definite settings. The data were
taken in the middle square chamber just as for the square structure in Figure 5.15,
then the values for depth and roughness peaks were averaged and collected in Table
5.3, with the respective standard deviations.

We can see that with the settings from section 6 (12.5% power and 50mm/s writing
speed) not only we get a closer value to the expected 0.5mm depth, but also the
relative roughness is a lot better. The roughness value for the channel in this section
is significantly lower than the square structure’s roughness in the same section from
Table 5.2, which probably comes from the way the channel is cut. In the Dektak
camera, but also by eye, it was easy to see that the squares are scanned in lines,
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5.2 — Bottom channel fabrication

Section Depth, pm Roughness, um Relative roughness =
(Roughness/Depth)*100
2 340.1 + 65.1 39.1 4+ 27.1 11.5%
6 465.8 + 14.9 33.9 £ 14.5 7.3%

Table 5.3: Measurement values of average depth, average roughness height and
relative roughness in the channel structures in sections 2 and 6.

whereas the channel is scanned in a grid motion. The reason is not clear, but the
overall effect is that some of the lines are evened out and the roughness is much
better.

5.2 Bottom channel fabrication

Figure 5.18: Bottom cannel designed engraved in a piece of PMMA.

Finally after all of these analyses we can actually draw and cut the bottom channel
on a piece of PMMA following the design in Figure 5.2, based on our previous
simulations (Figure 4.27). By setting the previously mentioned power and writing
speed (12.5% and 50mm/s) for the channel and defining a much higher power to
cut through the PMMA, we end up with a 4cmx7cm chip shown in Figure 5.18.
Both by eye and profilometer we observed that in the small channels the roughness
lines were mostly perpendicular to the flow direction, which could interfere with
its simulated homogeneity. We assumed that at least by turning the design by 90°
in RDWorks these lines would be parallel to the flow and aid the device’s working
principle.

However when conducting this test, as seen in Figure 5.19, the resulting channel
showed an increased roughness and especially the barriers between intersecting
channels became more prominent. Especially the middle of the central chamber
is strongly divided and this rough channel would be more problematic than what
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5 — Laser ablation

Figure 5.19: Bottom cannel designed engraved in a piece of PMMA with design
rotated by 90° in RDWorks.

previously observed in Figure 5.18, so this avenue was not explored further.
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Chapter 6

3D printer fabrication

Figure 6.1: Creality Ender-3 V2 filament 3D printer.

In this chapter we will be fabricating the wall system around the organoid that will
be attached to the bottom plate. Since the dimensions we are working with are
typically around the millimeter scale we will be able to achieve our goals with a
filament 3D printer, and more specifically the model we used is a Creality Ender-3
V2 with a particularly flexible white PLA filament that is also biocombatible (see
Figure 6.1). We chose not to use the laser cutter for this piece because the lateral
perfusion design would have required us to carve half of the design and the channels
on two pieces of PMMA and then bond them together with pressure. The procedure
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6 — 3D printer fabrication

would not have been too complicated, but this 3D printing technique seemed easier
since it especially did not require any alignment for the top piece itself.

(a) Fusion 360 model seen from the top. (b) UltiMaker Cura model.

Figure 6.2: Creation of a model for a PLA 3D printer for a wall design with lateral
perfusion.

The models were done with Fusion 360 and prepared and sliced for the printer on
UltiMaker Cura 5.7.0, as we can see in Figure 6.2. We will now list the parameters
used for every print, but note that the infill density and the supports’ density was
changed in accordance with the magnitude of the print, to have reasonable print
duration and easy removal of the sacrificial material. The printing temperature was
set to 220°, while the build plate was set to 60° to avoid breakage as the filament
cools down. While doing so on the slicer we also pre-heated the printer’s filament
and plate with the same settings at the same time to reduce waiting time. The
printing speed was usually kept at the default 50mm/s as it appeared to be a good
value. For the infill we usually employed a grid design to have a tough and durable
structure. We used the "Super Quality" setting, which defines the height of each
layer of filament to be 0.12mm, combined with a heated nozzle of 0.4mm of width.
As we can see from Figure 6.2b the print had to be done with a rotated model
to simplify the removal from the plate and for structures with tunnels to avoid
having support inside of them, which would be difficult to remove. For this reason
in our future designs we will have to remove supports from the central chamber
and from around the bottom tunnel in the presence of such structure. The settings
for these supports were a overhang angle of 45°, a density ranging from 6% to 10%
and we remove the setting "connect support zigzag'. Nonetheless this removal can
sometimes leave damages to the structure that have to be taken into consideration
when dealing with liquids and possible leakages. Finally after a print was done, it
was important to let the build plate cool down to at least 30°/40° not to ruin part
of the design by scraping it when it was still warm and pliable. We will now show
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6.1 — Initial experiments

some of the results we obtained and the problems we encountered on the road to
our final models.

6.1 Initial experiments

As first tests we printed some preliminary designs to get an idea of the modelled
dimensions and what structures would actually be viable for our printer. Even
though we chose the best settings for the highest resolution in the slicer program,
the machine still has some inherent limits, mainly posed by the nozzle dimension.
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(a) Fusion 360 model seen slighlty from the
front. (b) 3D printed piece from the front.

Figure 6.3: Model and final piece for a practice chamber wall design, apt at testing
the resolution of the printer.

