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Abstract

Due to recent advancements in 3D bioprinting, creating large biological structures with
high metabolic demands is becoming more and more of a reality. This calls for the need
for pre-vascularized tissue. In this research, a novel printing technique will be used where
printing is done inside a granular medium consisting of Cytodex-3 microparticles. Be-
cause of the nature of the granular medium, a 2,5D cell culture environment is created to
stimulate arteriogenesis. The parameter used to manipulate the behavior of the granular
medium is the volume fraction (V;). The V is de ned as the fraction of the total volume
occupied by the microparticles. The goal of this research is to nd the idealV;s in which
printing in the granular medium can be performed. First, the Cytodex-3 microparticles
will be characterized in shape and size. Secondly, di erent granular mediums ranging from
50% to 70%V; will be analyzed at macro and microscale. The third step will be to nd
an operational window for printing in the granular medium. With these results, Human
Umbilical Vein Endothelial Cells (HUVECs) and Smooth Muscle Cells (SMCs) single cells
and spheroids will be printed in a granular medium with the optimal V;. Cytodex-3 mi-
croparticles are found to be spherical with an average diameter of 212 26 m and a
polydispersity of 0.54. Furthermore, the operational window for printing was found to be
very large ranging from 55% to 65%V;. If the V; reached 70% it loses its self-healing
property. Printing was done with a 410 m nozzle, so lines were compared to this inner
diameter. Best print resolutions were found at 677 120 m and 531 90 m for 60%
and 65% respectively. Due to time constraints, cell printing is not yet performed success-
fully, but it is recommended to test this during future experiments because of promising
results obtained during this research.

keywords: 3D-bioprinting, Granular Medium, Volume fraction, Cytodex-3,
Vascularization
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Chapter 1

Introduction

3D printing, or additive manufacturing, is a rapid prototyping technique where a print-
head creates a 3D object by, for example stacking 2D layers on top of each other. The
3D printer was originally commercialized in 1980 [1] and shows great potential due to
its high accuracy, rapid prototyping and the ability to create complex structures [2, 3].
3D bioprinting is used in the eld of tissue engineering to precisely position biological
materials to fabricate 3D structures [4]. As of today, there are three techniques used in 3D-
bioprinting: Inkjet bioprinting, microextrusion bioprinting and laser-assisted bioprinting
[4]. The di erent techniques can be seen in gure 1.1.

Figure 1.1: Dierent 3D bioprinting techniques [4]

Inkjet printing is a technique where controlled volumes of liquid are placed in a

prede ned location. Via thermal or acoustic cues droplets onto a substrate, which
supports or can become part of the nal object [4]. Advantages of inkjet printing are low
cost, high cell viability and the ability to print in high resolution [5]. In gure 1.1b you
can see the second technique used, microextrusion bioprinting. Microextrusion uses
pneumatic or mechanical systems to extrude a continuous line of bio-ink [6, 7].
Extrusion printing is the most used technique in non-biological 3D printing [4]. The last
technique is laser-assisted bioprinting (LAB). Out of these three bioprinting techniques,
LAB is the least used [4]. LAB is based on laser-induced forward transfer to enable
precise printing of individual cells. Although LAB can reach high accuracy its drawbacks
are high costs and low ow rates [6].
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1.1 Countering the limitations of bioprinting

3D printing was originally designed to work with ceramic and plastic and the process

usually involved organic solvents, high temperature and cross-linking agents that are not
compatible with living cells. This makes the choice of materials one of the larges problems
when working with bioprinting [8]. Next to this, the mechanical forces caused by the

extrusion of ink are thought to reduce cell viability [4, 9].

Since the materials used in 3D-bioprinting need to be gelled and supported during print-
ing because of the mechanical nature of the materials, it is hard to print complex struc-
tures[4]. To overcome this limitation di erent approaches have been tried including sacri-
cial layer techniques[10, 11] and Freeform Reversible Embedding of Suspended Hydrogels
(FRESH)[12]. FRESH makes use of a hydrogel support bath in which a second hydrogel
is printed. The bath then supports this hydrogel allowing it to maintain its form. The
support bath, consisting of gelatin microparticles, is removed afterward by raising the
temperature to 37 degrees Celsius.

