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ABSTRACT

Cancer has a growing incidence worldwide and metastases represent the primary cause of death
from cancer. However, there is still a lot unknown about the mechanisms that support metastasis
to specific organs. Bone marrow is one of the most frequently metastasized sites for different
types of cancer such as, beast and prostate cancer. Therefore, a lot of research is performed
into the understanding, prevention and treatment of the metastasis. To this end, in this work, a
bone­marrow­on­chip is developed that can be connected with a vascular circulation to a tumour
tissue.
The development of a representative bone marrow tissue on chip is presented to actually be used
for mimicking metastasis to bone marrow. First the hydrogel is investigated to form a bone vas­
cularized tissue. To do so, the amount of self organization and migration of cells cultured as
spheroids in the hydrogels is analyzed. Both Collagen I and Fibrin hydrogel are used, and from
these two Fibrin hydrogel showed the best potential for vascularization of the spheroids.
Next, the spheroid composition is structured considering bone marrow derived mesenchymal stem
cells (MSCs), osteoblasts (OBs) and endothelial cells (ECs) of two types. First, the spheroids
are formed in round bottom microwells and after two days injected into the hydrogel. Now the
spheroids are cultured for 7 days in well plates during and after which various analysis methods
are used to analyze the effect of different conditions. These analyses include quantification of
the migration of cells in the hydrogel, immunostaining and quantitative polymerase chain reaction
(qPCR). MSCs are combined with HUVECs to improve the vascularization of the tissue and with
OBs to form a more representative bone marrow. Also, the effect of bone marrow endothelial cells
(BMECs) on both MSCs and OBs is investigated to see the effect of the tissue specific ECs. In
the end a triple culture of MSCs, OBs and BMECs was identified as the best cellular composition
for the vascularized bone marrow formation.
After the experiments with spheroids in wells plates, the best conditions are selected to be per­
formed on chip. The on chip cultures however did not show the same results as the wells plate
cultures. As of now there is no clear reason why but this has to be investigated further. Also, the
qPCR has to be performed again to obtain more data points and control measurements from the
different conditions.
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SAMENVATTING

Kanker is een groeiend probleem wereldwijd en metastases naar andere organen is een van
de meest voorkomende doodsoorzaken die hierbij komen kijken. Er is op dit moment nog veel
onduidelijk over de precieze mechanismes waardoor een kanker vaak naar een specifiek or­
gaan metastaseert. Er wordt veel onderzoek uitgevoerd om deze metastases beter te begrijpen,
voorkomen en te behandelen. Een metastase naar het beenmerg komt bij verschillende type
kanker erg vaak voor. Om de mechanismen die hiervoor zorgen beter te begrijpen, is beenmerg
op een chip ontwikkeld die via een vasculaire circulatie aangesloten kan worden op een weefsel
met een primaire tumor.
In dit verslag is gevasculariseerd beenmerg op chip ontwikkeld, die gebruikt kan worden om de
metastase naar beenmerg na te bootsen. Eerst is een optimale hydrogel onderzocht voor het
vormen van een gevasculariseerd weefsel. Hiervoor wordt de hoeveelheid zelforganisatie en mi­
gratie van cellen gekweekt als sferoïden in een hydrogel geanalyseerd. Een Collageen I en Fibrine
hydrogel worden hiervoor gebruikt en hiervan bleek in Fibrine de beste vascularisatie van de sfer­
oïden mogelijk.
Vervolgens wordt de optimale sferoïde samenstelling van beenmerg geïsoleerde mesenchymale
stamcellen (MSCs), osteoblasten (OBs) en endotheelcellen (ECs) bepaald. De sferoïden worden
in twee dagen gevormd in ronde bodem microwellen en vervolgens verplaatst naar een hydrogel.
De sferoïden worden dan voor 7 dagen gecultiveerd in well platen waarna verscheidene anal­
ysemethoden uitgevoerd worden om het effect van verschillende condities te bepalen. Onder
deze analyses vallen de kwantificatie van de cel migratie, immunokleuring en kwantitatieve poly­
merasekettingreactie (qPCR). Vervolgens worden MSCs gecombineerd met endotheelcellen van
menselijke navelstrengaders (HUVECs) om de vascularisatie te verbeteren en met OBs om een
beter representatief beenmerg weefsel te vormen. Vervolgens wordt er gekeken wat het effect is
van het combineren van uit beenmerg geïsoleerde endotheelcellen (BMECs) met MSCs en OBs,
om te kijken wat het effect is van het gebruiken van weefselspecifieke ECs. Uiteindelijk wordt een
drievoudige cultuur geïdentificeerd als best conditie voor het maken van gevasculariseerd been­
merg weefsel.
Na de experimenten in well platen worden de beste condities geselecteerd voor de op chipculturen.
De resultaten van deze op chipculturen zagen er echter anders uit dan de well plaat culturen. Hier
is op dit moment nog geen duidelijke verklaring voor en dit moet dan ook verder onderzocht wor­
den. De qPCR data die al is verzameld mist ook nog datapunten waardoor er nog geen volledige
conclusie uit getrokken kan worden, deze zal nogmaals uitgevoerd moeten worden en een cont­
role meting voor meerdere condities zal toegevoegd moeten worden
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1 INTRODUCTION

1.1 Cancer

Cancer has a growing influence on the healthcare system worldwide, and its incidence contin­
ues growing as well as mortality associated with cancer and more than 19 million new cases and
almost 10 million cancer related deaths worldwide in 2020 [1]. When a cancer is present, there
is a high chance of metastasis to other organs, and some types of cancer have a higher risk of
metastasis than others, like melanoma, breast and kidney cancer [2]. Furthermore, metastases
account for 90% of cancer­related deaths [3]. Due to this high mortality there has been a focus
on understanding and preventing metastasis [4]. Bone is one of the most frequently metastasized
sites, and primary breast cancer in females and/or prostate cancer in males, account for the ma­
jority of the skeletal metastases [5]. Breast cancer will metastasise to bone in 55 % of all cases
compared to the second most common metastatic site, the lungs, with a 30 % chance of metas­
tasis [6]. Moreover, other types of bone metastasis, from lung and kidney for example, are also
possible. Thus, bone models can be used to investigate a multitude of primary cancer metas­
tasis to bone. Altogether, bone metastasis has a extremely poor prognosis and is accompanied
by chronic pain, decreased mobility and other secondary symptoms, which all cause a significant
decrease of quality of life of the patient. This is why there is a lot of research performed into the
understanding, prevention and treatment of this type of metastasis.

1.1.1 Metastasis

For a primary tumour to cause a metastasis tumour cells have to go through a series of steps
and overcome a number of obstacles. These obstacles include; the escape from their primary
site by crossing the endothelial barrier into the bloodstream, harsh conditions in the bloodstream
circulation, adherence to the vascular wall, crossing the endothelial barrier once more to entering
the tissue, acclimating to the new microenvironment and escape from immune cells during all the
processes [7]. As a direct consequence, fortunately the chance of forming a metastasis is very
low [8], with only 0.001­0.02 % of all cancer cells that enter the circulation forming a metastasis
[9]. However, when a metastasis has been established this is hard to detect and our treatments
frequently fail to combat the secondary tumour [8]. There are correlations between the primary
and secondary site of the cancer, like breast cancer tends to metastasize into multiple organs like
bone, liver, brain and lungs, with the highest probability for bone marrow [10]. This preference can
be partially explained by the permeable sinusoidal vessels that some tissues have, like in the bone
tissue, which increases the rate of metastasis [11]. However, a lot of studies aim to explain the
correlation between the tumour type and the targeted organ which is mostly explained by a seed
that seeks a specific soil [12]. This ”seed and soil” hypotheses was fist described by Stephen
Paget in 1889 [13]. The different steps of metastasizing are shown in Figure 1.1. The primary
steps of a cancer metastasis are intravasation, circulation, extravasation and colonization; these
four steps will be further elaborated below.

Intravasation

Intravasation is the invasion of tumour cells through the endothelial layer of the vasculature into
the blood or lymphatic vessel [14]; this process is active or passive [15]. This mediation depends
on the tumour type, TEM and vasculature [11]. 3D microfluidic models have shown that the en­
dothelial lining is a barrier for the intravasation which is regulated by the TEM [16]. Due to these
constraints the tumour cells have to squeeze themselves through a tight barriers which causes
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Figure 1.1: Schematic overview of the metastatic cascade. The four major steps intravasation,
circulation, extravasation and colonization. Created with BioRender.com

the nuclear envelope to loose integrity, DNA damage and rearrangement, which in turn increases
the metastatic potential of the cells when repaired [17]. It has also been shown that the epithelial­
mesenchymal transition, which causes the epithelial cells to loose their adhesion potential and
gain invasive properties, plays a important role in the tumour cells’ ability to escape the tumour
environment and enter the circulation [18, 19].

Circulation

When tumour cells have left their primary site and entered the blood or lymphatic system they are
called CTCs until possible extravasation at a distant site. The interactions of the CTCs with the
environment in the circulation determine their change of survival and extravasation [20]. CTCs can
circulate as a single cell or clusters, formed by the presence of cell junction component plakoglobin
will increase the metastatic potential [21]. The formed clusters comprise more than only CTCs,
stromal cells and immune components from the primary microenvironment that enhance the sur­
vival chances [19, 21]. The clusters will also interact with blood platelets that allow the cluster to
shield itself from the shear forces and escape immune detection [22, 23, 24]. When CTCs adhere
or become trapped in small capillaries they, either extravasate into the tissue, or grow within the
vessel before extravasation happens [7, 25].

Extravasation

Extravasation is performed by induced local vessel remodelling of the endothelial layer by the
CTCs [25]. When CTCs adhere or become trapped in a capillary they undergo interactions be­
tween the microvascular endothelium that will allow for cytoskeletal changes that are required for
the TEM [26] or it can lead to a microvascular rupture [8]. Extravasation is a complex process that
relies on different ligand receptor interactions, chemokines and circulating non­tumour cells and
is not yet fully understood due to the lack of models that are capable of the identifying the precise
mechanisms [26, 27].

Colonization

When tumour cells have entered a secondary site they can go into a dormant state and remain
quiescent or start proliferating which is called the colonization [11]. When a metastasis is formed
supply of nutrients and oxygen is especially important; therefore tumour secrete angiogenic factors
to recruit ECs, which will induces the vessel formation [28].

Introduction 11
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1.2 Bone marrow

Due to its higher endothelial permeability and the ”soil” function of the bone it is a important factor
in the metastasis of cancer. Bones are composed of a cortex and medulla; the cortex is a layer
of strong compact tissue and the medulla a porous structure, which houses the bone marrow
in its interstices [29]. Bone marrow is home to the essential pluripotent precursor cells for the
human body [30]. The primary functional cell types are the HSCs, which play a crucial role in
the renewal of all types of blood cells [31]. Next to HSCs, the marrow contains MSCs, which are
multipotent stromal cells that are capable of differentiation into types of cells, such as osteocytes,
chondrocytes, and adipocytes [32].
The bone marrow can be divided into red and yellow marrow; the red marrow contains primarily
hematopoietic andmesenchymal stem cells and the yellowmarrow is largely composed of adipose
tissue [29]. At birth, the marrow is entirely red marrow, however during aging red marrow contracts
and be replaced by yellow marrow. In adults the red marrow is mainly located in the spongy bone
in the epiphysis and the yellow marrow in the diaphysis. The structure of the bone and location of
the different marrow (cell) types is illustrated in Figure 1.2. Since only the red marrow contains the
HSCs, it can be considered as the functional part of the bone marrow. Because of the relatively
higher microvascular density of the bone marrow it has been associated with an increased tumour
metastasis incidence [33]; it is as well a favorable environment that can support tumour growth
and survival [34]. From the different marrow types a metastasis is more likely to occur in the better
vascularized red marrow [35].

