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Abstract

Aortic Abdominal Aneurysm (AAA) is a chronic degenerative disease of the arterial wall. The aortic
vessel wall abnormally dilates due to multiple possible causes and may eventually rupture [1]. It is
characterized by several factors leading to the extreme dilation due to the degeneration of the ves-
sel wall extracellular matrix (ECM). It is often asymptomatic making it difficult to diagnose before
rupture [2, 3]. The etiology of AAA is complex and not yet fully understood. Hallmarks of the disease
are; loss of elastin and vascular smooth muscle cells, influx of inflammatory cells which produce
proteases, increased stiffness due to higher collagen content, disturbed ECM network organization
and an eventual destruction of the ECM leading to the vessel rupture [2, 4]. These changes may be
related to environmental factors in combination with a genetic susceptibility, or by major defects in
genes involved in the ECM homeostasis. Family history and genetic conditions play an important
role in aneurysms. In approximately 20 % of aneurysm patients there is a familial disease or a fam-
ily history of aneurysms, and in these families a major genetic defect is to be expected. Aneurysm
patients show pathogenic variants in less than 5 % of the screened patients however, variants of un-
known clinical significance in aneurysm genes occur at a much higher frequency. To determine the
effect of these variants in aneurysm genes, functional assays which display a change in the func-
tion of the gene product needs to be established. Tissue engineering, in recent years, have become
an alternative approach to animal models in developing tissue repair/replacement grafts or disease
models [5]. For this study, a cell-derived self-assembly tissue ring culture method was chosen and
optimized for the use of patient cells with different pathogenic variants in aneurysm genes. After
optimizing the culture conditions, the ring formation and structural ECM characteristics were com-
pared for patient and control cases. The kinetics of ring formation showed differences in behavior
and speed for patient and control cell lines. Patient lines took longer to settle into the ring shape and
contract to their final thickness. The incidence of ring failure was higher in patient cases. The final
patient rings were significantly thinner and non-uniform, additionally they showed a significantly
lower area fraction of collagen compared to the controls. The tissue rings could not be mechanically
tested due to their fragility. However, it was possible to identify the structural differences between
the patient and control cases which were expected due to the pathogenic variants in the aneurysm
genes of these patients. With further improvements, this method could be a potential functional
assay for revealing the effects of variants of unknown significance in aneurysm genes, waiting to be
identified.
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Introduction

1.1. Background on Aortic Abdominal Aneurysm (AAA)

Aortic Abdominal Aneurysm (AAA) is a chronic degenerative disease of the arterial wall, where the
vessel wall abnormally dilates due to multiple possible causes and may eventually rupture [1]. Fig-
ure 1.1 compares a healthy sized aorta to the dilated aneurysmal aortas in the thoracic and ab-
dominal regions. It is characterized by several factors leading to the extreme dilation of the arterial
wall due to the degeneration of the arterial wall extracellular matrix (ECM). AAA affects 2-10% of
the elderly population and has a higher than 80% morbidity rate when left untreated [2, 4, 6]. It is
often asymptomatic making it difficult to diagnose before rupture [2, 3]. Additionally, with an ag-
ing population the incidence of AAA is on the rise [7]. The etiology of AAA is complex and not yet
fully understood. The hallmarks of the disease are; loss of elastin and vascular smooth muscle cells,
influx of inflammatory cells which produce proteases, increased stiffness due to higher collagen
content, disturbed ECM network organization and eventually destruction of the ECM leading to the
vessel rupture [2, 4]. These changes may be related to environmental exposure (like smoking) and
mechanical stress (hypertension), possibly in combination with a genetic susceptibility, or by major

defects in genes involved in the ECM homeostasis. The latter are referred to as aneurysm genes [7].
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Figure 1.1: A) The figure shows a healthy aorta, the thoracic and abdominal regions are indicated with the arrows. Figure
B and C show what a dilated aorta, an aneurysm at the thoracic and abdominal regions look like.

Aortic aneurysms occur most commonly in the abdominal region. This, can be explained by the
fact that the abdominal region of the aorta contains less elastin compared to the regions closer to
the heart [2]. Elastin and collagen are the essential structural proteins responsible from mechanical
strength, elasticity and the structural integrity of blood vessels. These fibrous proteins of the ECM
give the aorta its ability to resist plastic deformations against high pressures while providing me-
chanical strength [4, 6]. Arterial wall structure is made up of three layers with distinct composition;
tunica adventitia, tunica media and tunica intima. Adventitia is the outermost layer composed of
fibroblast cells, which play an important role in ECM remodeling, and bundles of type I collagen
fibers. This collagen rich layer provides tensile strength and resist rupturing during high pressures.
Tunica media, found between adventitia and intima, is mainly composed of lamellar elastin fibers
integrated with collagen fibers and layers of smooth muscle cells [2, 8]. 70% of the collagen in the
media layer is of type III while 30% is type I[8, 9]. The vessel wall ECM is a dynamic structure which
undergoes constant remodeling where ECM producing cells like fibroblasts and smooth muscle
cells play an important role [8, 9]. In the case of a diseased aorta this organizational structure is
lost and the ECM homeostasis can no longer be maintained. Which results in an aorta which can
no longer function efficiently.
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Figure 1.2: A) A healthy aortic tissue, stained for collagen using Picrosirius Red. The distinction between adventitia and
the media layers may easily be seen by the organizational differences. B) An aneurysmal tissue from an AAA patient
similarly stained, the organizational differences can not be distinguished between the two layers. The ECM organization
has been altered, in turn affecting the functional properties of the vessel wall[4].

Figure 1.2 compares the healthy aorta (A) and an aneurysmal aorta (B) stained to specifically
show the collagen in the tissue [4]. While there is a clear distinction in the organization of collagen
in the adventitial and the medial layers of the vessel wall in the case of the the healthy aorta, this
distinction is lost in the aneurysmsal case. Tissue samples harvested from aneurysmal aortas at the
advanced stages of the disease, reveal the loss of these structural proteins and their fibrous network.
A compensatory deposition of collagen is often observed in aneurysmal tissue along with a loss of
elastin. In addition to the changes in the ECM organization, the matrix degrading enzymes pro-
duced by inflammation and oxidative stress lead to a further destruction of the ECM proteins. It is
not only the loss of ECM fibers but also the changes in their organizational structure that affects the
vessel wall strength[1]. An inability to form the interconnected network in which collagen fibers are
naturally organized, could prevent the external mechanical loads from being uniformly distributed
across the entire vessel wall [1, 3]. The healthy artery which is normally able to accommodate stress
and blood flow can no longer effectively function or maintain its structure as the remodeling and
organization of the ECM is impaired [1].

While the exact initiation and development mechanisms of the disease are unknown, the risk fac-
tors include atherosclerosis, hypertension, smoking, male sex, advanced age, genetic conditions
and family history [1]. Alterations to the ECM structure may be due to; defects in genes affect-
ing connective tissue, environmental factors, increased wall stresses and impaired remodeling for
compensation as well as degeneration of the ECM [1, 7]. Mutations in genes leading to connec-
tive tissue disorders can be reasons for aneurysm formation in younger patients. Some connective
tissue disorders such as Marfan, Loeys Dietz, and Ehlers-Danlos syndrome show increased risk of
aortic pathologies. Defects in the aneurysm genes which are responsible from collagen production,
crosslinking and the regulation of TGFS signaling may be some of the underlying reasons predis-

posing patients to aneurysm formation. [10-12].
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1.2. Clinical significance and the genetics of AAA

It is important to be able to identify individuals and their family members who are at risk of devel-
oping aneurysm for early detection and intervention. Family history and genetic conditions play
an important role in aneurysms [10, 11]. In approximately 20 % of aneurysm patients there is a fa-
milial disease or a family history of aneurysms, and in these families a major genetic defect is to
be expected. However, current DNA analysis of aneurysm patient identifies pathogenic defects in
less than 5 % of the screened patients [12]. Indicating that many aneurysm genes are still unknown.
Some defects in known aneurysms are classified as variants of unknown significance, because func-
tional evidence of specific variants in these aneurysm genes is lacking. Finding the genetic cause
(mutation) in a family is important since it may convey information about the severity of the dis-
ease and guide clinical management and allows accurate identification of the relatives who are at
risk [10, 11].

So far more than a 100 aneurysm gene association studies have been reported involving many
connective tissue, signaling pathways, cardiovascular and immune genes as possibly associated
to aneurysms. However, some of the finding from these studies have failed to be replicated in a
different sample set or the size of the study was not large enough [11]. The most commonly used
methods for investigating the relation of genes with aneurysms are through single nucleotide poly-
morphisms and family based DNA studies [10, 11]. Studies which investigate the gene expressions
from aneurysmal and healthy aortic tissue reveal the differences only at the end stages of the dis-
ease where the vessel wall architecture has significantly been altered [4]. An alternative method
for studying the disease at its developing stage is the use of knock out mouse studies, here a can-
didate gene is deleted from the mouse in order to observe its effect on the animal. However, this
approach is very time consuming, expensive and attracts ethically concerning. Despite their con-
tribution, there are significant differences in disease progression and response to therapy between
human and animal trials [11]. The underlying mechanisms leading up to the aneurysm formation
aren't always the same in different species. Additionally, animal models can not represent the large
selection of genetic variants possibly linked to AAA, present in human patients [11]. Studies de-
signed to understand the structural and mechanical properties of the aneurysmal tissue often use
human samples extracted during open vascular repair operations and it is only representative of the
end stages of the disease [4]. While these studies help understand the consequences of aneurysm
on the vessel wall, it isn't possible to study the underlying mechanisms leading up to the aneurysm
formation using the extracted tissue.

A genetic variant can be described as a change in the DNA nucleotide sequence. This alteration can
be benign, pathogenic or of unknown significance. Benign variants have no functional effect on the
gene product while pathogenic variants may disrupt the functionality. Variants of unknown signif-
icant are classified as such since enough data has not been collected on their effect yet. A variation
in the DNA sequence may result in a nonsense (null), missense or a silent mutation. A null mutation
causes the amino acid chain that is coded by the original gene to terminate prematurely, resulting

in a shorter polypeptide chain or a lower quantity of this protein. Whereas in a missense mutation,
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a different amino acid replaces the original one, leading to a possible change or loss of function.
In only a small proportion of aneurysm patients, a (likely) pathogenic variant has been identified,
using the current stringent diagnostic molecular criteria. However, variants of unknown clinical sig-
nificance in aneurysm genes occur at a much higher frequency [12]. Very often these variants are
classified a such, because they are rare, and have not been reported before. To determine the effect
of these variants in aneurysm genes, functional assays which display a change in the function of that
gene product or dysregulation of the molecular pathways to which the gene belongs to, are needed
to be established. For the aneurysm genes, which have an effect on structural integrity of the aortic
wall, there are very few functional assays. Currently, there are no functional assays to establish if
variants in collagen genes have an effect on ECM functionality. Here, there becomes a need for an
alternative method for testing the subsequent effect of a genetic variant on the functionality of the
relevant tissue or organ.