Whereas FRESH uses two hydrogels, Bhattacharjee T et al. introduces a new technique
where a granular medium is used as a support bath [13]. They show that as the tip moves,
the granular gel locally uidizes due to the shear stress applied by the tip and then rapidly
solidi es, leaving space for the ink to be placed. This enables complex structures to be
made with high precision shown in gure 1.2. Besides the ability to print with high pre-
cision, the self-healing property makes it possible to print in places where the needle has
already passed[13].

Figure 1.2: High precision printing by writing in the granular medium [13]

2 Chapter 1 BME j Vascularization lab



Lennart van Hoorne

1.2 The need for pre-vascularized tissue

Due to the recent advancement in 3D bioprinting, creating large biological structures with
high metabolic demand is becoming more and more a reality [9, 14]. This calls for the need
for pre-vascularized tissue [14, 15]. Two main problems arise because of this. Awwad et
al. have shown that the maximum spacing between capillary systems is 300m otherwise
causing nutrition limitations[16] and due to high consumption of oxygen in growing cells,
hypoxia lurks around the corner[15]. When an implant with the size of a few hundred
millimeters is implanted, the host will invade the implant creating blood vessels, which
means that cells far from the host experience nutrient limitations eventually presenting a
necrotic core [14]. An example of a successful study is a study by Chen et al. where gelMA
is used to create a 3D environment enabling vascular paths to grow using human blood-
derived endothelial colony-forming cells (ECFCs) and bone marrow-derived mesenchymal
stem cells (MSCs)[17]. Other examples of techniques used to increase vascularization
are microfabrication, growth factors, microsurgery, co-culture or a combination of these
techniques [18].

1.3 2,5D cell culture: bridging the gap between 2D en 3D
cell culture

2D cell culture has been used for the past century and has given us great insights into
cell response to biochemical and physical cues [19]. Still, recent studies have investigated
the possibility of 3D cell culture due to its close resemblance to then vivo situation [20].
However, problems have been shown when culturing in 3D due to lack of mechanical cues
[21]. 2,5D tissue culture has therefore been introduced, trying to combine both ways of
cell culture [21]. For this reason, 2,5D tissue culture environment has been gaining more
and more attention in the last decade [22, 23, 24]. In gure 1.3 an example can be found of
2,5D tissue culture compared to the more traditional 2D and 3D cell culture of broblasts.

In this particular case between two hydrogel layers [21]

Figure 1.3: An example of a 2,5D culture of broblasts [21]

Chapter 1 BME | Vascularization lab 3
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1.4 Research goal

The aim of this thesis is to combine the topics discussed in the introduction. This is
done by creating a 3D bioprint environment by using a Cytodex-3 microbead suspension
in which cells can attach to create a 2,5D cell culture environment. To achieve this, the
following milestones will be addressed:

1. The characterization of the Cytodex-3 microbeads
2. Finding the operational window for printing
3. Printing of cells in a Cytodex-3 microbead suspension

4. Printing of spheroids in a Cytodex-3 microbead suspension

Given the limited time of this thesis, the goal is to at least complete the rst two
milestones to create a path for further research.

4 Chapter 1 BME j Vascularization lab



Chapter 2

Materials and Methods

2.1 Materials

This chapter will contain all equipment used and their speci cations. As well as the
materials used for printing and making the embedding baths.

2.1.1 Cytodex-3

Cytodex-3 is a dry powder surface microcarrier that is used for cell growth in suspension
culture. Cytodex-3 is formed by coupling a layer of denatured collagen to a crosslinked
dextran matrix[25]. The structure of Cytodex-3 can be seen in gure 2.1. In this thesis,
Cytodex-3 beads are the microparticles that make up the embedding bath. Due to its
wide use in tissue engineering and the fact that they are gelatin layered beads, the hy-
pothesis is that the cells will be able to attach to these microparticles creating the 2,5D
environment mentioned earlier. The amount of beads/g is assumed at approximately 3
million beads[25]. This will later be important when producing the embedding baths.

