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ABSTRACT

Tissue engineering aims to develop functional bioartificial tissues for use in regenerative
medicine and drug screening. In the last decade, the field of tissue engineering has been
transformed by three dimensional (3D) printing technologies that aim to recreate
geometrically well-defined structures or scaffolds as precursors of native tissues and develop
them into in vitro models of tissues, organs and diseases. The scaffolds are platforms for 3D
cell culture, allowing cells to proliferate and develop in an environment that more closely
resembles natural tissues, compared to traditional two dimensional (2D) cell culture
substrates. Due to their biocompatible properties, low toxicity and good degradability,
hydrogels made of various synthetic or natural polymers are mostly used in tissue engineering
for fabrication of scaffolds. In this study, biomaterial inks composed of 1% alginate and 1%
fibrinogen respectively, were used for scaffold fabrication using extrusion based 3D printing
within a support bath. In addition, adipose tissue-derived mesenchymal stem cells were added
to the hydrogel. The developed “bioink” and printing process showed a high degree of
biocompatibility while allowing controlled degradation. Finally, comparative cell culture
results show higher overall metabolic activity of cells cultured within the scaffolds, compared
to cells cultured on the scaffold surface. This showcases the potential of the developed bioink
and 3D printing protocol for the development of in vitro tissue and disease models based on
mesenchymal stem cells.



GERMAN ABSTRACT

Gewebekonstruktion (engl. Tissue Engineering) zielt darauf ab, funktionelles bioartifizielles
Gewebe fiir den Einsatz in der regenerativen Medizin und im Arzneimittelscreening zu
entwickeln. In den letzten zehn Jahren wurde das Gebiet der Gewebekonstruktion durch
dreidimensionale (3D) Drucktechnologien verandert, die darauf abzielen, geometrisch genau
definierte Strukturen oder Gerlste (engl. scaffolds) als Vorlaufer nativer Gewebe
nachzubilden und sie zu In-vitro-Modellen von Geweben, Organen und Krankheiten zu
entwickeln. Die Scaffolds sind Plattformen fir 3D-Zellkultur, die es Zellen ermdglichen, sich in
einer Umgebung zu vermehren und zu entwickeln, die natiirlichem Gewebe ahnlicher ist als
herkdmmliche zweidimensionale (2D) Zellkultursubstrate. Aufgrund ihrer biokompatiblen
Eigenschaften, geringen Toxizitdit und guter Abbaubarkeit werden Hydrogele aus
verschiedenen synthetischen oder natirlichen Polymeren im Tissue Engineering oft zur
Herstellung von Scaffolds verwendet. In dieser Studie wurden Biomaterialtinten aus 1 %
Alginat und 1 % Fibrinogen fur die Gerlstherstellung unter Verwendung von
extrusionsbasiertem 3D-Druck in einem Tragerbad verwendet. Zusatzlich wurden dem
Hydrogel mesenchymale Stammzellen aus Fettgewebe zugesetzt. Das entwickelte ,,Bioink”-
und Druckverfahren zeigte ein hohes MaR an Biokompatibilitdat und ermdglichte gleichzeitig
einen kontrollierten Abbau. SchlieRlich zeigen komparative Zellkulturergebnisse eine hohere
metabolische Gesamtaktivitdt von Zellen, die innerhalb der Geriste kultiviert werden, im
Vergleich zu Zellen, die auf der Gerlistoberflache kultiviert werden. Dies zeigt das Potenzial
des entwickelten Bioink- und 3D-Druckprotokolls flr die Entwicklung von in vitro Gewebe- und
Krankheitsmodellen auf der Grundlage mesenchymaler Stammzellen.



1. INTRODUCTION

1.1 Tissue engineering

Tissue engineering (TE) is an interdisciplinary field that aims to develop a bioartificial tissue to
repair damaged tissue, create disease models, and for drug screening by combining biology
and engineering knowledge [Walles and Walles, 2011]. According to organdonor.gov, there
are currently more than 106,000 people on the waiting list for an organ transplant in the
United States [Organdonor, 2022]. In addition, the organization states that 17 people die each
day waiting for an organ transplant. Even if an organ transplant occurs, the implanted organ
may be rejected by the host's immune system or it may cause an adverse reaction that can be
fatal [Ravindranath et al., 2021]. These risks and the statistics behind them make it imperative
to advance the development of artificial tissues that overcome the limitations of not being
patient-specific or suppressed by the immune system.

The beginnings of the development of materials for TE date back to the late 1960s, when
Wichterle and Lim used hydrogels to make soft contact lenses and suggested that they might
be biocompatible because they did not irritate the eyes [Wichterle and Lim, 1960]. Over the
next few years, additional studies were conducted predicting that with advances in
biocompatible materials, new tissues could be generated by seeding cells onto a suitable
scaffold [Evans et al., 2006]. In the mid-1990s, a first stereolithography device was developed
by Chuck Hull and used for two-dimensional (2D) cell deposition [Hull, 1984], and more than
a decade later, the first human stem cells were isolated [Shamblott et al., 1998]. It was a
breakthrough at TE, when in 1999 the first human organ, a bladder, was printed three-
dimensionally (3D) from synthetic building blocks and grown in the laboratory, then coated
with host bladder cells and implanted [Atala et al., 2006], further expanding the capabilities
of TE. In 2002, the first extrusion-based bioprinter was introduced [Lander et al., 2002], and
two years later, the first tissue consisting of cells only, without scaffolds, was 3D bioprinted
[Jakab et al., 2004]. Since then, 3D printing has been used on TE for various biomedical
applications, which are described in the following sections.

1.1.1 Principles of tissue engineering
The general principle of TE is to either culture the cells in the laboratory or isolate them from
the donor, further culture them in the presence of specific growth factors to trigger their
proliferation, combine them with a biocompatible material to support their growth, and finally
implant the tissue construct into the patient (Figure 1) [Saroia et al., 2018].



Figure 1. The operating principle of tissue engineering [Rana et al., 2014]

TE can be based on spheroids, self-assembling 3D cell aggregates formed by cell-cell and cell-
matrix interactions that mimic tissue [Chae et al., 2021], or scaffolds, a support structure
made of synthetic or natural polymers, possibly mixed with cells and growth factors,
engineered to contribute to cell growth and functional tissue formation [Gomillion and Burg,
2011]. In this Master's thesis, the focus is on scaffold-based TE.

There are three essential elements of scaffold-based TE: 1) a scaffold made of a biomaterial
(hereafter referred to as material) that provides an environment for cell or tissue growth, 2)
growth factors or bioreactors that not only mechanically support the spheroid or scaffold but
also provide a suitable chemical environment for tissue development, and finally 3) cells or
tissues themselves that can be grown on these scaffolds in vitro [Saroia et al., 2018].

1.2 Hydrogel scaffolds

Normally, cells are grown in a laboratory in a plastic or glass Petri dish. However, the growth
conditions in a Petri dish do not mimic the natural cell environment well [Caliari and Burdick,
2016]. In fact, 2D cell culture systems are not a good representative of an actual 3D
environment in a natural tissue for several reasons [Baker and Chen, 2012]. First, cells in a
Petri dish are generally flattened and tend to lose their differentiated phenotype. Moreover,
cells growing in a single layer communicate only with their neighboring cells, which is not the
case in the in vivo environment where cross-communication between different cell layers can
be observed. As a result, signaling is altered and cell polarity can be disrupted.

To overcome the limitations of a 2D culture, hydrogels have been introduced and are widely
used because they support cell adhesion and cell signaling between different cell layers and
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mimic the mechanics of soft tissue [Tibbit and Anseht, 2009]. Hydrogels are polymeric
materials with hydrophilic properties that enable them to retain large amounts of water,
which is possible due to functional groups with hydrophilic properties attached to the
polymeric backbone [Song et al., 2021]. A hydrogel used for cell culture is called a scaffold. A
hydrogel scaffold provides a supportive mechanical structure for tissue development [El-
Sherbiny and Yacoub, 2013]. Cells can either be suspended within the 3D scaffold of the
hydrogel or cultured and attached to its surface. Ideally, a hydrogel scaffold provides only
temporary support for the cells until they establish their own extracellular matrix (ECM)
[Murphy and Atala, 2014]. The ECM is a 3D network, usually composed of proteins such as
collagen and elastin, glycoproteins, enzymes, and other molecules, with the role of providing
structural support and a suitable biochemical environment for the surrounding cells
[Theocharis, 2016]. In addition, the components of the ECM enable cell adhesion and
intracellular communication.

1.2.1 Types of hydrogels

One way to categorize hydrogels is based on their origin, that is, whether the material from
which they are made is synthetic or natural. Synthetic polymers are used to synthesize
synthetic hydrogels, including polyglycolic acid, polyethenglycol, and polyamides [Gyles et al.,
2017]. The main advantage of synthetic materials is their mechanical strength, high
availability, and consistency between monomers [Saroia et al., 2018]. However, it is difficult
to degrade them under the physiological microenvironment, which is their main disadvantage
[Song et al., 2021]. Synthetic polymers such as polylactic acid and polyglycolic acid have been
used for the engineering of bone, nerve, skin, and other tissues at TE [Dhandayuthapani,
2011].

Natural hydrogels are made from naturally occurring polymers that are highly biocompatible
and biodegradable and promote high cell attachment. However, it is difficult to ensure
uniform composition and material properties within a batch, which is their major drawback
[Saroia et al., 2018]. Some natural polymers include collagen, gelatin, and hyaluronic acid (HA)
from ECM, alginate from marine algae or seaweed, fibrin from blood, and chitosan from
crustaceans [Gyles et al., 2017]. The variety of bonds, which can be easily modified, make
collagen one of the most commonly used natural proteins for the preparation of hydrogels
[Dinescu et al., 2018]. It can form sponges, be mixed with other polymers, and strongly
resembles ECM. Thanks to these properties, it has been used to make artificial skin
[Tangsadthakun et al., 2017], cartilage [Lee et al., 2001], spinal cord [Joosten et al., 2004], and
others. Gelatin also has great properties such as easy degradability and biocompatibility
[Saroia et al., 2018].
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1.2.2 Properties of hydrogels
To ensure the success of scaffold-based TE and create a tissue that closely resembles native
tissue and allows the formation of ECM, a material for hydrogel fabrication must have the
desired properties. These include biocompatibility or non-cytotoxicity of the material to the
cells, biodegradability, suitable viscosity, cross-linking capabilities (if required), and more
[Rana et al., 2014].