In the ongoing aneurysm study at the Departments of Clinical Genetics and Vascular Surgery at
Erasmus MC, whole exome data is available from around 850 aneurysm patients from 650 families.
This is the largest study to date. Pathogenic variants in COL3A1, one of the most abundant forms
of collagen in arterial wall were identified in 8 families, so far. In around 100 families, a variant of
unknown significance in one of the four aneurysm collagen genes (COL3A1, COLIAI —and A2 and
COL5A1) was observed. The importance of developing a method to establish the effects of these
variants is becoming more clear since this is a potential way to distinguish between 1) benign vari-
ants that are not associated with extreme vascular and tissue fragility and 2) the variants that cause
dysfunctional ECM remodeling because of insufficient or defective protein synthesis. This poten-

tially may have a large impact on screening strategies and clinical management.

1.3. Tissue engineering for vascular disease models

Tissue engineering, in recent years, has become an alternative approach to animal models in devel-
oping tissue repair/replacement grafts or disease models [5]. There are several methods aimed at
developing tissue engineered vascular constructs for studying human diseases; from scaffold based
constructs to bioprinting and self-assembly approaches [13-15]. There are advantages and limita-
tions for all of these methods. However, self-assembly and cell derived matrices have shown to have
several advantages over scaffold based methods in mimicking native tissue and showing greater me-
chanical properties [15, 16]. The self-assembly methods were found to show a higher gene expres-
sion compared to monolayer cultures [17]. A disadvantage of using a cell-laden scaffold is that it is
often difficult to attribute the observed properties to the scaffold biomaterial or to the contribution
of the seeded cells [15, 16]. It is not possible to mimic the hierarchical architecture of an in vivo ECM
using the currently available biomaterials. However, self-assembly could be a possible alternate ap-
proach where cells are seeded in high density and allowed to synthesize their own ECM. A study by
Ahlfors et al. compares the mechanical and structural properties of tissue engineered constructs
using, self-assembly and cell-seeded gel scaffolds. The results show the self-assembled constructs

perform more similarly to native tissue in biomechanical tests [15, 16]. Additionally, a cell-derived
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self-assembly approach allows observation of the native ECM produced by the cells as opposed to a
pre-defined scaffold matrix structure [5]. This could potentially allow to observe any changes to the
ECM products produced by cells collected from patients or the effects of certain treatments. One
disadvantage of these self-assembly approaches is that often, an initial high density of cells and a

long culture period is required in order to obtain robust constructs.

1.4. Motivation

For this study, in order to develop cell derived tissue engineered construct using patient cells, the
self-assembly 3D ring culture system previously developed by Gwyther et al., using smooth mus-
cle cells (SMCs), was chosen [13]. This system allows formation of small sized rings from human
cells with the capabilities of producing their own ECM. It requires a short culture period with a high
initial cell seeding density [13]. These rings can potentially be used for mechanical and structural
characterization. The ring shape makes it easier to handle the constructs while mimicking a vascu-
lar geometry. This system can potentially be adapted for other types of cells and used to observe any
mechanical or structural differences between the rings produced by healthy and diseased cells. In-
stead of using SMCs as done in Gwyther et al. and other studies which use the mentioned method,
fibroblasts collected from AAA patients by skin biopsies were chosen. Similar to the SMCs fibrob-
lasts are crucial in ECM remodeling, they produce high amounts of collagen and elastin and are a
part of signaling pathways responsible from ECM maintaining homeostasis. Additionally, since they
can be collected from patients via skin biopsies, as opposed to SMCs, access to this type of patient
cells is easier. This approach could be developed as a potential functional assay allowing to identify
the effects of a genetic variant likely associated with AAA. It may test the ability of self-assembly into
a 3D construct and identify mechanical or structural differences in the ECM they produce. For this
study 3 patients with AAA, who have different pathogenic genetic variants in aneurysm genes were
chosen. The patients P1, P2 and P3 have COL3AI null, COL3A1 missense and TGFBR2 mutations re-
spectively. Two lines of age and gender matched cells were used as controls. The chosen patients all
have genetic variants in aneurysm genes that are known to be pathogenic which allows to validate

whether this approach may be used to observe their functional effects.

1.5. Aims of the Study

The motivation behind this study was to develop an in-vitro model of a vessel wall using patient
cells to study its morphology and mechanical properties in relation to the functional effects of the
specific genetic variants present in the patients. As an initial step towards the development of this
model we aimed to design a work flow allowing patient cell derived tissue rings to be produced and
characterized.

The aims of this study were defined as the following:
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1. Design and Fabrication of the cell culture mold system for producing scaffold free, 3D, cell

derived tissue rings and the adjustment of the suitable mechanical testing setup

2. Adjustment of the culture conditions for the use of fibroblast cells obtained from patient biop-

sies to produce fibroblast tissue rings.

3. Structural and mechanical characterization of the fibroblast rings through histological stain-

ing and studying the ring development process through time- lapse images.

1.6. Study outline

The study was carried out in two stages as described below:

1. The culture molds and the test setup were fabricated and adjusted for the formation and the

characterization of tissue engineered rings.

2. The culture conditions were optimized and the produced rings from patient and control rings
were characterized in terms of overall morphology, ring thickness and collagen production
using histological stainings and the ring formation stage was observed using time-lapse im-

ages.






Materials and Methods

2.1. Design and Fabrication of the Ring Culture System

2.1.1. Mold Design and 3D printing

In order to culture the cells in a 3D, scaffold free manner that is suitable for mechanical testing, the
tissue ring self-assembly method designed by Gwyther et al. and modified by Strobel et al. was cho-
sen [13, 18]. The agarose molds for cell seeding were fabricated as previously described in Strobel et
al. [18]. The final mold was achieved in 3 steps; an initial 3D printed mold, an intermediary negative

PDMS template and a final agarose mold which the cells were seeded in.

e 5.2mm 2mm
4.5mm - ‘
7mm @

3D printed
ABS mold

r - @—a— o

Il wa PDMS

1 WW template
Agarose

— g mold

Figure 2.1: Mold Fabrication Process. Step 1 shows a cross-section of the 3D printed mold with the specific dimensions.
In step 2, PDMS (shown in blue) was cast over the printed mold. After PDMS was fully cured it was removed from the
mold and sterilized. In step 3, 2% agarose dissolved in DMEM was poured into the PDMS template to obtain the final
mold.
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Firsta CAD (Computer Aided Design) model for the 3D printed mold was designed using SketchUp
(Trimble) software, according to the dimensions presented in Figure 2.1. Briefly, the mold was circu-
lar, containing 5 annular wells. The inner post diameter of each well was 2 mm, with a surrounding
well diameter of 6 mm. The 45° tapered edges around the opening of the wells were designed to
allow easier pipetting and removal of the rings. The 2 mm diameter post was chosen in order to
produce rings using a relatively low number of cells compared to 4 mm or 8 mm that are used in the
study. A single mold was designed to fit inside one well (34.8 mm in diameter) of a 6-well cell culture
plate. After the design was completed the STL file of the CAD model was converted to a G-code file
using the slicing application Ultimaker Cura 4.0 (Ultimaker). The slicing application cuts the model
from the STL file into thin sections allowing the 3D Printer to print the model, layer by layer, follow-
ing this file. The CAD model for the 3D printed mold is shown in Figure 2.2 (A), an X-Ray cut of one
of the cell seeding wells can be seen in B. The same model is then uploaded to a slicing software,
here the printing pattern that the printer nozzle will follow is shown in green (C). The printer nozzle
diameter was 0.25 mm and the infill parameter was chosen as 30%, which describes how dense the
printing pattern will be for each layer, it is possible to obtain a strong enough structure while pre-
serving material by choosing an optimum infill density. After the printing settings were chosen and
saved to the SD-card of the printer, the model was 3D printed via an Ultimaker 2+ (Makerbot) 3D
printer using Acrylonitrile butadiene styrene (ABS) as the mold material. It was important that the
mold material could endure 60°C of heat and provided a smooth finish for the following steps. The
smooth finish is required to obtain a smooth final mold in which the cells’ behavior is not influenced
by any ridges or surface obstacles.

Figure 2.2: A) The mold model designed in SketchUp CAD software, this model was designed according to the dimensions
provided in Strobel et al. [18]. B) Figure shows a side-view of an X-Ray cut of one of the wells inside the mold, showing
the central post and the well around it. C) The model in Ultimaker Cura, sliced in thin layers for printing. The path which
the printer head will follow to print the model can be seen.
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2.1.2. PDMS Intermediary Template

The next step was to obtain a negative template of this mold, which functions as an intermediary
template before the final agarose mold. For this, Polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning, Midland, MI) was cast over the ABS mold. PDMS consists of 2 components, the curing
agent (cross-linker) and the base component, as shown in Figure 2.3(B). These were used in a 1:10
(w/w) ratio, by weighing the components on a scale and mixing in a plastic cup. PDMS was thor-
oughly stirred using a spatula for 2-3 minutes. This process generated air bubbles which were then
degassed using a vacuum desiccator for an hour. The ABS mold was covered with a wall of tape
around the edges, as shown in Figure 2.3, in order to avoid any leakage of PDMS during degassing
or curing. After making sure there were no air bubbles left, the mixture was carefully poured over
the ABS mold and placed in the desiccator for another hour to eliminate any new air bubbles. After
getting rid of the air bubbles the mold with PDMS was left to cure in an oven at 60°C for at least 4
hours.

| —
Curing agent

A

Figure 2.3: A) ABS mold with a tape wall around the edges. During degassing the air bubbles inside the PDMS begin to
move to the surface causing the mixture to rise, the tape helps avoid leakage and allows room for a thicker bottom for the
PDMS template. B) The ABS mold with the cured PDMS inside ready to be peeled off.