Figure 2.1: Chemical structure Cytodex-3 [25]
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2.1.2 3D-printer

The printer used for bioprinting is a ROKIT INVIVO bioprinter. It is capable of printing
freeform cell suspensions, hydrogels, thermoplastic laments, pastes, and other composite
materials, enabling both hard and soft tissue engineering [26]. The printer has two heads
that can both extrude bio-ink simultaneously using the microextrusion technique [26, 7].
The syringes in which the bio-ink is loaded have a total volume of 1 mL (BD 1 mL luer
lock).

Di erent diameter nozzles (Cellink) which are compatible with the luer lock syringe can
be used ranging from an inner diameter of 51 - 514 m. The printer is equipped with an
H14 - HEPA Iter, UV-C led, Chamber temperature display, HD camera and a bio-ink
warmer making it perfect for bioprinting (See gure 2.2). Unlike many other 3D-printers,
the printhead can only move in the z-direction whilst the bed moves in the x- and
y-direction.

Figure 2.2: DR. INVIVO 4D2: The bioprinter used for printing

2.1.3 Xanthan gum with blue uorescent particles

To show print resolution in di erent volume fractions, a straight line was printed with
1.5 % (w/v) xanthan ink lled with transparent ultramarine blue airbrush color (Createx
Colors). The Xanthan was prepared by the Vascularization Lab. Xanthan is an extracel-
lular polysaccharide that is secreted by the microorganismXanthomonas campestris[27].
Xanthan is highly soluble in water, stable over a wide range of temperatures, acidic and
alkine conditions. On top of that, it also has a low production cost. Because of these
properties, it has been widely used in a variety of applications [28]. Examples of these
applications are advanced drug delivery, wastewater treatment, protein delivery, tissue
engineering, and food packing [29]. Furthermore, it is a cheap and stable way of testing
print resolutions in di erent volume fractions.

6 Chapter 2 BME j Vascularization lab
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2.1.4 PDMS bioreactor

To monitor cell growth a bioreactor was made out of Polydimethylsiloxane (PDMS). PDMS
was used because of its many favorable properties. It has a surface that has a low interfacial
free energy, it is chemically inert, has good gas permeability and good thermal stability,
and is optically transparent [30]. Since the compartments needed to be closed for it to be
a bioreactor, a complementary lid was made. The compartments of the bioreactor have a
total volume of 700 L and are illustrated in gure 2.3 and 2.4.

Figure 2.3: Bioreactor on the bed of the

i Figure 2.4: Complete bioreactor
3D printer

2.1.5 Cell-laden bioink

When printing with cells, a cell-laden bio-ink was used containing Human Umbilical Vein
Endothelial Cells (HUVEC), Smooth Muscle Cells (SMC) (1:1), Optiprep (Stemcell) and
1:1 SMC:HUVEC culture medium.

HUVECs

Endothelial cells have become a central theme in vascular research because it produces
many di erent vasculoregulators and vasculotropic molecules which stimulate vascular
growth [31]. HUVEC models greatly represent the physiological representation of the hu-
man vascular endothelium making it suitable for co-culture with SMCs [32]. The HUVECs
were cultured in 88.5 % -MEM, 10 % FBS, 2mM L-glutamin, 0.2 mM Ascorbic acid and

1x pen/strep.

SMCs

As mentioned in the last paragraph SMCs are very well suited for co-culture with HUVECS.
Furthermore, SMCs are a promising cell therapy to promote angiogenesis [33]. The SMCs
were cultured in 76.5 % DMEM (Thermo Fisher), 25 mM HEPES, 1x diluted pen/strep,
10 % Fetal Bovine Serum (FBS, Thermo Fisher) and 10 % Human serum (Thermo Fisher).

Optiprep

Optiprep is a density gradient medium used for speci c cell isolation from whole blood
making use of the density di erences of the various leukocytes and the density gradient
medium [34]. In the bio-ink, it is used as a medium to stop sedimentation of the cells.

Chapter 2 BME | Vascularization lab 7
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2.1.6 Imaging

For imaging, the EVOS Microscope (Invitrogen EVOS FL Imaging System - Thermo sher
Scienti ¢) is used. The microscope is able to both make images with transmitted light
and uorescent light. This makes it perfect for particle analyses as well as nding print
resolution when using blue uorescent particles. Aside from pictures a video recording
device was used. This was especially useful when capturing the e ect of di erent particles
on the self-healing properties of the suspension.