The hydrogels used in this work were selected for their ease of printing and properties that
make them suitable for cell culturing.

The first criterion for selecting a hydrogel is its viscosity, which is particularly important if that
hydrogel is to be used for 3D printing, as described in detail in Section 1.3. A low viscosity
hydrogel is mechanically weak and cannot produce a structure with a defined geometry
[Murphy and Atala, 2014]. In addition, mechanical strength is important to provide support
for the cells while they build their own ECM.

The mechanical strength of the scaffold can be increased by increasing the concentration of
the material used, combining a low viscosity hydrogel with another more viscous material, or
inducing cross-linking [Chen et al., 2017]. Cross-linking involves connecting polymer chains
together, creating a stabilized network structure that transforms a liquid polymer into a solid
gel, a process known as gelation [Maitra and Shukla, 2014]. The cross-linking process can occur
either through the formation of covalent bonds or ionic bonds [Rana et al., 2014]. Chemical
cross-links include chemical reactions, irradiation, radicals, and enzymes. An example of a
chemically cross-linked biomaterial is fibrinogen, a natural blood-derived polymer that is
enzymatically cross-linked to fibrin by the addition of thrombin (more on this in Section 1.3.3).
Although chemical cross-linking offers better mechanical properties, it can be toxic as it
generates free radicals and toxic ions that could affect cell viability.

Physical cross-linking, on the other hand, does not release potentially toxic chemicals, but it
does result in lower mechanical strength. These include pH and temperature changes,
hydrogen bonding, ion and protein interactions, and others. Alginate is an example of a
biomaterial that requires the addition of divalent cations for gelation and was used in this
project [Gasperini et al., 2014]. Gelatin can also be physically cross-linked by adjusting the
temperature of the gel. At temperatures below body temperature, gelatin is solid, but when
the temperature rises to 37°C, it becomes water-soluble, making 3D scaffolds composed only
of gelatin quite unstable.

Another very important property of a hydrogel relates to cell growth and includes
biocompatibility, degradation rate, and cell attachment [Murphy and Atala, 2014].

First, a biocompatible hydrogel does not produce a cytotoxic substance that could significantly
decrease the viability of cells encapsulated in it or cultured on its surface [Murphy and Atala,
2014]. Furthermore, if the tissue is to be transplanted into the patient, it is important that the
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hydrogel does not induce an undesirable immunogenic response in the host [Naahidi et al.,
2017].

Second, hydrogels should be degradable. Structurally, hydrogels only provide mechanical
support for cells until they establish their own ECM. Degradation of hydrogels can then occur
through cell-mediated proteases, which is the case for natural hydrogels such as collagen and
fibrin [Caliari and Burdick, 2016], or through the breaking of bonds formed during cross-
linking, as in alginate. It is very important to note that TE aims to produce hydrogels whose
rate of degradation is proportional to the rate of regeneration of new tissue or ECM, and that
the degradation process itself should not produce wastes that could be potentially toxic to
cells [Ozeki and Tabata, 2012].

Third, hydrogels should also allow cell-matrix interactions. Due to its hydrophilicity, alginate
does not provide good cell-matrix interaction [Lee and Mooney, 2012], making it more difficult
for cells to grow and proliferate within the hydrogel scaffold than with fibrin, to which cells
can attach more easily. To ensure cell attachment in hydrogels with poor attachment
properties, some chemical modifications can be made, such as introducing certain functional
groups into the gel surface [Lee et al., 2019].

The following table summarizes the source, type, cross-linking method required for gelation,
and main advantages and disadvantages of the three natural polymers used in this master's
thesis: alginate, fibrin and gelatin.

Tabel 1: Natural hydrogels used in this thesis and their properties [Leberfinger et al., 2017]

Material Source Cross-linking Advantages Disadvantages
method
Alginate Seaweed Physical —ionic - Fast gelation - Poor cell attachment due
reaction - Inexpensive to high hydrophilicity
- Good mechanical - Limited long-term
stability stability
Fibrin Blood Chemical - - Promotes angiogenesis - Poor mechanical stability

enzymatic reaction - Controllable degradation - Easily clogs
- Low risk of immunogenic

Physical — ionic reactions (can be
reaction produced from patient’s
blood)
Gelatin ECM Physical —thermal - Reversible gelation - Poor mechanical stability
- Promotes cell - Short degradation time
attachment
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1.2.3 Cell-laden hydrogels

When cells are encapsulated in a cross-linked framework of a hydrogel scaffold, the hydrogel
is referred to as cell-laden [Blaeser et al., 2017]. A typical cell-laden hydrogel is prepared by
mixing a cell suspension with a prepolymer solution and then applying one of the previously
described cross-linking methods to initiate gelation [Rana et al., 2014]. It is important to use
non-invasive cross-linking methods, such as the addition of an enzyme like thrombin in the
case of fibrinogen or the addition of CaCl; in the case of alginate, to protect the cells. Since
molecules such as thrombin and CaCl; are already present in the native tissue environment,
they usually do not harm the cells.

Cell-laden hydrogels have been used by researchers for cartilage tissue engineering [Snyder
et al., 2014], chondrogenic differentiation [Liu et al., 2010], spinal cord injury repair [Hong et
al., 2017], neural cell tissue engineering [Abelseth et al., 2019], [Montgomery et al., 2015],
organoid printing [Zhang et al., 2016], cardiac tissue engineering [Pena et al., 2018), and more.

In this work, a hydrogel of alginate and fibrinogen was mixed with adipose-derived
mesenchymal stem cells (ADMSC), as described in more detail in the following section.

1.2.3.1 ADMSC

Human mesenchymal stem cells (hMSC) are multipotent adult stem cells that can be derived
from various tissues [Abdallah and Kassem, 2008]. Adipose-derived mesenchymal stem cells
(ADMSC), for example, are non-hematopoietic MSCs derived from adipose tissue found in
various parts of the body, such as under the skin, around organs and blood vessels, and even
between muscles. Like all other stem cells, ADMSCs have self-renewal potential through
division and can differentiate into adipocytes, chondrocytes, and osteocytes or into pancreatic
endocrine progenitor cells [Doering et al., 2019].

MSCs have already been used in combination with various hydrogels. For example, they were
grown on a chitosan-based hydrogel and used in the acute kidney injury study, where they
showed some therapeutic benefits [Choe et al., 2012]. In another study, gelatin-based
hydrogels were shown to promote differentiation of ADMSC into chondrocytes. [Salamon et
al., 2014]. In combination with fibrinogen, MSCs were used in a study by Kisiday et al. (2011).
In this study, MSCs distributed more evenly on fibrinogen-rich protein (FRP) surfaces than on
tissue culture plastic surfaces, suggesting that FRP may accelerate cell proliferation.

In their study, Aliborzi et al. (2016) showed that ADMSC have very favorable growth kinetics
with a population doubling time of about 60 hours, making them very suitable candidates for
research in TE. Moreover, in the same study, it was observed that ADMSC maintained a typical
fibroblast-like morphology for 8 passages, after which the proliferation rate started to
decrease. In addition, the presence of cell surface markers for MSC (CD44 and CD90) and the
absence of hematopoietic markers (CD43) were detected during 8 passages. Finally, ADMSC
showed successful differentiation toward adipogenic and osteogenic lineages 3 weeks after
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differentiation induction. In another study [Su et al., 2018], the rate of ECM protein production
by ADMSC was measured. The results showed that ADMSC grown on 3D polycaprolactone
could produce major ECM proteins including collagen type | and lll, decorin, tenascin, and
tenomodulin within 14 days, which is an important aspect when considering the degradation
rate of a hydrogel scaffold on which ADMSC are grown.

1.3 3D- printing and -bioprinting
As mentioned earlier, it is desirable to fabricate a scaffold of hydrogel or cell-laden hydrogel
with a defined geometry. To achieve this, the 3D printing process can be used. 3D printing is
an additive process in which a 3D construct is formed by successively depositing material layer
by layer. The result is a 3D shape with complex geometry that can be used in a variety of
applications from high-volume manufacturing to personalized medicine [Murphy and Atala,
2014].

The beginnings of 3D printing date back to 1986, when Chuck Hull printed his first 3D structure
by depositing thin layers of material using a method he called "sterolithography" [Hull, 1986].
The field continued to evolve to printing a 3D scaffold directly from biological material and
using it in transplantation procedures [Nakamura et al., 2010]. Finally, 3D printing with cells
was introduced and given a name that is still used today - 3D bioprinting [Zopf et al., 2013].

Similar to 3D printing, 3D bioprinting is an additive process of successive, layer-by-layer,
precise deposition of material, with the difference that 3D bioprinting specifically uses a
material that contains cells [Murphy and Atala, 2014]. The 3D structure produced has a well-
defined geometry and spatial positioning of the cells.

1.3.1 Extrusion-based 3D (bio)printing technology
The choice of 3D bioprinting technology depends on the material used for printing, its
properties, and whether or not the hydrogel is mixed with cells during the printing process. In
this thesis, an extrusion-based technique was used.

Extrusion-based technique is a nozzle-based technique and includes mechanical screw-driven,
piston-driven, and pneumatic-driven systems [Murphy and Atala, 2014]. The syringe used in
this system can be filled with biomaterial or bioink and is extruded through the nozzle via one
of three mechanisms - mechanical screw, piston, or pneumatic system (Figure 2).
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Figure 2. Three mechanisms used in nozzle-based bioprinting technique
[Derakhshanfar et al., 2018]
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The mechanical screw mechanism, which was also used in this thesis, rotates the special screw
to extrude the material and is especially used in printing high viscosity hydrogels
[Derakhshanfar et al., 2018]. The main drawback is the pressure exerted by the screw, which
can damage the cells and affect their viability.

The pneumatic mechanism requires air under pressure to extrude the material and has the
advantage over the other two mechanisms in that it has the least impact on cell viability.
However, its main disadvantage lies in the control system [Murphy and Atala, 2014]. Namely,
there is a time delay after the air is compressed to the point where the material is actually
extruded.

The third mechanism, the piston-based one, overcomes the disadvantage of the pneumatic
mechanism by establishing a direct contact between the surface pressed on the material by a
piston and the material itself [Murphy and Atala, 2014]. Therefore, the extrusion process can
be easily controlled and the pressure is continuous.

