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SAMENVATTING 
 

Een grote uitdaging in bioprinten is de creatie van vascularisatie in de 3D geprinte 

weefsels. Vasculaire micro-aggregaten kunnen hierbij gebruikt worden als bouwstenen. 

Vasculaire micro-aggregaten werden opgebouwd uit endotheel (menselijke 

navelstrengader endotheelcellen, HUVEC) en ondersteunende cellen (fibroblasten en 

mesenchymale stamcellen) en werden geproduceerd in agarose microchips van 200 μm. Een 

mengsel van micro-aggregaten in bioinkt (10 w/v% gelatine methacrylaat (GelMod) en de 

fotoinitator Irgacure 2959) werd geprint met een 3D Cel en Weefsel Bioprinter (RegenHU) en 

fysisch en chemisch gecrosslinkt. 

 Parameters voor het printen met modelcellijnen (i.e. SK-OV en HepG2) werden 

geoptimaliseerd en gedefinieerd als: temperatuur van mantelwarmer op 22-23°C, 4 mol% 

Irgacure, 10 minuten van bestraling, conische naald van 0.25 mm met 80% binnendiameter 

en GelMod opgelost in cultuurmedium. De micro-aggregaten waren uniform en viabel. Deze 

printcondities werden verder geoptimaliseerd voor vasculaire micro-aggregaten (i.a. 8 

microchips per mL GelMod, printen op omgevingstemperatuur, 2 mol% Irgacure en GelMod 

opgelost in HUVEC medium) en zorgden voor een goede overleving waarbij het construct niet 

oploste. Na 5 dagen vertoonden de vasculaire micro-aggregaten via immunokleuring een 

bloedvatachtige netwerk dat nog steeds aanwezig was na inkapseling. De micro-aggregaten 

groeiden niet meer significant na inkapseling maar er werd wel een toenemende uitgroei 

geobserveerd vanaf dag 1. Het bioprinten had geen significant negatieve impact in vergelijking 

met de 2D hydrogel. 

Bioprinten van vasculaire micro-aggregaten heeft nood aan meer optimalisatie maar 

zal leiden tot een beloftevolle methode, in zowel regeneratieve geneeskunde als voor het 

nabootsen van een micro-omgeving in gepersonaliseerde geneeskunde. 

 

 

  



 

2 
 

SUMMARY 
 

A major challenge in bioprinting is the creation of vascularization in 3D printed tissues. 

Vascular micro-aggregates can be used as building blocks for bioprinting.  

Vascular micro-aggregates were composed of endothelial (human umbilical vein 

endothelial cells, HUVEC) and supporting cells (fibroblasts and mesenchymal stem cells) and 

were fabricated in agarose microchips of 200 μm. A mixture of micro-aggregates in bioink (10 

w/v% gelatin methacrylate (GelMod) and photoinitiator Irgacure 2959) was bioprinted with a 

3D Cell and Tissue Bioprinter (RegenHU). The printed constructs were physically and 

chemically crosslinked. 

Parameters for bioprinting with model cell lines (i.e. SK-OV and HepG2 cells) were 

optimised and defined as: mantle heater temperature of 22-23 °C, 4 mole% Irgacure, 10 

minutes of irradiation, conical needle of 0.25 mm with 80% inner diameter and GelMod 

dissolved in culture medium. The micro-aggregates were uniform and viable. Bioprinting 

conditions were further optimized for vascular micro-aggregates (i.a. 8 microchips per mL 

GelMod, printing on environmental temperature, 2 mole% Irgacure and GelMod dissolved in 

HUVEC medium) and resulted in a good viability with no dissolution of the construct. After 5 

days, the vascular micro-aggregates showed a vessel-like network with immunostaining which 

was still detected after encapsulation. The micro-aggregates did not significantly grow after 

encapsulation but an increasing outgrowth was observed after 1 day. Bioprinting didn’t have a 

significant negative impact compared to the 2D hydrogel.  

Bioprinting of vascular micro-aggregates needs more optimization but will lead to a 

promising tool, either in regenerative medicine or for mimicking a micro-environment for 

personalised medicine. 
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1. INTRODUCTION 
 

1.1. Tissue engineering 

 Transplantation is used as a standard for the treatment of organ or tissue loss [1]. 

However, this technique is limited by critical donor shortage, immune rejection and disease 

transmission [1-3]. A possible manner to solve this problem is tissue engineering (TE) [2]. 

Tissue engineering is defined by Langer and Vacanti (1993) [1] as “an interdisciplinary 

field that applies the principles of engineering and the life sciences toward the development of 

biological substitutes that restore, maintain, or improve tissue function”. The three classical 

strategies to create new tissues are: the delivery of isolated cells or cell substitutes, the use of 

tissue-inducing substances and the cultivation of cells on or within matrices [1].  

Bottom-up and top-down approach: 

 The concept TE has evolved since the appearance of Langer and Vacanti’s definition. 

TE can be divided in two strategies, namely the top-down and bottom-up approach (figure 1) 

[4]. In the “traditional” top-down approach, cells are seeded on a scaffold. Those cells will 

colonize the entire scaffold and deposit extracellular matrix (ECM). In the bottom-up approach, 

cells encapsulated in microscale hydrogels, cell micro-aggregates (which are clumps of cells), 

cell sheets and cells printed in a specific form can be used as building blocks. A larger 

engineered construct with a specific microarchitecture can be made through different 

assembling methods such as stacking, directed or random assembly and magnetic assembly 

[4-5]. 

  

Fig 1. Bottom-up and top-down approaches for tissue engineering. In the top-down approach (A), 

cells are seeded on a scaffold while in the bottom-up approach (B), building blocks are used to form 

larger engineered constructs [4]. 
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 With the more traditional top-down approach, the production of functional tissue 

constructs with high cell densities, high metabolic rate and histoarchitecture, is still a major 

challenge, mainly due to limited diffusion in the constructs and lack of vascularization [4, 6]. 

The upcoming bottom-up method could possibly solve this problem through the placement of 

small functional building blocks into a specific structure, with for instance embedded channels 

(i.e. microfluidic channels), which permit perfusion of the printed tissue. Other challenges are 

the poor mechanical properties and nonhomogeneous nature of the constructed tissues [4]. 

1.2. Bioprinting 

 Bioprinting can be defined as the layer-by-layer delivery of living cells and biomaterials, 

via a computer controlled deposition system, in a specific pattern to achieve a three-

dimensional (3D) tissue structure [7]. 

1.2.1. Basic approaches of bioprinting 

 3D bioprinting is based on 3 different approaches, namely biomimicry, autonomous self-

assembly and mini-tissue building blocks with specific advantages and disadvantages (table 

1) [8-9]. 

Table 1. Advantages and disadvantages of three different strategies with their specific focus [8]. 

Strategy focus Biomimicry Autonomous self-

assembly 

Mini-tissue building 

blocks (micro-

aggregates) 

Advantages - Control at every 

step during tissue 

development 

- Precision in cellular 

placing 

- Fast and efficient 

process 

- Scalable for 

automation 

- High cellular density 

- Fast and efficient 

process 

- Scalable for 

automation 

- Potential solution for 

problems in vascular 

tissue engineering 

Disadvantages - Complex due to the 

great amount of 

factors that need to 

be reproduced 

- Slow and often 

inefficient process 

- Difficult to change the 

outcome resulting from 

self-assembly 

- Difficulty to create 

micro-aggregates 
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1.2.1.1. Biomimicry 

 With biomimicry (biologically inspired engineering), tissues are constructed by the 

reproduction/mimicking of specific functional cellular components from the native tissue or 

organ. An understanding of the microenvironment of these tissues and organs, for instance 

ECM composition and biological forces, is necessary [9-10]. The choice of a suitable scaffold 

material which imitate the native needs (e.g. structural, mechanical and environmental 

parameters) and the use of bioreactors can support the normal development of tissues [8]. 

1.2.1.2. Autonomous self-assembly 

 On the other hand, autonomous self-assembly uses the embryonic organ evolution as a 

blue print to imitate the native architecture of the tissues [9]. Self-assembly is the autonomous 

arrangement of units, without external interference (in contrast to biomimicry which externally 

tries to maturate the tissue), from a start state into an end structure [3, 8]. This process can 

lead to high cellular density, accelerated growth, better long-term functions and cellular 

interactions [8]. In self-assembly for organogenesis and histogenesis, cell-cell and cell-ECM 

interactions are important [3].  

 Cell sorting and tissue fusion are both cellular developmental self-assembly processes 

[3, 9]. With cell sorting, cellular sections and boundaries are created between different tissues. 