8 Chapter 2 BME j Vascularization lab
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2.2 Methods

All methods used in this thesis will be discussed in the following section.

2.2.1 Determining the diameter of the Cytodex-3 beads

Due to the round nature of Cytodex-3 beads, the diameter can be found using the equations
2.1 and 2.2.

! r= A= (2.1)
Diameter (d)=2 r (2.2)

By taking a large sample size, a histogram can be created to determine a probability
density function. If this is a Gaussian function a mean diameter can be found, which in
turn can be used to calculate the volume fraction. The polydispersity was found by taking
the smallest particle (d) divided by the largest particle (D) (%) [35].

2.2.2 Embedding baths

Printing will be done in an embedding bath consisting of a Cytodex-3 particle suspension.
The liquid will be milliQ in case of a non-cell experiment and in case of cell experiments
this liquid will be 1:1 HUVEC/SMC medium. The most important property of the em-
bedding bath should be that it is self-healing, meaning that when a needle runs through,
the particles will afterward recon gure to a position comparable to the initial position.
The embedding bath will also be the 2,5D cell culture environment as described in the
introduction. When the bio-ink is printed in the suspension, the cells hopefully attach
to the microparticles creating a situation where not only the cells communicate with the
surface of the microparticles but also the adjacent particles in the suspension. This might
mimic an in vivo situation enabling the cells to communicate with each other to stimulate
arteriogenesis.

2.2.3 Volume fraction

The key parameter to in uence the behavior of the embedding bath is the volume fraction
(Vf). The V is de ned as the fraction of the total volume occupied by the beads[36]. In
case theVs is low, the suspension will behave more like a liquid. In case th&; is high
the suspension will behave more like solid.

This meansV; plays a heavy role in phase behavior. It has been found that for a4 of
49% the suspension will behave like a uid. Adding additional particles, in other words,
raising the V;, will crowd the suspension eventually reaching a uid-crystal phase. A full
crystal phase is reached at av; of 54% [35]. The next phase change is at 58% where the
suspension reaches a glass phase, a solid with a uid-like structure[37]. The maximum
packing is reached at 74%V; , which is also called tight packing[35].

Chapter 2 BME | Vascularization lab 9
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The equation to determine the V; is shown in equation 2.3 wherer is the radius of the
bead andn the number density, which can be found by dividing the number of colloidal
particles by the total volume. [35].

_ 413

Vi
f 3

(2.3)

This essentially means that by knowing the radius of the particles, which is found in 3.1,
and the number of particles in the suspension, thev; can be estimated.

2.2.4 Creating the Cytodex-3 suspension

To create the di erent suspensions, rst, a stock solution was made which can be extruded

from a syringe. The key is to get this solution just right. When the solution is too diluted

it will ow out of the syringe in an uncontrolled way. On the other hand, when the solution

is too solid, the Cytodex-3 will not be distributed evenly. The right ratio was found at 11
L/mg.

The stock solution is made in a 10 mL syringe. Before placing the Cytodex-3 inside
the compartments it is rst transferred into a 1 mL syringe for better accuracy. From the
syringe, a predetermined amount of volume was added in the compartment. Since the ra-
tio in the syringe is known. An approximation of the number of beads in the compartment
can be made, which in turn can be used to calculate thé/ .

2.2.5 Creating the PDMS bioreactor

A compartment was made to hold the embedding baths. This was done by rst laser
cutting a mold out of Poly Methyl Methacrylate (PMMA) using a speedy 400 laser cutter
(trotec). These parts were then fused using acetone. The protocol describes both the
production of PDMS and the curing of the PDMS bioreactor.