Figure 1.2: Schematic structure of the bone showing the location of the red and yellow bone
marrow indicated as well as the higher microvescular density. Created with BioRender.com

Apart for the blood cell producing HSCs, the MSCs are the structural maintaining cells of the
marrow, these cells maintain the microenvironment in which the HSCs are housed. The MSCs
work in cooperation with a small number of osteogenic cells that have migrated into the marrow,
two of these cell types being derived from the MSCs. There are three main osteogenic cells
present in the bone; the osteoblasts, osteocytes and osteoclasts. OBs are bone­forming cells and
have three main functions; production of bone matrix (osteoid), regulation of osteoid mineralization
by production of non­collagenous proteins and supporting the osteoclast formation [36]. When
OBs have completely surrounded themselves in mineralized ECM they further differentiate into
osteocytes [37]. Osteocytes are cells that are present in their own lacunae, which they create by
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surrounding themselves in mineralized matrix [38]. These cells have a monitoring function that
can sense stress and strain in the bone; this information is next passed down to the osteoblasts
and osteoclasts to induce bone remodelling [39]. Osteoclasts are cells derived from HSCs and
have a role similar to macrophages; these cells reabsorb the bone matrix when activated [40].
The ECM that is produced by the MSCs consists of various proteins such as proteoglycans or
glycosaminoglycans, fibronectin, tenascin, collagen, laminin, hemonectin, and thrombospondin
[41].

1.3 State of the art bone models

1.3.1 Bone marrow in vitro models

Because the functional bone marrow comprises different cell types, models should include these
different cells. So, to mimic the remodelling capacity of the bone HSCs and/or differentiated os­
teoclasts must be incorporated into the model. When only the formation of the bone structure is
required, MSCs can be sufficient to form the ECM [42]. There have been different approaches to
fabricate representative 3D structures of tissues including the bone which are combined with the
required cell types; spheroids, scaffolds and hydrogels [43].
Spheroids are 3D spherical clusters of cells of one or multiple cell types. Spheroids can be formed
using different techniques including, hanging drop culture, culture in ultra­low adhesion well plates
and microarray culture [44]. When a spheroid is formed it can be introduced into a scaffold or hy­
drogel to allow for more freedom and vascularization of the tissue. Spheroid culture has been
shown to improve the angiogenic effect compared to suspension cultures [45].
One of the most common approaches is to use a 3D scaffold to support cells in a static or dynamic
environment, there the scaffold can positively affect the cell differentiation, migration and vascu­
larization to form the desired tissue [43]. In general, the requirements for a good 3D scaffolds are
biocompatibility, biodegradability and corresponding mechanical properties to the tissue [43, 46].
Because the natural ECM in the bone comprises a combination of organic and inorganic materials,
it would be desirable to mimic this as close as possible. However, this can also be achieved by
allowing the cells to produce a large amount of this ECM themselves. For bone a scaffold with
HA would be the most obvious choice because it is the primary inorganic component of the ECM.
However, HA is a solid, which limits its use for microfluidic setups since the cells and the scaffold
must injected into the microfluidic device. It can however be supplemented in the particle form to
improve the production of the bone matrix by the cells [47]. Different kinds of synthetic and organic
solid scaffolds have been successfully used to mimic the bone (marrow) tissue in 3D [43].
Hydrogels are another commonly used matrix to mimic the physiology of a tissue in vitro. Hydro­
gels are typically cross linked polymer networks, they have similar structures and components to
the actual tissue and are biocompatible. Hydrogels can be produced from natural and synthetic
polymers, which allows for the customization of a wide range of properties to mimic the natural
structure. For example, the stiffness and cross­linking methods can be customized to fulfill the
desired needs. There are different organic hydrogels like; fibrin, matrigel, gelatin, HA, and colla­
gen, and synthetic hydrogels like; gelatin methacrylate, polyethylene glycol and polyvinyl alcohol,
that are used for biomedical applications. Cells can be cultured directly in the hydrogels and sup­
plemented with drugs or growth factors that are slowly administered to the tissue. Hydrogels are
especially interesting because they can be injected as a liquid phase and allowed to polymerize in
a microfluidic channel. Like HA, the natural ECM of bone has a high concentration of Collagen I,
which makes it a representative scaffold for this tissue. Different combinations of hydrogels have
also been used to improve the characteristics for the specific culture [48]. Hydrogels can also be
used in combination with assembled cell structures like spheroids. This will allow for the migration
of the cells from the spheroids once seeded in the gel, instead of cells organizing from a dispersed
state in the hydrogel. In Figure 1.3 a schematic representation of a scaffold, hydrogel and spheroid
into which cells can be cultured are shown.
The structure into which a bone marrow model is formed must also be supplemented actively with
nutrients and oxygen. Different approaches are again employed but the main two are a culture
in either a bioreactor or microfluidic device. A conventional bioreactor comprises a big medium
compartment where the biological structure is placed in. Through stirring and addition of supple­
ments a dynamic environment is created, which can be monitored. Using a microfluidic device
the bioreactor approach is minimized which allows for a more precise control of stimulation and
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Figure 1.3: Example of three different 3D bone model approaches. Firstly, a solid scaffold in with
cells are seeded. Secondly, a polymer hydrogel into with cells are seeded before it solidifies.
Lastly, a spheroid culture of the cells. Created with BioRender.com

monitoring.

1.3.2 Microfluidics

To investigate the mechanisms of tumour metastasis, conventional 2D in vitro cultures or in vivo
animal models have been primarily used in the past. On one hand, 2D culture has been used due
to their cost effective materials, simple technologies and reproducibility [49]. However, these mod­
els lack the ability to replicate the full 3D microenvironment of the tissue [50]. On the other hand,
in vivo animal models, mimic the physiological environment better, but lack human cells which
limits the relevance for human response models [51]. 3D microfluidics have been introduced as
a tool to mimic the physiological microenvironment of human tissue in vitro [4, 52]. Microfluidics
allows for the accurate manipulation of liquids using channels in the micrometer scale, provides
precise control of the stresses and (chemical) gradients perceived by different areas of the tissue
in these devices, which is impossible in macro scale models and uncontrollable in in vivo studies
[50]. Using a microfluidic approach, devices called OoC can be created; these devices or plat­
forms mimic the functions, interactions and environment of a specific organ or cascade of organs.
OoC have been in particular interesting for disease modelling and therapeutic development, and
might eventually be combined to form a human­on­chip model [53]. Microfluidic devices are pre­
dominantly produced out of PDMS using soft­lithography [54]. The negative mould that is used for
soft­lithography can be produced is different methods like photo­lithography and using 3D printers.

1.3.3 Vascularization on chip

To ensure proper growth and natural development of a tissue, vasculature is very important. New
vasculature is formed by a process called angiogenesis, in which a new vessel sprouts from an
existing one toward the site where this is necessary [55]. Especially for cancer this is an important
process, which facilitates the oxygen and nutrient supply to tumour cells that are too distant from
the original blood vessel, which is essential for survival and proliferation of these cells[56]. En­
dothelial cells and pericytes form the basis of the vessel lining; endothelial cells can be activated
to perform angiogenesis by different angiogenic cytokines such as; vascular endothelial growth
factor and fibroblast growth factor [55]. Thereby new vessels can be formed through the tissue to
supply it with necessary nutrients and oxygen. Co­culture with fibroblasts is often used to promote
antagonises because they secrete these angiogenic factors [57].
There have been various approaches to achieve vascularization in vitro; however until the use of
microfluidics there had not been much improvements, this has allowed for much better control of
the microenvironment [58]. For the existing vasculature to perform angiogenesis the endothelial
cells should be able to migrate into the target tissue. To induce this will differ depending on the tar­
geted organ, the chip design and the tissue matrix. Various of these microfluidic approaches have
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been reported to achieve vascularization. In Figure 1.4 three different approaches are shown.

Figure 1.4: Three vascularization approaches where different layouts and cell structures are used.
(a) Co­culture of ECFC­ECs and NHLFs as a suspension to form a vascular network that can
support a micro­tumour formation. (b) A self assembly from suspension and sprouting approach
to form vascularization. (c) Co­culture of NHLFs and HUVECS as a spheroid to and from which
vascular sprouting is performed by the HUVECs. Adapted from [59, 60, 61].

Sobrino et al. displayed a microfluidic device to culture micro­tumours (Figure 1.4a) [59]. In this
device ECFC­ECs and NHLFs where co­cultured in a 10 mg/mL Fibrinogen hydrogel suspension
to form a vascularized network that can be supplemented with different cancer cells to study the
micro­tumour formation. The central diamond shaped chamber is used for the tissue culture and
the side channels for nutrient supply. After seven days of culture a vascular network was formed
that was able to support the micro­tumour. Because the ECFC­ECs and NHLFs where cultured
as a suspension no sprouting occurred from a vascularized channel, but the cells organized them­
selves in the hydrogel.
Kim et al. presented two different approaches to achieve vascularization using cell self assembly
or sprouting (Figure 1.4b) [60]. Both approaches are performed in a 2.5 mg/mL Fibrinogen 0.2
mg/mL Collagen I hydrogel. Firstly upper row, HUVECs where cultured in a central chamber and
NHLFs in the outer most chambers, with a medium channel in between. Using this configuration,
the vasculature that connects the two media channels is formed by self assembly. Secondly lower
row, the NHLF whereonly cultured in the most right chamber and the HUVECs on the side of the
left medium channel. Thereby the endothelial sprouting into the hydrogel towards the factors se­
creted by the NHLF was determined.
Nashimoto et al. demonstrated a similar approach (Figure 1.4c). However, instead of a cell sus­
pension a spheroid was used [61]. A spheroid containing NHLFs and HUVECs, was cultured in a
hydrogel composed of 2.5 mg/mL Fibrinogen supplemented with 0.2 mg/mL Collagen I in a central
chamber. On both sides of the culture chamber endothelial cells seeded that could form a vascu­
lature into the culture chamber.
In the media channels endothelial cells can be seeded to mimic a blood vessel like structure. For
this different approaches have been employed, as described in section 1.3.3 and in Figure 1.5.
To form a lumen into which the endothelial cells can be seeded a technique called VFP can be
used [58]. This technique will form a circular lumen through a hydrogel by passive pumping and
relies on the displacement of a more viscous fluid by a less viscous one [62]. In the examples
above the most common endothelial cells type that is used for the formation of the endothelial
layer are HUVECs, however to mimic a specific tissue more accurately tissue specific endothelial
cells can be used. As mentioned, the main component for vascularization is endothelial cells that
are either cultured in a hydrogel suspension or layered on the side of a channel. This channel
should be close to the tissue of interest to allow the endothelial cells to enter the tissue and form
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new vessels; this is mostly achieved by separating the endothelial and tissue channel with pillars
or small inlets. This allows for the separate ”seeding” of the channels but exchange after.