This process can be explained by the differential adhesion hypothesis (DAH) which theorizes 

that cells adhere to each other in such a manner that their energy is minimized and the more 

adherent cells are surrounded by the less adhesive ones. Surface, interfacial tension and cell-

adhesion molecules seem to play an important role in this process. Lumen formation in micro-

aggregates (synonyms are microtissues or spheres), is a specific example of cell sorting [3]. 

 A good knowledge of the developmental mechanisms of the embryonic development as 

well as how to manipulate the environment will be necessary to control embryonic-like 

processes in printed tissues [9]. 

1.2.1.3. Mini-tissues as building blocks 

 Two-dimensional (2D) cell cultures fail to recreate the in vivo cellular situation and 

therefore generally do not sustain their differentiated functions and can alter the native 

phenotype. In contrast, 3D cell cultures, for instance cellular micro-aggregates, represent a 

physiologically relevant environment to mimic in vivo behavior [11-12]. These micro-

aggregates, discussed in 1.3.1., can be used as building blocks in bioprinting.  
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 Organs and tissues are composed of smaller units which can be called mini-tissues 

which are the smallest structural and functional parts of a bigger tissue. The previously 

mentioned micro-aggregates can be considered as mini-tissues and can therefore be used as 

a building block through two strategies. On the one hand, self-assembling cellular micro-

aggregates assemble into a macrotissue following a specific chosen design (figure 1: directed 

assembly). On the other hand, tissue units self-assemble with each other to form a functioning 

macrotissue (figure 1: random assembly) [9]. 

 The usage of micro-aggregates for bioprinting increases the speed and efficiency of 

bioprinting due to the following reasons. Their small size results in easier inclusion in the bioink 

while their standardized uniform size opens the way to automation. On top of that, micro-

aggregate formation can accelerate maturation [8]. 

1.2.2. Bioprinting techniques 

 There are a lot of different strategies to print tissues, but the most frequent used types 

are: droplet printing, laser-assisted bioprinting and extrusion-based printing (figure 2) [13]. 

Fig 2. Illustration of bioprinting techniques. (A) Thermal and piezoelectric droplet bioprinting. (B) 

Laser-assisted bioprinting. (C) Pneumatic and mechanical (piston and screw) extrusion-based [13]. 

A droplet printer ejects droplets of liquid (i.e. biological material) upon a substrate with 

the help of thermal or acoustic forces. A piezoelectric crystal, which creates an acoustic 

wave at regular intervals, can also be used. This technique has a high printing speed, wide 

availability and low cost. Nevertheless, the exposure to thermal and mechanical stress can 

endanger cells, there is a frequent clogging of the nozzle and other problems can occur [9].  

 

The most important parts of laser-assisted bioprinters are a pulsed laser beam, a 

‘ribbon’ made of a laser-energy-absorbing-metal layer (e.g., gold or titanium) and a layer of 

biological material (i.e. cells and/or hydrogel). In a nutshell, the laser focuses on the ribbon 

and generates high pressure bubbles which eject the bioink onto the surface adjacent to the 
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bioink [9]. This nozzle-free technique solves the problem of clogging associated with nozzles. 

It has a high resolution, allows high cell densities but, among others, the high cost and 

inability to print large constructs limits its use [9, 13]. 

 

An extrusion bioprinter has an automated three-axis (x-y-z) dispensing system with a 

pneumatic or mechanical (piston or screw-based) dispenser that deposits bio-ink, with or 

without cells, on a substrate [9, 13]. This printer can deposit rapidly very high cell densities 

and high viscous material but the resolution is not optimal and pressure can have an effect 

on cell viability [13-14]. 

1.3. Building blocks 

 In this thesis, two kinds of building blocks will be used, namely individual cells and mostly 

the previously mentioned micro-aggregates. 

1.3.1. Micro-aggregates 

 Cells who cannot attach to a surface will self-assemble and form a micro-aggregate, also 

called microtissue [15]. These can have different forms (e.g. a cylindrical shape), but for most 

experiments spherical micro-aggregates are formed which are also called spheroids [3]. 

1.3.1.1. Formation 

 There are different methods to produce micro-aggregates such as the hanging drop and 

micromolding approach [15].  

 The hanging drop method is based on gravity-imposed self-assembly. This technique 

can be used for many different cell types and the produced micro-aggregates are 

homogeneous in size. A major limitation is its inability to produce and simultaneously track 

large amounts of micro-aggregates and to exchange the media or to add drugs [15-16].  

 Through micromolding, cells are seeded in a non-adherent hydrogel, for instance 

agarose, resulting in micro-aggregates because of the lack of attachment. This technique has 

many advantages: it can be scaled up, it is easy to change media and add drugs, it has a 

chosen (complex) design and a homogenous shape, size and cell composition [15]. In this 

thesis, micromolding is used. 
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1.3.1.2. Composition 

 Aggregates can contain one cell type (homotypic or homocellular) or different cell types 

(heterotypic or heterocellular, e.g. vascular micro-aggregates) through a co-culture [15]. As 

mentioned previously, cells in heterocellular micro-aggregates can change place according to 

their type which is called self-assembly [3].  

1.3.2. Macrotissue 

 Neighboring micro-aggregates can fuse and form macrotissues through, for instance, 

directed self-assembly. In figure 3, the fusion of deposited micro-aggregates into a macrotissue 

is shown [17]. 

 

Fig 3. The formation of a macrotissue through the fusion of the layer-by-layer deposited micro-

aggregates [17]. 

  A major constraint for macrotissues, more general for bioprinting, is the inability to print 

constructs bigger than 1-2 mm due to their limited perfusion, which results in an insufficient 

transport of nutrients, oxygen, waste products and supplements (e.g. differentiation factors) 

[18]. The transfer of nutrients and oxygen by molecular diffusion is only possible within tissues 

of roughly 100 µm thickness, otherwise a necrotic center develops [3, 19]. The introduction of 

endogenous engineered vasculature or channels in the constructs or macrotissue, which are 

capable of the transportation of molecules through the tissue, is a possible solution [20]. 

Another way is the delivery of pro-angiogenic growth factors which recruit the host vasculature. 

A big problem with this technique is its cost and slowness which hampers with the cell viability 

in the first days after implantation. Therefore, prevascularization of the constructs will be 

preferred [21].  

1.4. Bioinks 

 In the printing process bio-ink is used. This is a biocompatible material that simplifies 

printing, offers mechanical support, can act as a carrier for the printed cells and simultaneously 

behave as a niche, allowing the deposition of the ECM [13, 22].  
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1.4.1. Biomaterials 

 Bio-ink can be classified as a biomaterial. According to the statement of biomaterials 

from the American National Institute of Health [23]: biomaterials are ‘‘any substance or 

combination (other than drugs) of substances, synthetic or natural in origin, which can be used 

for any period of time, as a whole or as a part of a system which treats, augments, or replaces 

any tissue, organ, or function of the body”. 

1.4.2. Hydrogels 

 MeSH describes a hydrogel as “a network of cross-linked hydrophilic macromolecules 

used in biomedical applications”. Hydrogels can absorb large amounts of water, resembling a 

biological tissue, which become insoluble through crosslinking [24]. 

 Hydrogels are mainly used because they share similarities with components of the ECM, 

their good biocompatibility, tunable biodegradability, porous structure and adjustability for 

chemical and physical characteristics [19, 24]. For bioprinting, a few other characteristics are 

necessary: the hydrogels need to be printable, have a predictable final shape after swelling, 

have the correct mechanical properties and allow differentiation of the encapsulated cells 

supporting a specific phenotype [22]. 

There are 3 types of hydrogels: natural, synthetic and hybrid. Natural hydrogels are made 

of proteins, polysaccharides and proteins/polysaccharides, while synthetic hydrogels consist 

of synthetic polymers.  

Natural hydrogels (e.g. collagen type I and gelatin) have generally a better 

biocompatibility and cell affinity in comparison to synthetic hydrogels (e.g. polyethylene glycol 

(PEG) and polyglycerol sebacate (PGS)). In contrast, natural hydrogels have mostly a lesser 

amount of reproducibility for their physical and chemical properties and less tailoring properties 

(e.g. for water content, degradation rate and mechanical strength). 

A solution for these disadvantages is to combine both hydrogels resulting in hybrid 

hydrogels (e.g. gelatin methacrylate (GelMA/GelMod/GM) and PEGylated fibrinogen 

hydrogels) which possess the best characteristics of the combined types.  

Hydrogel degradation that occurs too fast results in the loss of support which  

can lead to collapse of the bioprinted constructs. On the other hand, if degradation is too slow, 

cell proliferation, migration and tissue development can be defective [19]. 