2.1.3. Final Agarose Mold

Agarose is a commonly used material in biological applications due to its biocompatibility and non-
adhesiveness [8]. Since the cells can not adhere to the mold surface, they attach to each other and it
is possible to remove the rings after the appropriate culture period. To prepare the final mold, first
2% Agarose (Sigma-Aldrich) was dissolved in Dulbecco’s Modified Eagle Medium (DMEM; Sigma-
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Aldrich), by heating the mixture in a microwave for 1-2 minutes, making sure it is fully dissolved. The
solution was kept in a 4°C fridge until used for mold making. The agarose molds were prepared one
day before cell seeding. The dissolved agarose, PDMS molds and any other tools, like tweezers for
removing the mold from the template, were autoclaved in order to maintain sterility. Since agarose
solidifies at room temperature, it was important to maintain the solution in a heated water-bath
while making the molds. Following the autoclave process, 4ml of agarose was pipetted in the PDMS
template surrounding the wells without filling the actual wells. In order to prevent any air bubbles
inside the agarose mold, especially inside the posts, 1 ml of agarose was pipetted inside each well

individually, as shown in Figure 2.4.

4 ml of

agarose 1 ml of

around agarose

the wells inside the
wells

a ~

Figure 2.4: The process of making the agarose mold. 4ml of agarose solution was pipetted inside the PDMS template, first
by leaving out the wells and later filling the insides of the wells with 1 ml of agarose solution. This made sure the wells
were all filled with agarose and no air bubbles were trapped, preventing the central post formation in the final agarose
mold.

2.1.4. Custom designed hooks for the mechanical test setup

For mechanical testing, a previously designed in-house uniaxial tensile tester was modified for ring
testing. The system briefly consisted of a linear actuator [Oriental Motor Ltd., Tokyo, Japan], a 0.5N
load cell (Omega Engineering, Inc., Norwalk, CT, USA), a digital multimeter [Siglent (SDM3045X)
Technologies Co., Ltd., Shenzhen, China], a stationary clamp attached to the load cell and a mov-
ing one connected to the actuator and finally a water-bath for maintaining the samples warm and
humid. The stretch of the samples was recorded using a digital microscope camera [Carl Zeiss Mi-
croscopy GMBH, Jena, Germany] and the lighting was adjusted using two small light sources con-
nected to the system.

In order to adjust the setup for testing the rings, first, suitable grips were designed as two steel pins
with a diameter of 1 mm, attachable to the existing clamps, as shown in Figure 2.5. The pins were
overhung the water-bath so that they were submerged in Phosphate Buffer Saline (PBS) (Lonza),

making it easier for the rings to be placed through the pins using thin rounded forceps. In order to
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mount the rings on the system, the two pins were brought close enough so that they were touching,
with the aid of thin rounded forceps the rings were lifted from the PBS containing dish and carefully

threaded over the pins which were submerged in PBS.

Attachment part for
9 . Load cell
securing the grips

!

The grip arm
which moves to
stretch the
sample

/

Steel pins for
mounting on the
rings

Figure 2.5: A) The grips, consisting of two lever arms and steel pins on the ends to thread the rings through, were custom
designed to be suitable for the previously built in-house tensile test setup. B) A close-up of the grips showing the pins,
the diameter of the pins are 1 mm each. The lever arms overhangs the water-bath, so that the pins are submerged in PBS
during testing.

2.2. Self-Assembled Ring Formation and Characterization

2.2.1. Cell Culture

Fibroblasts obtained from the skin biopsies of AAA patients were isolated and expanded in DMEM
(Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich) and 1% penicillin/streptomyocin (Sigma-
Aldrich) in T75 flasks. 3 different patient cell lines (P1, P2, P3) and 2 different control lines were
used. Age matched healthy fibroblast cells were similarly cultured in the culture media as control

cell lines. Cells of passages 5-8 were used. Cells were maintained at 37°C in a 5% CO2 incubator.
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Culture media was refreshed twice a week and when the cells were 90% confluent they were pas-
saged to new flasks using 1.5 ml of trypsin-EDTA(Sigma-Aldrich). Confluency defines, how much of
the flask is covered by the cells, once the cells reach a certain confluency they no longer proliferate
and begin to die, at this stage they should be passaged to new flasks in a lower concentration until
they grow again. In order to passage the cells, when they were 90% confluent the cells were washed
with 10 ml of 1X PBS and trypsinized with 1.5ml of trypsin-EDTA, to detach the fibroblasts from the
bottom of the flasks. They were incubated for 5 minutes at 37°C and resuspended in 8.5ml of culture
media. The cell suspension was divided between two new flasks and additional fresh culture media
was pipetted in each flask to maintain all the cells in 10ml of culture media. Since a large number
of cells were required for the rings, sub-culture of the fibroblasts in T75s were continued until there

were 3-4 flasks from each.

2.2.2. Cell Seeding
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Figure 2.6: Cell Seeding Process. A) Agarose mold and its cross-section. B) Fibroblasts were resuspended in high appro-
priate concentration after centrifuging to obtain the required cell concentration for forming rings. C) The side view of the
cell seeding and ring formation processes into one of the wells. D) The same process shown from the top view. The 50l
of cells suspension with 800.000 fibroblasts is seeded into each well. In 48 hours the cells contracted around the post to
form aring.

Figure 2.6 above shows the process of cell seeding into the agarose wells. Once the fibroblast cells
were 90% confluent, they were trypsinized and detached from the flasks. Cells were counted using
trypan blue dye (Lonza) and an Automated Cell Counter (Bio-Rad). 10ul of the cell suspension and
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10pl of the trypan blue dye were pipetted in a vial and mixed. 10pl of this solution was loaded in a
cell counting slide and the slide was inserted in the Automated Cell Counter. In order to prepare at
least 5 rings per each cell type, the appropriate amount of cell suspension was pipetted out into a
falcon tube from the entire cell stock and centrifuged for 5 minutes at 1000 rpm. As shown in Figure
2.6 (B), the supernatant culture media was aspirated out and the remaining pellet of cells were re-
suspended in the appropriate amount of culture media depending on the number of desired rings.
50pl of cell suspension was then pipetted into each well.

After all the wells were seeded with cells, 2 ml of culture media was poured in to the 6-well plate sur-
rounding each agarose mold without fully submerging the molds. The 6-well plate was then kept in
alevel incubator at 37°C in 5% CO2 and left undisturbed for 48 hours. After 48 hours, culture media
was replaced with 4 ml of fresh culture media, fully submerging the molds. The culture media was
refreshed every other day and rings were cultured for 8 days.

In order to determine the optimum cell seeding concentration, rings using healthy control fibrob-
lasts were prepared in two different concentrations. First they were prepared using 500.000 cells per
ring and later as 800.000 cells per ring.

To observe the ring formation via cell aggregation, one separate mold was prepared for recording
time-lapse images of the process by the CytoSMART system (Lonza).

2.2.3. Time-lapse Images

Immediately after the rings were seeded, one mold was placed under the CytoSMART imaging sys-
tem in order to record the ring formation by self-assembly process. The system allowed for imaging
a quarter of a single ring at a time as can be seen in Figure 2.7. The mold was not moved for imaging
the rest of the ring, in order to prevent the motion from interfering with the ring formation process.
Initially the time-lapse images of control cells seeded in two different cell densities were taken ev-
ery 5 minutes for the period of 8 days in order to determine the effect of cell density on the kinetics
of self-assembly. Following this, time-lapse images of each cell line (controls and patients) were
taken over a period of 2 days to observe the effect of the patient cases. The time cells need to form
a stable ring was determined by these images. The ring contraction due to the cell aggregation was
measured using the change in the area the initially seeded cells occupy inside the culture wells by

Image] software.



16 2. Materials and Methods

Figure 2.7: A representative schematic showing the CytoSMART system, It is possible to track cell aggregation which
results in the ring formation by taking periodic images of a quarter of the ring.

2.2.4. Histology

In order to observe the rings structurally on a microscopic scale, the cultured rings were prepared
for histology. Rings cultured for 8 days were carefully removed from the molds, using thin rounded
forceps. The central post was cut from the top in order to allow room for the forceps. With the aid
of the forceps the rings were gently pushed upwards and removed. The rings were then washed in
PBS. Next, they were placed inside embedding biopsy cassettes in separate compartments for each
ring.

The samples inside the cassettes were then fixed in 4% paraformaldehyde (PFA). Fixation allows
the structure to remain intact without degenerating until staining and imaging stages. The fixed
samples were left in the PFA for at least a day in room temperature and then embedded in paraffin
following dehydration in a graded ethanol series and clearing in xylene.

The paraffin blocks were later sectioned into 5um thin sections using a manual microtome. First the
paraffin block were placed to cool on an ice tray, which allowed a more uniform and a smooth sec-
tion to be sliced. The block was then secured on the microtome and cut into sections of 5um. The
cut slices were placed on a warm water bath to stretch and carefully separated from each other with
the aid of a sharp knife. The individual sections were then adhered on the Superfrost Plus slides.
Following this the slides were left to dry in an incubator overnight at 37°C.

For visualizing the general structure of the rings and specifically the collagen produced by the fi-
broblasts, slides from each cell line were stained with hematoxylin and eosin (H&E), and Picrosirius
Red (PSR). The H&E is used to stain the cell nuclei dark purple and the cytoplasm pink allowing to
observe the overall tissue structure. Picrosirius Red staining is specific to collagen and stains colla-
gen fibers red.
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The slides were imaged using Nanozoomer scanner [Hamamatsu, Japan], allowing high resolution
images. The scanned images were analyzed on the NDPview2 software [Hamamatsu, Japan]. The
quantification of the amount of collagen fibers in the rings were conducted using the image analy-
sis software, ImageJ, via thresholding and calculating the percent area fraction of red stained areas.
Additionally ring thicknesses, distribution of cells and collagen fibers within the rings were also an-

alyzed using the histology images and Image].

2.2.5. Mechanical Test

The mechanical testing of the tissue rings were planned to be conducted using a previously men-
tioned, in-house tensile testing machine adjusted for ring testing. The setup is briefly shown in Fig-
ure 3.2. A load cell of 2.5N was used (A). The lever arms were brought together so that the steel pins
were touching. The control rings were gently threaded through the steel pins, using thin forceps,
making sure they were submerged in PBS. The parameters for testing were adapted from Gwyther
etal., atareload of 5mN was applied and the gauge length was recorded [13]. The rings were precon-
ditioned for 5 cycles. Preconditioning is applied to obtain repeatable mechanical results. Following
the preconditioning cycle the rings were stretched until failure with a strain rate of 10mm/min. The
force and displacement was recorded throughout the test, the displacement was measured as the
distance between the two pins. Prior to the mechanical testing the rings were removed from the
molds and maintained in a petri dish containing PBS. The ring thickness were recorded using a dig-
ital caliper from at least three different points on the ring. This thickness was used to calculate the
cross-section area of the rings where a circular cross-section was assumed. The mechanical test-
ing was conducted using rings from control cell lines (n=5), however it was not possible to obtain
meaningful results using the current setup and the patient lines were not robust enough for a me-
chanical test. Therefore the mechanical tests were not included in the characterization of tissue

rings prepared in this study.