1.3.4 Metastasis­on­chip

Cancer metastasis is being extensively studied using different microfluidic platforms. Due to the
complex cascade of events, as mentioned in section 1.1.1, studying metastasis requires a con­
trolled environment, metastatic cascade different microfluidic devices have been developed to
separately investigate the mechanisms. These separate components include tumour growth and
intravasation, circulation, extravasation and colonization. When these steps are coupled together
a complete primary­to­metastasis platform is formed. The main focus of their work is on the de­
velopment of secondary tumour, so the circulation, extravasation and colonization are the most
relevant steps. In Figure 1.5 different devices developed to study the circulation, extravasation
and colonization are presented.

Figure 1.5: Different approaches towards the tissue formation where a and c have a stacked and
b, d and e a side by side approach. (a) Co­culture of MSCs and HSCs in Fibrin hydrogel to from
a functional bone marrow for investigation of bone marrow defects. (b) Model with a endothelial
vessel through which tumour cells can extavasate into a hydrogel that models the extracellular
space. (c) Mimicking of the bone marrow stromal niche with MSCs in a Collagen I hydrogel after
which HSCs can be introduced to from a functional bonemarrow for the investigation of multi­organ
autoimmune diseases. (d) Culture of OBs differentiated MSCs in a Collagen I hydrogel lined with
HUVECS to investigate the extravasation of breast tumour cells into the bone. (e) Co­culture of
MSCs, OBs and HUVECs in a fibrin hydrogel to investigate drug treatments for the prevention of
breast tumour to bone metastasis. Adapted from [63, 64, 65, 66, 67].

For the circulation and extravasation, the main structure is a chamber into which the desired tissue
is formed, mostly called culture chamber. Next to the culture chamber nutrient supply is needed
towards the cells which is provided by media channel(s) that can be oriented in different ways. In
some designs the culture and media channels are side by side and in others the culture chamber
is located on top of the media channel. When the channels are side by side, a design with one
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central culture chamber and two media channels on its sides is primarily used, as illustrated on
Figures 1.5b, 1.5d and 1.5e. For the stacked approach, the culture chamber is located on top of
one media channel, as shown in Figures 1.5a and 1.5c. To allow for nutrient delivery, the culture
and media channel are separated by a porous structure which can be pillars, that are incorporated
in the microfluidic layer, or by placing a porous membrane in between. For the side­by­side design
pillars are mostly used and for the stacked structure a porous membrane, due to the fabrication
process. Both channels are accessible from a inlets and outlets through which cells can be in­
jected and can be connected to a microfluidic setup. To form the tissue in the culture chamber, the
desired cells are injected in a hydrogel as a suspension or as a spheroid after which the hydrogel
is allowed to cross link to form the final 3D structure.

Bone Marrow on chip

Apart from the structural differences, the approach towards the tissue formation also differs be­
tween different designs. Chou et al. presented a platform for the investigation of bone marrow
defects. In the top channel CD34+ cells (HSCs) and MSCs are co­cultured in a Fibrin hydrogel to
form the bone marrow tissue, and in the bottom channel HUVECs are seeded to form a complete
endothelial lumen. After 2­4 weeks of culture the platform supports the differentiation and matu­
ration of multiple blood cell lineages. This functional bone marrow was then exposed to different
stimulations to simulate injury and allowed to recover using drug stimulation.
Kefallinou et al. showed a similar approach in which they mimicked the bonemarrow stromal niche
by culturing MSCs in a Collagen I hydrogel [65]. After 8 days they showed that the MSCs from
multiple layers and organize themselves in a 3D structure. In the ongoing work they are planning
to culture HSCs as well after a 8 day culture of MSCs to achieve a desired organization. There­
after, the system, will be used as a platform to study systemic lupus erythematosus, a multi­organ
chronic autoimmune disease.
Bersini et al. presented a human breast cancer metastases to bone platform in which they differ­
entiated MSCs to OBs andmeasured the extravasation of of breast cancer cells into the tissue with
the blocking of CXCL5 and CXCR2 [66]. The MSCs are seeded as a suspension in a 6 mg/mL
Collagen I hydrogel and differentiated into OBs over two to three weeks. After differentiation a
monolayer of HUVECs is added on the side of the bone tissue. Overall, they showed that CXCL5
and CXCR2 play a pivotal role in the breast tumour extravasation and that micro­metastases are
formed in the bone tissue.
Jeon et al. showed a similar approach in the screening for drug treatments in the prevention of
breast to bone metastasis [67]. MSCs, OBs and HUVECs are co­culture as a suspension in a
5 mg/mL fibrin hydrogel after which breast cancer cells are introduced. To promote the vascular
network formation the inlets and outlets of the device are plugged except for two on the opposite
side channels to generate interstitial flow through the tissue. Also, the effect of blocking the breast
cancer A3AR antagonist and anti­metastatic role of adenosine was investigated on the extravasa­
tion.

1.4 Aim and objectives

1.4.1 Aim

This MSc assignment is part of the CHIP­ME project whose aim is to replicate the metastatic
cascade that is facilitated by various biological cues as depicted in Figure 1.6. To achieve this a
circulation setup and tissue compartments for a breast to bone metastasis are developed. This
can be distinguished in three separate components; the breast tissue in which a tumour is formed
and from which CTCs are released, a circulation setup to establish inter organ communication
and CTCs to and from the different organs, and finally a bone marrow tissue into which CTCs can
form metastases. The project is therefore also conducted in these three separate components,
and when all three are completed they are integrated into the platforms to form the breast to bone
marrow metastasis­on­chip. This research project focuses on the development of the bone model.

Some research questions have been identified for the development of a bone marrow on chip.
Firstly, what is the best approach to mimic a bone marrow tissue in a hydrogel using spheroids?
Secondly, how can the generated bone marrow like tissue be vascularized? And finally, how
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Figure 1.6: A schematic overview of the metastasis from breast to bone marrow tissue mediated
inter organ communication that causes beast cancer CTCs to be attracted to the bone marrow.
Created with BioRender.com

do different types of breast cancer CTCs interact with the bone marrow tissue to from (micro)
metastases?

1.4.2 Objectives

To fulfill the aim and composed research questions the following objectives can be formulated.
Firstly, the formation of spheroids based on cells that are present in the human bone marrow is
optimized for;

• MSCs

• OBs

• ECs

And the optimal formation assessed using;

• Viability

• Morphology

• Culture criteria for extraction

Next, the selection of an optimal 3D matrix into which the formed spheroids are cultured. Two
different hydrogels are considered;

• Collagen I

• Fibrin

And the effects on the spheroids using various imaging methods the cellular responses are ana­
lyzed and quantified in well plate cultures using;

• Viability

• Self organization by cellular migration

Now, the optimal spheroid composition has to be determined. For the best 3D matrix, spheroids
with different cellular compositions are cultured in well plates and the following cellular responses
quantified;

• Viability
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• Protein production

• Self organization by cellular migration

• Gene expression

When the optimal 3D matrix and spheroid compositions are selected, these conditions are used
for the on chip cultures. These conditions will be analyzed in the same manner as the spheroids
cultures in well plates and compared to each other.
Separate to the bone marrow tissue optimization, the first steps into the formation of the vascular
lumen comprised out of bone marrow specific endothelial cells will be performed.
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2 MATERIALS AND METHODS

In this section the materials and methods, respectively, used and followed for the formation of
the bone marrow on chip device. This includes the cellular cultures, the device fabrication, the
microfluidic setup and the used analysis methods.

2.1 Cell culture

2.1.1 Routine cell culture

Bone marrow derived MSCs (donor 140B) were obtained from the hip bone marrow of a 77 year
old male donor and cultured in α­MEM (Gibco) medium supplemented with 10% v/v FBS (Sigma),
1% v/v glutaMAX (Gibco), 1% v/v AsAP (Sigma) and 1% v/v pen/strep (Invitrogen). Human bone
marrow derived endothelial cells were obtained from Celprogen and cultured in Human Bone Mar­
row Derived Endothelial Cell Complete Media with Serum (Celprogen). HUVECs were obtained
from Lonzo and the culture medium was EGM­2 and 1% v/v pen/strep. RFP­tranfected HUVECs
were obtained from PeloBiotech and the same culture medium as for regular HUVECs was used.
Cells were cultured in culture flasks that were placed in a humidified incubator at 5 % CO2 and 37
°C.

Cell removal and seeding

The confluent (≈80 %) cells were washed with PBS, then trypsinized with 0.25% trypsin­EDTA
(Gibco) for 3­5 min in the incubator, neutralized with medium and centrifuged at 300 g for 5 min.
Next, the supernatant was aspirated, the cell pellet re­suspended in 1 mL of culture medium and
the cell count estimated with a Hemocytometer [68]. Finally, a dilution was made to achieve the
desired cell seeding density.

2.1.2 MSC differentiation

For the differentiation of the MSCs into Osteoblasts (OBs) the MSCs were seeded at a density
of 5000 cells/cm2 in a culture flask for 16 days; the differentiation medium comprises standard
MSC culture medium with 100 nM of Dexamethasone (Sigma). To confirm the differentiation of
the MSCs to OBs on day 16 a staining with Alizarin Red (Sigma) was performed and compared to
a negative control. For Alizarin Red staining cells were fixed by first, washing them with PBS, then
adding 4 % PFA and incubating at room temperature for 30 min at RT. Next, the PFA was removed
and the cell layer washed 3 times with PBS. Alizarin Red was prepared by dissolving 1 g of Alizarin
Red S in 50 mL of distilled water and adjusting the pH to 4.1 ­ 4.3 with NaOH. The Alizarin red
solution was then filtered through a syringe filter with a 2 μm diameter pore size before adding it
to the fixed cell layer. After 2 min of incubation at RT the Alizarin Red solution was removed and
the cells washed three times with PBS.

2.2 Spheroid formation

2.2.1 Petri dish microwell array preparation

For the spheroid formation the MSCs were cultured in 35 mm diameter petri dishes in a microwell
array prepared using hot embossing as described previously [69]. Shortly, a PDMS (Sylgard 184,
Dow Corning) stamp prepared using a 5:1 w/w ratio with curing agent and presenting 49 pillars
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of 600 μm diameter was used. The stamp was placed in the dish, pressure applied and the dish
heated to 200 °C for 10 min and subsequently cooled down for 15 min to form the final dish with
micro wells.

2.2.2 Pluronic coating

Before seeding cells in the microwell array, the petri dishes were cleaned thoroughly with 70%
ethanol and coated with a 1% w/v Pluronic solution. The Pluronic coating was applied to prevent
the attachment of the cells to the bottom and force them to form aggregates as described previously
[69, 70]. The Pluronic solution was prepared by mixing 1 g of Pluronic power (Sigma) with 100 mL
of Ultra pure water under magnetic stirring for 1 h and afterwards filtering it through a syringe filter
with a 2 μm diameter pore size. 2 mL of Pluronic was added into each petri dish, centrifuged for
5 min at 300 g to remove air bubbles and incubated for at least 24 h before seeding of the cells.