Production of PDMS stock

1. Mix 45 g (9/10) of elastomer base in a tube + 5 g (1/10) of Curing agent together
with the Base

2. Mix the two components for 5-6 minutes until air bubbles are totally embedded in
the mixture

3. Put the bottle in the vacuum chamber for 20-40 minutes, such that all the air bubbles
will vanish.

4. Remove the PDMS from vacuum bell.

5. Store the PDMS stock in the freezer, stock can be used for 3 months

10 Chapter 2 BME j Vascularization lab
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Curing of the PDMS bioreactor

1. Place a microscopy glass slide necessary for imaging and the mold in a petri dish so
that the glass is directly under the compartment

Fill the petri dish with prepared PDMS

Check again if the glass is still directly under the mold, if not reposition it correctly
Place the mold in the vacuum chamber for 20 minutes to remove bubbles

Check if the bubbles around the compartments are removed

Cure for 48 hours at room temperature so the compartment will cure homogeneously
Place in the oven at 65 degrees Celsius overnight

Cut o the petri dish from the PDMS

© © N o 0 ~ W DN

Cut away excess PDMS so only the bioreactor remains

2.2.6 Analysing the self-healing properties of the suspension

To capture the self-healing property of the suspension, videos were made of a needle
running through the suspension. In preparation, 5 wells of a 24-well plate were lled to

a nal volume of 700 L with V; ranging from 50% to 70% with a 5% increment. The
needle used was a 410m nozzle which is also used for printing.

2.2.7 Printing with xanthan gum

Before printing, embedding baths were prepared in the bioreactors with a nal volume of
700 L and Vt ranging from 50% to 70% with 5% increment. The xanthan gum was able
to be loaded directly in the syringe for printing. before each print, the syringe is loaded
for direct extrusion of the ink. Furthermore, the z-axis is calibrated so printing was done

at a height that made it possible for the particles to be examined under the microscope.
After printing, results were examined using the microscope with both translucent light, as

well as a DAPI Iter (=405 nm). Line width was determined using ImageJ and a full

line picture was made using Inkscape.

2.2.8 Printing with cell-laden bio-ink

When printing with bio-ink, more preliminary steps need to be taken since the environment
needs to be sterile. To achieve this, the bioreactors are autoclaved before use. The whole
interior is cleaned with ethanol (70%) and the UV-C lamp is turned on one hour prior to
printing. Embedding baths are made in a sterile environment with an optimal V¢ found
in the previous experiments. For the bio-ink, a cellular concentration was used of 10
cells/mL. After adding 5 10° of each cell type the suspension was centrifuged at 1000
rpm for 3 minutes. Supernatant was removed and 12% optiprep (stemcell) was added.
After resuspending, the bio-ink was loaded into the syringe. All steps are performed
inside a LAF-cabinet to minimalize chance of infection. When transporting the syringe to
the printer, a stopper (luer lock) is attached to maintain a closed environment. From this
point, the same steps were taken as described in section 2.2.7.

After printing, the bioreactors must be placed under the microscope for day-0 examination.
Before placing the compartments in the incubators, two pumps need to be hooked up for
constant ow of medium. This is done to account for evaporation of the medium keeping
the V; stable. After printing the cells must be examined daily to monitor cell growth.

Chapter 2 BME | Vascularization lab 11
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2.2.9 Protocol cell culture

SMC and HUVECs were used in cell experiments. They were obtained from cryogenic
storage from which they were thawed, seeded and left in culture for 7 days. Proper asks
were used so the correct amount of cells were obtained. When 80% con uence was achieved
they were seeded and used for the bio-ink, spheroid culture and a new passage of cells.
The following protocols were used for thawing and seeding of cells.

Thawing of cells

1. Remove the cryovial containing the frozen cells from liquid nitrogen storage and
immediately place it into a 37°C water bath

2. Quickly thaw the cells (< 1 minute) by gently swirling the vial in the 37°C water bath
until there is just a small bit of ice left in the vial

3. Transfer the vial into a laminar ow hood. Before opening, wipe the outside of the
vial with 70% ethanol

4. Transfer the desired amount of pre-warmed complete growth medium appropriate
for the required cell line dropwise into the tube containing the thawed cells

5. Gently suspend the cells (mixture of freezing medium and fresh pre-warmed medium)
in complete growth medium ( nal dilution at least 1:20) and transfer them into the
appropriate culture vessel and into the recommended culture environment (spread
evenly)

6. Optional: After 3-4 hours (after survived cells attached to the plate) change medium
Seeding and counting of cells
1. Remove the medium and add an appropriate volume of Trypsin-EDTA (0,25 %)