2.2.6. Statistics

Two batches of rings were prepared for the time-lapse images; 2 sets of rings from each cell line (2
control and 3 patient lines) were measured for the calculation of the ring contraction. The data for
the final mean thicknesses calculated using the histology images were reported as mean thickness +
standard deviation. The thickness values are reported as overall patient ring thickness (n = 6) and the
thicknesses of individual patients rings with specific genetic variants (n=2 from each patient). The
same batch of rings were used to calculate the % area fraction of collagen. A one-way ANOVA test
was conducted to show the significant differences between overall patient and control groups for
final thickness and % area fraction of collagen. This was not performed for each individual patient

lines due to the low number of samples.






Results

In this chapter the results of the two sections, 1) the design and fabrication of the scaffold free 3D
culture system and 2) the ring formation and characterization are presented. The fabrication of the
ring culture molds consisted of three intermediary stages. In addition to the culture mold, the in-
house tensile testing device was modified to be suitable for the testing of the cell aggregated rings. In
the ring formation and characterization section, the process of how the rings form, their final thick-
ness and the production of collagen by different cell lines are presented. The table below gives an
overview of the planned experiments for the characterization of the cell aggregated rings however
as can be seen from the table, some of these experiments could not be conducted due to a persis-
tent contamination at the sub-culture stage of the fibroblast cells, which was the main material of
the experiments. The contamination caused a failure to produce enough number of samples and re-
peats of the previously conducted tests and prevented further experiments being conducted in time.
However, from the results presented in the further sections, it is possible to observe the kinetics of
cell aggregation for ring formation, effects of cell seeding density, ring thickness and production of

cell derived collagen by both patient and control cell lines.

Experiments for Ring Conducted/Failed

Formation and Characterization

Optimizing cell seeding density Successfully conducted using control cell lines

Optimizing culture media Successfully conducted using control cell lines

refreshment time

Mechanical test (controls only) Mechanical test setup required a more sensitive load cell
to record relevant forces. A more sensitive load cell was
ordered.

Cytomate (all cell lines) Successful for all cell lines

Histology (all cell lines) Successful for all cell lines

Mechanical test (all cell lines) Couldn’t be conducted due to contamination.
Patient cells were too fragile to be mounted on the test
setup.

19
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3.1. Design and Fabrication of the Ring Culture and Mechanical Testing
Setup

This section presents the results of the each step from the culture mold fabrication process and the

adjustments made to the mechanical test setup.

3.1.1. Fabrication of the ring culture molds

The final ring culture mold was successfully prepared in three steps; an initial 3D printed mold, a
PDMS intermediary template and a final agarose mold. When the 3D print was completed the mold
was washed with water and detergent making sure there are no residues left inside. A single 3D ABS
printed mold was used for preparing 3 PDMS templates, the ABS mold was able to endure multiple
cycles of heating for the production of the PDMS template. It was possible to make sure the PDMS
has cured by checking the surface for any tackiness. Once the PDMS had completely cured it was
carefully peeled off from the ABS mold. Since PDMS is an autoclavable material, it was possible to
use the templates multiple times to make more agarose molds. 3 PDMS templates were prepared
in order to simultaneously create multiple agarose molds before the agarose solution solidifies at
room temperature. It was important to make sure the agarose solidified with a flat surface. In order
to successfully remove the agarose molds from the PDMS templates, without breaking the central
posts, the agarose solution was left to solidify for at least 6-7 minutes and was removed carefully
using tweezers. The final agarose molds were then placed in a 6-well plate. They were fully sub-
merged in 4.5 ml of culture media and left in the incubator overnight in order to equilibrate. The
agarose molds were prepared a day before cell seeding to let them equilibrate in the culture media
overnight. Each mold was used only for a single cell line. The products of each step are presented in
the Figure 3.1 below.

Figure 3.1: A) The 3D printed mold B) Intermediary PDMS template, 3 of these were prepared. C) The final agarose mold
submerged in culture medium inside a 6-well plate.
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3.1.2. Fabrication of the custom hooks for mechanical testing

Figure 3.2: A) The overall mechanical test setup. The white arrow indicates the load cell, dotted arrows show the light
sources for illuminating the sample for a better recording and the orange arrow points to the water-bath in which the
samples would be suspended in during testing. The selected region indicating the steel pins used as hooks for samples to
be mounted on is magnified in B.

The fabricated lever arm which can be attached to the in-house tensile testing device are shown
in Figure 3.2, indicated with dotted white arrows. One of the lever arms connected to the pin was
stationary while the other was connected to an actuator causing the samples to stretch during test-
ing. At the ends of the lever arms which were submerged in the water-bath containing PBS were
two steel pins of Imm diameter each. These pins were brought together to thread the tissue rings

through as seen in Figure 3.2 (B).

3.2. Fibroblast Aggregated Ring Tissue Formation

The optimization of the cell seeding conditions were conducted using the control cell lines. Within
24 hours after the initial cell seeding, it was possible to see an opaque white ring form around the
central post as shown in Figure 3.3. All of the rings which were seeded initially formed a ring, any
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breakages or non-uniformities developed at later stages during the culture period. Since the agarose
mold was non-adhesive to the normally adherent fibroblast type cells, the cells were initially found
in their circular detached morphology, covering the bottom of the cell culture well, shown in Figure
3.3 (C). The initially spread out detached cells, attached to the neighboring cells instead and con-
tracted to form a cell aggregated tissue ring. The rings had clearly contracted around the central
post and detached from the rest of the mold as shown in Figure 3.3 (B), in the close up image of
a single ring. An overview of the self-assembly of the rings into a ring is shown in Figure 3.3 (C-E).
These images were taken immediately following cell seeding (C), 12 hours (D) and 24 hours after (E).
The number of rings which were successfully cultured based on different conditions are presented
in Table 3.1.

Figure 3.3: A) An agarose mold from the top view, with 5 successfully formed fibroblast rings which appear as white rings
around the central posts, 24 hours after cell seeding. B) A close up image of a single ring from the side view, the top of the
central post is marked as x and the fibroblast ring can be seen as the white tissue contracted around the post. Figures C, D
and E show a close up of the rings inside the molds from the top view, the change in ring thickness due to cell aggregation
and contraction around the post can be seen over the course of 36 hours (scalebar = 2 mm). C) Immediately after cell
seeding, the individual cells can be seen as their detached circular form spanning the bottom of the well. B) 24 hours
after cell seeding the cells have aggregated and attached to each other to form a ring around the central post, at this point
it is possible to observe a ring as shown in B. E) 48 hours later the ring has contracted even further forming a more robust
ring.

3.2.1. Cell Seeding Conditions

Initially, the cells were seeded and left undisturbed without a culture media refreshment for the first
24 hours. However this led to some rings breaking right after the wells were flooded with culture
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media.

The time lapse images from the CytoSMART system showed that cell aggregation was still ongoing
for the first 2 days, which may have been the reason for ring breakage when the cells were disturbed
with culture media early on. Later, the optimum time point for changing the media was determined
to be 48 hours without disturbing the ring formation. This led to fewer rings breaking as shown in
Table 3.1.

Another parameter for optimizing the conditions for fibroblast rings was the cell seeding density.
Two different cell seeding densities of 500.000 per ring and 800.000 per ring were used. While it was
possible to obtain tissue rings using both densities, the higher cell density produced more consis-
tent and thicker rings. Two batches of rings were seeded to obtain a total of 5 rings per batch, out of
the 10 overall seeded rings, 4 broke when a lower cell density was used and the culture medium was
replaced after 24 hours, while all of the seeded rings survived when they were seeded in a higher cell
density and left undisturbed for 48 hours.

Table 3.1: The table shows the number of successfully formed rings based on the culture media change and cell seeding
conditions. 10 rings were seeded using both conditions and the number of successful rings are presented below. Using

a high cell density with leaving the cells undisturbed for at least 48 hours was determined to be the optimum conditions
for obtaining successful and robust rings.

Cell Seeding Concentration Culture Media Refreshment Time Number of Rings Formed

500.000 cells per ring 24 hours after cell seeding 6/10
48 hours after cell seeding 8/10

800.000 cells per ring 24 hours after cell seeding 9/10
48 hours after cell seeding 10/10

A broken ring after An intact ring after
24h 48h

Figure 3.4: Microscopy images of two fibroblast rings after 24 hours and 48 hours. A) The ring which had appeared to
form, was broken immediately after being flooded with culture media 24 hours after cell seeding. B) The ring from the
same cell line had aggregated into a ring in the first 24 hours and left undisturbed for 48 hours, remained as a ring when
flooded with culture media (scalebar = 1mm)

Figure 3.4 shows an example of how the initially formed rings break and contract when they
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were prematurely flooded with culture media (A). The broken rings, which were separated from
the central posts, initially maintained their ring like structure for a brief period of time and then
contracted further, losing their shape. However the ones which remained without breaking when
left undisturbed maintained their ring shape even after when they were removed from the molds at

the end of the 8 day culture period, as can be seen in Figure 3.7 (G).

3.2.2. Kinetics of Ring Formation: optimization

Time lapse images acquired from the CytoSMART system were used to determine how the ring con-
traction changed over the course of 2 days and to observe the process of self-assembly.

The images showed the detached cells spanning the bottom of the wells initially lay flat and after
some time began to cluster and climb on top of each other forming a more compact structure, the
motion of the cells can be better understood via the time-lapse videos. These cells formed a ring
like structure within the first 12-18 hours and then continue to contract into their final thickness
following this. The phenomena can be described in two phases. In Figure 3.5, (through B-E), time-
lapse images of ring formation is provided. Initially, it was possible to identify individual cells and
observe how they move towards each other and attach (B). Once they have adhered to each other
and formed a ring like structure it was still possible to observe the cells around the edges (C). These
stages of self-assembly was complete within the first 12-18 hours. Following this stage, the ring
structure contracted and gained an opaque look where it was no longer possible to distinguish the
individual cells (D) This stage corresponded to the sharp decline in the ring thickness measured in
Figure 3.5 for each cell seeding density (between 12-18 hours for high cell density and 18-24 hours
for low).