2.2.3 Cell seeding

The cells were seeded in the microwell array with a total concentration of 2 million cells/petri dish.
For the co­culture spheroids specific ratios of cells and medium were used, as summarized in
Table 2.1. For the MSCs differentiated into OBs regular medium was used after differentiation in
the spheroid cultures.
To force the cells into the microwells the petri dishes were centrifuged for 5 min at 300 g. Next,
the cells that were not confined in the wells were flushed away by washing the dishes 3 times with
PBS; afterwards, 2 mL of culture medium was added. The spheroids were next cultured for 2 days
in the dish before experimentation.

Table 2.1: Cell and medium ratio’s for different co­cultures

Co­culture Cell ratio Medium ratio
MSC­HUVEC 5:1 5:1
MSC­OB 5:1 ­
MSC­BMEC 5:1 5:1
OB­BMEC 5:1 5:1
MSC­OB­BMEC 5:1:1 5:1

2.2.4 Viability staining

Viability staining of the spheroids cultured in petri dishes was performed after 2, 4, 7 and 10 days
with Calcein AM and EthD­1 (Thermo Fisher) for live and dead cells respectively, to confirm the
viability of the spheroids. A solution of 0.5 μL/mL Calcein AM and 2 μL/mL EthD­1 in culture
medium was prepared, added to the petri dish and incubated for 30 min at 37 °C. The staining
solution was flushed away by washing once with PBS and adding fresh PBS once more before
imaging.

2.3 Spheroid hydrogel culture

2.3.1 Hydrogel preparation

Collagen I

Collagen I was prepared by diluting a stock Collagen I solution (Corning) with 10x PBS and 1
M NaOH solution to adjust the pH to obtain a final solution at 5 mg/mL with a pH of 7­7.5. The
solution was kept on ice until further use to prevent it from solidifying and the pH measured using
pH strips.
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Fibrin

The Fibrin hydrogel comprises 2.5 mg/mL Fibrinogen (Sigma­Aldrich), 25 µg/mL Aprotinin (Sigma­
Aldrich), 0.5 U/mL Thrombin (Sigma­Aldrich) and 0.2 mg/mL Collagen I. The Fibrin hydrogel was
produced by preparing a solution of Fibrinogen and Aprotinin and a solution of Collagen I (prepared
as described above) and Thrombin. The two solutions were mixed just before injection into the
well plate or device to prevent premature solidifying.

2.3.2 Spheroid isolation from microarray

After 2 days of culture in the microwells the formed spheroids were ready to be isolated. The
isolation was performed by pipetting over the microwells to dislodge the spheroids from the wells.
Next, a single spheroid was collected with the micropipet with as little as possible culture medium.

2.3.3 Spheroid culture in hydrogel

Collagen I

A single spheroid was isolated, as described above, and pipetted into the Collagen I solution.
Next, the spheroid was pipetted along with 100 μL of the Collagen I solution into a 96 well plate.
The hydrogel was allowed to solidify for 15 min in the incubator at 37 °C after which 100 μL of
culture medium was added. Medium was changed every other day.

Fibrin

A single spheroid was isolated and added to the Collagen­Thrombin solution. Next, the Fibrin­
Aprotinin solution was added and, immediately after, the spheroid was pipetted along with 100
μL of the Fibrin solution into a 96­well plate. Hydrogel was allowed to solidify for 15 min in the
incubator at 37 °C after which 100 μL of culture medium was added. Medium was changed every
other day.

2.3.4 Viability staining

After 3, 5 and 7 days a viability staining was performed as described in Section 2.2.4, with an
extended incubation time of 45 min to compensate for the diffusion into the hydrogel.

2.3.5 CellTracker

To evaluate the migration of the cells from the spheroids cells were stained with CellTracker dyes
(Red and Green, Invitrogen). The desired cells were removed from the culture flasks in the same
manner as mentioned in Section 2.1.1. The obtained cell pellet was mixed with culture medium
without FBS and 10 µM of CellTracker Red or Green and incubated for 30 min. After incubation
the staining solution was removed and the cells resuspended into their regular culture medium.

2.3.6 Immunostaining

To quantify osteogenic differentiation as well as other significant markers immunostaining for Os­
teocalcin, Phalloidin, VE­Cadherin, CD146, RNUX2 andDAPI was performed. Between the prepa­
ration and staining steps the cells were washed three times with PBS. First the culture medium
was removed and the wells washed. Next, the cells were fixed with a 4% PFA solution and incu­
bated for 30 min at RT. The fixed cells were washed and permeabilized with 0.25 % Triton X­100
for 30 min at RT. Blocking buffer of 1 % BSA was added and incubated for 1 h at RT after which
the primary antibody for Osteocalcin, VE­cadherin, CD146 or RUNX2 were added at a dilution of
specified by the manufacturers instruction in 1 % BSA buffer and incubated overnight at 4 °C.
After the primary antibody labeling the cells are washed and the secondary antibody (Alexa Fluor
488 or 647) was added at a dilution of 1:200 in 1 % BSA buffer and incubated for 1 h at RT. The
cells are washed again and Phalloidin at a dilution of 1:400 in 1 % BSA buffer was added and
incubated for 1 h at RT. The cells are washed again and DAPI at a dilution of 1:100 was added
and incubated for 10 min at RT. The cells are washed a final time and PBS added for imaging.
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2.3.7 Cell migration analysis

To quantify the amount of cellular migration into the hydrogel three different approaches have been
considered using 2D projections of the spheroids;

• Manual amount limited to cells migrating the furthest from the spheroids center

• Rectangular plot profile of the gray scale through the spheroid core

• Spherical plot profile that measures the entire spheroid

These different methods are compared and optimal analysis method employed for quantifying the
migration.

Manual migration analysis

To obtain a quantifiable measurement of the amount of migration into the hydrogel from the center
of core of the spheroids of four cells that have migrated the farthest into the hydrogel is assessed.
This was performed for three spheroids for every condition. In Figure 2.1, an example of such
measurement is shown.

Figure 2.1: Measurements of the migration of cells from one spheroid on day 0, 3, 5 and 7.

Rectangular plot profile

For the rectangular plot profile a rectangle was drawn along the spheroid that covers the diameter
of the spheroid core in ImageJ, as shown in Figure 2.2. Using plot profile analysis the gray scale
was then calculated and the measurements normalized to the day 0 measurements to obtain
graphs that show the trough at the same distance.

Spherical plot profile

The spherical plot profile was acquired in the same way as the rectangular plot profile only now
using circle around the entire spheroids in ImageJ, as shown in Figure 2.3.
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Figure 2.2: Measurement of the rectangular plot profile. The area inside the red rectangle is
measured from left to right and the gray scale averaged.

Figure 2.3: Measurement of the spherical plot profile. The area inside the red circle is measured
from the center of the sphere towards the border and the gray scale averaged.
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2.4 Microfluidic device

2.4.1 Design of the microfluidic device

The device comprises 5 different channels/chambers, as shown in Figure 2.4 along with detailed
dimensions of the structures. One central culture chamber (green in Figure 2.4), two vessel chan­
nels flanking the culture chamber (blue in Figure 2.4), two additional perfusion channels on the
other side of the vessel channels (yellow in Figure 2.4) and the channels and chambers are con­
nected by small connecting channels (red in Figure 2.4). The height of the culture chamber and

Figure 2.4: Layout of the device design with the following dimensions: A = 1.4 mm, B = 0.6 mm,
C = 1.8 mm, D = 0.3 mm, E = 5 mm, F = 6 mm, G = 8 mm and H = 14 mm. Dimensions are to
scale.

vessel channels is constant and equal to 0.6 mm, and the height of the additional perfusion chan­
nels and connecting channels is 0.3 mm. A design of the device was created using Solidworks
software and imported into FlashDLprint software before 3D printing.

2.4.2 3D printing of the mould

The mould was created using a Flashforge Hunter 3D printer (Zhejiang Flashforge 3D Technology)
with Fun­To­Do Deep Black resin. After printing the mould was washed quickly with acetone to
remove excess resin from the mould, then washed with isopropanol and dryed with compressed
air. Next, the mould was post­treated under 405 nm UV light with a power of 14 mW/cm2 for 1 h
and heated at 65 °C for 24 h.

2.4.3 Soft lithography

PDMS with a ratio of 10:1 w/w with curing agent, was mixed, degassed, and poured in the 3D
printed mould. After a second degassing the mould was placed in an oven to cure over night at
65 °C. Next, the PDMS layer was extracted from the mould and the side with the fluidic features
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covered with tape to protect it from dust. The inlets and outlets were created using 1­ and 1.5­mm
diameter punchers; 1.5 mm for the outlets of the vessel channels and 1 mm for all other inlets
and outlets. The outlets of the vessel channels have a different diameter for VFP. Finally, the
PDMS layer was oxidized using plasma treatment for 40 s at 50 W and 500 mTorr using a plasma
oven (Cute, Femto Science) and bonded to a glass slide. The process of the mould and device
fabrication is depicted in figure 2.5.

Figure 2.5: Schematic representation of the process of soft lithography to produce a PDMS mi­
crofluidic device from a 3D printed mould. 1: 3D printed mould, 2: PDMS is poured over the mould
and left to cure, 3: The cured PDMS is extracted from the mould, 4: Inlets and outlets of desired
size are punched into the PDMS, 5: The chip is bonded to a glass slide. Black = 3D mould, open
blue = PDMS and filled blue = glass slide.

2.4.4 Chip preparation

After the chip has been fabricated the channels were functionalized to increase the wettability of the
PDMS and ensure the Collagen I hydrogel would attach to the PDMS [71]. To this end, a 2 mg/ml
polydopamine aqueous solution was prepared by mixing 2 mg of dopamine hydrochloride powder
(Sigma­Aldrich) in 1 mL of TRIS buffer at pH 8.5. The solution was injected into all the channels,
droplets placed on the inlets and outlets to avoid evaporation and the device incubated for 1 h at
RT. Next, the channels were washed with MiliQ to remove the excess of polydopamine. Finally,
the channels were air dried, washed with 70 % ethanol, air­dried once more and placed in an oven
at 65 °C until further experiments. To inject the spheroids into a chip the same methodology as
described in Sections 2.3.2, 2.3.1 and 2.3.3 was used. Except now 20 μL of Collagen I was taken
up and injected into the culture chamber along with one spheroid.

2.4.5 Gene expression analysis

2.4.6 RNA extraction and cDNA production

The microfluidic chips were disassembled from the glass slide using a razor blade, the hydrogel
with cells removed from the culture chamber and moved to an Eppendorf tube with 350 μL of Lysis
buffer (Qiagen), to lyse the cells as well as the hydrogel, and stored at ­20 °C. For cells cultured
in the well plate, the hydrogel was extracted using a pipet and moved to the Eppendorf tube with
350 μL as well.
RNA was isolated from the hydrogel samples using the RNeasy Micro Kit (Qiagen), according to
the manufacturer’s instructions. RNA concentration and purity were determined using the Nan­
oDrop 2000 spectrophotometer (Thermo Fisher Scientific). cDNA was obtained by reverse tran­
scriptase of RNA, using the iScript cDNA synthesis kit from Bio­rad Laboratories (Bio­Rad) and
the Bio Rad CFX Connect Real­time system (Bio­Rad).
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2.4.7 qPCR

cDNA samples were diluted in RNAse­free water (Lonza) to obtain a final concentration of 5 ng/8
μL. Primers were prepared by diluting the forward and reverse primers in RNAse­free water. The
primers and their sequence are listed in Appendix A.1. The diluted cDNA samples, SYBR reagent
(SensiMix Bioline Reagents), and primers were loaded in a well plate. Analysis was performed
using the Bio­Rad CFXConnect Real­time system (Bio­Rad). Obtained Ct values were normalized
to the housekeeping genes to obtain ΔCt values.