As we can see from Figure 6.3b the 3mmx3mm hole in the wall is more or less
resolved, but the supports inside create some roughness. The 2.5mm outer diameter
lateral tube as a kink near the chamber, but it is otherwise well printed. However
the biggest problem can be seen in Figure 6.4: the Imm diameter tunnel inside of
it is missing and is completely closed. We can assume this to be a limit for our
future designs, so we will switch to more comfortable dimensions.

As a second step we referred ourselves to the model seen in Figure 6.2a, we printed
it and the results can be seen in Figure 6.5. This is the original idea for the lateral
perfusion design simulated in section 4.5 with results shown in Figure 4.19. We
can observe the central 5mm x5mm chamber that would host the organoid and the
lateral hollow cylinders where we would introduce needles or tubes. The tunnels
in this case have a 2mm inner diameter and we can see that they are perfectly
resolved all throughout the structure. However our plans for the bonding of the
PMMA bottom channel and the 3D printed chamber involve using double-sided
tape, which works better with larger contact area. Moreover we would not want
to leave some sticky surface area in the open, for these reasons we have to remodel
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6 — 3D printer fabrication

Figure 6.4: 3D printed piece from the side, where the tube with the hole is not
resolved. The yellow arrows point to the outer diameter of the tube.
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(a) 3D printed piece from the top. the perspective it looks smaller.

Figure 6.5: Final 3D printed piece for the first design of our needle wall chamber
and resolution of the lateral tubing.

our design to account for this and for the insertion of inlet and outlet tubes for the
bottom channel.
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6.2 — Dynamic 1 plate membrane design

6.2 Dynamic 1 plate membrane design

As a first simple, but complete, design we decided to fabricate the device in which
nutrients would only come from the bottom plate, having the aqueous medium go
through it with the previously simulated flow rate of 2.1uL/min. These nutrients
would then move by diffusion to the organoid chamber which in this case is just
four normal walls. This is based on the simulations that we can see in section 4.1.2
and in Figures 4.4 and 4.5. As previously explained the printed piece should have
holes to host the inlet and outlet tubes for the bottom channel and only the middle
square hole for the tissue.

(a) Fusion 360 model seen from the top. (b) 3D printed piece from the top.

Figure 6.6: Model and final piece for the trivial wall design, 3D printed with bio-
compatible PLA.

The hole for the inlet and outlet tubes have a diameter of 1.9mm, so that our tubes
would easily fit and be relatively tight, then they would be sealed with a biocom-
patible sealant and solvent-free super glue. The middle chamber is 5mm x5mm big
and 8mm high, because we will be provided mostly with organoids that are 2 to 4
millimeters big. This whole piece will cover the PMMA bottom plate completely
in order to not leave any adhesive surface free, so it is 4cmx7cm wide as well. By
doing so the alignment of the two pieces should be easier and more controllable.

6.3 Needle and tubing wall

Our second complete design is the upgrade from that in Figure 6.5 and still related
the simulations in Figure 4.19. However we have now enlarged the surface to cover
the double-sided tape and we introduced the holes for the bottom channel’s inlet
and outlet as in the previous section.
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6 — 3D printer fabrication

(a) Fusion 360 model seen from the top. (b) 3D printed piece from the top.

Figure 6.7: Model and final piece for the complete lateral tube wall design, 3D
printed with biocompatible PLA.

As we can see from Figure 6.7 we have also included the lateral tubes for the
perfusion of the chamber and the design looks very clean. The dimensions for the
chip are the same as those for the trivial wall design. However the lateral tubes have
an external diameter of 4mm and an internal one of 2mm, and the whole structure
is 1bmm long from the chip’s wall. This design will be slightly more complicated
to work with because it requires a second pair of tubes, but it was interesting for
us to challenge ourselves with it.
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Chapter 7

Assembling, testing and
sterilizing the device

Tissue
Inlet chamber Outlet

Membrane
3D-printed

wall design

Double-sided tape cut
to leave windows open

Bottom plate —

Bottom channel

Figure 7.1: Cross section of the final chip with design descriptions to indicate the
bonding steps.

The next step in the device fabrication is to attach each piece using double-sided
tape, while including our membrane in the middle. The general idea for our device
can be seen in Figure 7.1: on top of the bottom plate we place a piece of double-
sided tape with the cut-out for the central chamber, the inlet and the outlet; after
that the membrane will be positioned in the center and fixed with another piece of
double-sided tape with a similar design to the previous one, but a smaller central
square; finally the 3D-printed wall design will be attached on the top and the tubes
will be glued in the inlet and outlet holes. By doing so, as we can see, the membrane
is kept in place by the tape on both sides, while still being open for the diffusion
of nutrients.
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7.1 Step by step chip construction

7.1.1 Chip bonding
First we attach the first layer of double-sided tape to the bottom channel.

Figure 7.2: View on the bottom channel with the first piece of tape.

As seen in Figure 7.2, the tape covers most of the channels, but leaves two holes
for the tubes and the open window for the central chamber. It was cut using the
laser cutter with 8%-9% power and 50mm/s speed, because sometimes the higher
power bowed the tape as it was being cut, misaligning the design. The holes
have a diameter of 1.7mm, while the central square is 9mmx9mm big, slightly
smaller than the bottom channel square (10mmx10mm), to have better membrane
adhesion, while also not risking it attaching to the bottom and hindering the flow.
Alignment and adhesion uniformity were our greatest concerns: the former is left
to the ability of the technician, however the latter could be helped by wiping the
surface with a wet paper towel and drying it. Finally, using a hard plastic to swipe
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