2. Put the cells 3min in the incubator and after that gently tap the well plate to detach
the cells

3. Centrifuge the cell suspension 3min at 300 x g (1000 rpm) at“C and remove super-
natant (Trypsin-EDTA) without disturbing the cell pellet

4. Suspend the cells in 1 mL pre-warmed complete medium required for that cell type

5. Take a Neubauer Counting chamber (hemacytometer ) and breath from a close
distance on the surface and put a glass cover slip on it and move it gently till it's
not moveable any more

6. Mix 10 L of the cell suspension with 90 L Trypan blue (0,04 %)

7. Pipette 10 L of this mixture between the Counting chamber and the cover slip and
take it under the microscope

8. Determine the number of living cells (white cells) inside the four squares in the
corners of the big square

9. Total cell number in 1mL cell suspension = (Counted cells of 4 Squares : 4 ) * 10
(Dilution of cell suspension in Trypan blue) x 10.000 (dilution factor in Counting
chamber)

10. Typically, the concentration range for a cell count with Neubauer chamber is between
250.000 cells / mL and 2,5 million cells / mL

11. Use the appropriate cell starting cell density + appropriate volume of pre-warmed
medium for the next passage

12 Chapter 2 BME j Vascularization lab
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2.2.10 Protocol spheroid culture

SMC-HUVEC spheroids were used as an extension of the cell culture experiments. After

counting cells, 200.000 cells of each cell type were placed in an agarose mold speci cally
designed for spheroid culture. The protocols below describe the creation of the agarose
molds and the culture of spheroids

Production of Agarose molds
1. dissolve Agarose 3%

2. pour immediately the boiling agarose solution into the PDMS molds (6-Well plate),
close the well plate and put the plate into the centrifuge (1200 rpm x 1min)! pay
attention for balance in centrifuge)

3. wait 30 min and remove under the ow bench the agarose mold with a spatula (clean
with ethanol before) and place them into 12-well plates

4. coat agarose molds with PBS, seal the plate with paralm and store them in the
fridge at 4°C

Spheroid production in agarose mold

1. add 200 L medium with 0,4*106 cells and let the cells settle down for 15min after
that add 1,8 mL medium

2. after 24 h cells are fused to spheroids ( approx. 267 cells/ spheroid )
3. every day half medium change till spheroid compaction is nished

4. ush out the spheroids with medium while the well plate is tilted (don't scratch with
the pipet tip into the agarose otherwise fragments will be created)

5. Centrifuge 2200 rpm , 1 min

Chapter 2 BME | Vascularization lab 13



Chapter 3

Results

3.1 The characterization of Cytodex

The rst milestone of this research is to specify the properties of Cytodex-3 microbeads.
To determine the V; of the suspension, average bead diameter, density and amount of
beads per gram cytodex needed to be found. Density and amount of beads are stated in
the literature [25] and for the average bead diameter two conditions were tested: A partly
saturated and a fully saturated condition.

3.1.1 Partly saturated

As mentioned before, Cytodex-3 is a dry powder that expands upon contact with liquid.
Due to this, the particles do not have a constant diameter. Cytodex-3 beads expand when
more water is added until the point that they reach their maximum diameter. Assumed
is that during this state the particles remain in tight packing at a V; of 74%. After the
point that particles have reached their maximum size theV; will change. Because they
are very clumped up it's hard to pin down the diameter of these beads. It is however very
important to determine the diameter of fully expanded Cytodex-3 particles when working
with volume fractions.

14
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3.1.2 Fully saturated

To determine the average bead diameter in a fully saturated condition a 6 well plate was
lled with a small amount of Cytodex-3 ( < 1 mg) which was then lled with 2 mL of
milli-Q. Di erent light- lters were tested which can be seen in gure 3.1 and 3.2.

Figure 3.1: Highly diluted cytodex par- Figure 3.2: Highly diluted cytodex par-
ticles with high contrast ticles with low contrast

Figure 3.1 yielded the best results due to higher contrast. From these images, a mean
diameter of 212 23 m was found for n = 176. A plot of the size distribution can be
found in 3.3. The polydispersity was found at 0.54.

Figure 3.3: Size distribution of microparticles
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