The change in ring contraction slowed down after the second day, which was chosen as the time
point for initial refreshing of the culture media without disturbing the ring formation. The speed
of ring contraction for the two cell seeding densities is shown in Figure 3.5. The initial 12 hours
for both cases showed a similar trend where the cells were assembling into a ring shape. The rings
with a higher cell density formed a visible ring faster than the lower density condition. The contrac-
tion of the rings around the post plateaued after 18 hours for the high cell density ring and after 24
hours for the low cell density ring. This corresponded to the time when both cases have formed a
ring such that the individually detached cells can no longer be distinguished. As can be seen from
the Figure 3.5, after the cell aggregation into a ring form is completed, the ring thickness does not
change throughout the culture period after these time-points. The difference in thicknesses of the
two cell seeding conditions was maintained throughout the culture period. At the end of the culture
period the rings were removed from the molds and their final thicknesses were measured using a
digital caliper as 0.27 + 0.10 mm (n=3) for the lower density and 0.58 £0.15 mm (n=3) for the higher
density rings. The discrepancy in these values with what is measured using the CytoSMART data is
the due to the fact that the rings form a slightly tubular shape, their height along the central post
(side view) is greater than their thickness measured from the top view.
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Figure 3.5: A) The CytoSMART system allows for imaging only a quarter of the ring due to their larger size (scalebar = 100
pm). The graph shows that the higher cell density seeding yields thicker rings which appear to reach a stable thickness
faster compared to the lower cell density ones. The individual cells can be visible seen right after they are seeded into
the mold. C) the cells have begun to self-assemble into a ring shape however still some cells on the outer edges can be
distinguished. D) 18th hour for the low cell density case; a visibly clear ring has been formed and the individual cells can
no longer be seen, at this point the cells have assembled into their ring structure but continued to contract until they
reach the final thickness. E) The final thickness of the ring shown at day 2, this thickness was maintained until the end of
the culture period.

3.2.3. Patterns of Self Assembly in Control and Patient Cases

After the seeding conditions were optimized, patient cells were seeded following the same proce-
dure. The kinetics of ring formation was also used to observe any difference in the contraction
behavior between the patient and control cell lines. The patient cells showed a clumping behavior
during self-assembly which formed temporary gaps along the ring width. The observed gaps are la-
beled in red in Figure 3.6 (A), this behavior was consistently observed in all 3 patient lines and none
of the control lines. The gaps formed right before the cells contracted into an opaque ring structure.
While these gaps were temporary, and they were not observed in the final rings, the patient lines

showed some non-uniformities. The non-uniform self-assembly lead to a non-uniform final ring.
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Some regions were thinner and some showed thick bulb like regions. Often, when the rings from
the patient lines broke after 3-4 days in culture, the breakages were from these thinned out regions.

The images of the resultant rings after 8 days of culture are shown in Figure 3.7.
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Figure 3.6: The images of a patient and a control ring taken at the same time point (12h). A) The ring formation process
for P2 cell line shows multiple gaps appearing along the thickness of the ring and clumping of cells in several regions.
B) A control cell line during ring formation appear to have a more spread out distribution of cells throughout the well.
(scalebar = 100um)The resultant rings from these cell lines show a nonuniform and a thin ring for P2 and a uniform ring
for the control. The corresponding rings are shown in Figure 3.7 below.

3.2.4. Incidence of Ring Failure and Non-Uniformity in Control and Patient Cases

The incidence of ring formation differed between patient and control cases as well. More rings failed
to form or break before the end of the culture period in patient cases compared with controls. All
patient rings formed consistently thinner rings compared with the controls; P2 and P3 rings were
too thin and nonuniform to be removed from the molds and placed on a tensile testing machine for
any mechanical testing. However, it was possible to obtain robust and uniform yet thin rings from
P1. Representative images of the rings from each cell line is shown in Figure 3.7 where the thickness
and uniformity of the rings can be seen. The numbers of all seeded and formed rings from all cell
lines are presented in the Table 3.2.

It was possible to seed a higher number of rings from the control lines and P1 since these had a
higher cell viability when counted for ring seeding. The number of rings formed includes the rings
which were successfully cultured for 8 days. Most breakage relative to the number of seeded rings
was observed in P2 while the least was from P1. However, some rings were also broken while re-
moving from the molds due to their non-uniformity. Cell lines P2 and P3 made very fragile rings
and non could be removed from the molds without breaking. Of the overall seeded rings 29% Of
the patient cases failed while 100% of the control cases survived as a ring until the end of the 8 day

culture period.



3.2. Fibroblast Aggregated Ring Tissue Formation 27

Table 3.2: The table shows the number of successfully formed rings versus the number of seeded rings. Rings formed
represent the number of rings which remained until the end of an 8 day culture period. An extra batch of 5 rings were
seeded from the control lines during the cell seeding optimization trials. Additionally, control lines and P1 showed a
higher cell viability during cell counting which allowed seeding more rings from these lines.

Rings Seeded Rings Formed Broken During Removal

P1 | 10 9 1
P2 | 8 4 1(the remaining rings were too thin to be removed)
P3| 6 4 1(the remaining rings were too thin to be removed)
Cl |15 15 1
C2 |13 13 0

Figure 3.7: Figures on the left A and B show the rings produced by control cell lines while C, D, E and, F are from patient
cells. A and B show robust and uniform rings. While C and D, from patients P2 and P3 respectively, show nonuniform
rings with bulbs forming in several regions, these rings were very thin on one side and thicker on the other which caused
them to be fragile. E shows a prematurely broken ring while F is a ring from P1 cells forming a uniform yet thin ring
(scalebar = 1000um) G) The control rings are indicated with the dotted circle, they were successfully removed from the
molds and washed in a petri dish with PBS.

The images shown in Figure 3.7 were taken at the end of 8th day, before the rings were removed.
The two control lines all showed uniform and thicker rings which could be removed from the molds
without failing as shown in Figure 3.7 (G). As indicated with the white arrows P2 and P3 rings had
a non-uniform thickness with bulb like accumulations of cells occurring in some regions. Due to
these bulbous formations other regions were much thinner in comparison. These cell lines also
showed premature breakage of rings on days 3-4. The rings which failed, broke from these thinned
out points, as indicated by white dotted arrows. P1 rings, as shown in Figure 3.7 (F), were uniform
in thickness similar to the control lines and most could be removed without breaking, however they
were thinner.



28 3. Results

3.2.5. Kinetics of Ring Formation for Patient and Control Cases

In order to observe the speed with which different cell lines produce rings, their self-assembly and
contraction over the course of 24 hours were measured. At the end of the day it was possible to ob-
serve a ring by all cell lines. Differences in cell lines were observed in terms of speed and thickness.
The controls, P2 and P3 all completed their self-assembly into the ring structure by the 18th hour
time point and maintained a stable thickness afterwards. P1 cell line took longer than 18 hours to
assemble into a ring but had formed a stable ring in 24 hours and maintained this thickness. By the
end of 24 hours the patient lines contracted into thinner rings compared to the controls, as evident
in their final thickness as well.

Change in Ring Contraction over 24 hours
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Figure 3.8: The graph shows the change in ring contraction over the course of a day for control and patient cell lines.
All patient rings produce thinner rings compared to the 2 control cell lines used. Except for P1 the patient cells seem to
follow a similar time span for aggregating into a ring; after the 12h time point C, P2 and P3 appear to assume a more stable
thickness while P1 reaches this state after 18h.

3.3. Histology

This section presents the results from the H&E and Picrosirius Red (PSR) stainings. The rings were
harvested and stained at the end of day 8. The H&E stainings show the overall morphology of the
rings, as well as the distribution and the density of the cells. The H& stains the cell nuclei purple
and the cytoplasm pink. Picrosirius Red is a stain specific for collagen, showing the collagen fibers
produced by the fibroblasts, their density and distribution. Additionally, these images were used to
calculate the ring thickness for each case.
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3.3.1. Overall Morphology

The histology images showed that the control rings were tightly packed with cells as seen in Figure
3.9 (B). The overall morphology of the ring showed that there is a uniform cell distribution through-
out the ring. The control rings presented a uniform distribution of both cells and collagen fibers
throughout their thicknesses as indicated by the black arrows in Figure 3.9. The red collagen fibers
were evident along the length of the ring and distributed in a random orientation as shown in Fig-
ure 3.9(A). All of the control rings were tightly packed with cells and they were distributed homoge-
neously throughout the ring. The alignment of the cell nuclei found in the outer edge was observed
in all control rings. The cells found in the inner regions showed no preferred orientation. The cell

distribution and collagen deposition was homogeneous throughout the ring.

Figure 3.9: A) A representative Picrosirius Red staining of a control ring. The collagen is uniformly deposited throughout
the ring as fibers around the densely packed cells. The black arrow shows the span of area where collagen was observed
(scalebar = 500um E) B) The H& staining of the same control ring showed a high cell density and a random orientation of
nuclei towards the inner regions with a circumferential alignment towards the outer regions.

However in a control ring which measured thicker compared to the rest (0.78 + 0.08 mm) there
was a lack of nuclei towards the inner regions along the ring thickness, as shown in Figure 3.10. The
outer edges which contained more purple stained nuclei are shown with the black arrows in Fig-
ure 3.10 (C). Additionally, in a magnified view the cells lining the outer edge, where the ring was in
contact with the surrounding culture medium, appeared to be aligned in the circumferential direc-
tion of the ring. Similarly, in the PSR stainings the collagen deposition, seen as red fibers around
the densely packed cells, appeared around the outer and inner edges of the ring, as indicated by
the black arrows in Figure 3.10(D). This trend of cell and collagen focus towards the edges, was not

observed in the rest of the control rings which had a mean thickness of 0.55 + 0.09 mm.
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Figure 3.10: A) An overall view of an H&E stained control ring. Purple show nucleus and pink stain cytoplasm. (scalebar
=500um) B and C are magnified images of the same ring showing the distribution of cells throughout the ring thickness.
C) There appears to be more cell nucleus towards the edges of the ring as shown with the black arrows. The inner regions
lack cell nuclei which may be indicative of cell death. (scalebar = 100um) D) shows the same region as B in PSR staining,
the collagen is shown as red which appear to be accumulated towards the edges. (scalebar = 50m)

Figure 3.11: The H& and PSR staining of all patient lines, P1, P2 and P3. (scalebar=50um) In the PSR stainings, collagen
appear as red fibers, the area where collagen fibers are focused is indicated with the black arrows. In the H&E stainings,
the cell nuclei is dyed as purple their alignment in the circumferential direction is indicated with the black arrows.

Rings from all patient cell lines were similarly stained and qualitatively assessed. These observa-
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tions are summarized in the table below, the parameters for investigating the morphology of patient
and control rings are the density and distribution of cells and collagen within these rings. P1 rings
showed a tightly packed morphology with a homogeneous distribution of cells as seen in Figure 3.11
(A). The cell alignment along the edges which present in control lines, was observed in this case as
well (B), similarly the inner regions had no preferred cellular orientation. The PSR staining for P1
showed that there were collagen fibers present throughout the ring however the fibers were more
focused towards the outer edges as indicated by the black arrows in Figure 3.11 (A).