 

 



 

10 
 

1.4.3. GelMod 

For this thesis only one bioink type was used to reduce variability. Due to prior experience, the 

hybrid hydrogel GelMod was chosen. 

1.4.3.1. Gelatin: preparation, physical crosslinking and modification 

   Two types of gelatin can be made namely type A and type B. Type A gelatin is produced 

through the acidic hydrolysis of collagen and has an isoelectric point of 6 to 8. On contrary, 

type B gelatin is made through alkaline hydrolysis and contains an isoelectric point of 4,7 to 

5,3 [25]. Gelatin shows ‘Upper Critical Solution Temperature Behaviour’ (UCST) which means 

that above the temperature threshold of 40°C, gelatin is dissolvable in water with the formation 

of flexible, random single coils. Pure gelatin has a sol-gel transition temperature around 30°C, 

resulting in its dissolution in the body because the body temperature is around 37°C. With 

decreasing temperatures, triple helices are formed through hydrogen bonding and Van der 

Waals interactions. These collagen-like triple helices will act as crosslinks and cause the sol-

gel transition. This is called physical crosslinking, which is reversible. To guarantee stability at 

37 °C, chemical crosslinking is needed [25-26]. 

 A big advantage of gelatin is the fact that it is a natural polymer resulting in no 

antigenicity, adjustable physicochemical properties, functional side groups with the possibility 

of chemical cross-linking which is discussed in 1.4.3.2. [27].  

 This gelatin can react with methacrylic anhydride resulting in GelMod/GelMA (scheme 

1). GelMod has a higher melting point than gelatin [27]. The synthesis of GelMod is done by 

the Polymer Chemistry and Biomaterials group (PBM, Prof. Dr. P. Dubruel and Prof. Dr. S. 

Van Vlierberghe, Ghent University). The number of crosslinkable side groups (methacrylate 

groups) depends on the amount of added methacrylic anhydride [25]. In this thesis, a 97-98 

degree of substitution (DS, abbreviated as GM97 and GM98) will be used which stands for the 

percentage of ε-amino groups that are modified with a methacrylamide group which plays an 

important role in chemical crosslinking [27]. 

 
Scheme 1. Synthesis of gelatin methacrylamide [25]. 
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1.4.3.2. Chemical crosslinking strategies of GelMod 

 Compared to physical crosslinking, which occurs at lower temperatures, chemical 

crosslinking can happen in many different ways, for instance ultraviolet (UV) irradiation in the 

presence of a photoinitiator (PI) or through a redox-initiating system (e.g. ammonium 

persulphate (APS) and tetramethylethylenediamine (TEMED)) [28]. In this thesis GelMod will 

be chemically, more precisely, radically crosslinked through the irradiation of a photoinitiator 

(e.g. Irgacure 2959 (Irg) or VA-086), which can be seen in scheme 2 (adapted from [29] and 

[30]). 

 
Scheme 2. Chemical crosslinking of GelMod/GelMA with the photoinitiator Irgacure 2959 

(adapted from [29] and [30]). 

1.4.3.3. Characteristics of GelMod 

 GelMod hydrogels have many advantages, for instance: it mimics the ECM in 3D and the 

mechanical properties are tunable by variation of the DS, polymer and PI concentrations and 

crosslinking time [31]. A major problem is the possible toxic effect of photocrosslinkable 

material and UV light and also the minimal depth of UV penetration [19]. 

1.5. Tissue engineering of blood vessels 

 As mentioned above, a big challenge for bioprinting is the insufficient molecular diffusion 

[3]. A possible solution is the introduction of an endogenous, engineered vasculature or 

channels in the constructs or macrotissue [20]. This can be performed via many different ways, 

most importantly, by the introduction of microfluidic channels or by the delivery of vascularized 

micro-aggregates. 

1.5.1. Printing of microfluidic channels 

 Microfluidic channels are a very promising technique to improve the perfusion in 

constructs [32]. There are two possible methods: sacrificial bioprinting or coaxial printing [32-

33]. With the first approach struts of sacrificial bioink (e.g. gelatin) are deposited. The sacrificial 

bioink can be removed, by e.g. changing the temperature (for gelatin: by heating to 

physiological temperature), resulting in a channel [33-34]. For the second method, a printhead 

with two channels is used. The outer channel delivers the hydrogel (e.g. alginate) while an 
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inner channel deposits the molecules that will crosslink the hydrogel (e.g. calcium) [32-33]. In 

a recent approach, GelMod and alginate were printed in the inner channel and calcium chloride 

in the outer channel. This resulted in an immediate physical crosslinking of alginate, with these 

divalent ions, when the hybrid bioink was deposited, followed by photocrosslinking of GelMod 

to further the stabilization. When endothelial cells were encapsulated in the deposited strut, 

lumen-like structures were formed [35]. 

1.5.2. Vascularized micro-aggregates: in research 

  A second manner to create blood vessels is by bioprinting vascularized micro-

aggregates which is the emphasis of this thesis.  

1.5.2.1. Composition of vascularized micro-aggregates 

 In the body, tissues normally consist of different cell types which have an effect on each 

other. Therefore, co-culture/heterogeneous micro-aggregates mimic real tissues better than 

mono-culture micro-aggregates [36].  

 Vascular micro-aggregates are heterocellular micro-aggregates that normally consist of 

endothelial cells (EC) and supporting cells. Endothelial cells can form lumens and anastomose 

with existing vasculature. The supporting cells, for instance fibroblasts, will release growth 

factors and ECM components which will stimulate the formation of new vessels [37]. 

1.5.2.2. Different cell lines 

 In micro-aggregates (for angiogenesis research), human umbilical vein endothelial cells 

(HUVEC) are most frequently used because of their omnipresence, easy 

manipulation/preparation and fast growth. [36, 38]. Heiss et al. [38] showed that these cells 

from a micro-aggregate, could form capillary-like and partially lumenized sprouts when they 

were embedded in a hydrogel, more specific in this case collagen [38]. 

Mesenchymal stem cells (MSC) and fibroblasts can be used as supporting cells. MSC 

are plastic adherent cells with a fibroblastic shape which form discrete colonies with multiple 

differentiation potential. This means that they can become different cell types, such as 

adipocytes, osteoblasts and chondroblasts [11, 39]. Aggregation of MSC enhances secretion 

of promitotic, anti-inflammatory and proangiogenic factors which can result in neoangiogenesis 

[11]. The primary function of the different kinds of fibroblasts is the synthesis and maintenance 

of the ECM. They also play a main role in angiogenesis through, for instance, the secretion of 

soluble angiogenic growth factors such as vascular endothelial growth factor (VEGF) [40]. 
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1.5.2.3. Examples of micro-aggregate compositions in research 

 There are many different possible co-culture combinations to stimulate vascularization. 

For instance, Kunz-Schughart et al. [41] made a co-culture micro-aggregate consisting of 

HUVEC and human foreskin fibroblasts (HFF) in the presence of fetal bovine serum (FBS) . A 

tubular 3D network was formed through lumen formation which showed pinocytotic vesicles 

(typical for human blood vessels) and tight junctions. Unfortunately, no endothelial migration 

into the center of the micro-aggregate was seen in older micro-aggregates (i.e. 14 days of 

culturing). Also the clustered endothelial cells were apoptotic [41]. Many other cell type 

combinations can be used for instance EC and smooth muscle cells (SMC) [42].  

 In the previous work of Baetens S., which also took place in the Tissue Engineering 

group, HFF and adipose tissue–derived mesenchymal stem cells (AT-MSC) were used as 

supporting cells and the endothelial source were HUVEC cells. The endothelial cells formed 

vessel-like (regions of HUVEC cells) and capillary-like (lumen surrounded by HUVEC cells) 

structures in the micro-aggregate (figure 4) [43]. A more detailed look on the recent progress 

of vascularized micro-aggregates can be seen in the state of the art (1.6.2.).  

 
Fig 4. Vessel-like and capillary-like structures in vascular micro-aggregates consisting of 

HUVEC, HFF and AT-MSC [43]. 

1.5.2.4. Micro-aggregates as building blocks in tissue engineering 

 As previously mentioned, micro-aggregates can be used as building blocks for 

bioprinting. Norotte et al. [44] showed that printed multicellular micro-aggregates could fuse to 

a tubular structure [44]. It is possible to use prevascularized micro-aggregates, through the 

usage of vessel-forming cells (e.g. HUVEC) in heterogenous micro-aggregates. These printed 

individual micro-aggregates can fuse together to form macrotissues with a vascular tree inside 

[36]. The latter aspect will be studied in this thesis.  