The extrusion-based technique is only suitable for viscous liquids [Murphy and Atala, 2014].
Therefore, the most commonly used materials in this technique are collagen, alginate and
fibrinogen. The fact that they are liquid when they exit the nozzle makes it difficult for the
researcher to obtain a specific shape. To overcome this, materials can be printed in support
baths (the details of which are described in the following section), such as fibrinogen in a
gelatin support bath, or they can be combined with a less viscous material before printing
[Hinton et al., 2015]. In addition, materials such as alginate can be cross-linked with CaCl,
immediately after the extrusion process to maintain shape and provide better mechanical
properties [Siti et al., 2019].
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1.3.1.1 Freeform Reversible Embedding of Suspended Hydrogels (FRESH)
To overcome the low viscosity and thus low mechanical strength of some materials such as
fibrinogen, a support bath can be used in which the 3D-printed construct is embedded [Hinton
et al., 2015]. This approach, which was also used in this thesis, is referred to as the FRESH
method.

FRESH is a method that first gained attention in 2015 when Hinton et al. (2015) printed
structures in a temporary support with thermoreversible and biocompatible properties.
Printing these structures from materials with a Young's modulus of less than 500 kPa at a
resolution of approximately 200 um would otherwise be very difficult to achieve.

The main advantage of FRESH is that a 3D construct is printed in the bath without changing
the position of the construct. The needle can still move freely through the bath without
breaking the geometric shape or causing cracks [Shiwarski et al., 2021]. Each time the needle
moves, it displaces the fluid and deposits the material. The most commonly used material for
the support bath is gelatin, but materials such as alginate [Pallegrino et al., 2021] or Pluronic-
F127 [Afghah et al., 2020] can also be used. When fibrinogen is printed into a gelatin support
bath, the gelatin can be mixed with thrombin prior to printing to allow cross-linking [Hinton
et al., 2015]. Fibrinogen can also be printed into gelatin using the FRESH method if it has been
previously mixed with cells, as shown in Figure 3.

Fibrinogen

.5‘?; + cells

» | crosslinking
7> agent

Supporting bath
Figure 3. FRESH method for 3D bioprinting fibrinogen with cells [de Melo et al., 2020]

1.3.2 Inks and bioinks
It is important to distinguish whether the hydrogel used in 3D printing contains only the
material itself or whether it is also mixed with a specific type of cell. Hydrogels that contain
only the material, whether it is natural or synthetic, are referred to as inks [Groll et al., 2018].
On the other hand, hydrogels that are also mixed with cells are called cell-laden hydrogels or
bioinks.

In this project, the focus is on alginate and fibrinogen, two natural polymers used to make an
ink and a bioink hydrogel.
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1.3.2.1 Alginate

Alginate is a salt of alginic acid. It is a natural polymer formed by the combination of linear
copolymers of B-D-mannuronic acid and a-l-guluronic acid found in polysaccharides of brown
algal species such as Ascophyllum and Durvillaea [Alihosseini, 2016]. The copolymers give
alginate its mechanical strength and flexibility, making it an ideal candidate for the preparation
of hydrogels where high viscosity and stability are required [Angra et al., 2021]. 100 years after
its discovery, in the 1980s, alginate was first used in wound dressings due to its high ability to
absorb water and its potential to produce gels [Qin, 2004]. Namely, when ions are exchanged
between alginate fibres and blood, optimal moisture and temperature conditions for wound
healing can be achieved [Thomas et al., 2000].

Alginate forms hydrogels with multivalent cations such as Ca?*, Ba%*, and Fe®*, which bind
between the chains of the guluronate blocks and form a 3D gel-like network [Mishra, 2015].
The model is called an "Egg-box" model due to its shape (Figure 4).

Figure 4. The “Egg-box” model of alginate forming a gel [Mishra, 2015]

Hydrogels made from alginate are not only mechanically strong, which is very important for
3D printing applications, but have also been shown to be biocompatible [Gibas and Janik,
2010] and biodegradable. Alginate can be degraded with alginase, an enzyme that cleaves a
glycosidic bond [Lee and Mooney, 2012]. Pure alginate is not degradable in mammals because
the enzyme alginase is not present. However, ionically cross-linked alginate gel can be
dissolved by ion exchange and can therefore be used as an implant material in in vivo
applications, where it is naturally degraded by the exchange of ions present in the body
[Lueckgen et al., 2019].

All the above properties make alginate an ideal candidate for use in TE. The following table
summarizes some studies in which alginate was used in combination with different cell types
for the production of hydrogels and 3D printing.
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Tabel 2. Some studies on 3D bioprinting of alginate bioinks

Bioink 3D bioprinting Cross-linking Application in
- ) - Reference
composition method method biomedicine
Alginate with Inkjet printin
& . Jetp & Vascular-like cellular [Christensen
mouse into CaCl2 CaCly
. . structures et al.,, 2015]
fibroblasts support solution
Alginate,
GelMA? and Coaxial CaCl; and Perfusable vascular Uiaetal.,
PEGTAZ with extrusion-based photocrosslinking structure 2016]
HUVECs*
Alginate with ] CaCO0s, CaCl,, or Controlled growth [Freeman and
Extrusion-based ]
MSC CaS0, factor delivery Kelly, 2017]
Alginate with Pneumatic Anatomically accurate  [Fernandez et
. CaCl, or CaSO4
hMSC extrusion-based bone grafts al., 2021]
Alginate and
GelMA with Cardiac patches for
) ) CaCl; and . . ;
cardiac Extrusion-based o epicardial [Gentile, 2021]
) photocrosslinking )
endothelial transplantation
cells

1.3.2.2 Fibrinogen

Fibrinogen is a polymer found in blood plasma that is best known for its role in blood clotting
[Walker and Royston, 2002]. When a tissue is injured and bleeding begins, platelets aggregate
to activate clotting and initiate the formation of a clot. This process is catalyzed by thrombin,
which is produced from prothrombin by a series of enzymatic reactions (Figure 5). Thrombin
cleaves the N termini of the alpha and beta chains of fibrinogen, which are then stabilized by
factor Xllla in the presence of Ca®* ions. This irreversible polymerization reaction forms a fibrin
clot that is now capable of triggering the healing cascade in which the remaining immunogenic
cells are activated to completely heal the damaged tissue [de Melo et al., 2020].

2 Gelatin methacryloyl (GelMA)
3 poly(ethylene glycol)-tetra-acrylate (PEGTA)
4 Human umbilical vein endothelial cells (HUVECs)
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Fibrin degradation

Figure 5. The process of fibrin formation from fibrinogen during blood coagulation®

Once the tissue is healed, the fibrin clot must be dissolved. This is done by the process of
fibrinolysis, in which plasminogen is activated by tissue plasminogen activator (TPA) [Thelwell
and Longstaff, 2007]. Plasminogen is then converted to plasmin, which is attracted to and
dissolves the fibrin clot (Figure 5).

The property of being biodegradable makes fibrin an excellent candidate for the preparation
of hydrogels. In addition, fibrin's structure makes it a very suitable natural polymer for
hydrogels. Namely, it contains amino acids such as arginine, glycine, and aspartic acid, all of
which are suitable for cell attachment, a crucial aspect in selecting a hydrogel scaffold to which
cells can successfully attach and proliferate [Laurens et al., 2006].

Overall, fibrin is an excellent candidate for the preparation of hydrogels in 3D bioprinting and
as a scaffold for 3D cell culture due to its biocompatible properties, high cell attachment,
biodegradability, and ease of preparation and handling. The following table summarizes some
studies in which fibrinogen was used as a bioink with different cell types in 3D bioprinting.

5> The figure has been created by Word lllustrations.
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Tabel 3. Some studies on 3D bioprinting of fibrinogen bioinks

Bioink 3D bioprinting Crosslinking Application in
it . . Reference
composition method method biomedicine
Fibrinogen, ) . Mimetic and
. . Chemical with . ) [Rutz et
gelatin and Extrusion-based s customizable tissue
PEG al., 2015]
hMSCs and organ constructs
Fibrinogen with Transglutaminase  Brain tumor model (Dai et al
aietal,
gelatin, alginate Extrusion-based for gelatin, Ca®* for for drug 2016]
and HGSC’ alginate susceptibility
Fibrinogen with Drop-on-demand ) [Schone-
. . ) In vitro blood vessel
human smooth with sacrificial Thrombin del berg et
mode
muscle cells gelatin al., 2018]
Extrusion-based . . .
. UV-light for PEG, Mimetic
o ) with PEG and 5 ) o ) [de Melo
Fibrinogen with . . Ca“** for alginate cartilaginous tissues
] alginate in support ) etal.,
hMSC spheroids . ) and thrombin for that support
bath with thrombin o ) 2019]
fibrin locomotion
supplement
L ) Extrusion-based Vascular network .
Fibrinogen with . . [Sriphut-
with acoustic nozzle . performance and ]
GelMA and L UV-light for GeIMA . . kiat et al.,
for cell excitation functionality
HUVECs® . . 2019]
and alignment improvement

Like any other hydrogel, fibrin gel has its pitfalls. Apart from being quite expensive, its main
drawback is that it is very soft and cannot maintain its shape when extruded through the 3D
printer [Laurens et al., 2006]. The viscosity of fibrinogen does not change when shear forces
change, so the printed structure collapses immediately and does not solidify until it is cross-
linked with thrombin.

Several solutions have been proposed to maintain the shape of the fibrinogen during printing
and to obtain optimal layer-by-layer and mechanically stable constructs.

One of these solutions, namely printing into a support bath, has already been described in
Section 1.3.1.1. Another solution is mixing fibrinogen with another biomaterial such as
polyethylene glycol (PEG). In the study by Rutz et al. (2015), a gel mixture of fibrinogen and
polyethylene glycol with two reactive groups (PEGX) was prepared and printed in cuboid form
using a pneumatic 3D printer. The printed construct was self-supporting, thick, and retained
the morphology layer by layer.

Fibrinogen can also be combined with alginate, which is described in more detail in the
following section.

6 Polyethylene glycol (PEG)
7 Human glioma stem cells (HGSC)
8 Human umbilical vein endothelial cells (HUVECs)
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1.3.2.3 Alginate and fibrinogen hydrogels
Alginate and fibrinogen each have their advantages and disadvantages when used as
hydrogels for the fabrication of bioink 3D scaffolds. The following figure shows the positive
contributions of the two hydrogel materials in producing a hydrogel with the best properties.