2.5 Blood vessel formation

2.5.1 Viscous finger patterning

To form a lumen and eventually a blood vessel, the VFP technique was employed [62]. A Collagen
I hydrogel solution was prepared in the same manner as explained in Section 2.3.1. Next, 10 μL of
this solution was injected into the vessel channels, followed by pipetting 20 μL of culture medium
on the larger outlet reservoir and, slowly, drops of medium onto the inlet reservoir. The less viscous
culture medium flew through the center of the Collagen I in the channel, to create a lumen. The
lumens were prepared one by one to avoid premature solidification of the hydrogel. The chips were
next incubated for 15 min at 37 °C to finalize the polymerization of the Collagen I. The process of
VFP is illustrated in figure 2.6.

Figure 2.6: Schematic representation of VFP. 1: Cross section of a straight channel of the func­
tionalized chip, 2: Hydrogel (yellow) is injected into the chip, 3: A large droplet of culture medium
(red) is placed on the bigger outlet, 4: Small droplets of medium are pipetted on the inlet, 5: The
small droplets flow through the hydrogel from the inlet to the outlet, 6: The medium has completely
flown trough the Collagen and formed the lumen, 7: The final formed lumen when the medium is
extracted, 8: Endothelial cells are seeded in the channel lumen.

2.5.2 Endothelial cell seeding

Next, bone marrow endothelial cells were seeded in the lumens. The bone marrow endothelial
cells were prepared at a concentration of 10 million cells/mL. First, the channels were carefully
flushed with culture medium and 5 μL of cell suspension was injected into the channel, and in­
cubated for 1 h at 37 °C to seed the bottom of the channel. Finally, the top of the channel was
seeded using the same method, after flipping the chip, and incubated again for 1 h.
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VFP and the endothelial seeding was performed before spheroid injection to make sure that the lu­
mens formed correctly. After both the lumen formation and spheroid injection, the final chip (cross
section) of the device looks as depicted in Figure 2.7.

Figure 2.7: Cross section of the chip with a seeded spheroid in the culture chamber, two vascular
lumens filled with culture medium (red) in hydrogel (yellow) in the vessel channels and external
medium channels. Between the channels the connecting channels are visible.

2.6 Imaging

Imaging was performed with a EVOS M5000 microscope (Thermo Fisher) and A1 confocal micro­
scope (Nikon). Filters used were: DAPI (Ex: 357/44 nm, Em: 447/60 nm), GFP (Ex: 470/22 nm,
Em: 525/50 nm) , RFP (Ex: 531/40 nm, Em: 593/40 nm) and Cy5 (Ex: 628/40 nm, Em: 693/40
nm).
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3 RESULTS AND DISCUSSION

In this section the results obtained from the experiments that are performed according to the Ma­
terials and Methods section are presented.

3.1 Timeline

Figure 3.1 summarizes the timeline of the experiments performed throughout the entire spheroid
culture and which analysis was used and when. For the spheroids with OBs first a differentiation of
16 days was performed. Next, the spheroids were formed in the microwell arrays with the right cell
ratios as shown in Table 2.1. After two days the formed spheroids are removed from themicroarray
and seeded in the hydrogel. Now, the spheroids are cultured for 7 days during which imaging is
performed on day 3, 5 and 7 after which the cells are either fixed for immunofluorescence or lysed
for qPCR analysis.

Figure 3.1: Timeline of the differentiation, spheroid formation, hydrogel culture and analysis. Cre­
ated with BioRender.com

3.2 Spheroid formation and characterization

For the spheroids formation first the petri dishes with microwells are prepared. In Figure 3.2 an
image of the microwell arrays formed using hot embossing (Figure 3.2A and B), as well as images
focused on the inner diameter (Figure 3.2C) and outer diameter (Figure 3.2D) are shown. The
outer diameter of the formed microwells is around 670 μm and the inner diameter around 250
μm.The outer diameter slightly larger than that the pillars in the PDMS stamp that is used in the
hot­embossing are. This can be attributed to the expansion of the PDMS when heated or due to
the deformation of the polystyrene when cooling down.
When cells were seeded they are well confined in the microwells and cells that were not confined
properly are washed away. The wells are completely filled with cells, as can be seen in Figure
3.3. In Figure 3.3 the culture of MSCs in the microwells in shown up to 5 days. After one day
cells started to adhere to each other and formed a spheroid. After two days the spheroids had not
changed in shape significantly, which can again be seen in Figure 3.3. After 5 days the spheroid
have shrunk a little bit; viability staining was performed which showed that the entire spheroid
comprised only viable cells. The spheroids are cultured for different amount of days before ex­
traction. After 5 days the spheroids were harder to remove from the microwells and due to the
shrinking hardly visible with the naked eye. The difficulty of the spheroid removal could be due
to the removal of the Pluronic coating of the wells after multiple medium exchanges or deposition
of own ECM by cells. The removal of this coating allowed spheroids to attach to the bottom of
the wells and prevented their dislodgement from the microwells. This problem was still present
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Figure 3.2: Macroscopic and microscopic image of the microwell array dish. (A) Marcoscopic
image of the microwell array, (B) Microscopic image of multiple micro wells, (C) Zoom on the inner
diameter of a single micro well, (D) Zoom on the outer diameter of a single micro well.

when the spheroids were cultured for 3 days. After 2 days of culture the spheroids were clearly
visible with the naked eye and easy to dislodge from there microwells. So, two days of culture
has been chosen as the microwell culture time after which the spheroids were removed from the
plate and transferred into a hydrogel matrix. The spheroids were also cultured for longer times in
the microwell to compare to the hydrogel, after 10 days the earlier round formed spheroid shrunk
significantly and appeared to adhere to the bottom. This is most likely caused by the lack of ad­
herence possibilities. However, the spheroids were still showing high level of viability with only
some of the cells being dead.
Due to the washing away of the cells that were not confined in the microwells it is not exactly
known how many cells are in one spheroid. When assuming that most of the cells were confined
and from the final spheroid the cell density should be somewhat below the 40.000 cells/spheroid,
however this is hard to confirm due to the high amount of cells.

MSC osteogenic differentiation

After the 14 day of culture staining with Alizarin red was performed to confirm the osteogenic dif­
ferentiation. The Alizarin red stains the Calcium that is deposited by the OBs when differentiated
from MSCs [72]. In Figure 3.4A the staining on differentiated OBs is shown. Also, the morpholog­
ical changes after the differentiation culture can be noted as presented Figure 3.4B and C. These
changes include the visible deposition of Calcium around the OBs, which can be seen in little
amount in the undifferentiated culture due to differentiation into OBs caused by the higher density
after 14 days of culture. Dexamethasone that was added to differentiate the MSCs to OBs forces
cells in cell arrest, which stops the division of the cells. When MSCs were cultured at the same
density for 14 days they do keep dividing until a too high density was achieved. This increase in
density can also cause MSCs to differentiate into different lineages.
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Figure 3.3: MSCs spheroid seeding in microwell array right after seeding, after 1 day, after 2 days
and viability staining with Calcein AM and EthD­1 after 5 days. Scale bar indicates 400 μm.

Figure 3.5: MSCs­OB (5:1) and OB spheroid formation in microwell array, right after seeding (left)
and after 2 days (right).

When OBs are co­cultured with MSCs or employed for mono spheroid formation, they exhibited
a different spheroid morphology (Figure 3.5); after 2 days they looked significantly different com­
pared to the MSCs spheroids. The OB and MSC­OB spheroids had rougher outer surface com­
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Figure 3.4: (A) Alizarin red staining on OBs differentiated fromMSCs, (B) morphology of the MSCs
in 2D culture, (C) morphology of OBs in 2D culture.

pared to the MSC spheroids. This has also been seen in previous publications, where spheroids
with MSCs had a smooth outer surface [73], and spheroids with OBs included more round cells
on the surface [74]. Apart from the morphological differences, the OBs and MSC­OB spheroids
appeared to be slightly larger compared to the MSC spheroids.

3.3 Hydrogel culture

3.3.1 MSC spheroids

After two days spheroids were transferred into a hydrogel solution in a well of a 96 well plate. For
both Collagen I and Fibrin hydrogels images of the spheroids are presented directly after being
placed in hydrogel culture (Day 0) and after viability staining after 3, 5 and 7 days in culture (Figure
3.6). Zoomed out images of the spheroids in Fibrin hydrogel are shown in Appendix A.2 to show
the total amount of migration of cells into the hydrogel. For Collagen I this was not necessary due
to the lack of migration.
In the different images it can be seen that the cells in the spheroid are viable after 7 days of culture.
For the Collagen I hydrogel the shape of the spheroids remains mostly the same after the culture
up to 7 days and vesicles like structures are secreted around the spheroids cultured in a Collagen
I hydrogel. Also, there is no significant change in the spheroid size visible up to 7 days. However,
for the final tissue formation vascularization is required and it is preferable that this occurs from
the spheroid as well as from the endothelial lumen. So, the migration of some of the MSCs is
preferable which can not be seen for the Collagen I hydrogel.
For the Fibrin hydrogel the spheroid seemed to have decreased, which might be due to the spread­
ing of MSCs into the Fibrin hydrogel. It is clear that the cells start to migrate from the spheroid
after 3 days, this migration increased significantly towards day 7. Park et al. showed that a
Fibrin­Collagen I hydrogel could promote vascular formation by HUVECs without gel retraction in
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microfluidic platforms [75]. Also, Rao et al. investigated the effect of different concentrations of
hydrogel in a Fibrin­Collagen I hydrogel on a vascular network formation [76]. They found that
gels comprising only either of these two components showed a lower amount of vascular forma­
tion compared to a combination of the two. So, for both hydrogels the viability of the spheroid was
good but a bit difference in the amount of spreading of the spheroid into the surrounding hydrogel
was observed. Apart form the improved physiological effect of the Fibrin hydrogel, it can also be
seen that imaging of the spheroid was easier than in Collagen I hydrogel. Images in Collagen I
are distorted by the hydrogel itself and spreading cells were hard to identify through the hydro­
gel network. the Fibrin hydrogel was clearer which allowed better imaging of the spheroid. Also,
spheroids in the Collagen I seemed to be producing vesicle like structures that could be extracel­
lular vesicles or apoptotic bodies for example. However the exact origin still has to be investigated
further.