P2 rings showed a significant lack of stained nuclei. The H&E stain at a broken region of the ring
showed there were a higher number of cells focused in this region. Additionally there was a rela-
tively higher number of nuclei observed around the ring edges. The PSR stain showed a relatively
more uniform distribution of collagen fibers as opposed to the cell distribution, as indicated by the
black arrows in Figure 3.11 (D). The inner edge of the ring showed denser collagen fiber accumu-
lation compared to the outside. P2 and P3 showed a less packed cell distribution compared to the
controls and P1. P3 rings showed a randomly distributed collagen deposition throughout the rings.
Similar to P2 there was a lack of nuclei and no orientation could be observed. The rings from P2 and
P3 were broken and nonuniform which might be the reason for a lack of observed cellular align-

ment.

Table 3.3: The table below summarizes the overall morphological observations by the H&E and PSR staining, comparing
the individual patient and control cases.

Cell density Cell distribution
P1 | high homogeneous
H&E P2 | low focused on the edges
P3 | low random-scarce
C | high homogeneous
Collagen density Collagen distribution
P1 | low homogeneous
P2 | Lower than controls homogeneous
PSR
P3 | Lower than controls homogeneous
C | highest homogeneous

3.3.2. Ring Thickness

Since some rings were not robust enough to be removed from the molds successfully, the final thick-
ness measurements were conducted using the histology images. The final thickness of the patient
rings was compared to the controls. Overall, the patient rings (n=6) produced significantly thinner
rings compared to the control rings (n=4, p<0.05). The Figure 3.12 shows how these groups com-
pare; the mean thickness for control groups were 0.55 + 0.09 mm while for the patients it was 0.29 +
0.06 mm. When the thickness of each individual patient ring was calculated the average ring thick-
ness for P1 (n=2) , P2 (n=2) and P3 (n=2) were 0.24 + 0.06mm, 0.30 + 0.02mm and 0.35 + 0.02mm
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respectively. Figure 3.12 presents the thickness values of each cell line. At end of the culture pe-
riod of 8 days, all patient lines consistently produced thinner rings compared to the controls. P1

produced the thinnest rings while P3 and P2 made thicker yet less uniform rings.
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Figure 3.12: The graph on the top compares the thicknesses of the rings produced by control and overall patient lines at
the end of the 8 day culture period. The AAA patient rings produced significantly thinner rings compared to the controls
(p <0.05). The bottom graph shows the thicknesses of the rings produced by the individual patients; P1, P2 and P3. P1
which has a COL3A1 null mutation produced the thinnest rings while P2 and P3 were similarly thinner compared to the
controls.

3.3.3. Collagen Content

Patients chosen for the ring production system all had genetic variants affecting their collagen pro-

duction or regulation. P1 had a COL3AI null mutation, P2 COL3A1 missense mutation and P3 had a
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TFBR2 mutation. In order to observe whether the effects of these mutations on the collagen synthe-
sis could be observed in this system, the rings were stained for collagen. The stained images were
then used to calculate and compare the % area fraction of collagen produced by the different cell
lines. Figure 3.13 below show a representative PSR staining of a control and P1 ring. The differences
in the collagen amount, stained as red, can be seen in these images. At an initial glance the high
amount of red fibers in the case of the control could be seen compared to the patient case. The red
fibers appear slightly thicker in the control rings and they seem to be more tightly packed compared
to the patient rings. The magnified stained images chosen for this comparison and the collagen area

fraction were chosen from at least three points within a ring from the same regions.

Figure 3.13: A) The red collagen fibers produced by the control cells can be seen. The fibers seem to be oriented in all
directions and thicker compared to the P1 (scalebar = 25um). B) The same magnification as the control ring showing
fewer red stained collagen fibers. The fibers appear thinner and similarly oriented in all directions. (scalebar = 50um).

Using similar histology images from all cell lines the % area fraction of collagen was calculated
in Image]. First the images were separated into their color channels, identifying the green channel
highlights the red stained areas further. Then a threshold value which selects the red stained colla-
gen fibers is set and the area is calculated. Figure 3.14 below shows that the % area of collagen in
the overall patient rings were significantly less compared to the control rings. When the % collagen
area for each individual patient case is observed, the patient P1 which had a COL3A1 null mutation

had the lowest value compared to the rest of the cell lines.




34 3. Results

% AREA OF COL. FROM PSR
STAINING

Ul
o

W Controls O Patients
40

%
30
20

10

% FRACTION AREA OF COL.

% AREA OF COL. FROM PSR

STAINING
50

40 HC NP3 HP2 EP1

30

=

20

10

% FRACTION AREA OF COL.

0

Figure 3.14: The % area fraction of collagen produced by patients lines vs. the control lines are presented in the top graph.
The patient rings deposited significantly less collagen compared to the controls (p <0.05). The graph below shows the %
area fraction of collagen produced by each cell line. Calculated using the 40X magnified images of the PSR stained rings
from each cell line. The area occupied by the red fibers were isolated in an image processing software to calculate their
percent area fraction.

3.4. Mechanical Test

The initial plan for the fibroblast rings was after optimizing ring production, the structural and me-
chanical characterization were to be conducted. While the initially seeded control rings were suc-
cessfully removed from the molds, the relatively low forces generated by the rings until failure could
not be recorded using the existing setup. Additionally, the patient cells did not yield robust enough
rings for mechanical testing, while it was possible to remove some of them from the molds, they

were too fragile for mounting on the mechanical test setup. Following this trial a more sensitive
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load cell of 0.5N was chosen however, further experiments could not be conducted due to the con-
tamination in the cells. Additionally, the fragility of the P2 and P3 cell line rings prevented them

from being mounted on the setup.

3.5. Summary of the Results

The cell seeding conditions for cell aggregated tissue rings were optimized for seeding fibroblasts
type cells. By using a cell density of 800.000 cell /ring and leaving the cells undisturbed for at least
48 hours and then refreshing the culture medium every other day it was possible culture durable
rings in 8 days. The cells self-assembled into a ring shape within the first 18 hours and a visible
ring was observed in the culture mold in 24 hours. After optimizing the cell seeding conditions,
it was possible to make rings using the patient cell lines as well. The kinetics of ring formation
showed differences in behavior and speed for patient and control cell lines. Patient lines took a
slightly longer period of time to settle into the ring shape and contract to the final thickness. The
number of rings which survived until the end of the culture period also differed between patients
and controls. While all rings survived in the cases of control rings, some patient rings broke around
3-4 days of culture time. The final patient rings at the end of 8 days, were significantly thinner and
non-uniform, additionally they showed a significantly lowera area fraction of collagen compared to
the controls. The mechanical tests could not be performed due to multiple reasons; the initial setup
was not sensitive enough to record the force values during the test using control rings. Even though
a more sensitive load cell was ordered due to a contamination in the cells, no more sample rings
could be prepared. However, the patient rings from 2 cell lines made fragile and nonuniform rings

which were not strong enough to be removed from their molds and mounted on the test setup.






Discussion

The aim of this project was to design and fabricate a work flow allowing patient cell derived tissue
rings to be produced for mechanical and structural characterization in order to observe the effects
caused by their genetic variants. A ring culture system was fabricated where self-assembled fibrob-
last rings from patients and healthy cells could be produced and studied. This method allowed
the investigation of the structural differences between the patient and control groups. The initially
planned experiments for mechanical tests could not be performed due to a persistent contamina-
tion. Additionally the mechanical test setup required the rings to be robust enough for handling.
While control groups were so, the patient rings were very fragile hence mechanical data could not
be collected. Nevertheless, the study of ring formation process via self-assembly and histology re-
vealed the effects of genetics in patient cases. After further improvements and adjustments, this
method could be potentially used as a functional assay for studying the effects of genetic variants of

unknown significance.

4.1. Ring Formation

In order to obtain a high throughput ring samples from the fibroblast cells which were available,
the cell seeding conditions were optimized. This way a more consistent number of successful rings
could be created using a standardized number of cells and a culture media regimen.

Once these conditions were optimized the number of seeded rings and the rings which survived
were much more consistent compared to the initial trials. After being able to adjust the culture
conditions for fibroblast type healthy control cells, the patient rings were seeded under the same
conditions. There were differences in the ring formation behavior, ring morphology and rate of sur-
vival between patient and control rings. This could be due to the fact that the patients all had a
pathogenic genetic variant which is related to their ECM homeostasis.

Patients P1, P2 and P3 had COL3AI null, COL3A1 missense and a TGFBR2 mutations respectively.

37
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Their genetic variations had an observable effect on their connective tissue, COL3A1 null mutation
causes the collagen type III to be produced in lower quantities while COL3AI missense mutation
replaces an amino acid in the alpha chain of the collagen III triple helix. Both of these changes to
the collagen in the body results in a loss of function. TGFBR2 gene codes for the TGFf- 2 receptor
protein. This receptor is a crucial part of the TGF§ signaling pathway which influences cell prolifer-
ation, cell growth, motility and cell-ECM interaction.

While studying the ring formation process two stages were observed; the initial self-assembly of the
detached cells into a ring shape and its subsequent contraction into a firm ring. In the initial stage,
the normally adherent cells can not adhere to the mold surface and therefore they find their clos-
est neighbors and attach. This behavior of the cells could be explained by the need to minimize
their surface energy [5]. According to the differential adhesion hypothesis, explaining the phenom-
ena of cellular self-assembly based on thermodynamic laws, cells spontaneously aggregate into a
spherical structure in order to minimize their free energy [5]. It is potentially an insight into how
fibroblast cells behave in wound healing where they arrive on the wound sight to remodel the ECM.
This phenomena is important for aneurysm formation and prognosis as well, since the vessel wall
of the aneurysm sight fails to remodel to restore previous structure and function [1, 4].

Studies Gwyther et al. and Wilks et al. describe the process of self-assembly as, contractile type
cells proliferating and reaching a high density, and then finding the neighboring ones and adher-
ing to each other [13, 19]. They then contract further making a ring. Later on the cells produce
ECM proteins and fibers generating a stronger tissue. The fact that the patient rings broke after they
had form rings could indicate that the initial stage of self-assembly is based on cell-cell attachment,
which was possible for all cell lines. Napolitano et al., and Czajka et al. also report a similar self-
assembly period of 24-48 hours for fibroblast and endothelial cell type rings [17, 20] However, later
on, fibroblast begin to produce their own ECM. The genetic variants present in the patient group
could have hindered their ability to produce an as robust ECM. The differences in the collagen pro-
duced by patient and control groups can also be seen from the histology images. The patient group
histology showed a lower % area fraction of collagen, indicating that patient rings deposited less
collagen compared to controls.