Most optimum
hydrogel

Fibrinogen
hydrogel

¥

- Cell adhesion, \ )
proliferation and Alginate
differentiation hydrogel

- Tissue growth

and development - Quick gelation

- Mechanical support
- well-defined geometry

Cell interaction required for good cell
growth and tissue development

Mechanical properties required for
stable scaffold fabrication

Figure 6. Properties of fibrin and alginate required for hydrogel fabrication with the best
properties.'

14 The figure has been created by Word lllustrations.
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Some studies that attempted to combine alginate with fibrinogen for 3D printing of a scaffold

are summarized in Table 4.

Tabel 4. Some studies using alginate and fibrinogen hydrogels as bioinks

Cross-linking

Hydrogel composition Application in biomedicine
method

Reference

Gelatin/alginate/fibrinogen
. /alg / 8 CaCl, and In vitro reproduction of .
with neuron cells and . ) [Li et al., 2009]
thrombin nerve fibers
Schwann cells
Gelatin/alginate/fibrinogen CaCl, and
. /alg / 8 2 . Vascularized liver [Li et al., 2009]
with hepatocytes thrombin
Gelatin/alginate/fibrinogen CaCl; and Vascularized adipose [Xu et al.,
with ADSC thrombin tissues 2009]
Gelatin/alginate/fibrinogen CaCl; and In vitro physiological model [Xu et al.,
matrix with ADSC* thrombin of the metabolic syndrome  2010]
Gelatin/alginate/fibrinogen/ CaCl; and Branched vascular [Huang et al.,
PU*® with ADMSC thrombin template implants 2013]
Gelatin/alginate/fibrinogen CaCl and In vitro cervical tumor [Zhao et al.,
with Hela cells thrombin model 2014]
In vitro osteogenic
. . CaCl, and i o & L [Grzesiak et al.,
Alginate/fibrin with ADMSC . differentiation for in vivo
thrombin 2015]
treatment of bone wounds
Gelatin/alginate/fibrinogen CaCl, and
. /alg / 8 2 . Anti-cancer drug screening  [Siqi Du, 2015]
with ADMSC and hepatocytes  thrombin
Gelatin/alginate/fibrinogen CaCl, and o [Wanget al.,
. . In vitro liver tumor model
with HepG2Y’ thrombin 2016]
Collagen/alginate/fibrinogen Thermal Soft TE with applicationsin  [Montalbano
with pancreatic MIN6 B-cells diabetic therapeutic et al., 2018]
Alginate/fibrinogen/HA with CaCl; and Directing the extension of [Ning et al.,
Schwann cells thrombin neurites (Nerve TE) 2018]
In vitro model of GSC
Gelatin/alginate/fibrinogen CaCl; and . [Wang et al.,
. 18 . mechanism in tumor
with GSC thrombin o 2018]
vascularization
Alginate/gelatin/DCEL"’
] g. /e ] / / CaCl; and o [Ramakrishnan
fibrinogen with fibroblasts and . Skin tissue constructs
. thrombin et al.,, 2022]
keratinocytes

15 Adipose-derived stromal cells (ADSC)

16 polyurethane (PU)

17 Human hepatocyte carcinoma cells (HepG2)
18 Glioma stem cells (GSC)

19 Diethylaminoethyl cellulose (DCEL)

23



2. AIM OF THE STUDY

Advances at TE have accelerated in recent years, mainly due to the contributions of 3D printing
technologies and the development of more advanced materials. Various combinations of
polymers have been used to create hydrogels, but each material fabrication method differs
from the other and the results are sometimes not reproducible. Here, we have developed a
protocol for using low viscosity materials such as 1% alginate in combination with 1%
fibrinogen and demonstrated that the difficulty in producing a mechanically stable scaffold
can be overcome by using the FRESH method with a gelatin support bath. In addition, the
study aims to confirm that 3D printing with a mechanical extruder printer with the given
settings can be used to print ADMSC, stem cells that have great potential for further studies
of differentiation in artificial tissues or organs. Finally, this study aims to investigate whether
3D printing of cells is a more promising method for cell growth than culturing cells on a
scaffold.

Specifically, in my master's thesis:

(1) 1% fibrinogen hydrogel with 1% alginate was prepared to increase the viscosity of the
material,

(2) Scaffolds from the hydrogel were 3D printed with or without ADMSC cells using a
mechanical extruder printer to study the effects of 3D printing on the cells,

(3) The materials were double cross-linked sequentially instead of simultaneously to observe
whether a mechanically strong structure can be obtained that is easy to handle,

(4) The material cytotoxicity to the cells and the scaffold’s biodegradability was investigated

(5) ADMSCs were cultured on or in the scaffold for a period of 7 days to examine and compare
the viability and general metabolic activity of the cells.
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3. MATERIALS AND METHODS

In the following sections, the preparation of the materials used for the experiment is explained
and the reason for their selection is justified. Also, the progress from the initial protocol to the
final optimized protocol is explained. The Materials and Methods section is divided into four
parts: (4.1) the preparation of the materials used in 3D (bio)printing, (4.2) the 3D (bio)printing
process, (4.3) the culturing of the cells on and in the scaffolds, and (4.4) their characterization
by various assays.

3.1 Preparation of materials used in 3D printing

3.1.1 Gelatin support bath
A fine suspension of gelatin used as a support bath for 3D printing was prepared according to
the following protocol:

1. 5% gelatin suspension (w/w) was prepared with 10mM CaCl, (Honeywell, Fluka)
previously cooled to 4°C. CaCl, was used as a cross-linking agent for alginate.

2. The proteins of gelatin were then hydrated by placing the gelatin suspension at 4°C for
1 hour.

3. The soaked gelatin particles were then blended at maximum speed for 1 minute using
a kitchen blender (Grundig) to obtain a homogenous gelatin suspension.

4. The gelatin suspension was distributed evenly among 50-ml conical tubes (falcon
tubes) and centrifuged at 800g for 5min at room temperature (RT).

5. The supernatant consisting of foam and CaCl, was removed by inverting the flasks, and
gelatin granules were resuspended using fresh, 4°C CaCl, solution and centrifuged
again. The process of resuspension and centrifugation was repeated until no foam was
observed and a fine suspension of gelatin was obtained.

6. Since the needle used in 3D printing has a limited length, gelatin was filled into small
shallow plastic containers (Figure 10).

3.1.2 Ink preparation: fibrinogen and alginate
The main material used in 3D printing was fibrinogen. However, as mentioned earlier,
fibrinogen solution itself is not stable enough to form a mechanically strong and stable
scaffold. Therefore, alginate was added as a material that does not affect the chemical
properties of fibrinogen but contributes to the structural support of the 3D printed scaffold
by cross-linking with CaCl, present in the gelatin support bath. The fibrinogen mixture with
alginate was prepared according to the following protocol:
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1. 4% (w/w) Alginic acid sodium salt (alginate, Sigma) was dissolved in 0.9% (w/w) NaCl
(Sigma) previously prepared with deionized H,0. To accelerate the dissolution rate,
the solution was placed on the magnetic stirrer at RT for 1 hour.

2. 1.25 ml of the alginate solution was mixed after dissolution with 2.5 ml of MSC-specific
Basal Medium (Human) (Stemcell Tecnologies), from now on just called medium, and
100 pl of phenol red (Sigma) for better visualization during the 3D printing process.

3. 4% (w/w) fibrinogen (Sigma) was dissolved in 1.25 ml of 0.9% (w/w) NaCl in a 5-ml
syringe and incubated for 2 hours at RT until complete dissolution of fibrinogen was
observed.

4. The alginate-medium solution was added to the fibrinogen solution in the syringe to a
total volume of 5 ml with a final concentration of 1% (w/w) fibrinogen and 1% (w/w)
alginate.

5. With the help of another empty syringe and a connector, the syringes were connected
and the solution was mixed by pushing the contents from one syringe to the other
several times.

6. When the contents were finally homogeneous, the solution was completely
transferred into a single 5 ml syringe and was ready for 3D printing.

3.1.3 Bioink preparation: fibrinogen and alginate with cells
The bioink was prepared very similarly to the ink, except that the medium used in step 2 (see
section 3.1.2) also contained 50 000 MSC cells/scaffold (50 000 cells/250uL). The culturing and
preparation of the cells is described in detail in section 3.3.
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3.2 3D printing

3.2.1 G-code
Geometric (G) code is a computer programming language that can be used for commanding

the relative position of the nozzle with respect to the printing platform by adjusting their x, y,
and z coordinates [Apro, 2008]. The G-code used in our 3D printing process was automatically
generated by the Vitaprint Scaffold Generator (Figure 7), a software written for the Vitaprint
3D printer [IRNAS, 2018] used in this project (Figure 8 - left). The 3D printer used was a
extrusion-based mechanical printer with 3 printing heads .

The selected settings in the program can be seen in the figure below and the final generated

G-code can be found in Appendix-1.

B | Vitaprint scaffold generator - O X

Scaffold shape: cuboid ~

Extruder drive and num mechanical v | 1 v

Extrusion rate [mm/10n cross section shape

Ramp/retraction [mm]: e of s

number of ———
; v ; :
Hhnscontol intermediate bars»,

Side length/diameter [n
Number of bars:
Number of layers C}

number

3 of layers
Layer height [mm layer height ] =
Feedrate [mm/mi : side length

Skirt:
n dose

Save to file: “hoose Directory

Figure 7. The set-up in the Vitaprint scaffold generator to generate G-code

The Vitaprint scaffold generator was used to create printing paths for cuboid shaped scaffolds
as shown in Figure 7. The explanation of the parameters in the program is outlined in the Table

below.
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Tabel 5. The parameters of the Vitaprint scaffold generator and their meaning

Parameter Meaning

Extrusi The amount of material deposited from the nozzle in a unit time [Jang et al.,
xtrusion
t 2021], or in our case, the amount of syringe movement during compression in z
rate

direction (in mm) per 10 mm of relative nozzle movement.

Feed rate The speed of nozzle in plane during printing [Kaveh et al., 2015].

The amount of material that the nozzle sucks back (in terms of a back movement
Ramp and L o . . . . .
of syringe in z direction in mm) during the displacement in which no material is to

retraction
be deposited [Mostafaei et al., 2021].

Extrusion rate: Through a series of experiments, 0.2 mm/10 mm was determined to be the
optimum extrusion rate. Since the air bubbles in the material being 3D printed are randomly
distributed within the syringe, extrusion rate may need to be tailored for each experiment.