Results and discussion 33



Master Thesis S.T. Stevers

Figure
3.6:Spheroids

cultured
in
a
C
ollagen

I(5
m
g/m

L
C
ollagen

I)and
Fibrin

hydrogel(2.5
m
g/m

L
Fibrinogen,25

μg/m
L
Aprotinin,0.5

U
/m
L
Throm

bin
and

0.2
m
g/m

L
C
ollagen

I)on
day

0
and

viability
staining

w
ith

C
alcein

AM
and

EthD
­1
after3,5

and
7
days.

34 Results and discussion



S.T. Stevers Master Thesis

3.3.2 MSC­HUVEC co­culture spheroids

Rao et al. showed that a Fibrin­Collagen I hydrogel would produce a better vascular network
compared to a Collagen I hydrogel [76]. Also, they used various MSC to EC ratios to optimize the
vascular network formation after 7 days, and form that a 2:3 and a 5:1 ratios were the best. A 5:1
ratio was chosen in this work to be sure that there was enough of the desired tissue formed while
still achieving vascularization.

MSC­HUVEC spheroids with RFP labeled HUVECs

The effect of a spheroid co­culture of MSCs with HUVECs was investigated using HUVECs that
were transfected with RFP. HUVECs were added to try to increase the vascularization of the
formed tissue. RFP­HUVECs were used to because this allows tracking their migration into the
hydrogel. In Figure 3.7 overlays of the RFP fluorescence for the HUVECs after seeding and after
day 3, 5 and 7 are shown in both Collagen I and Fibrin. Since HUVECs are red fluorescent no
viability staining could be performed with these spheroids. In Figure 3.8 a separate MSC­HUVEC
co­culture spheroid without fluorescent HUVECs was performed in hydrogel to confirm the viabil­
ity. Zoomed out images of the spheroids in Fibrin hydrogel is shown in Appendix A.3 to show the
total amount of migration of cells into the hydrogel. For Collagen I this was not necessary due to
the lack of migration.
From the co­culture with fluorescent HUVECs it is visible that the HUVECs were not migrating and
were only moving inside the spheroid, as the RFP signal was only present in the spheroid core on
day 0 as well as after up to 7 days of culture. Also, it can again be seen that the spreading of the
cells was much higher for the Fibrin hydrogel compared to the Collagen I hydrogel. But, also a
clear difference was visible when comparing the Fibrin culture with and without HUVECs. When
the HUVECs were present spreading from the spheroids appeared to be again higher compared
to the spheroids with only MSCs. However, the cells that were spreading were not red fluorescent,
so these were not the HUVECs but the MSCs that were spreading more (Figure 3.7). This shows
that the presence of HUVECs influenced the amount of cellular spreading from the spheroids.
This has also been reported by Heo et al. [77], that compared MSC and MSC­HUVEC co­culture
spheroids in terms of cell viability, morphology, proliferation, and gene expression profile. They
found that the co­culture of MSCs with HUVECs resulted in a increase of the cell spreading and
proliferation, as well as an up­regulation in osteogenic differentiation and pre­vascular network
formation.
Because these HUVECs are RFP labeled no viability staining with EthD­1 was be performed.
Therefore a separate culture of MSCs with HUVECs that were not RFP labeled was used to as­
sess the viability of these co­cultures. The separate co­culture without RFP labeled HUVECs in
FigureA.4 shows that the viability of the spheroids in both hydrogels was good apart from some
small amount of cell death visible in the spheroids after 3 days in Fibrin hydrogel. Due to the high
viability in all measured spheroids it is now assumed that nutrient delivery and thus the viability
in all other spheroid cultures is similar. Thus, there have been no more viability assessments of
the further spheroid cultures. Zoomed out images of the spheroids in Fibrin hydrogel is shown in
Appendix A.4 to show the total amount of migration of cells into the hydrogel. For Collagen this
was not necessary due to the lack of migration.
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MSC­HUVEC spheroids with CellTracker

From the spheroid culture with RFP labeled HUVECs an increased migration of cells from the
spheroids was observed especially for the Fibrin hydrogel. HUVECs appeared to stay inside the
spheroids core. To confirm that indeed the MSCs were spreading, both cell types were stained
with CellTracker Red (HUVECs) and Green (MSCs). CellTracker labels the cells with a fluorescent
marker that remains in dividing cells. However the fluorescence drops compared to not dividing
cells. In Figure 3.9 the migration of both cell types from the spheroid into both hydrogels is shown
for the same spheroid during the 7 day culture. Most of the red and green fluorescence is over­
lapping in these images. However, it can also be seen that almost none of the cells that have
migrated from the spheroid bear any fluorescence. This can be due to the fact that the fluores­
cence of the cells is reduced upon division or that the amount of fluorescence from the spheroid
core is too high compared to the cells spreading into the hydrogels. From the culture with the RFP
transfected HUVECs it can definitely be said that the HUVECs were not migrating into the hydrogel
because their fluorescence is permanent even after cell division. So, combining the findings from
both the RFP transfected and CellTracker stained cells, it is likely that the spreading cells from the
spheroid are MSCs, due to the fact that the RFP from the transfected HUVECs are only visible in
the core spheroid. As well as, that the cells are most likely dividing to be able to migrate from the
spheroid, and due to the fact that the migrated cells do not bear a (strong) fluorescence signal.
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3.3.3 MSC­OB co­culture spheroids

Next, spheroids in combination with OBs were seeded in the same hydrogels to investigate the
effect of the OB cells on the behavior in the hydrogel culture. The addition of OBs would add to
the representativeness of the formed tissue compared to bone marrow. Sano et al. has previously
reported that migration rates of breast cancer cells towards spheroids were significantly higher in a
osteo­differentiated MSCs compared with to microenvironment formed by undifferentiated MSCs
[78]. So, addition of the OBs should show an increase in the extravasation of the cancer cells into
the bone marrow tissue. In Figure 3.10 co­culture of MSCs and OBs with a ratio of 5:1 and only
OBs are shown in Collagen I and Fibrin hydrogels. This ratio is chosen similar to the MSC­HUVEC
co­culture to get a similar ratio as in the bone marrow tissue, as well as enough MSCs that can
still differentiate and form a more bone marrow­like tissue. Imaging of spheroids in Collagen I
hydrogel is again difficult, still it was visible that there are some production or excretion of vesicle
like objects around the spheroids. Also, there was no visible spreading from the spheroids into the
hydrogel. In Fibrin the spheroids were again much better visible, with significant spreading into
the hydrogel after day 3 but no significant increase up to day 7.
As a comparison also spheroids consisting only of OBs were seeded into the hydrogels as shown
in Figure 3.10. The rougher spheroids that were formed from the OBs were still visible in the
hydrogel, but here no spreading was visible in either of the hydrogels. There was however a small
decrease in the spheroid size after day 3. In Fibrin there seemed to be somemineralization around
the spheroid at day 7, this is not present in the MSCs­OBs co­culture which is probably produced
by the OBs. This mineralization is visible at the border of the OB spheroids in at day 5 and 7 in
Figure 3.10
After 7 days of culture cells were fixed and stained for Osteocalcin (Green), Phalloidin (Red) and
DAPI (Blue) and imaged using confocal microscopy. A Z­stack was performed from the bottom
till the top of the spheroid. This Z­stack was then reconstructed using ImageJ and a 3D and 2D
image was then generated to obtain a total image of the fluorescence in the spheroids.
In Figure 3.11 images of the MSCs­OBs spheroid are shown in Collagen I and Fibrin hydrogels.
From the cell nuclei that are stained using DAPI it can be seen that most of the cells were still in
or around the spheroid. There seemed to be almost no migration of the cells into the hydrogels,
because there were not much cell nuclei visible outside the core of the spheroids. In green the
produced Osteocalcin is visualized in small amounts, which was produced by the OBs. There
are other green fluorescence signals present around the spheroids, these are most likely some
background noise or interference because they were not visible in the preliminary images but only
appeared when a second imaging was performed. The remaining green fluorescence was only
present in the core of the spheroids. The Phalloidin stains actin filaments that are present in the
cells these were mainly present in the spheroid core, This also shows almost no migration from
the spheroids. However, there was no clear organization visible from this actin staining.
When comparing the mono­ to the co­culture spheroids it can be seen that there seemed to be a
small increase in the Osteocalcin between the MSCs­OBs and OBs spheroids. This is most likely
due to the higher concentration OBs that were present in the spheroids and shows that the OBs are
producing the Osteocalcin. Apart from the limited amount of fluorescence outside the spheroids
and the increase in Osteocalcin in the OB spheroids there were no significant differences between
these spheroids.
Form the previous hydrogel cultures it was clear that the Fibrin hydrogel gave better characteristics
compared to the Collagen I hydrogel, by means of better cellular organization and viability of the
spheroids. Therfore, for the final well cultures and the chip culture only the Fibrin hydrogel was
further considered.
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3.3.4 BMEC spheroids

From the co­culture of MSCs with HUVECs a positive effect was visible when ECs were added
to the spheroids. To form a spheroid that is even more comparable to the bone marrow tissue,
BMECs were used instead of HUVECs. Co­cultures with MSCs or OBs and BMECs were per­
formed similar to the HUVECs cultures. In Figure 3.12 MSCs­BMECs and OBs­BMECs spheroids
were seeded in a Fibrin hydrogel and imaged on day 0 and after 3, 5 and 7 days.

Figure 3.12: Co­culture of MSCs­BMECs (5:1), OBs­BMECs (5:1) and MSCs­OBs­BMECs (5:1:1)
spheroids, in Fibrin hydrogel on day 0 and the after 3, 5 and 7 days. On day 7 a magnification of
the migrated cells is presented as an inset.