Another trend which was observed in patient group was while assembling into the ring structure, in-
stead of uniformly attaching and contracting around the central posts, the patient cells formed more
clumps of cells in certain regions and gaps lacking cells, right before forming the ring structure. This
behavior resulted in nonuniform rings. While a ring which broke during this process could not be
observed via time-lapse images, a likely scenario for rings which broke prematurely could be that
the rings failed when these gaps that form during self-assembly were too large to close during ring
contraction. Additionally, the clumpier regions formed the bulb like structures and caused thinning
out other regions of the final rings. The initial non-uniform structure of the rings may have lead to
the random distribution of cells and collagen in these rings compared to the controls.

While all patient cell lines managed to form rings, some broke before the end of 8 day culture pe-
riod and formed nonuniform rings. An explanation for this could be because they were not able to
produce healthy ECM which was necessary for holding the ring together and providing mechani-

cal strength. Adebayo et al. showed that the main contribution to the mechanical strength of the
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self-assembled rings of smooth muscle cells, came from the ECM as they looked at the differences
between the mechanical properties of the decellularized and cellularized tissue rings [16]. Since this
mechanical strength was provided by the ECM, an inability to produce efficient ECM fibers could
be a source of failure.

In order to overcome the subsequent fragility of the rings effected by inefficient or dysfunctional
ECM synthesis, possible ways to improve ECM synthesis and functionality could be looked into.
During this study, a standard complete cell culture medium was used for the subculture and the ring
culture processes. Based on this, after the cells have contracted and formed a stable ring, the cul-
ture medium could be replaced with a supplemented one including growth factors and hormones to
promote ECM synthesis. It was possible to make sufficient rings using the standard culture medium
however a step further into improving the strength of the rings could be to use a specialized culture
medium in promoting ECM producing factors. Growth factors and hormones like TGFf, epidermal
growth factor (EGF), fibroblast growth factor (FGF), and insulin promote ECM synthesis [15]. This
could be a potential way to overcome the fragility of the patient rings.

Another factor relating the structural integrity of the rings to the ECM synthesis, was seen in the
rings which broke in the earlier periods of the culture. These rings contracted further into a spheroid
and lost their shape. However, once the rings were harvested at the end of 8 days these rings main-
tained their shape. This could be because in 8 days cell produced an ECM which helped maintain
their structure when released from the molds. Similarly, Livoti et al. observed the contraction of the
rat hepatocyte cell type rings cultured in micro-sized toroid molds, for 10 days and reported that
while the width and the lumen diameter changed significantly due to contraction the toroid shape

was maintained [21].

4.2, Histology

The histology was used to observe the overall morphology of the rings, compare the ring thickness
and the collagen content between patient and control cases. The cell density was low in two of the
patient cases (P2 and P3), these were also the rings which showed non-uniform ring formation and
ring breakage. The lack of stained nuclei could indicate a higher cell death which could be a reason
for more fragile rings. The directional alignment of the nuclei at the outer edges of the rings, where
the tissue is in contact with the culture medium, was similarly observed in Gwyther et al. and Czajka
et al.[13, 20]. Gwyther et al. report that this alignment was more pronounced when the rings were
cultured for a longer period [13].

The ring thicknesses of patient and control groups were compared and a significant difference was
observed. The ring thicknesses were also measured based on the individual patients with different
genetic variations, the sample size was not enough to conclude a significant difference however P1
formed the thinnest rings, while P2 and P3 were still thinner compared to the control group. The
differences in ring thickness could again be attributed to the genetic component which influences
the cells ability to produce collagen fibers. P1 had a COL3A1 null mutation which causes the patient

to produce less collagen III, this might be the reason for its thinner structure. Mutations in COL3A1
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are associated with Ehlers-Danlos Syndrome and mutations in TGFBR2 are associated with Loeys-
Dietz. Patients diagnosed with these syndrome often have thin and translucent skin and are prone
to abnormalities in their blood vessels [22, 23].

The 8 day culture period was enough to obtain robust rings which showed production of ECM pro-
teins. While this study focused on the production of collagen using the PSR stainings, according to
Czajka et al., other ECM proteins like fibrin and laminin were also produced by fibroblasts within
3 days of ring culture. Using the PSR stainings the % area fraction of collagen for the patient and
control cases was measured. The patient group produced significantly less collagen compared to
the control group and P1 was the patient showing the lowest amount of % area fraction of colla-
gen. The thickness measurements and the collagen area measurements concur each other. This
strengthens the theory that the ring thickness is influenced by the amount of ECM produced. All
rings started out with the same initial number of cells, and the rings which were thinner, produced
lower amounts of collagen likely caused by their genetic conditions. Another influence over the ring
thickness could be cell proliferation; in 2 of the patient cases, P2 and P3, there was a lack of nuclei
compared to the control cases. This could indicate cell death or an inability of further cell prolifera-
tion which could influence ring thickness as well. However, the thinnest rings were observed in P1,
which showed a denser nuclei presence, although the sample size was not large enough to declare
a significant difference in ring thickness.

A possible confirmation that this method could be used for observing functional affects of genetic
variations may be that this thin skin feature was similarly present in the significantly thinner rings
produced by these patient fibroblasts. In order to study the collagen fibers produced by patient
cells further imaging techniques like Scanning electron microscopy (SEM) and Transmission elec-
tron microscopy (TEM) could be used to investigate the structural differences on a closer level. TEM
imaging is being used to investigate the quality of collagen in patient skin biopsies who have con-
nective tissue disorders like Ehlers-Danlos Syndrome [22]. A possible approach to validate the abil-
ity of this method in mimicking in vitro ECM could be to compare the TEM images of collagen in

the ring constructs with these biopsy images.

4.3. Mechanical Test

The initially planned mechanical tests were to be conducted as described in Gwyther et al. [13]. The
control rings could be removed from their molds and handled for further testing however this was
not the case for patient rings. The patient rings which were not robust enough for testing, could have
been so due to their lower thickness, lower collagen content or possible due to the lower amount of
nuclei observed in H&E stainings.

While other studies were able to produce rings from SMCs and MSCs that were strong enough to be
handled and mounted on a test setup, the fibroblast rings were more fragile and elastic compared to
what is reported in these studies [13, 16, 18]. To overcome this, Winston et al. used a similar culture
setup to produce rings using collagen gels and fibroblasts, instead of self-assembly of fibroblasts

[14]. This approach help produce robust rings, however the collagen gel mechanical properties
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could also influence the measured effects. Another approach could be to co-culture of SMCs, MSCs
or endothelial cells with fibroblasts [20]. Czajka et al. showed that self-assembled rings from the
co-cultures of fibroblasts and endothelial cells were stronger compared to fibroblast cultures alone
[20]. This, could be an alternate approach to increase the strength and integrity of tissue rings with-
out a need for a scaffold material. Co-culture methods could provide a support and a more accurate
representation of a vascular wall since the intima layer consists of endothelial cells. As mentioned
above another possible solution could be to supplement the culture media with factors stimulating
the ECM production for a stronger construct.

In addition to the fragility of the rings which made it difficult to conduct mechanical testing, there
were differences in the mechanical testing setup used in this study compared to similar studies. The
studies which used self-assembled rings of different dimensions and cell types utilized a standard
tensile testing machine where a more sensitive load cells of 1N and 0.5N were used. Additionally,
these setups contained of a housing unit for the load cell, minimizing environmental interference
while recording. Our in-house built setup left the load cell of 2.5N exposed which potentially in-
creased the amount of noise recorded from the surroundings.

While ring tensile testing appear as an ideal option in this setup due to their ring-shaped structure
ability to test bulk material properties, other mechanical tests like nano-indentation techniques and
Atomic force microscopy (AFM) could be used for mechanical characterization, these require less
sample material and could be used for measuring smaller scale forces [24]. However these measure
the mechanical properties on smaller a local scale and have their own limitations [24].

While it would have been interesting to be able to mechanically characterize the tissue rings based
on the genetic variation effects, it was not possible to do so with the designed system. It was difficult

to generate self-assembled rings from all cell lines which were suitable for mechanical testing.






Conclusion

The motivation behind this study was to develop a functional assay for investigating the effects of
variants on the aneurysm genes that are currently of unknown significance by using patient cells.
A scaffold-free, self-assembly ring shaped cell culture model was used in order to characterize the
process of self assembly and their structural and mechanical properties. The aims of the study were
to 1) design and fabricate the cell culture molds system, 2) adjusting the culture conditions for fi-
broblast rings and 3) the characterization of these rings.

The self-assembly ring culture molds were successfully fabricated, additionally the in-house tensile
testing machine was modified to allow for a ring tensile testing setup. After adjusting the optimum
cell seeding conditions, tissue rings from all desired cell lines were successfully formed. The kinet-
ics of ring formation showed differences in behavior and speed for patient and control cell lines.
Patient lines took longer to settle into the ring shape and contract to the final thickness. While all
rings survived in the cases of control rings, some patient rings broke around 3-4 days of culture time.
The final patient rings at the end of 8 days, were significantly thinner and non-uniform, additionally
they showed a significantly lower area fraction of collagen compared to the controls. The mechan-
ical characterization of the rings could not be conducted due to multiple reasons; the initial setup
was not sensitive enough to distinguish the forces generated by the tissue rings and the patient rings
were too fragile to be mounted on the tensile testing machine. However, it was possible to identify
the structural differences between the patient and control cases which were expected to be present

due to the pathogenic variants in the aneurysm genes of these patients.

5.1. Limitations

The major limitation for this study was the low number of samples. The experiments could not be
repeated enough times to show a significant difference between the each patient line with a genetic

variation. Additionally despite the results showing structural differences between the patient and
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the control groups these could not be related to the mechanical properties. With a higher number
of samples and time to conduct further experiments investigating the collagen production and sig-
naling mechanisms in these rings further insight could be obtained about these patients conditions.
In the scope of this study patients with pathogenic variants were chosen to make sure there was an
effect to be measured by this model. In the future patients with variants of unknown significance
should be chosen to validate the ability of the setup to test functional effects. The fibroblasts used in
this study were collected from the skin biopsies, although these rings were able to show a difference
in behavior, a possible way to improve this model could be to use vascular fibroblasts since cells

could behave differently based on where they are found in the body [25].

5.2. Future Recommendations

The following recommendations could improve and support the results from this study:

1. In order to further characterize the ring formation process in more detail, RNA sequencing in
stages of self-assembly could be conducted. This could help reveal the cellular mechanisms
which play a role in self-assembly through gene expressions and how they change for the

patient cases.

2. The experiments from this study should be repeated using a larger sample size and more pa-

tients in order to verify the results from this study.

3. Patients with variants of unknown significance should be chosen to validate the ability of the

setup to test functional effects.