1.6. State of the art 

 This thesis will work further on the thesis of De Bruyne A. [45] about bioprinting of single 

cells and micro-aggregates. In this part, a short look will be taken on the progress, of different 

parts of the research. 
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1.6.1. Recent methods to create a perfusable vascularized network 

 Nashimoto et al. [46] presented a new method to create a perfusable vascularized 

network connected with a micro-aggregate in a microfluidic device. When the HUVEC cells 

were placed in the microchannels, there was a cellular interaction between the human lung 

fibroblast (hLFs) in the micro-aggregate and those HUVEC cells. The angiogenesis was 

triggered by soluble factors from the hLFs. This interaction resulted in vessel-like structures, 

consisting of the HUVEC cells from the micro-aggregate and microchannel, which were 

perfusable. They also saw that a monoculture micro-aggregate with only fibroblast was 

insufficient to anastomose the angiogenic sprouts from the HUVEC cells with the micro-

aggregate. In this experiment, they also showed the importance of a moderate level of 

adhesion and growth factors, such as exogenous addition of VEGF, to stimulate the 

angiogenesis which is also present in the HUVEC medium used in this thesis [46]. Although 

no bioprinter is used, this experiment is very interesting because of the resemblance with 

parallel bioprinting in which two different printheads are used. In this future possibility, a layer 

of microaggregates (with printhead one) and a layer of endothelial cells (second printhead) are 

printed alternatively in the hope that an interaction between the two layers is formed. 

 Zhu et al. [21] also recently presented a new manner to print prevascularized constructs. 

They used digital light processing (DLP) based 3D printing which is based on 

photopolymerization and used a digital micromirror array device to continuously project the 

digital photo-masks. The photo-mask results in pattern specific UV exposure whereby the cells 

that were not exposed to UV light (those that were covered by the mask) can be washed of 

after cross-linking. The nozzle-based technique is a more serial method resulting in a longer 

process. The DLP printer deposited HUVECs and supportive mesenchymal cells, 

encapsulated in GelMod or glycidyl methacrylated hyaluronic acid, into a specific design. 

Lumen-like structures and endothelial networks were seen. When implanted in 

immunodeficient mice, interconnections of the endothelial network with the host vasculature 

were seen [21]. Even though 85% viability was found, which is high compared to many nozzle-

based 3D bioprinters, the 2D interaction of single cells with the supporting structure is an 

artificial condition because cells are normally in a 3D configuration with intensive cell-cell 

contacts which are necessary for their functions. This thesis will therefore print 3D micro-

aggregates which theoretically have improved biological properties (e.g. increased viability and 

polarization). 

 Kolesky et al. [18] presented some possible methods to print 3D cell-laden, vascularized 

tissues which were thicker than 1 cm and could survive for a longer period of time. In one 

experiment, three types of ink were used, namely cell-laden ink, silicone ink and fugitive 
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(vascular) ink. The silicon ink was used to make a personalized chip. The fibrinogen and 

gelatin, from the cell-laden ink, stayed upon cooling but the fugitive pluronic F-127 disappeared 

resulting in a pervasive vascular network to which HUVECs were added [18].  

1.6.2. Progress in vascularized micro-aggregates 

 In a recent review of Laschke et al. [47], a summary of the different factors that improve 

vascularization in 3D micro-aggregates were given. When hypoxia-induced survival factors 

(such as hypoxia-inducible factor (HIF-1α)) were upregulated, an enhanced secretion of 

angiogenic and anti-apoptotic factors could be seen in micro-aggregates which were made of 

AT-MSC. Secretion of these factor can also occur by culturing the micro-aggregate suspension 

in bioreactors or by modulation of micro-aggregate size. More specifically, micro-aggregates 

bigger than 100 µm contained an upregulation of HIF-1α and VEGF. An important remark with 

this finding is the fact that too low oxygen levels can also have a negative impact on cell viability 

in larger micro-aggregates therefore a compromise is needed. Next to oxygen levels, also the 

cellular composition (e.g. cell ratio and dynamic micro-aggregate composition) and culture 

condition (e.g. culture medium) can play a role on viability and function. Finally, the usage of 

different biomaterials (e.g. each with a different stiffness) can have an impact. All these findings 

show the rapid progress in the usage of micro-aggregates in tissue engineering and the 

increasing need for research in this area [47]. In another review, Laschke et al. [48] discussed 

different experiments in which they used undifferentiated MSCs in micro-aggregates. They saw 

that undifferentiated MSC could differentiate in microvessels. This potential was less 

pronounced when the MSC were differentiated in bone tissue [48]. 

  An important present therapeutic limitation is the usage of animal-derived FBS during 

culturing. Bauman et al. [49] made xeno-free pre-vascularized micro-aggregates with 

outgrowth endothelial cells (OECs) and MSC that seemed to outperform the HUVEC medium 

(endothelial cell basal medium-2, plus SingleQuots of growth supplement, EGM-2MV) of Lonza 

(Basel). Even though the functionality seemed good no information was given about the cell 

viability [49]. 

1.6.3. Progress in printing of vascularized contructs 

 Many researchers are trying to overcome the diffusion problems in constructs larger than 

100-200 µm, for instance by printing (prevascularized) micro-aggregates [8]. In a recent article, 

allantoic and thyroid spheroids (AS and TS) were printed (by the multifunctional Fabion 3D 

bioprinter (3D Bioprinting Solutions, Russia) with the turnstile system) near each other in a 

collagen hydrogel. The EC from the AS provided revascularization of the construct. This 

experiment proves the capacity of EC to form blood vessels in a macrotissue [50].  
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  Moldovan et al. [51] presented a method to produce vascularized micro-aggregates 

consisting of induced pluripotent stem cell (iPSC)-derived endothelial progenitors (endothelial 

colony forming cells, ECFC) and smooth-muscle forming cells (SMFC). These micro-

aggregates were scaffold-free printed by the Regenova 3D bioprinter (Cyfuse, Tokyo). ECFC 

were used because they are more primitive resulting in more proliferation and differentiation 

than HUVEC. Similar with HUVECs, homocellular micro-aggregates were not optimal. 

Therefore a co-culture with SMFC was made which protects the ECFC. When looking at the 

bioprinting potential, ECFC homocultures were not stable enough to survive printing but this 

was solved by combining them with the SMFC. After printing, the vascular structures stayed. 

Even though this technique seems promising, more tests on the printed micro-aggregates are 

needed. The micro-aggregates also lacked sufficient structural cohesion [51].  

1.7. Research question and aim 

The aim of this thesis is to determine optimal bioprinting conditions for the biofabrication 

of vascular tissues and to evaluate the bioprinted 3D scaffolds. Micro-aggregates, which are 

encapsulated in GelMod, will be printed. Before bioprinting with heterocellular vascular micro-

aggregates, an optimization of the printing procedure will take place with model cell lines.  

1.8. Situation of research in the research group 

The development of biological systems (i.e. biofabrication) is one of the main focuses of 

the Tissue Engineering and Biomaterials group from which supervisor Dr. H. Declercq is the 

head of. The introduction of vascularization may be extrapolated to the present attempts to 

produce artificial tissue, hopefully resulting in more native looking tissues due to the importance 

of blood vessels for long term survival. Therefore, many attention goes to this topic, which can 

be seen by the previous works of Baetens S. [43] and De Bruyne A. [45] which paved the way 

for this thesis. 

  



 

17 
 

2. MATERIAL AND METHODS 
2.1. Cell lines 

2.1.1. Cell lines and their specific function 

  Next to the above mentioned HUVEC, HFF and AT-MSC, two cancer cell types (i.e. 

SK-OV green fluorescent protein positive (GFP+) and HepG2, model cell lines) are used to 

optimize the bioprinting procedure due to their easy handling. SK-OV GFP+ (i.e. SK-OV-3-luc 

GFP) is a human ovarian cancer cell line which also encodes for a green fluorescent protein 

which stains the living cells [52]. HepG2 is a human hepatocellular carcinoma cell line which 

was already frequently used in the Bioprint Core facility. This cell type is robust, easy to 

manipulate and aggregate very easy without losing their specific function. A big disadvantage 

of HepG2 is the non-ideal representation of the in vivo situation [53]. 

2.1.2. Ratio cell types: vascular micro-aggregates 

Baetens S. [43] determined that the optimal cell ratio was 1:9 for HUVEC/HFF/AT-MSC 

in vascular micro-aggregates (explanation of the fabrication of micro-aggregates in 2.2.). When 

making micro-aggregates with 750.000 cells per microchip, the cell solution for each microchip 

consists of approximately 75.000 HUVEC, 337.500 HFF and 337.500 AT-MSC [43]. On 

contrary, for the model cell lines 500.000 cells of one cell type are seeded per microchip. 