The co­culture with BMECs seemed to have a very big effect on the spreading from the spheroid.
Both with the MSCs and OBs large amount of cells outside the spheroid were visible, which were
forming a network. This effect was also seen in the HUVEC co­culture, however the BMECs had
an even stronger influence on spreading. Also, the spheroid seemed to be dispersing into this
network with darker areas forming around the core of the spheroids. There was no significant
difference in the co­culture with MSCs and OBs visible. Only on day 3 the OBs spheroid ap­
peared to have a darker core compared to the MSCs and there was less spreading visible from
the spheroids. On day 7 a big network was formed in all directions which is presented as an inset
inf Figure 3.12.
For the formation of representative bone marrow, MSCs and OBs should be used. However, from
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this co­culture the amount of spreading was minimal. So, to improve this and to eventually get bet­
ter vascularization a triple­culture with MSCs, OBs and BMECs was considered. Because for the
BMECs co­cultures the spreading improved the amount of spreading from the spheroids. Com­
pared to the the MSC­OB spheroids we now see an increase in spreading, which is expected to
improve the vascularization of the tissue. The increased migration from the triple­culture is similar
to the amount seen in the BMECs co­cultures.
For the MSC­BMEC, OB­BMEC and MSC­OB­BMEC spheroids confocal imaging was performed
after immunostaining with VE­Cadherin, Osteocalcin (Green), Phalloidin (Red) and DAPI (Blue).
For the OB­BMEC and MSC­OB­BMECOsteocalcin was used once again and for the MSC­BMEC
VE­Cadherin was used, since due to the absence of OBs noOsteocalcin production was expected.
In Figure 3.13 the different stainings are shown separately, together as a merge and a 3D recon­
struction.
Here the spheroid itself was flattening as was seen before, and that cells are spreading form the
spheroid. DAPI was present in the same places as Phalloidin staining. From the 3D reconstruc­
tion it seemed that the spheroids have flattened into some sort of crater and the cells were moving
mostly sideways and downwards, but not upwards towards the nutrient source. From the Phal­
loidin staining the network formed by the migration cells is visible which shows that the spreading
is connected to each other and vascular formation. VE­Cadherin was used to stain the endothelial
cells in the culture which seem to be only in the core of the spheroid and is almost undetected. This
is not expected and it could be due to a problem with the staining itself. VE­Cadherin is primarily
used to stain HUVECs and could work less well on different types of ECs like BMECs.
The migration of cells is very different for the investigated conditions. For the spheroids with
BMECs zoomed in fluorescent images were taken to check the morphology of the migrating cells.
In Figure 3.14 four spheroid compositions were stained with DAPI and Phalloidin to visualize the
morphology of the migrating cells. This includes spheroids composed of BMECs, and the other
conditions are MSCs­BMECs, OBs­BMECs and MSCs­OBs­BMECs which were compared to the
BMECs. For the BMEC and MSC­BMEC conditions there was an very extensive network of cells
visible by actin staining. For the OB­BMEC and MSC­OB­BMEC there seemed to be a lot more
gaps in the network and the cells looked more stretched.
To still image the BMECs another staining was used which should be a better marker for different
types of ECs compared to VE­Cadherin, which was CD146. However, CD146 turned out be be
also present on multi potent cells like MSCs, and because of this again no clear conclusion on the
location of the BMECs could be drawn [79]. Along with this, a staining for RUNX2 was performed
to visualize the locations where there was a higher amount of osteogenic differentiation. For this
staining however there was only little amount of fluorescence present due to the limited amount
of expression in the cells visible at the used magnification. To better visualize this further inves­
tigation with a higher magnification should be performed so for now this staining is not taken into
consideration. One of the general limitations of the staining used is that it did not penetrate the
spheroid completely. Therefore mainly cells around the border of the spheroid were stained. This
could also be the reason why some of the stains were not as well visible.
The formation of a representative bone marrow requires an amount of bone mineral production
which is achieved by OBs. There are however methods to increase the amount of bone produc­
tion. One of these methods is the addition of HA, which is a mineral present in natural bone.
Previous research has shown that the addition of HA to hydrogels increased bone formation and
bone vascularization at low concentration [80, 81].

44 Results and discussion



S.T. Stevers Master Thesis

Fi
gu
re
3.
13
:C

o­
cu
ltu
re
of
M
SC

­B
M
EC

(5
:1
),
O
B­
BM

EC
(5
:1
)a
nd

M
SC

­O
B­
BM

EC
(5
:1
:1
)s
ph
er
oi
ds
,i
n
Fi
br
in
hy
dr
og
el
af
te
r7

da
ys

st
ai
ne
d
w
ith

im
m
un
of
lu
or
es
­

ce
nc
e.

Bl
ue

=
D
AP

I,
R
ed

=
Ph

al
lo
id
in
an
d
G
re
en

=
VE

­C
ad
he
rin
/O
st
eo
ca
lc
in
.I
nd
iv
id
ua
li
m
ag
es

as
w
el
la
s
m
er
ge
d
an
d
a
3D

re
co
ns
tru
ct
io
n.

Results and discussion 45



Master Thesis S.T. Stevers

Figure
3.14:BM

EC
,M

SC
­BM

EC
(5:1),O

B­BM
EC

(5:1)and
M
SC

­O
B­BM

EC
(5:1:1)spheroid

im
aging

show
ing

an
enlargem

enton
the

m
igrating

cells,in
Fibrin

hydrogelafter7
days

stained
w
ith

im
m
unofluorescence.Blue

=
D
API,R

ed
=
Phalloidin.Individualim

ages
as

w
ellas

m
erged.

46 Results and discussion



S.T. Stevers Master Thesis

3.3.5 Spreading analysis

From all the spheroid cultures, cell spreading was quantified together with their size to give a better
overview of the conditions.

Manual spreading analysis

In Figure 3.15 the distance from the center of the core of the spheroid to the end of the migrated
cells is presented as calculated using the manual spreading analysis. A statistical analysis of the
distance from the center of the core is shown in Appendix A.1.

Figure 3.15: The distance from the center of the core of the spheroid towards the four furthest
migrated cells on 3 different spheroids for every condition in a Fibrin hydrogel on day 0, 3, 5 and
7.

From the distance from the core on day 0 the radius of the different spheroids was determined,
which was around 140 μm except for the MSC­HUVEC spheroids which were slightly smaller at
around 100 μm in radius. This puts the diameter of the larger spheroids between 250 and 300 μm
and the MSC­HUVEC around 200 μm. The mono­culture of the MSCs and OBs can be seen as
control conditions to which co­culture models can be compared.
MSC spheroids are showing a small increase in migration at every considered time point, with a
steady increase up to 427 ± 28 μm from the center of the spheroids. This was not the case for
the OB spheroids, which showed no migration as already shown in Figure 3.10. To try to increase
the vascularization potential HUVECs were added to MSC spheroids, which had an effect on
the cell migration. After day 3 and 5 further migration was observed compared to MSC mono­
culture; however at day 7 both conditions gave a similar migration distance. This shows that the
HUVECs do have an initial effect on themigration, but this was not prolonged up to 7 days where no
significant difference was present. When MSCs and OBs were co­cultured, it was expected that
the presence of MSCs would promote cell migration compared to OBs alone. This was indeed
the case and these was an increase in migration visible up to 258 ± 15 μm. The distance of
migration was in between the total distance of both separate spheroid cultures, 118 ± 12 μm
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and 427 ± 28 μm for OBs and MSCs respectively. Altogether an initial positive effect of on the
migration of the cells was seen when HUVECs were added to MSCs and when MSCs where
added to OBs. Next, the tissue­specific BMECs were used instead of HUVECs for a more bone
marrow representative spheroid. The BMECs were both separately added to MSCs and OBs.
After 3 days there already was a large increase in cell migration compared to the mono­cultures
and the spheroids composed of MSCs­HUVECs. Cells in the MSC­BMEC spheroids migrated
twice as far as the MSC­HUVEC and MSC spheroids. OB­BMEC spheroids now showed a big
amount of migration compared to no migration from the OBs mono­culture, only a higher standard
deviation was present in this condition.. The increase in spreading seen after 3 days continued
in the next four days with a similar end point at around 1000 μm from the spheroid centre. From
the images of these spheroids a different morphology was visible compared to the migration of
the other spheroids, this was most likely due the difference in cells that were primarily migrating.
Earlier, the MSCs seemed to be the migrating cells but now it looked like the BMECs are. This
is also based on the fast proliferation of the BMEC that was seen in the 2D cultures and this can
explain the huge cellular network formation. Finally, the spheroids with a triple­culture of MSCs­
OBs­BMECs most optimal combination of cells for the formation of bone marrow­like tissue, gave
the same large increase of migration seen for both the MSC­BMEC and OB­BMEC spheroids.
The drawback form the measurement method was that it was bias as to which migrated cells are
measured and not the entire spheroid is measured.

Rectangular plot profile analysis

Apart from manually measuring the migration from the spheroids, a plot profile of the gray scale
was performed. To quantify the increase in the size of the core as well as migration distance
estimated. In Figure 3.16 the plot profiles of 3 different spheroids are shown. On day 0 only the
spheroids is present without any cell migration, so the plot profile only showed a trough from the
original spheroid. There is also a clear transition from the spheroid to the hydrogel where the
trough flattens out (dashed blue line).
After 3 days there was already a significant amount of spreading into the hydrogel. Where first the
trough flattened out at once there now is a slope which indicates that there was a slower transition
caused by the presence of cells. Also, there were more fluctuation visible in the plots which was
caused by the cellular network that is formed where lighter spots were present between the cells.
The shape of the trough however remains the same up to the transition to the gel. On day 5 the
curve has changed the biggest amount. Where on day 3 the trough was still in the same shape,
it has now broadened which can indicate that the spheroid was growing in size. Also, the slope
from the trough was broader and there are more fluctuations compared to day 3. On day 7 the
changes seen in day 5 are continuing, with again a broader spectrum and more fluctuations form
the cells that have migrated further into the hydrogel.
This analysis gives a similar result as was found in the manual tracing of the spreading form the
spheroids. However, now also the increase of the spheroids core can be visualized better. The
only drawback was that the data is less easy to interpret, because there was not always a clear
transition between the core and the spreading as well and between the migrated cells and the
hydrogel.
The drawback from this method was that not the entire spheroid is measured still but only a small
section. Also, there was a lot of background noise from the images as well as harder interpretation
of the data.

Spherical plot profile analysis

The plot profile analysis can also be performed using a spherical profile. Here the the average
gray scale at a certain radius will be calculated. This gives a more complete overview of the
spreading, however because a average is determined it will show less clear deviations between
the spreading. In Figure 3.17 the plot profiles obtained from the MSC­BMEC, OB­BMEC and
MSC­OB­BMEC cultures are shown. The dashed lines indicate the transition that is present from
the migrated cells towards the hydrogel.
From this analysis it was again be seen that the projected area of the spheroid was increasing up
to 7 days as well as the presence of cells outside the spheroid. The slope, that is present in all
the measurements, is the transition of the spheroid core toward the hydrogel. When this slope is
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gradually this indicates the presence of cells outside the spheroid core. On day 0 this peak was
very sharp and flattens out quick, which indicates that there are no cells outside the core. On day
3 this slope was less sharp and also takes longer to flatten out. This indicates the transition of the
the core to the cells in the hydrogel. Similar to the rectangular plot profile, there are fluctuations in
the intensity that are present due to the gaps that are in between the cells. This is also visible on
day 5 and 7. After day 3 a similar trend occurs where the intensity increases slower after longer
culture time. This means that there are more and more cells present outside the original spheroid.
Also, the darker core is increasing in radius. From the estimated transition of the migration to the
hydrogel (dashed lines), the difference between the conditions was visualized better. For MSC­
BMEC cells migrated furthest and OB­BMEC and MSC­OB­BMEC reach a similar distance from
the center of the core.
This measurement should give the best overview of the entire spheroid because everything was
measured, however both plot profile analysis suffer from background noise from the images. This
was not the case for the manual method. Also, the data obtained was harder to interpret compared
to the manual measurements.
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Figure 3.16: Rectangular plot profiles of MSC­BMEC, OB­BMEC and MSC­OB­BMEC spheroids
on day 0 and after 3, 5 and 7 days of culture. The dashed lines indicate the estimated place where
the transition from migrated cells to hydrogel occurs.
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Figure 3.17: Spherical plot profiles of MSC­BMEC, OB­BMEC and MSC­OB­BMEC spheroids on
day 0 and after 3, 5 and 7 days. The dashed lines indicate the estimated place where the transition
from migrated cells to hydrogel occurs.

Results and discussion 51



Master Thesis S.T. Stevers

3.4 Chip fabrication

After the fabrication mould are inspected for abnormalities. Different kinds of scratches or leftover
resin can be the caused by the errors during printing or in the post treatment process that have to be
avoided. The printing process needed some optimization to avoid these problem but after some
changes enough good mould were produced that were used for the PDMS device production.
When the chip was assembled they were inspected again to ensure that the chip was bonded well
to the glass slide. In Figure 3.18 a chip is shown bonded to a microscopy slide.