For this purpose, the flow rate of the material can be manually controlled during printing by
readjusting the knob on the power generator of the 3D printer (Figure 8 - right).

Feed rate: After a series of trials, the feed rate was set to 500 mm/min to obtain the optimum
amount of material applied in a given moment.

Ramp or retraction: In our case, the retraction was set to 0.05 mm.

Geometry of the structure’s framework: The length of the structure was set to 10 mm, with 7

intermediate bars and 5 layers, each layer being 0.2 mm higher than the layer below. The
thickness of the layer depends on the diameter of the nozzle, which in our case was a needle
of 0.2 mm diameter.

adjustment knob

Figure 8. 3D printing device. Left: Vitaprint 3D printer connected to the computer; Right: the power
generator with flow rate adjusting knot and temperature regulator for each printing head
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3.2.2 Computer model

The computer model of the 3D scaffold (Figure 9 — middle) uses G-code as an input and is used
for visualization of the nozzle path in space. The model also represents the final geometry of
the scaffold to be 3D printed.

o
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Figure 9. The outlook of the Vitaprint program. Current axes positions and command buttons on
the left, computer model in the middle and the G-code on the right.

3.2.3 The 3D printing process

1. To start 3D printing, the injection with the hydrogel had to be inserted into the device
(Figure 10 - left) and fixed with a small metal plate (Figure 10 - right) to prevent
unwanted displacements or vibrations that could be caused by the head movement.

2. The gelatin support bath in the container was placed under the needle tip and secured
with two springs (Figure 10 - left).

3. The zero position for the z-axis was determined by moving the nozzle head to the
desired position, approximately 5 mm below the surface of the support bath.

4. The flow rate was set to 25 using the flow rate adjustment knob and the program was
run to begin with 3D printing.

5. When a complete scaffold was produced (Figure 11), the needle was lifted to remove
the container with scaffold. One scaffold was fabricated per container.

6. The scaffolds were then cut from gelatin with a scalpel and transferred to a 24-well
plate. In the case of ink, this was followed by 45 minutes of UV sterilization to prevent
any contamination that might have occurred during the printing process.
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Figure 10. The 3D printing process. Left: The syringe with bioink inserted into the 3D printer; Right:
The 3D printing process constructing a scaffold (in dark yellow)

Figure 11. A top view of a scaffold printed with alginate and fibrinogen into gelatine support bath.
Here, for a better representation of a web-like geometrical structure, blue colour ink was added.
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3.2.4 Thrombin addition

Prior to thrombin addition, the scaffolds cut from gelatin were placed at 37°C for 1 hour to

remove the excess gelatin and then transferred in fresh plates. Then, thrombin was added:

1.

1.0 U/ml of stock thrombin (Sigma) was diluted with the ADMSC-specific medium to
obtain 0.1 u/ml of thrombin.

70 pl of 0.1 U/ml thrombin mixed with medium was added to each scaffold and
incubated at 37°C for 1 hour.

1 ml of fresh medium was added to the scaffold so that the scaffold was saturated with
medium and the cells added 24 hours later could not fall off.

a. The next day, the medium was discarded from the wells to obtain as dry
scaffolds as possible and 50 pl of fresh medium containing 50 000 cells was
carefully added to each scaffold and to an empty well for a control.

b. After incubation at 37°C, 5% CO: (later referred as incubation only) for 3 hours,
1 ml of fresh medium was added over each scaffold and incubated overnight.

In the case of the bioink scaffolds, thrombin was added directly to each scaffold and
incubated for 1 hour. Then, 1 ml of medium was added to all wells and incubated
overnight.
In the following days, the tests described in section 3.4 were performed on all
scaffolds.

3.3 Cell culture

To avoid any contamination, all protocols involving cells (with the exception of the 3D printing

process itself) were performed under a laminar flow hood.

3.3.1 Thawing and culturing the cells
Cells stored at -80°C were thawed rapidly by placing them in a water bath (37°C) for
less than 1 minute.
1 ml of the pre-warmed ADMSC-specific medium was used for diluting the cells and
the cells were transferred in a 15 ml falcon tube.
After adding another 3 ml of medium, the tube was centrifuged at 330 rcf for 5
minutes.
The supernatant containing dimethyl sulfoxide (DMS0)?° (Honeywell, Riedel-de Haen),
was discarded and the pellet containing the cells was resuspended in 8 ml of medium.
The cell suspension was plated in a cell culture flask and incubated for 48 hours.
Every 48 hours, the medium in the flask was replaced with 8 ml of fresh one, until the
cells were approximately 85% confluent.

20 DMSO prevents the formation of crystals that could damage the cells during the freezing process [Verheijen et al.,

2019].
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3.3.2 Trypsinization of cells
In order for the cells to be used in subsequent tests and examinations, they must be detached
from the surface) by the trypsinization process?*.

1. The medium was first discarded from the flask and the inner surface of the flask was
washed with PBS.

2. 2 ml of trypsin was added and the flask was incubated in the incubator at 37°C and 5%
CO; for 3-5 minutes.

3. Cells were examined under an inverted optical microscope (Axiovert 40 CFL, ZEISS) to
ensure that they were completely detached from the flask.

4. 3 ml of fresh medium was then added to the flask to stop the trypsin reaction, which
could damage the cells if they were exposed for prolonged time.

3.3.3 Cell counting
After harvesting, the cells were counted under the microscope to ensure that the sufficient
number of cells required for the experiment had been produced.

1. 50 plL of cells were mixed in a tube with 50 pL of trypan blue stain (Sigma)?? and
pipetted into the shallow volume under the coverslip of the slide with grid for cell
counting.

2. Under the microscope, the cells in the squares of the grid were counted and the
corresponding equation was used to calculate the number of cells in the cell
suspension per ml.

3. Depending on the number of cells needed (in our case, 50 000 cells/scaffold), the cell
suspension was diluted to a certain volume by adding fresh medium.

3.4 Cell characterization

3.4.1 Cytotoxicity test (MTT assay)
One of the requirements for the material that makes up the 3D-printed scaffold is that it is not
cytotoxic, or in other words, that it is biocompatible with cells [Swain and Sarkar, 2014]. This
means that the material, in this case fibrin with alginate, must not have potentially harmful
effects on the living cells with which it comes into contact. Performing the cytotoxicity test is
especially important in the first step of the study because it tells us whether the ink should be
used in the rest of the experiments and at what concentration.

Different methods can be used to test the cytotoxicity of the selected material. In this project,
the MTT assay, first described by Mosmann (1983), was performed to test the cytotoxic nature

21 Trypsin is the enzyme that degrades the proteins with which the cells adhere to the surface [Kaphalia, 2014].
22 Trypan blue is a dye that cannot be taken up by viable cells because they have an intact membrane.
Therefore, these cells have a clear cytoplasm [Strober, 2015]. In contrast, dead cells with damaged cell
membranes can take up the stain and turn blue.
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of our material using ADMSC. The MTT assay is a colorimetric cytotoxicity method in which a
mitochondrial succinate dehydrogenase reduces yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide [Pacific Biolabs, n.d.]. The reduction produces a dark blue
formazan product that is only found in living cells with fully functional mitochondria, so cell
viability can be quantified.

In our MTT assay, cells were not placed directly on the scaffolds. Instead, the cells and the
scaffolds were in separate plates and only the solution in which the scaffold was immersed
was added over cells at different dilutions to find the concentration of materials at which the
cytotoxicity of the cells was the lowest or, in other words, at which the viability of the cells
was the highest.

The MTT method was performed as follows:

1. The 3D-printed scaffolds were sterilized by UV exposure for 30 minutes on each side
of the scaffold.

2. The scaffolds were placed in the 12-well plate, and 1 ml of fresh medium was added.
The plates were incubated for 24 hours.

3. ADMSC cells were then harvested and counted as previously described. The
experiment was performed in 4 replicates and at 4 different dilutions (1:1, 1:2, 1:4, and
1:8), with a control added at each replicate. 10 000 cells were used per well.

4. 100 pL of the cell suspension was added to 40 wells of a 96-well plate and the cells
were incubated for another 24 hours.

5. The next day, the medium was removed from all cell wells by inverting the plate.

6. Fresh medium was added to each well containing cells at the following dilutions:

- Control (100 pL fresh medium only)

-1:1 (100 pL fresh medium + 100 pL scaffold medium)

-1:2 (100 pL fresh medium + 100 pL medium from the 1:1 dilution well)

- 1:4 (100 pL fresh medium + 100 pL medium from the 1:2 dilution well)

- 1:8 (100 pL of fresh medium + 100 pL of medium from the 1:4 dilution well)

7. 100 plL of medium from the last 1:8 dilution well was discarded to obtain the same
volume of 100 pL in all wells.

8. The plate was then incubated for 24 hours.

9. 100 pL of the 10% MTT solution prepared from MTT reagent (Sigma) and fresh medium
was added to each well on the next day and the plate was incubated for 3 hours.

10. The MTT solution was then removed from all wells using a suction pump. This step had
to be done carefully to preserve the crystals formed by the MTT reagent.

11.100 pL of DMSO was added to each well to dissolve the crystals. At this time, the
formation of a purple color could be observed.

12. The plate was shaken for 10 minutes or until a homogeneous solution without dark
crystal spots was observed.

13. Finally, the absorbance was measured with the spectrophotometer at 570 nm.
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3.4.2 Degradation test

The rate of degradation depends not only on the rate at which the chemical bonds between
the polymer chains that make up the scaffold are broken, but also on the geometry and
architectural network determined by the 3D printing process [Madl et al., 2018]. The strength
of the chemical bonds depends on the cross-linking process, which in our case was ionic and
enzymatic. The ionic bonds were formed between the calcium ions and the alginate polymer
chains [Indurkar et al., 2020] and the enzymatic reaction occurred between fibrinogen and
thrombin to form fibrin. The rate of degradation of a hydrogel should ideally match the rate
at which cells can build their own ECM [Saroia et al., 2018].

The degradation assay was performed as follows:

1. Scaffolds were 3D printed according to the geometry set with the parameters from
Figure 7 and then placed in 24-well plates.

2. The plates were stored at -80°C for 3 hours and then freeze-dried overnight to dry.

3. The scaffolds were then weighed and returned to the well plate, where 1 ml of sterile
PBS was placed over each scaffold.