2.1.3. Cell culture conditions 

 In table 1, the different cell lines and their appropriate culture medium are listed. These 

cells are cultured in a 5% CO2 incubator at 37°C. 
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Table 1. Cell lines and their appropriate culture medium. 

Cell line Culture medium  

HUVEC  

(Lonza) 

1) Endothelial Growth Basal Medium and Endothelial 

Growth Medium 2 (EBM-2 and EGM-2) BulletKitTM 

2) Endothelial Cell Growth medium 2  

AT-MSC  

(Cryo-Save, Zutphen) 

Dulbecco's Modified Eagle Medium (DMEM) + 10% FBS + 

0.5% antibiotic (Penicillin Streptomycin, Pen/Strep) 

HFF 

(ATCC ®, Manassas)  

DMEM + 15% FBS + 0,1% Sodium Pyruvate + 2% L-

Glutamine + 0.1 % Pen/Strep 

HepG2 cells  DMEM + 10% FBS + 0.5% Pen/Strep 

GFP+ SK-OV cells * DMEM + 10% FBS + 0.5% Pen/Strep 

DMEM (Glutamax), (heat-inactivated) FBS, Sodium Pyruvate (100 mM) and Penicillin (10000 units/mL) 
Streptomycin (10,000 µg/mL) were purchased from Gibco® by Thermo Fisher Scientific 
(Massachusetts). L-Glutamin was purchased from Sigma-Aldrich (Missouri). EBM-2 and EGM-2 
BulletKitTM were purchased from Lonza. For the first printing experiments, another HUVEC medium was 
used namely the endothelial cell growth medium from Promocel (Heidelberg). 
* kind gift from Dewever O. (Ghent University) 

2.2. Micromolding and micro-aggregate production 

The homocellular/tissue-specific (HepG2 and SK-OV) and heterocellular/vascular 

(HUVEC, AT-MSC and HFF) micro-aggregates are generated with the same micromolding 

technique.  

A microchip can be made with a non-adherent hydrogel (i.e. agarose). UltraPure Agarose 

(from Invitrogen which falls under Thermo Fisher Scientific) is dissolved at high temperature, 

resulting in a 3% w/v agarose solution, by addition of phosphate buffered saline (PBS, made 

at the laboratory). The liquid hydrogel is then poured in the polydimethylsiloxane (PDMS, made 

by the Centre for Microsystems Technology, Dr. Jan Vanfleteren, Ghent University) mold, 

which has 2865 microwells with a diameter of 200 µm. This process is represented in figure 5 

[53]. 

 
Fig 5. A schematic summary of microchip production. 
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 After solidification at room temperature, the PDMS molds are removed from the 

agarose, which will be manipulated to form the microchips. The cells (with different densities 

and cell types, See 2.1.1. and 2.1.2.) are seeded on the microchip, resulting in micro-

aggregates due to their impossibility to attach to the microchip [15, 53].  

In one experiment, the size (i.e. given by the surface area and perimeter) and form (i.e. 

sphericity) of the aggregates are evaluated. These parameters are calculated by imageJ 

software (Wayne Rasband, National Institutes of Health, Bethesda). The values are measured 

from three different places (i.e. used as triplicate in this thesis) and from each picture three 

micro-aggregates were measured. For the printed scaffold situation, three different scaffolds 

are used while for the 2D hydrogels three different places on the residual 2D gels are used 

due to the limited amount of 2D gels. After evaluating the size, the degree of sphericity is 

calculated by the following formula 𝑓𝑐𝑖𝑟𝑐 =
4𝜋𝐴

𝑝²
 (formula 1) with p perimeter and A the aggregate 

area. 

2.3. GelMod 

As mentioned previously (1.4.3.1.), GelMod is produced by the PBM group. First, the 

reaction of gelatin with methacrylic anhydride (MA) takes place. More specifically, gelatin is 

dissolved in phosphate buffer (pH 7.5) at 50°C. After one hour, this solution is diluted and 

dialyzed at 40°C to remove the unreacted MA and by-products. The created GelMOD is then 

lyophilized [27]. The degree of substitution is determined by either the Habeeb method (i.e. by 

reaction with trinitrobenzenesulfonic acid) or by 1H nuclear magnetic resonance (Bruker 

AVANCE II 500 MHz, Bruker Corporation, Billerica) [27, 54]. In this thesis, two different 

degrees of substitution are used, namely 97 and 98, but only one type of weight volume 

percentage is used which is 10% w/v.  

Due to their cell-interactive nature, micro-aggregates can form extensions in the GelMod 

scaffold. To get a more quantitative (i.e. semi-quantitative) look on this phenomenon, the level 

of outgrowth can be measured by dividing the surface of the total outgrowth of one aggregate 

by the micro-aggregate surface. For the printed scaffold situation, three different scaffolds are 

used (from each scaffold two outgrowths are measured) while for the 2D hydrogels two 

different 2D hydrogels are used (from each hydrogel three outgrowths are measured) due to 

the limited amount of 2D gels. When the outgrowth of multiple micro-aggregates overlap, this 

outgrowth is divided by the surface of all the involved micro-aggregates. 
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2.3.1. Crosslinking conditions 

For crosslinking the High Performance UV Transilluminator TFL-40V (UVP, California) is 

used which has 25 Watt tubes and a wavelength of 365 nm. Different crosslinking conditions 

can be applied with this UV lamp: high intensity (normally used at 9 cm distance), which 

corresponds to an intensity of 8 mW/cm², and a medium intensity (normally used at 3.5 cm 

distance), which has an intensity of 6 mW/cm². Only the high intensity state is used in this 

thesis.  

2.3.2. Photoinitiator 

2.3.2.1. Types of photoinitiator 

The photoinitiator 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one 

(Irgacure 2959, BASF SE, Ludwigshafen) is used. The working mechanism, namely the 

production of radicals by photocleavage, of Irgacure is shown in figure 6. In table 2 the 

characteristics of the PI are shown. 

Fig 6. Photocleavage of Irgacure 2959 results in radicals which initiate the polymerization 
reaction [30]. 

Table 2. Properties of the photoinitiator [55]. 

 Irgacure 2959 

Molecular formula C12H16O4 

Molecular weight (g/mol) 224.3 

Melting point (°C)  86.5-89.5 

λmax (nm) 276 

 

The golden standard for GelMod crosslinking is Irgacure 2959. However, Irgacure has 

many disadvantages such as a high energy absorption peak [29].  

2.3.2.2. Preparation of photoinitiator 

Stock solutions of 8 mg/mL Irgacure 2959 are made through dissolving 0.008 g of 

Irgacure 2959 in 1 mL PBS. A 2 or 4 mole% concentration of this solution will be added to 

GelMod which was calculated by formula 2:  
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volume PI needed/g GelMod =
mol of amine functions per gram GelMod ∗ DS ∗ mole% (PI) ∗ MW (PI) 

% w/v
 [27]   

with   Mole of amine functions per gram GelMod = 0.000385 mole amine per gram 

DS = 0.97 or 0.98  

Mole% (PI) = 0.04 or 0.02 

MW (PI) = 224.3 g/mole  

%w/v = 0.008 g/mL  

A 10 w/v% GelMod solution is made by dissolving 0.2 g of GelMod in 2 mL PBS (or 

culture medium). The amount of PBS is corrected by subtracting the PI volume (calculated by 

formula 2) and 0.2 mL (i.e. volume in which the micro-aggregates will be dissolved). For each 

experiment a new batch of GelMod and Irgacure is made.  

2.4. Bioprinting 

The detailed protocol can be seen in addendum 1. 

2.4.1. Bioprinting material 

 For bioprinting the 3D cell and tissue printer ‘3D Discovery’ (RegenHU, Switzerland), 

which is present in the Bioprint Core Facility from coordinator Dr. H. Declercq of the Tissue 

Engineering and Biomaterials Group (figure 7), is used.  

2.4.1.1. Printheads 

The printer possesses two printheads. The first printhead deposits bioink (including cells) 

in a continuous fashion with a time-pressure pneumatic extrusion dispenser, which is used to 

print the micro-aggregates continuously. The second printhead is a microvalve-based 

printhead. Dependent on the valve opening time, droplets or a continuous layer of bioink is 

extruded.  