Figure 3.18: Produced PDMS chip bonded to a microscopy slide with a 10 cent coin for size
reference.

3.5 On chip spheroid cultures

From the well plate cultures there were clear advantages for vascularization and imaging for the
spheroid compositions as well as the hydrogel. The choice for the Fibrin hydrogel wasmade earlier
due to the improved characteristics and the effect on the spheroids. For the on chip culture the
following conditions were therefore selected: MSC­OB­BMEC, MSC­OB, OB­BMEC, MSC­BMEC
andMSC. TheMSCs were used as a control. TheMSC­OB­BMEC triple­culture are considered as
the best model for the final bone marrow formation, and other conditions were used to investigate
the possible effect of the presence of different cells types.
For all conditions the same visual investigation was performed, as in Section 3.3, as well as a
qPCR analysis. This qPCR analysis was compared to a well plate culture for the same spheroids.
Form the on chip cultures if however appears that the spheroids are less likely to from the same
spreading into the hydrogel. In some cases there was even no spreading at all, which was not
found in the well plate cultures. This can be seen in Figure 3.19 for the MSC­OB, OB­BMEC and
MSC conditions. In the two conditions that showed some spreading into the hydrogel, MSC­OB­
BMEC and MSC­BMEC, spreading was much less compared to the well plate cultures. Because
there is no difference in the spheroid composition and the hydrogel this difference must be caused
by the confinement in the microfluidic chip instead of the well plate. One of the big differences is
that the nutrients are now supplied from the sides of the hydrogel instead of from the top. Also,
the total volume of the hydrogel is smaller.
Aside from the reduced spreading of the spheroids the gels with the cells were still extracted
for qPCR analysis. Also the spheroids that did not show any migration were used to check if
differences in the gene expression could explain this reduction.
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3.5.1 qPCR

For the qPCR analysis the spheroids in the hydrogels had been extracted and processed to extract
the RNA. GAPDH was selected as housekeeping gene to which the other markers were normal­
ized. Osteocalcin, Osterix, Osteonectin, Osteopontin, RUNX2, and Collagen I were selected as
osteogenic differentiation and bone formation markers [82]. Nestin is a bone development and
HSC maintenance marker essential for the long­term sustainment of HSCs [83]. ICAM­1 was se­
lected as a vacularization marker which is expressed during angiogenesis as well as a marker for
HSC niche adhesion. Fibronectin is an important part of the ECM in the bone marrow and known
to mediate HSC homing [84]. Collagen II and Collagen X were used as markers that could indicate
the differentiation into cartilage tissue instead of bone.
From the different conditions the RNA was quantified but not for all the samples there was enough
RNA present to produce sufficient amounts of cDNA for qPCR. Therefore, some of the markers
have been removed for these conditions. Primarily the conditions that were cultured in the wells
plate showed a low RNA content. This can be caused by the higher hydrogel to cell ratio that was
present in the well plate cultures which can interfere with the RNA extraction. These well plate
conditions would be considered as a control but because the qPRC could not be performed for
these conditions only the ΔCt values could be calculated and not the relative fold gene expression
level. So, the obtained ΔCt values can still be compared to the different conditions. Also, there
were some discrepancies in the amplification of the genes within the same conditions. Therefore,
the experiment needs to be repeated to add the missing conditions and primers. Because all the
data is relative to the housekeeping gene this can than still be compared. In Figure 3.20 the ob­
tained ΔCt values for the different conditions and primers are shown.

Figure 3.20: ΔCt values for the different conditions and primers.

Nestin is present in all spheroids except in the OBs­BMECs with could be due to the lack of MSCs
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which produce this for the HSCs maintenance. Fibronectin is also present in all spheroids, but
there is no clear distribution in the protein expression. Collagen I only shows a high expression
in the OBs­BMECs condition, from this very little can be deduced. Collagen II however shows a
relative low expressions compared to the housekeeping gene, only for the MSCs­BMECs condi­
tion there is a small positive value. Osteocalcin, Osteopontin and Osteonectin are only present
in spheroids with OBs. This is to be expected because these proteins are only produced by os­
teogenic cells. Osterix however only shows a activity in the MSCs­OBs condition. I­CAM present
only in spheroids with BMECs and this shows that there is only angiogenesis in the spheroids with
ECs. RUNX2 is present in all spheroids but is more expressed in the co­cultures. This shows that
there is osteogenic differentiation also in the cultures without OBs. Collagen X also shows only
activity in the OBs conditions with could indicate some chondrogenesis in the tissue as well as the
Collagen II expression.

3.6 Endothelial lumen

Due to a drawback in the chip production the on­chip cultures were shifted into a well plate culture
early on. Because of this, the formation of the tissue specific endothelial lumen was not possible at
an early stage and focus shiftedmore towards the investigation of themigration from the spheroids.
Some first experiments with the formation of the lumenwith BMECswere performed that are shown
in Figure 3.21. Here you can seen the lumen channel with a Collagen I lumen and filled with
BMECs. The red lines mark the border between the cells and the hydrogel. Further investigation
of the lumen formation alone and in combination with the bone marrow tissue still needs to be
performed.

Figure 3.21: Vascular lumen lined with BMECs. The red lines indicate the area where the lumen
transitions into the hydrogel, here are no cells present.
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4 CONCLUSION

In this report the early development of a bone marrow like tissue on chip has been investigated.
The effects of MSCs, OBs and ECs on the tissue formation, and their combinations was the primary
focus of this study.
First, the formation of spheroids with different compositions was performed in the microwell arrays
and the absence of a necrotic core determined to ensure the adequate delivery of nutrients for
which the 2 ∗ 106 cells/microwell array proved sufficient. Also, the morphological effects of the
different compositions were investigated as well as the optimum of culture time of 2 days in the
mirowell array.
Next, the formed spheroids were seeded in two hydrogels. From the early hydrogel cultures it was
clear that the Fibrin hydrogel showed improved cellular organization shown by cells spreading
from the spheroid into the hydrogel. It was also shown in literature that a Fibrin hydrogel has its
advantages compared to Collagen I hydrogels when vascular organization is a goal [76].
During the experimental testing of the best hydrogel, also the best composition of spheroids for
most representative bone marrow tissue is investigated. In the bone marrow a combination of
MSCs and other bone cells are present so this was included by differentiating MSCs to OBs.
These two cell types are then used in combination with HUVECs and BMECs which improved the
the vascular migration into the hydrogel. From these cultures a optimal spheroid composition with
MSCs, OBs and BMECs is found.
Next, the best conditions obtained from the hydrogel and spheroids optimization cultures in the
wells plate, are used in the chip as well. However, the consistency of the spheroids cultured in
the chips was not similar to the wells plates. This has to be investigated further to determine why,
it is possible that because of the confinement in the chip the cells are less likely to migrate into
the hydrogel. When combining the spheroid in the chip with the vascular lumen this could also be
resolved due to the presence of cells in the vascular channel.
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5 FUTURE PERSPECTIVES

In this study, the first steps have been performed towards the development of a bone marrow like
tissue using different combinations of spheroid composition and hydrogels. From the investigated
conditions, the most suitable has been selected to be characterized more complete in order to
confirm the representativeness of the formed tissue.
The primary focus has been to form the tissue in the microfluidic chips, however this has been
mostly performed using wells plates instead. When the spheroids are cultured in the chips the
results are not always similar so this still needs to be optimized. When this is completed a more
extensive analysis of the tissue formation can be performed using immunofluorescence and qPCR.
For For the qPCR, control measurements need to be performed, this can be done by analyzing
the spheroids before they are introduced into the hydrogel. These values can then be used to
compare and quantify the gene expression better.
Aside from the tissue formation, the vascular lumen also needs to be included. There have already
been some trials with the BMEC lumen formation that have been performed in a separate part of
the CHIP­ME project for now. The vessel formation with the BMECs do show promising results
and can be combined in the microfluidic chip when the bone marrow tissue formation is consistent.
When the lumen has been included, the chip can be connected to the developed circulation setup
and the extravasation of CTCs into the tissue can be investigated.
Because OBs are included into the tissue there could also be some differentiation into osteocytes,
as mentioned before. It would also be interesting to include staining or qPCR primer that are
expressed when OBs are differentiating further [37]. The addition of HA to the hydrogel would
also have an influence of the amount of bone formation, and this still needs to be investigated,
which could improve a more bone like tissue formation [80, 81]. Also, the MSCs are known to
differentiate into pericyte like cells that are able maintain the formed vascularization so this can
also be looked into further [85].
Before the choice for the hydrogel was made there where vesicles visible in the cultures with
a Collagen I hydrogel. The nature and origin of these vesicles still needs to be investigated.
They could be apoptotic bodies or EVs and and for these two possibilities immunostaining can be
performed with ApoTracker and CD9 or CD81.
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A APPENDIX

Table A.1: Forward and reverse primer sequences used for qPCR

Primer Forward Reverse Soucre
Nestin AGCGTTGGAACAGAGGTTGG AGGCTGAGGGACATCTTGAGG [84]
Fibronectin CAGACCTATCCAAGCTCAAGTGG TGGGTGGGATACTCACAGGTC [84]
Osteocalcin ATGAGAGCCCTCACACTCCTC CGTAGAAGCGCCGATAGGC [86]
Osterix TAATGGGCTCCTTTCACCTG CACTGGGCAGACAGTCAGAA [86]
Collagen I GATGGATTCCAGTTCGAGTATG GTTTGGGTTGCTTGTCTGTTTG [86]
Collagen II CCTGGCAAAGATGGTGAGACAG CCTGGTTTTCCACCTTCACCTG [87]
Collagen X GCAACTAAGGGCCTCAATGG CTCAGGCATGACTGCTTGAC [88]
ICAM­1 CCGACTGGACGAGAGGGATT TCGGCCCGACAGAGGTAGGT [84]
Osteonectin AGTAGGGCCTGGATCTTCTT CTGCTTCTCAGTCAGAAGGT [86]
RUNX2 CCCCACGACAACCGCACCAT CACTCCGGCCCACAAATC [89]
Osteopontin CACTGATTTTCCCACGGACCT CCATTCAACTCCTCGCTTTCC [84]
GAPDH GTCAGTGGTGGACCTGACCT AGGGGAGATTCAGTGTGGTG [86]
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Figure A.1: The distance from the core of the spheroid towards the four furthest sprouts on three
different spheroids for every condition on day 0, 3, 5 and 7 with statistical analysis. (*p<0.05)
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Figure A.2: Spheroids cultured in a Fibrin hydrogel on day 0 and viability staining with Calcein AM
and EthD­1 after 3, 5 and 7 days.
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Figure A.3: Co­culture of spheroids with MSCs­RFP HUVECs (5:1) in a Fibrin hydrogel on day 0
and migration after 3, 5 and 7 days.
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Figure A.4: Co­culture of MSCs­HUVECs (5:1) spheroids in a Fibrin hydrogel, on day 0 and viability
staining with Calcein AM and EthD­1 after 3, 5 and 7 days.
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