4. Weighing was performed at 24, 48, 72 hours, 5 days, 7 days, and 2 weeks. After the
first 24-hour period, the first scaffolds were removed from the PBS, transferred to a
fresh corrugated plate, and stored at -80°C.

5. The same procedure was followed for the remaining time points until the scaffolds
were deemed too unstable for further measurements.

6. All scaffolds from -80°C were freeze-dried overnight and weighed the next day.

3.4.3 Live/Dead assay
Performing a live/dead test allows us to distinguish viable from dead cells and determine the
viability of the cells on the 3D-printed construct [Thermo Fisher, n.d.]. In addition, the test is
useful for investigating the success of cell attachment to the bioink. The live/dead assay uses
a combination of a calcein-containing dye that fluoresces green upon interaction with the
esterase enzyme of live cells and their intact cell membrane, and ethidium homodimer that
binds the DNA of dead cells with damaged cell membranes and produces red fluorescence.

The Live/Dead assay was performed for both cases, when the cells were on and in the scaffold:

1. The medium was completely removed from all wells containing scaffolds as well as
from the control containing cells grown directly in a plastic well.

2. 10 ml of the medium was mixed with 5 pL calcein (Invitrogen) and 20 uL ethidium
homodimer (Invitrogen) to make a live/dead mix.
1 ml of the mixture was then added to each well and incubated for 45 minutes.
After incubation, the scaffolds were removed from the wells and placed upside down
on the slide to be observed under the EVOS FLoid Imaging System microscope (Thermo
Fisher) at various magnifications. Cells in the wells were observed directly from the
plate after the live/dead mix was discarded.
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3.4.4 Alamar Blue assay

Once it is clear that the material itself is not cytotoxic and that the printing process also does
not damage the cells, further cell analysis can be performed. In MTT assay, the cytotoxicity of
the material to the cells was observed, providing us with the information on cell viability only,
but not on the actual metabolic activity of the cells that accounts for their proliferation and
how it changes over time under different experimental conditions (cells growing in versus on
the scaffolds). To detect the metabolic activity and quantitatively measure it, Alamar Blue
staining [Thermo Fisher, n.d.] can be performed. The reagent in Alamar Blue assay contains
resazurin, a nontoxic substance that is reduced by the live cells to resorufin, which produces
red fluorescence and can be detected spectrophotometrically.

The Alamar Blue assay was performed as follows:

The medium was completely removed from all wells.

The scaffold were transferred into fresh 24-well plate.

Alamar Blue reagent (Sigma) was diluted 1:240 with fresh medium.

2 ml of the reagent was then added to each well (Appendix 2) and the plate was shaken
for 30 seconds and incubated for 3 hours.
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5. After incubation, 100 pl of reagent from each well was transferred to a 96-well plate
in triplicate and the plate was shaken for 5 minutes.

6. The fluorescence was measured at 530 nm excitation wavelength and 590 nm emission
wavelength using the Varioskan Flash Spectrophotometer (Thermo Scientific, USA ).

3.4.5 Nano-CT imaging
Nano-computed tomography (nano-CT) is a high-resolution 3D imaging technique that can
help us understand the internal structure of an object such as a 3D-printed scaffold
[Kampschulte et al., 2015]. The technique uses X-rays and an electronic detector array to
create patterns of varying densities that are combined to form a 3D image. As the object
rotates on the platform, multiple X-rays penetrate the object to capture the 3D cross-sectional
view with nanoscale detail [zeiss.com, n.d.].

In this project, ZEISS Xradia 620 Versa (Carl Zeiss AG, Oberkochen, Germany) nano-CT device

was used to assess the internal structure of bioink scaffold and compare it to the control
scaffold:

1. The freshly 3D printed scaffolds were cross-linked as described earlier.

2. The scaffolds were frozen at -80°C and lyophilized (freeze-dried).

3. The dry scaffold was placed between two holders on the platform and the
measurements were done at 4x magnification at 30kV and 2W, without an additional
filter. Exposure time was set to 1 second and binning was set to 2.

4. The generated image was reconstructed and analyzed using ZEISS Xradia software and
NIH image analysis software (NIH, MD, USA) respectively.
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3.5 Statistical analysis
The statistical significance of cytotoxicity results (MTT test) was determined by a one-way
ANOVA test study and the statistical significance in Alamar Blue test was determined by Two-
way ANOVA test study, with all the details in the Results section.

Normal distribution was determined by Shapiro-Wilk test. P-values were presented as
statistically significant at 95% level of confidence as P < 0.05, where P < 0.05 is for significantly
different from the rest of the groups.
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4. RESULTS

4.1 Cytotoxicity test with MTT

As shown in Figure 12, 1:1, 1:2, and 1:4 dilutions resulted in higher cell viability than the
control, with the 1:1 dilution having a viability of 1.09 compared to the control, the 1:2 dilution
having a viability of 1.22, and the 1:4 dilution having a viability of 1.11. At a dilution of 1:8,
using 1 unit of medium from the scaffolds and 8 units of fresh medium, the viability was 0.14
lower than the control.

The Shapiro-Wilk tests did not show a significance departure from the normality, p > 0.05, and
it is assumed that the data is normally distributed. The p-value of the One-way ANOVA test is
<0.001, indicating that the difference between the dilution ratios is statistically different.

Cytotoxicity test

1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

Cell viability compared to control

1:1 1:2 1:4 1:8

Dillution ratio

Figure 12. The cytotoxicity test with MTT reagent. The average value of 4 replicates was considered.
The control consists only of cells in fresh medium and is shown as a red line with the value of 1, meaning
100% cell viability. The dilutions on the x-axis represent the ratio of fresh medium to scaffold medium,
the y-axis shows the viability of the cells compared to the control and the error bars represent the
standard deviation. Differences between dilution ratios: *** p < 0.01 were calculated using ANOVA.
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4.2 Degradation test

The results of the degradation test show that the weight of the scaffolds decreased over a
seven-day period (Figure 13). With an initial weight of 100%, the weight decreased by almost
10% in the first 24 hours. After 48 hours, on average 78% of the weight was still present, and
after 3 days the weight of the scaffold dropped to 73%. The next measurement was taken on
5t day after the first incubation in PBS. It was observed that the weight dropped to 58% of
the original value. 2 days later, only slightly more than 50% of the scaffold was still present,
while the rest had degraded. The remaining scaffolds were too unstable to reliably continue
measurements. Therefore, only a total degradation time of 7 days was considered.

Degradation test
100

80

60

Weight remaining (%)

0 I I I I I I 1
0 1 2 3 4 5 6 7
Immersion time (Days)

Figure 13. Degradation test. The test was performed on scaffolds without cells. X-axis represents the
immersion time and y-axis represents the average remaining weight (in %) from the initial 100%,
measured on the given days. The error bars represent the standard deviation.
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4.3 Cell viability test with Live/Dead assay

Figure 14 shows images from the microscope under 4x magnification with live and dead cells
stained with calcein (green) and ethidium homodimer (red), respectively. Most growth is seen
after 7 days in the control sample (cells cultured without contact with the scaffold) and less in
the ink (cells on the scaffold) and bioink (cells in the scaffold) scaffolds. In addition,
morphological changes in cell shape from circular to more elongated can be observed over
time in the control case. Overall, cells in the control well remained evenly distributed and
viable for 7 days.

In the test experiment where the cells were placed on the scaffold, very few dead cells were
observed on day 7. However, in this case, the cells were not as evenly distributed as in the
control. Instead, the cells appeared to be clustered on the scaffold. It can be observed that
the number of cells on the scaffold decreased over the course of 7 days, although no red dots
representing dead cells could be seen. It should be mentioned that when checking the well in
which the cells were incubated on the scaffold, most of the cells were found at the bottom of
the well, indicating that they were not able to attach to the material when they were placed
on the scaffold.

In the final test, when the cells were 3D printed with the material as bioink, it was seen that
the cells were evenly distributed across the scaffold, but with a lower cell density than the
control. Although the morphology of the cells was not as clear as the control, which was due
to the fact that they were encapsulated in the scaffold, the number of cells appeared to
increase over 7 days. In addition, no dead cells were observed under the microscope, and no
cells were found at the bottom of the well in which the bioink scaffold was incubated.

When comparing the ink and bioink scaffolds, it is clear that the bioink scaffold exhibited
higher cell proliferation and a more even distribution of cells than the scaffold to which the
cells were applied after the 3D printing process. While proliferation of cells encapsulated in
the scaffold increased over a 7-day period in the case of the bioink, it decreased in the case of
cells placed on the scaffold.
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Figure 14. Live/dead assay. The assay was performed 24 hr, 48 hr and 7 days after incubation of cells
either on scaffolds or as bioink in scaffolds to assess cell viability. Green colour represents live cells and
red colour represents dead cells. Magnification: 4x
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4.4 Overall cell metabolic activity test with Alamar Blue assay

The results of the Alamar Blue assay in Figure 15 show that the control had the highest total
cell metabolic activity at all time points, confirming active cell growth. Metabolic activity
increased over the course of 7 days, reaching 773 emitted fluorescence on day 7. The opposite
trend was observed for cells placed on the scaffold. In this assay, metabolic activity was
already lower than in the control after the first 24 hours with a fluorescence of 187. A decrease
is observed over the next few days, with the lowest metabolic activity reached on day 7.

In the case of the bioink scaffold, the cells were less metabolically active (111 emitted
fluorescence) in the first 24 hours than in the case of the cells on the scaffold (24 hours).
However, metabolic activity increased subsequently, reaching a fluorescence of 213 after 48
hours and an even higher fluorescence of 329 on day 7. Overall, the cells in the control showed
the highest metabolic activity. Comparison of the two experiments shows that the bioink
scaffold resulted in higher overall metabolic activity of the cells than the scaffold to which the
cells were applied after the scaffold was already 3D printed.

The Shapiro-Wilk test revealed a normal distribution (p > 0.05) for all time points. Similarly, no
significant difference from the normal distribution (p > 0.05) was found for any of the scaffold
types. Therefore, it is assumed that the data are normally distributed and the ANOVA test can
be applied.

The p-value of the two-way ANOVA for the variable "time" is > 0.05. Therefore, it is assumed
that the difference between the time points 24 hours, 48 hours and 7 days is not statistically
different.