 

Fig 7.The 3D Discovery in the Bioprint Core Faciliity. 
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2.4.1.2. Additional equipment 

 In the Bioprint Core Facility there are different additions, such as the cartridge cooler 

and heater, which go down to 5°C and maximum up to 80°C, as well as a building platform 

heater that also reaches the maximum temperature of 80°C. In addition, the bioprinter is 

equipped with an ultraviolet light-emitting diode (LED), with wavelength 365 nm ± 10nm, for 

photopolymerization of bioink [56]. 

2.4.1.3. Software  

 BioCAD (version 1.1., regenHU Ltd, Switzerland) is a computer assisted design that is 

used to print 3D structures based on a self-made 2D illustration. Another software program is 

BioCAM which is used for more complex patterns. The printing sequence gives instructions to 

the bioprinter layer-by-layer through the human-machine interface software (HMI, regenHU 

Ltd, Switzerland) which also defines some printhead parameters (e.g. dosing distance and 

valve opening time). Print pattern, feed rate (amount of material printed per second) and 

thickness of the construct are chosen while making the BioCAD file [56]. 

2.4.2. Bioprinting of micro-aggregates  

The micro-aggregates (~ 5-6 microchips per 2 mL) are encapsulated in GelMod and kept 

at 23-24°C for approximately 30 minutes, in the cartridge holder to ensure the correct viscosity. 

The environmental temperature is 19°C. After reaching the correct consistency, the printing 

process is started with printhead 1. The standard needle for printing is a needle with an inner 

diameter (ID) of 0.33 mm and a length of 25.4 mm. Afterwards the constructs are physically 

crosslinked at 4°C for 10 minutes, followed by chemical crosslinking during 15 minutes, under 

the UV-lamp in immersion fluid. The immersion fluid consists of the w/v% PI (microliter PI per 

gram GelMod, calculated through formula 2, per 10 mL PBS). This fluid results in better spread 

of radicals around the struts and in the pores, resulting in improved crosslinking and therefore 

a superior stability of the constructs. Those constructs are kept in culture medium at 37°C 

under a CO2 bowl or in the CO2 incubator and are evaluated for up to 21 days [45]. In later 

experiments, other amounts of microchips per mL, temperatures, needles and crosslinking 

times are used (see results). 

For the time-pressure based printhead a viscous bioink is needed. Some important 

parameters are the cartridge pressure and feed rate (i.e. 5 mm/s) which is the amount of 

product printed per second. More general parameters are the GelMod and PI concentrations, 

temperature, needle type, physical and chemical crosslinking time. 
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2.4.3. Bioprinting controls 

To be certain that the evaluated effect is due to printing and not to other problems, 

controls are made which are analyzed (i.e. the viability) at day zero. First, the micro-aggregate 

collection process is controlled by putting 10 µl of the micro-aggregate solution aside (control 

1). Second, to test the impact of printing 2D hydrogels are made as a non-printed control 

(control 2). This is done by adding 80 µl of the GelMod/Irgacure/micro-aggregate mixture to a 

48 well-plate which is then physically and chemically crosslinked at the same time and on the 

same manner as the first printed well-plate of each experiment. For some experiments, these 

2D hydrogels are made of a new GelMod/Irgacure solution of 250 µL and 2 microchips of 

micro-aggregates per 2D hydrogel, to enable their evaluation and fixation over different days. 

To prevent dissolution of these big 2D hydrogels, they are crosslinked for 20 minutes which is 

the standard for 2 mole% 2D hydrogels in the Bioprint Core Facility. For the 4 mole% 2D 

hydrogels of 250 µL, an UV irradiation of 10 minutes is sufficient. 

2.5. Analysis 

The more detailed protocols can be found in the addenda. The analysis can be divided 

into three goals. First, the stability of the construct is determined. Second, the state of the 

micro-aggregates is more deeply examined, namely: the cell viability, composition of the micro-

aggregates and their behavior after encapsulation (e.g. fusion and outgrowth).  

2.5.1. Stability of the printed constructs 

For the model cell lines, the shape fidelity (i.e. the amount of intact scaffolds divided by 

the total of printed scaffolds) is used as a stability parameter. Only scaffolds that were 

completely printed were counted for the total amount of printed scaffolds. The shape fidelity 

shows the ability to print an intact scaffold structure and the preservation of the scaffold form 

over time. The latter will only be analysed when a long term evaluation between two conditions 

is needed and a similar start shape fidelity and amount of total printed scaffolds is present to 

ensure comparability. For the vascular micro-aggregates, a distinction is made between the 

shape fidelity and the integrity (i.e. the amount of dissolved scaffolds). Integrity was added to 

study the dissolution of scaffolds which could happen when the crosslinking was impaired. 
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2.5.2. Phase contrast and fluorescence microscopy 

2.5.2.1. Inverted Olympus IX81 microscope and Xcellence imaging software 

The inverted Olympus IX81 microscope (Olympus corporation, Tokio) with the Xcellence 

imaging software (Olympus software), is used to evaluate the formation of the micro-

aggregates, the composition of the printed construct and the (out)growth of the micro-

aggregates. To get a quick look during and immediately after printing a stereomicroscope 

Technival 2 (Carl Zeiss, Rathenow) is utilised. 

2.5.2.2. Live/dead assay: calcein acetoxymethyl ester (calcein-AM) and 

propidium iodide 

For cell viability a calcein-AM (Sigma-Aldrich) and propidium iodide (AnaSpec, 

Waddinxveen) staining is performed. Esterases, present in living cells, remove the AM from 

the calcein which then emit a green fluorescence light (wavelength = 515 nm). Propidium 

iodide stains the nuclei but is not capable of passing the cell membrane from a living cell. When 

a cell dies, the membrane is broken and the propidium iodide can reach the nuclei and 

intercalate in the DNA, emitting a red fluorescence signal (wavelength = 617 nm) [57].  

2.5.3. Histology  

2.5.3.1. Histology: haematoxylin-eosin 

The composition of the microtissues, outgrowth and their fusion is evaluated through 

histology. First, a fixation with 4% paraformaldehyde (PFA, VWR international, Radnor) is 

performed. Followed by paraffin embedding and slicing of the construct in five µm thick 

sections which are then stained with haematoxylin (VWR international) eosin (Thermo Fisher 

Scientific) (HE) [43, 53]. Haematoxylin stains basic structures (e.g. nucleus) blue while eosin 

stains acidic components (e.g. collagen) pink. Pictures of the slices are taken by the Olympus 

BX51 microscope (Olympus corporation). 

The main purpose of this staining is to search for lumens with flattened cells which 

could represent blood vessels. In order to evaluate in more detail the composition and self-

assembly of the vascular micro-aggregates, immunohistochemistry is used. 
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2.5.3.2. Immunohistochemistry: platelet/endothelial cell adhesion molecule-1 

(PECAM-1) 

With immunohistochemistry, the distribution and localisation of specific cellular 

components are visualised in a cell or tissue. The identification of a specific molecule happens 

through the binding of an antibody with its antigen (the specific molecule). To make sure that 

the antigen is visible, antigen retrieval will take place (e.g. addition of citrate). Additionally, a 

blocking serum is added to decrease the hydrophobic background colouring [58]. 

In this experiment an enzymatic approach is used. The procedure starts with the 

addition of an antibody (dilution of 1/500 of the PECAM-1 antibody raised in rabbits, Santa-

Cruz Biotechnology, California) which targets the chosen antigen. Subsequently, a second 

antibody (dilution of 1/200 of the biotinylated swine anti-rabbit antibody, DAKO Agilent, Santa 

Clara) is added which targets the first antibody and on which streptavidin-horseradish 

peroxidase (dilution of 1/200, DAKO Agilent) can bind. Afterwards 0.03% hydrogen peroxide 

(H2O2, VWR international) and the chromogen substrate DAB (3,3’-Diaminobenzidine, Sigma-

Aldrich) are added. DAB will form a coloured product through the reaction with the peroxidase 

[43]. Pictures of the slices are taken by the Olympus BX51 microscope (Olympus corporation). 

The endothelial cells will be the target, because they form the blood vessels. These 

cells can be targeted by the endothelial marker PECAM-1 [59]. 

2.6. Statistics 

Images were analysed with ImageJ software. The mean, with its standard deviation and 

statistical significance, is calculated with the statistical software SPSS (developed by IBM 

corporation, New York). The normality is determined with the Shapiro-Wilk test with the p-value 

for 0.05 significance. When two groups are compared, the t-test (normal data) or Man-Whitney 

U test (not normal data) is used. When more groups are analysed a one way ANOVA test 

(normal data) or a Kruskal-Wallis test (not normal data) is used. After the one way ANOVA 

test, a post-hoc test is used, in this case the Bonferroni correction, which minimalizes the 

multiple comparison mistake. 
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3. RESULTS 
3.1. Gelmod scaffold design 

For all the experiments, the BioCAD design shown in figure 8 (a, b) was used to 

minimise the variability, namely a square with alternating horizontal and vertical struts with a 

line distance of 1.26 mm between the struts, corners on 6.30 and -6.30 and a building count 

of 2 (i.e. 4 layers). A needle ID range of 0.25 – 0.41 mm was used. The volume of one “ideal” 

scaffold was approximately 22 mm³ (ID of 0.25 mm). In figure 8c, a printed GelMod scaffold is 

shown. 