4. A microscope with time-lapse imaging capabilities that is able to view the entire mold area
for recording the full rings during formation could help understand the formation of non-

uniformities within the rings

5. An ECM synthesis promoting culture medium could be used after ring formation in order to

produce more robust rings.

6. Immuno-stainings specific to the targeted protein or biological molecule that the genetic vari-
ant is likely affected could be targeted and stained for a more accurate understanding of the

resultant effect.

7. A more sensitive mechanical testing device or load cell could be opted to record the lower
scale forces produced by the tissue rings. Alternatively, if the rings are not eligible for tensile

testing, compression or indentations tests could be preferred.

8. TEM imaging could be used to investigate the effect of the disease on the collagen on a fibrillar

level and its orientation.
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2.5

List of Figures

A) The figure shows a healthy aorta, the thoracic and abdominal regions are indicated
with the arrows. Figure B and C show what a dilated aorta, an aneurysm at the thoracic
and abdominal regions look like. . . ... ... ... ... ... . L
A) A healthy aortic tissue, stained for collagen using Picrosirius Red. The distinction
between adventitia and the media layers may easily be seen by the organizational dif-
ferences. B) An aneurysmal tissue from an AAA patient similarly stained, the organi-
zational differences can not be distinguished between the two layers. The ECM or-
ganization has been altered, in turn affecting the functional properties of the vessel
wall[4]. . . .

Mold Fabrication Process. Step 1 shows a cross-section of the 3D printed mold with
the specific dimensions. In step 2, PDMS (shown in blue) was cast over the printed
mold. After PDMS was fully cured it was removed from the mold and sterilized. In
step 3, 2% agarose dissolved in DMEM was poured into the PDMS template to obtain
thefinalmold. . .. ... ... . .. . e
A) The mold model designed in SketchUp CAD software, this model was designed ac-
cording to the dimensions provided in Strobel et al. [18]. B) Figure shows a side-view
of an X-Ray cut of one of the wells inside the mold, showing the central post and the
well around it. C) The model in Ultimaker Cura, sliced in thin layers for printing. The
path which the printer head will follow to print the model canbeseen. . . ... .. ..
A) ABS mold with a tape wall around the edges. During degassing the air bubbles
inside the PDMS begin to move to the surface causing the mixture to rise, the tape
helps avoid leakage and allows room for a thicker bottom for the PDMS template. B)
The ABS mold with the cured PDMS inside ready to be peeledoff. . . . ... ... ...
The process of making the agarose mold. 4ml of agarose solution was pipetted inside
the PDMS template, first by leaving out the wells and later filling the insides of the wells
with 1 ml of agarose solution. This made sure the wells were all filled with agarose and
no air bubbles were trapped, preventing the central post formation in the final agarose
mold. . . ..
A) The grips, consisting of two lever arms and steel pins on the ends to thread the rings
through, were custom designed to be suitable for the previously built in-house tensile
test setup. B) A close-up of the grips showing the pins, the diameter of the pins are 1
mm each. The lever arms overhangs the water-bath, so that the pins are submerged in

PBSduringtesting. . . . . . .. . . . . . e e
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2.6

2.7

3.1

3.2

3.3

3.4

Cell Seeding Process. A) Agarose mold and its cross-section. B) Fibroblasts were re-
suspended in high appropriate concentration after centrifuging to obtain the required
cell concentration for forming rings. C) The side view of the cell seeding and ring for-
mation processes into one of the wells. D) The same process shown from the top view.
The 50yl of cells suspension with 800.000 fibroblasts is seeded into each well. In 48
hours the cells contracted around the post to formaring. . ... ... ... .......
A representative schematic showing the CytoSMART system, It is possible to track cell
aggregation which results in the ring formation by taking periodic images of a quarter

ofthering. . . . . . . . . e

A) The 3D printed mold B) Intermediary PDMS template, 3 of these were prepared. C)
The final agarose mold submerged in culture medium inside a 6-well plate. . . . . . .
A) The overall mechanical test setup. The white arrow indicates the load cell, dotted
arrows show the light sources for illuminating the sample for a better recording and
the orange arrow points to the water-bath in which the samples would be suspended
in during testing. The selected region indicating the steel pins used as hooks for sam-
ples to be mounted on is magnifiedinB. . ... ... ... ... ... ... . 0 L.
A) An agarose mold from the top view, with 5 successfully formed fibroblast rings
which appear as white rings around the central posts, 24 hours after cell seeding. B) A
close up image of a single ring from the side view, the top of the central post is marked
as x and the fibroblast ring can be seen as the white tissue contracted around the post.
Figures C, D and E show a close up of the rings inside the molds from the top view,
the change in ring thickness due to cell aggregation and contraction around the post
can be seen over the course of 36 hours (scalebar = 2 mm). C) Immediately after cell
seeding, the individual cells can be seen as their detached circular form spanning the
bottom of the well. B) 24 hours after cell seeding the cells have aggregated and at-
tached to each other to form a ring around the central post, at this point it is possible
to observe a ring as shown in B. E) 48 hours later the ring has contracted even further
formingamorerobustring. . .. ... ... L L L
Microscopy images of two fibroblast rings after 24 hours and 48 hours. A) The ring
which had appeared to form, was broken immediately after being flooded with culture
media 24 hours after cell seeding. B) The ring from the same cell line had aggregated
into a ring in the first 24 hours and left undisturbed for 48 hours, remained as a ring

when flooded with culture media (scalebar=1mm) ... .. .. .. ... ........
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3.5

3.6

3.7

3.8

3.9

A) The CytoSMART system allows for imaging only a quarter of the ring due to their
larger size (scalebar = 100 ym). The graph shows that the higher cell density seed-
ing yields thicker rings which appear to reach a stable thickness faster compared to
the lower cell density ones. The individual cells can be visible seen right after they
are seeded into the mold. C) the cells have begun to self-assemble into a ring shape
however still some cells on the outer edges can be distinguished. D) 18th hour for the
low cell density case; a visibly clear ring has been formed and the individual cells can
no longer be seen, at this point the cells have assembled into their ring structure but
continued to contract until they reach the final thickness. E) The final thickness of the

ring shown at day 2, this thickness was maintained until the end of the culture period.

The images of a patient and a control ring taken at the same time point (12h). A) The
ring formation process for P2 cell line shows multiple gaps appearing along the thick-
ness of the ring and clumping of cells in several regions. B) A control cell line during
ring formation appear to have a more spread out distribution of cells throughout the
well. (scalebar = 100um)The resultant rings from these cell lines show a nonuniform
and a thin ring for P2 and a uniform ring for the control. The corresponding rings are
shownin Figure3.7below. . ... ... ... . .. .. ... ...
Figures on the left A and B show the rings produced by control cell lines while C, D,
E and, F are from patient cells. A and B show robust and uniform rings. While C and
D, from patients P2 and P3 respectively, show nonuniform rings with bulbs forming in
several regions, these rings were very thin on one side and thicker on the other which
caused them to be fragile. E shows a prematurely broken ring while F is a ring from
P1 cells forming a uniform yet thin ring (scalebar = 1000um) G) The control rings are
indicated with the dotted circle, they were successfully removed from the molds and
washedinapetridishwithPBS. . ... ... ... ... ... ... ... .. ... .....
The graph shows the change in ring contraction over the course of a day for control
and patient cell lines. All patient rings produce thinner rings compared to the 2 control
cell lines used. Except for P1 the patient cells seem to follow a similar time span for
aggregating into a ring; after the 12h time point C, P2 and P3 appear to assume a more
stable thickness while P1 reaches this state after 18h. . . .. ... ... .. ... ....
A) Arepresentative Picrosirius Red staining of a control ring. The collagen is uniformly
deposited throughout the ring as fibers around the densely packed cells. The black ar-
row shows the span of area where collagen was observed (scalebar = 500um E) B) The
H& staining of the same control ring showed a high cell density and a random orienta-
tion of nuclei towards the inner regions with a circumferential alignment towards the
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3.10 A) An overall view of an H&E stained control ring. Purple show nucleus and pink stain
cytoplasm. (scalebar =500um) B and C are magnified images of the same ring showing
the distribution of cells throughout the ring thickness. C) There appears to be more
cell nucleus towards the edges of the ring as shown with the black arrows. The inner
regions lack cell nuclei which may be indicative of cell death. (scalebar = 100um) D)
shows the same region as B in PSR staining, the collagen is shown as red which appear
to be accumulated towards the edges. (scalebar=50pum) . ................

3.11 The H& and PSR staining of all patientlines, P1, P2 and P3. (scalebar=50um) In the PSR
stainings, collagen appear as red fibers, the area where collagen fibers are focused is
indicated with the black arrows. In the H&E stainings, the cell nuclei is dyed as purple
their alignment in the circumferential direction is indicated with the black arrows. . .

3.12 The graph on the top compares the thicknesses of the rings produced by control and
overall patient lines at the end of the 8 day culture period. The AAA patient rings
produced significantly thinner rings compared to the controls (p <0.05). The bottom
graph shows the thicknesses of the rings produced by the individual patients; P1, P2
and P3. P1 which has a COL3AI null mutation produced the thinnest rings while P2
and P3 were similarly thinner compared tothecontrols. . . . . ... ... ... .....

3.13 A) The red collagen fibers produced by the control cells can be seen. The fibers seem
to be oriented in all directions and thicker compared to the P1 (scalebar = 25um). B)
The same magnification as the control ring showing fewer red stained collagen fibers.
The fibers appear thinner and similarly oriented in all directions. (scalebar = 50um). .

3.14 The % area fraction of collagen produced by patients lines vs. the control lines are pre-
sented in the top graph. The patient rings deposited significantly less collagen com-
pared to the controls (p <0.05). The graph below shows the % area fraction of collagen
produced by each cell line. Calculated using the 40X magnified images of the PSR
stained rings from each cell line. The area occupied by the red fibers were isolated in

an image processing software to calculate their percent area fraction. . . . . ... ...
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List of Tables

The table shows the number of successfully formed rings based on the culture media
change and cell seeding conditions. 10 rings were seeded using both conditions and
the number of successful rings are presented below. Using a high cell density with
leaving the cells undisturbed for at least 48 hours was determined to be the optimum
conditions for obtaining successful and robustrings. . ... .. .. ... ... .....
The table shows the number of successfully formed rings versus the number of seeded
rings. Rings formed represent the number of rings which remained until the end of an
8 day culture period. An extra batch of 5 rings were seeded from the control lines
during the cell seeding optimization trials. Additionally, control lines and P1 showed a
higher cell viability during cell counting which allowed seeding more rings from these
lines. . . .
The table below summarizes the overall morphological observations by the H&E and

PSR staining, comparing the individual patient and controlcases. . . ... .. ... ..
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