On the other hand, the p-value of the two-way test ANOVA for the variable "scaffold type" is
<0.05. Therefore, it is assumed that the difference between the control, the cells on the
scaffold and the bioink scaffold is statistically different..
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Overall cell metabolic activity with Alamar Blue assay
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Figure 15. Alamar Blue assay for total cell metabolic activity. The white columns represent the first
24-hour period, the grey columns represent the 48-hour time point, and the black columns represent
the 7™ day after the first incubation. The Y-axis represents the intensity of the emitted fluorescence at
590 nm and the error bars represent the standard deviation.
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4.5 Nano CT imaging

Figure 16 clearly shows the fibrin hair-like structure that makes up the scaffold. The hairs are
interconnected and provide an extensive ECM environment for cell attachment and growth.
In Figure 16-left, holes can be seen that were created during the 3D printing process. This
indicates that the desired geometry of the mesh-like structure could be achieved. In Figure
16-right, white dots can be seen, which could be cells encapsulated in the scaffold structure.
However, further investigation should be performed to confirm that the white dots do indeed
represent the ADMSC, but this was out of the scope of this thesis.

o e {1\
\The_de‘s\i € a?;oles in';ﬁj-e 0
& -V‘web—liké’ Str'dcp;re_‘
P, &

Rossibly’
cellss

Figure 16. Nano-CT images of scaffold without cells or control (left) and bioink scaffold (right) at 4x
magnification. For better presentation orange colour filter was used.
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5. DISCUSSION

In this study, a protocol for the preparation of low viscosity materials was developed and
used for 3D printing of ink and bioink from alginate and fibrinogen scaffolds. ADMSCs were
used with the given hydrogel formulation and biocompatibility and viability experiments
were performed.

Hydrogels have been shown to be ideal networks for cell attachment and interaction in TE
and serve as an artificial ECM platform for cell growth and proliferation. In this project, a
hydrogel was prepared from fibrin and alginate. Fibrin and alginate were chosen as natural
polymers because they both have advantageous properties for optimal scaffold formation,
as shown in Figure 6.

Several studies have used 3D bioprinting technologies to fabricate scaffolds from alginate
and fibrinogen and have been summarized in Table 4. However, most of these studies used a
high concentration of alginate or another highly viscous material such as gelatin to overcome
the problem of low mechanical stability and directly 3D print a strong and stable scaffold
[see Table 4]. Unfortunately, alginate has not been shown to have as desirable effects on cell
growth as fibrinogen [Nakamura et al., 2010]. On the other hand, alginate provides excellent
mechanical stability, which is critical when constructing a scaffold.

Since fibrinogen alone has too low viscosity, the lowest possible concentration of alginate (1%)
was used in this master's thesis. The hydrogel produced was still too unstable to directly 3D
print a structure capable of maintaining its shape in a given geometry. Therefore, a FRESH
method was used with a gelatin support bath to demonstrate that lower viscosity materials
can be 3D printed without adding a significant concentration of another, more viscous
material, but still sufficient to initiate the cross-linking process.

Alginate cross-linked with CaCl; in the gelatin support bath and formed strong bonds that
allowed us to print architecturally well-defined structures in multiple layers. The CaCl;
concentration was low enough to allow rapid gelation while stabilizing the extruded material
and allowing the new layer of material to bond to the layer below.

Normally, CaCl, is added after printing and reacts immediately with the alginate. In our case,
however, this was not possible because too low a concentration of alginate was used, which
did not allow us to print without a support bath. Therefore, CaCl; had to be added directly to
the support bath so that the alginate came into contact with it as soon as the hydrogel was
extruded from the syringe. Once a bond was established between the alginate and CaCl;, an
ECM-like structure started to form, allowing the cells to attach, migrate, communicate, and
proliferate.

For this project, it was important to make a support bath with a very fine gelatin suspension
that would allow 3D printing of a construct at high resolution. If the suspension was not fine
enough, the 3D printing process could have been disrupted by the needle getting stuck
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between large particles, resulting in uneven material deposition and lower resolution. Using
the protocol described in the Materials and Methods section, a needle could easily move
through the support bath and continuously deposit a material to create the desired geometry.
Thanks to the mechanical properties of gelatin and alginate, the final scaffold structure was
very well supported and maintained its shape, as shown in Figure 11.

A second cross-linking occurred when fibrinogen was polymerized by thrombin, further
strengthening the structure. The use of only 1% cross-linked alginate in previous experiments
did not result in a stable scaffold that could be easily handled [Wang et al., 2021]. To reduce
the amount of thrombin required, which is very expensive, the enzyme was added to the
scaffold after it was removed from the support bath. In this way, thrombin could be more
concentrated and act more efficiently on the fibrinogen without being unnecessarily diluted
by the additional gelatin in the support bath. It was possible to remove a single cross-linked
scaffold from the support bath prior to the application of thrombin, as it was still entrapped
in the support bath, since alginate also forms bonds with gelatin. Only after incubation at 37°C
did the gelatin melt and only the scaffold, which was also double cross-linked with thrombin,
remained. After complete polymerization, a very stable scaffold with the desired geometry
was obtained, which was easy to handle and could be used for cell characterization.

MSCs were selected for this project because they have previously been shown to respond very
positively to fibrin. This was determined by a cytotoxicity or biocompatibility assay using the
MTT reagent. As can be seen in Figure 12, cell viability was found to be greater than 80% at all
dilution ratios, which is sufficient to confirm that the 1% alginate and 1% fibrinogen scaffold
does not produce a cytotoxic substance that would decrease cell viability [ISO, 2009]. The
highest cell viability compared with the control was observed at a dilution of 1:2, suggesting
that to achieve the optimal concentration of alginate and fibrin in a scaffold, the current
concentrations should be reduced by half.

After making sure that the material itself was not cytotoxic, the cells were 3D printed as bioink.
As can be seen from the live/dead test results in Figure 14, no dead cells were observed. This
indicates that the shear stress caused by the movement of the cells through the needle into
the gelatin at the given parameters for velocity and flow rate is not harmful to the cells and
can be used as a reliable method to produce scaffolds from bioink.

Not only was the bioink scaffold fabricated, but also scaffolds of only alginate and fibrinogen
(ink) were 3D printed and the cells were applied to them. Since the top surface of the ink
scaffold was not perfectly uniform (the ink was deposited as a bar with some empty spaces in
between), a problem occurred when the cells were applied to the top of the scaffold. Namely,
the cells could not settle on an uneven, wet surface and slid down, resulting in a buildup of
cells at the bottom of the well instead of on top of the scaffold. To prevent this, medium
without cells was first added to the scaffolds to allow them to become completely saturated
with liquid. The next day, the medium was completely removed, left to dry for a while, and
then the cells were very carefully placed on the scaffold in a very small volume of medium.
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The medium is required by the cells for survival. Therefore, the cells were left in a small volume
of medium for only 3 hours and then covered with additional medium. It is very likely that
many cells were not able to attach to the scaffold in this short time, causing the cells to slide
off the scaffold. This is also evident from the live/dead sample results (Figure 14) and
confirmed by the Alamar Blue assay (Figure 15). In Figure 14, the number of cells on the
scaffold is much lower compared to the control and actually decreases over time. A similar
decrease in cell viability can be seen in the Alamar Blue results in Figure 15.

It is possible that some cells died during the 7-day period, causing them to lose attachment
and slip off the scaffold. As a result, these cells are not visible in Figure 14, because the scaffold
was transferred into fresh well plate prior to addition of Alamar Blue reagent. Another
possible reason could be that the scaffold fell apart after some time and the connections
between the cells and the surface of the scaffold broke. Furthermore, since the old medium
was removed before the fresh medium was added, the weakly adherent cells were removed
from the plate.

Comparing the cells on the scaffold to the cells in the scaffold, the results suggest that bioink
is a much more efficient method of bringing cells into contact with the scaffold. When the cells
were printed with the material, they encapsulated in the fibrin network with hair-like
structure, as shown in Figure 16. The fibrin network, which was further supported by cross-
linked alginate, allowed the cells to grow and proliferate without being washed off with fresh
medium. In addition, the survival rate of the cells was higher in the bioink because the cells
were continuously present in a sufficient volume of medium, in contrast to the cells that were
placed on the scaffold and attempted to survive in a minimal volume of medium for 3 hours.

Similarly, the live/dead results show that the viability of the cells was higher in the bioink than
in the ink. It can be clearly seen that the cells in the bioink were able to proliferate successfully
and attach firmly to the alginate-fibrin matrix over time. In addition, the cells in the bioink
were evenly distributed across the scaffold, in contrast to the clusters of cells observed on the
ink scaffold. Although the cells in the control case appeared to have much better morphology
and began to interact with each other, it should be noted that the control cells were grown in
a 2D culture, which was not as representative as a 3D culture in a bioink scaffold. In addition,
the cells inside the scaffold were encapsulated in an extensive network, which was likely the
reason they looked roundish rather than elongated like the control cells. It is expected that
over time, the cells in the scaffold will have a similar longitudinal morphology and begin to
interact with each other.

The results from Alamar Blue support the observation that the cells in the scaffolds had higher
metabolic activity than the cells on the scaffolds. The graph in Figure 15 shows that in the first
24 hours after the initial incubation with cells, the metabolic activity was higher in the cells on
the scaffolds than in the bioink scaffolds. A possible explanation for this could be the stress to
which the cells were exposed during the 3D printing process. Indeed, the shear stress to which
the cells were subjected when they were placed in the support bath may have delayed their
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development, resulting in initially (in the first 24 hours) lower metabolic activity. However,
over time, the metabolic activity of the cells in the bioink became higher than that of the cells
on the scaffolds. The difference became even greater after 7 days. These results suggest that
the bioink is a more suitable network for successful cell proliferation than when the cells are
attached to the scaffolds after 3D printing is completed.

As mentioned in the introduction, an optimal scaffold is biodegradable and allows cells to build
their own ECM in the space that was previously scaffold. The rate of degradation should ideally
match the rate of formation of new ECM, as mentioned earlier. The formation of new ECM
can be measured by detecting collagen [Finamore et al., 2019], a structural protein produced
by cells during ECM assembly, but this was beyond the scope of this project. A rate of
degradation that is too fast or too slow could be detrimental to the tissue [Yannas, 2001].
From the results in Figure 13, 50% of the scaffold was degraded in only one week. Such a
degradation rate could be considered too fast, as it does not allow enough time for the cells
to build their own ECM and provide for their own mechanical support. To slow down the
degradation rate, the concentration of cross-linking agents, namely CaCl; and thrombin, could
be increased, creating stronger bonds between the monomers and chains of the hydrogel.