           

Fig 8. 2D representation of the scaffold design (a), 3D image of the design (b) and a 
printed GelMod scaffold (c). The designs were obtained with the BioCAD software. Printing 

parameters: 10 w/v% GM98 dissolved in culture medium, 4 mole% Irg , 10’ crosslinking at 8mW/cm², 
needle type 3 and mantle heater temperature of 23°C. (scale bar = 3000 µm) 

3.2. Fabrication of micro-aggregates 

3.2.1. Model cell line micro-aggregates 

SK-OV and HepG2 cells were capable to form micro-aggregates (figure 9). Both types 

resulted in compact, uniform (figure 9a, c) and viable micro-aggregates (figure 9b, d) which did 

not disintegrate. The mean diameter of the SK-OV micro-aggregates (figure 9a) at day 2 was 

98 ± 7 µm and for the HepG2 micro-aggregates (figure 9c) at day 7 was 120 ± 11 µm. In 

general, HepG2 micro-aggregates were larger than SK-OV micro-aggregates resulting in an 

easier collection of the SK-OV micro-aggregates. 

        
Fig 9. Images of SK-OV and HepG2 micro-aggregates. Phase contrast images of SK-OV (a) and 
HepG2 (c) cultured micro-aggregates, respectively at day 2 and 7. Live/dead stain of SK-OV (b, ~ 3 

chips per ml) and HepG2 (d, ~ 3 chips per mL) micro-aggregates, respectively at day 3 and 8. 500.000 
cells per chip were seeded and aggregated spontaneously due to gravity. (scale bar = 200 (a, c) and 

500 (b, d) µm) 

 

 

 

a)                       b)                                 c) 

a)                               b)                              c)                               d)      
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3.2.2. Vascular micro-aggregates 

Vascular micro-aggregates were fabricated (figure 10 a-d, i.e. experiment 5) which 

were compact on day 5 and had an overall round shape but some extreme forms were also 

present. The micro-aggregates did not disintegrate and could be collected from the microchip. 

Their mean diameters increased over time and were 102 ± 11 µm, 104 ± 10 µm, 105 ± 8 µm 

and 123 ± 10 µm at respectively day 0, 3, 4 and 5. These micro-aggregates were viable (figure 

10e, i.e. experiment 3) and showed a vessel-like network after immunostaining with PECAM 

(figure 10f, i.e. experiment 2). A statistical analysis of the surface area, perimeter and sphericity 

of the micro-aggregates is further described in 3.4.2.1. (figure 19).  

    

   

Fig 10. Images of vascular micro-aggregates. Phase contrast images of vascular micro-aggregates 
after 0 (a), 3 (b), 4 (c) and 5 (d) days. Live dead stain of vascular micro-aggregates at day 5 (e, ~ 8 
chips per mL). PECAM stain at day 9 (f, ~ 5 chips per mL). 750.000 cells per chip were seeded and 

aggregated spontaneously due the gravity. (scale bar = 200 (a-d), 500 (e) and 20 (f) µm) 

3.3. Optimization of the bioprinting process with model cell lines 

Before printing with heterocellular vascular micro-aggregates, the printing procedure 

was optimized with model cell lines, namely SK-OV and HepG2. A short overview of the most 

important findings are given below. The specific printing parameters per experiment are 

summarized in addendum 2. The scaffold stability is given per experiment in addendum 3, 

which is plotted into bar charts in addendum 4. This optimization (3.3.) was a collaboration with 

Luyckx B., a biomedical engineering master student. 

3.3.1. GelMod dissolution in culture medium instead of PBS 

GelMod dissolution in culture medium did not result in a change of the stability (i.e. 

defined as shape fidelity for the model cell lines). At day 1, 96% (PBS situation) and 94% 

(culture medium situation) of the total printed scaffolds were intact. However, almost all the 

micro-aggregates showed a bad viability after 1 day when GelMod was dissolved in PBS (i.e. 

a)                              b)                              c)                               

d)                               e)                              f)                               
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experiment 1). This could be the result of the long absence of culture medium during the whole 

process (the collection of micro-aggregates, pre-printing time, printing and crosslinking 

procedure). To minimise this effect, GelMod was dissolved in culture medium instead of PBS 

(i.e. starting from experiment 2), resulting in an increased cell viability (data not shown).  

3.3.2. Printing parameters 

The printing temperature, at which an optimal viscosity to print the scaffold was 

reached, was set at a mantle heater temperature of 23°C. The ideal temperature depends on 

many parameters. A variation in temperature of maximal 1 °C could be required to ensure that 

the GelMod mixture was not too fluid or too viscous. An example was GelMod dissolved in 

culture medium instead of PBS. Dissolution in medium resulted in a more viscous mixture 

decreasing the temperature needed for the mantle heater.  

The amount of Irgacure 2959 in these initial experiments had a large impact. When 2 

mole% (i.e. experiment 3) was used a lot of struts were dissolved immediately after printing, 

which was not the case with 4 mole% Irgacure. Therefore, 4 mole % was preferred.  

Another important printing parameter was the inner diameter of the strut in the 

BioCAD design. According to the instructions of the company 80% of the inner diameter of the 

printing needle should be used for the strut thickness. However, the last layer of the scaffold 

was not always printed. This was the result of a reduced contact of the needle with the 

construct surface. When the needle is too close or too far from the surface, no material is 

deposited. If a strut thickness of only 77% was chosen (i.e. experiment 4), the problem was 

still occasionally present. Using 73% as ID (i.e. experiment 5) not enough material was 

deposited, probably due to the closeness of the needle to the surface. 

Different irradiation times were tested (i.e. experiment 6), namely 0, 8, 10 and 15 

minutes. At day 2, 0%, 0%, 60% and 60% intact scaffolds (respectively for 0, 8, 10 and 15 

minutes) were observed. It is important to take into mind that only 2 scaffolds were printed for 

the 8 minutes irradiation in comparison to 5 for the other conditions which made it difficult to 

make a good conclusion. In all the irradiation conditions, a high viability was observed. After 

irradiation a big green core with a red shell of dead cells was present (figure 11c, e, g). At day 

2, the red shell became bigger (figure 11 d, f, h).  

When no irradiation took place, the viability was similar with the non-printed control 

situation (i.e. control 2) which showed that the UV irradiation did not cause significant cell death 

(figure 11a, b and 12a). A difference in viability was observed in different thicknesses of the 

struts. The micro-aggregates in small struts showed remarkable more cell death compared to 
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the thicker struts (figure 12a (thick struts) vs 12b (thin struts)). This is probably due to the fact 

that cells were encapsulated in less GelMod resulting in less protection against the printing 

pressure.  

No big difference in stability and viability was seen between the different irradiation 

times. For the following experiments 10 minutes of irradiation time was preferred as this seems 

to perfectly balance between an irradiation time sufficient for chemical crosslinking and a good 

cell viability. 

 

  
 

Fig 11. Live/dead stains of SKOV micro-aggregates after 8 (c-d), 10 (e-f) and 15 (g-h) minutes of 
crosslinking with high intensity (8mW/cm²). The SK-OV micro-aggregates were 6 days old before 

printing. All scaffolds were 1 day (c, e, g) or 2 days old (d, f, h). Non-printed controls (a, b) were 
crosslinked for 10 minutes and 1 day old. Printing parameters: ~3 chips per mL, 10 w/v% GM97 
dissolved in culture medium and 4 mole% Irg. (scale bar= 500 (a, c, e, g) and 200 (b, d, f, h) μm) 

  

Fig 12. Live/dead stains superposed on phase contrast images of scaffolds with SKOV micro-
aggregates at day 0 without crosslinking. The difference between thick (a) and thin (b) struts are 

shown. The SK-OV micro-aggregates were 6 days old before printing. Printing parameters: : ~3 chips 
per mL, 10 w/v% GM97 dissolved in culture medium and 4 mole% Irg. (scale bar= 500 μm) 

The effect of the needle type was studied by printing single cells with three types of 

needles (i.e. experiment 8). Type 1 was a cylindrical metal needle with an ID of 0.33 mm and 

a length of 25.44 mm and used in the previous experiments. Type 2 was a cylindrical metal 

needle with an ID of 0.33 mm and a length of 6.35 mm. Type 3 had a conical form and was 

made from polyethylene with an ID of 0.25 mm and a length of 31 mm. Single cells were used 

a)                               b)                               c)                               d) 

e)                                f)                                g)                              h) 

Non-printed control after 10 min irradiation         Printed scaffolds after 8 min irradiation 

Printed scaffolds after 10 min irradiation             Printed scaffolds after 15 min irradiation 

 

 

a)                                     b)                                
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to assess the viability quantitatively which was done with an algorithm in ImageJ. The stability 

for needle 1, 2 and 3 were respectively 67%, 50% and 80% intact scaffolds after 1 day. Viability 

percentages on day 1 were 99%, 51%, 41% and 81% for respectively the non-printed control, 

needle 1, 2 and 3 (figure 13). The conical needle (type 3) seems to be the best for the single 

cell types. 