Overall, this master's thesis provided a protocol for 3D printing low viscosity materials into a
support bath, either with or without cells, and the 3D printing process did not harm the cells.
In addition, the given material formulation was non-cytotoxic, biodegradable, and stimulated
cell proliferation, providing a great foundation for future cell differentiation studies with
various applications in regenerative medicine.
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6. CONCLUSIONS and PERSPECTIVES

TE has been transforming the field of regenerative medicine for several decades. Progress has
accelerated since the development of 3D printing technologies, adding another dimension to
the TE field, enabling the production of in vitro tissue models with sophisticated geometries
for use in drug testing, disease modeling, and artificial organ transplantation.

In this study, a geometrically defined and mechanically stable structure was 3D printed from
a hydrogel composed of two natural polymers, 1% alginate and 1% fibrin, in a gelatin support
bath. Without the support bath, 3D printing of hydrogels with such low viscosity would not be
possible, making FRESH an efficient method with good prospects for future studies with low
viscosity materials such as fibrinogen, which has been shown to have very beneficial effects
on cells.

In addition, the study used dual cross-linking, which unlike some other studies was not
performed simultaneously. This study confirms that cross-linking of alginate with CaCl; is
immediate and sufficient to initially maintain the structure until the second cross-linking of
fibrinogen with thrombin occurs a few hours later to create bonds for further strengthening
of the scaffold. This approach allowed thrombin to be used in a smaller volume, making it
more economical as the scaffold was removed from the gelatin bath and the excess gelatin
melted away before thrombin was added. Also, since alginate forms bonds with gelatin, it
would be more difficult to remove the scaffold if it remained in the support bath while
allowing a slow enzymatic reaction between fibrinogen and thrombin.

This study also confirmed that the two polymers provided a promising platform for cell
growth, especially for ADMSC cells, which used them efficiently for their growth and
proliferation. Each hydrogel material contributed its properties to the scaffold fabrication,
with alginate providing mechanical strength and fibrinogen providing successful cell
attachment and proliferation. The results of this work suggest that both materials are not only
biocompatible with ADMSC but also stimulate their proliferation, giving fibrinogen in
particular great potential for future cell differentiation studies. In addition, the cells
responded positively to the growth conditions, suggesting that neither thrombin nor
fibrinogen could be cytotoxic to this cell type. Furthermore, it can be said that the rate of
degradation as observed in this project, with some modifications to the protocol, such as
increase in the concentration of cross-linking agents, makes alginate and fibrin scaffolds very
good candidates for use in tissue repair and artificial organ transplantation.

In addition, further studies should be performed on the Nano- CT device to investigate
whether the white dots on the image are actually the cells or a cross-linking agent used in the
experiment. Nano- CT provides great insight into the spatial arrangement of (possibly) cells
and has great potential to study the effects of different material concentrations and scaffold
geometries on cell distribution within the scaffold. Finally, the goal of the study was to find
optimal 3D printing conditions to avoid damaging the cells in the bioink and to print a
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mechanically stable scaffold. The study successfully showed that 3D printing did not damage
the cells with the given printing settings. Although the growth of the cells was initially
hindered, the metabolic activity increased over the next few days and exceeded the activity
of cells cultured on a scaffold. This confirms that using cells with hydrogels in 3D printing is a
more efficient method than culturing cells in a 2D culture or making molds and using them as
a platform for cell growth, as suggested in some other studies in introduction. In addition, the
bioink scaffold provides a 3D environment similar to that of native tissue, which offers great
potential for future studies on in vitro tissue or organ models and drug testing.

Overall, it can be concluded that 3D bioprinting is an efficient method for creating an
architecturally desirable structure that allows cells to be metabolically active through nutrient
exchange, waste removal and access to oxygen. This is not as efficient or representative when
culturing cells in a simple 2D cell culture on a Petri dish or placing them on a scaffold.

The ultimate goal of this study, to develop an efficient method for 3D printing low viscosity
hydrogels with cells and to demonstrate that cells can successfully grow and proliferate in
scaffolds, was achieved. The study lays the foundation for future advances in TE using
fibrinogen as the main component of hydrogels for scaffold fabrication..
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APPENDIX

G-code for 3D printing the scaffolds

G92Xo Yo

Gl

Gl

Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl

Gl

Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
G1
G1
Gl
Gl
Gl

G1

Gl
G1
G1
G1
Gl
Gl
Gl
Gl

Z0 F500.0
A[#<_a> +0.05] ;ramp

X10.0 Y0.0 A[#<_a>
X10.0 Y1.25 A[#<_a>
X0.0 Y1.25 A[#<_a>
X0.0 Y2.5 A[#<_a>
X10.0 Y2.5 A[#<_a>
X10.0 Y3.75 A[#<_a>
X0.0 Y3.75 A[#<_a>
X0.0 Y5.0 A[#<_a>
X10.0 Y5.0 A[#<_a>
X10.0 Y6.25 A[#<_a>
X0.0 Y6.25 A[#<_a>
X0.0 Y7.5 A[#<_a>
X10.0 Y7.5 A[#<_a>
X10.0 Y8.75 A[#<_a>
X0.0 Y8.75 A[#<_a>
X0.0 Y10.0 A[#<_a>
X10.0 Y10.0 A[#<_a>

Z[#<_z> +0.2]

X10.0 Y0.0 A[#<_a>
X8.75 Y0.0 A[#<_a>
X8.75 Y10.0 A[#<_a>
X7.5 Y10.0 A[#<_a>
X7.5 Y0.0 A[#<_a>
X6.25 Y0.0 A[#<_a>
X6.25 Y10.0 A[#<_a>
X5.0 Y10.0 A[#<_a>
X5.0 Y0.0 A[#<c_a>
X3.75 Y0.0 A[#<_a>
X3.75 Y10.0 A[#<_a>
X2.5 Y10.0 A[#<_a>
X2.5 Y0.0 A[#<_a>
X1.25 Y0.0 Al[#<_a>
X1.25 Y10.0 A[#<_a>
X0.0 Y10.0 A[#<_a>
X0.0 Y0.0 Al#<_a>

Z[#<_z> +0.2]

X10.0 Y0.0 Al[#<_a>
X10.0 Y1.25 A[#<_a>
X0.0 Y1.25 A[#<_a>
X0.0 Y2.5 A[#<c_a>
X10.0 Y2.5 A[#<_a>
X10.0 Y3.75 A[#<_a>
X0.0 Y3.75 A[#<_a>
X0.0 Y5.0 A[#<_a>

+0.
+0.
+0.
.025* #<_hw_jogpot>/511]
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.
+0.

+0

+0.
+0.
+0.
+0.
+0.
+0.
.2* #<_hw_jogpot>/511]
+0.
+0.
+0.
+0.
+0.
+0.
+0.

+0

+0

+0.
+0.
.2*% #<_hw_jogpot>/511]
+0.
+0.
+0.
+0.
+0.

+0

2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]

2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]

2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]

025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]

.2* #<_hw_jogpot>/511]
+0.
+0.

025* #<_hw_jogpot>/511]
2% #<_hw_jogpot>/511]

2% #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]

025* #<_hw_jogpot>/511]
2% #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]

59



Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl

Gl

Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl

Gl

Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
G1
G1
Gl
Gl
Gl

G1
Gl

G1
G1

X10.8 Y5.0 A[#<_a> +0.
X10.8 Y6.25 A[#<_a> +0.
X0.0 Y6.25 A[#<_a> +0.
X0.0 Y7.5 A[#<_a> +0.
X10.8 Y7.5 A[#<_a> +0.
X10.0 Y8.75 A[#<_a> +0.
X0.0 Y8.75 A[#<_a> +0.
X0.0 Y10.0 A[#<_a> +0.
X10.0 Y10.0 A[#<_a> +0.

Z[#<_z> +0.2]

X10.0 Y0.0 A[#< a> +0.
X8.75 Y0.0 A[#<_a> +0.
X8.75 Y10.0 A[#<_a> +0.
X7.5 Y10.0 A[#<_a> +0.
X7.5 Y0.0 A[#<_a> +0.
X6.25 Y0.0 A[#<_a> +0.
X6.25 Y10.0 A[#<_a> +0.
X5.0 Y10.0 A[#<_a> +0.
X5.0 Y0.0 A[#<_a> +0.
X3.75 Y0.0 A[#<_a> +0.
X3.75 Y10.0 A[#<_a> +0.
X2.5 Y10.0 A[#<_a> +0.
X2.5 Y0.0 A[#<_ a> +0.
X1.25 Y0.0 A[#<_a> +0.
X1.25 Y10.0 A[#<_a> +0.
X0.0 Y10.0 A[#<_a> +0.
X0.0 Y0.0 A[#< a> +0.

Z[#<_z> +0.2]

X10.0 Y0.0 A[#<_a> +0.
X10.0 Y1.25 A[#<_a> +0.
X0.0 Y1.25 A[#<_a> +0.
X0.0 Y2.5 A[#<_a> +0.
X10.0 Y2.5 A[#<_a> +0.
X10.0 Y3.75 A[#<_a> +0.
X0.0 Y3.75 A[#<_a> +0.
X0.0 Y5.0 A[#<_a> +0.
X10.0 Y5.0 A[#<_a> +0.
X10.0 Y6.25 A[#<_a> +0.
X0.0 Y6.25 A[#<_a> +0.
X0.0 Y7.5 A[#<_a> +0.
X10.0 Y7.5 A[#<_a> +0.
X10.0 Y8.75 A[#<_a> +0.
X0.0 Y8.75 A[#<_a> +0.
X0.0 Y10.0 A[#<_a> +0.
X10.0 Y10.0 A[#<_a> +0.

Z[#<_z> +0.2]

A[#<_a> -0.05] ;retract
Z[#<_z> +2] ;go to safe

2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]

2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]

2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2% #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2* #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2% #<_hw_jogpot>/511]
025* #<_hw_jogpot>/511]
2% #<_hw_jogpot>/511]

height

X15.0 YO ;go to next xy position

60



Plate organization for Alamar Blue assay
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Figure 17. 24-well plate organization for Alamar Blue experiments at different time points. L/D refers
to Live/Dead assay and the soft orange squares represent the scaffolds made of ink only, whereas the
dotted orange squares represent bioink scaffolds. Each experiment was performed in triplicates.
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