 

Fig 13. Live/dead stains of the individual cells in the printed scaffolds after 1 day. The non-
printed control (a) was also one day old. The scaffolds were printed with needle type 1 (b), type 2 (c) 

or type 3 (d). Printing parameters: 1.5 million cells per mL,10 w/v% GM97 dissolved in culture medium, 
4 mole% Irg and 10’ crosslinking at 8mW/cm². (scale bar= 500 μm) 

3.3.3. Cell type: HepG2 vs SK-OV 

The difference between cell type micro-aggregates had a big impact on printing. The 

stability at day 1, was 0% and 60% respectively for HepG2 and SK-OV micro-aggregates (i.e. 

experiment 4 and 6). On day 1, HepG2 seemed to have a smaller green core, with a red mantle, 

than the SK-OV (figure 14).  

   

   
Fig 14. Live/dead stains of HepG2 (a-b) and SK-OV micro-aggregates (c-d) of 1 day old 

scaffolds. The non-printed controls were crosslinked for 15 (a) or 10 (c) minutes. The SK-OV micro-
aggregates (~3 chips per mL) were 6 days old and the HepG2 micro-aggregates (~4 chips per mL) 
were 5 days old before printing. Printing parameters: 10 w/v% GM97 dissolved in culture medium, 4 

mole% Irg and 15’ crosslinking at 8mW/cm². (scale bar= 500 (b, d) and 200 (a ,c, insert d) μm) 

a)                               b)                               c)                               d) 

a)                                         b)  

c)                                         d)                                          
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Overall, HepG2 encapsulated micro-aggregates were in all the experiments associated 

with low stability (addendum 3) and viability (data not shown). A possible explanation is the 

clotting of the micro-aggregates at the inside of the needle which could be observed by more 

frequent needle blockage. This blockage resulted in sporadic high densities of micro-

aggregates leading to less GelMod on some places that can crosslink, thereby lowering the 

stability of the scaffolds. 

3.3.4. Summarized “optimal” parameters 

  The most optimal parameters for bioprinting of SK-OV and HepG2 are presented in 

table 3. It is important to take into mind that these tests were not done in triplicate, due to the 

time limit of this thesis, and therefore no proof of their significance is given. This was also an 

optimization rather than an examination of the importance of each parameter. Therefore more 

than one parameter changes for the consecutive experiments (addendum 2). 

Table 3. Summary of “optimal” parameters for bioprinting model cell line micro-aggregates. 

Legend: the symbol “/” means that the optimal parameters were not examined for the specific cell type. 

3.3.5. Modifications of procedure 

For the optimization of vascular micro-aggregates some modifications were made. 

Storage of cells in the CO2 bowl in the warm room resulted in cell death due to a suboptimal 

CO2 supply (too basic environment). The following experiments were stored in an incubator. 

In a confirmation experiment, performed in the Bioprint Core Facility with the optimized 

parameters given in table 3, a better viability was observed (figure 15). 

 SK-OV HepG2 

Environment temperature (°C) 19 19 

Mantle heater (°C) 23 22 

Irradiation time (min) 10 / 

Time in mantle heater (min) 30  30  

Needle type needle type 3: conical 

polyethylene needle with 

a 0.25 mm ID 

/ 

Inner diameter (%) 80 for 0.25 mm needle / 

Dissolution medium of GelMod culture medium culture medium 

Mole fraction Irgacure (mole%) 4  4  

Weight/Volume percentage GelMod 

(w/v %) 

10  10  
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Fig 15. Live/dead stain of micro-aggregates of 1 day old printed scaffolds. The SK-OV micro-
aggregates were 1 day old before printing. Printing parameters: ~5 chips per mL, 10 w/v% GM98 
dissolved in culture medium, 4 mole% Irg, 10’ crosslinking at 8mW/cm², needle type 3 and mantle 

heater temperature of 23°C. (scale bar= 500 μm) 

A next modification was the placement of the bioprinter on an anti-vibration table 

(implemented from experiment 6). The printing process seemed to be more stable. Another 

modification is the usage of micro-aggregates with the same culture time. In the previous 

experiments the size of the micro-aggregates was different because of the variable culture 

time. This variability is solved when only micro-aggregates with the same culture time are used.  

3.4. Bioprinting of the vascular micro-aggregates 

The specific parameters per experiment are summarized in addendum 5. The scaffold 

stability is given per experiment in addendum 6. In the first part, the optimization of the printing 

procedure is discussed. In the second part, the printed constructs and the vascular micro-

aggregates are evaluated.  

3.4.1. Optimization of the printing procedure 

Initially, vascular micro-aggregates, which were 3 days of age and consisted of 500.000 

cells per microchip (i.e. experiment 1), were printed. Unfortunately almost no micro-

aggregates were found in histological sections. Therefore, all experiments that followed used 

micro-aggregates after 5 days of culturing, consisting of 750.000 cells per microchips, to 

achieve larger micro-aggregates which are easier to see after fixation.  

As discussed above (3.3.1.), dissolution of GelMod in standard culture medium 

improved the viability of the printed micro-aggregates. Therefore, GelMod was dissolved in 

HUVEC medium to print the vascular micro-aggregates. This specific culture medium for 

HUVEC had an effect on the printing parameters, more specifically on the printing temperature.  
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To optimize the printing temperature GelMod was dissolved in HUVEC medium and 

Irgacure (i.e. experiment O). No cells were added to the bioink. During this process, the optimal 

printing temperature was 23°C with an environmental temperature of 19 °C. When using the 

long cylindrical needle (needle type 1, dimensions given in 3.3.2.), the material was not always 

deposited (maybe due to clotting of the needle). This problem was solved by printing with the 

conical needle (needle type 3, dimensions given in 3.3.2.). An important side observation was 

that the scaffold stability seemed to be the same for 4 mole% and 2 mole% Irgacure, with no 

immediate dissolution after printing (on contrary to 3.3.2.).  

Unfortunately, the addition of micro-aggregates had a big impact on the viscosity. The 

printing mixture with micro-aggregates became too fluid at 23 degrees resulting in lowering of 

the mantle heater temperature. The mantle heater could not decrease the temperature below 

21 degrees and therefore the mantle heater was removed from the experiment configuration. 

This could be replaced by a mantle cooler, however the environmental temperature of 19°C 

and a strut thickness of 80% (instead of 77%) was chosen, resulting in the continuous 

deposition of solid struts (figure 16, i.e. experiment 3). In figure 16 and 17 (i.e. experiment 3), 

vascular micro-aggregates are homogenously dispersed in the printed struts. 

   

Fig 16. Images of a printed scaffold with vascular micro-aggregates immediately after 
crosslinking (stereomicroscopy). The vascular micro-aggregates were 5 days old before printing. 

Printing parameters: ~8 chips per mL, 10 w/v% GM98 dissolved in HUVEC medium, 4 mole% Irg and 
10’ crosslinking at 8mW/cm². (scale bar= 500 μm) 

   

Fig 17: Phase contrast images of a printed scaffold with vascular micro-aggregates 
immediately after crosslinking. The vascular micro-aggregates were 5 days old before printing. 

Printing parameters: ~8 chips per mL, 10 w/v% GM98 dissolved in HUVEC medium, 4 mole% Irg and 
10’ crosslinking at 8mW/cm². (scale bar = 500 μm) 

  During this process, the amount of microchips encapsulated per mL bioink was 

also investigated. After optimization of the printing procedure with approximately 8 microchips 

per mL (corresponding to 8 X 750 000 cells per mL, i.e. experiment 3), the amount of 

microchips was increased to have more micro-aggregates in the scaffolds which would 
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normally result in more and faster fusion. After increasing the amount of micro-aggregates to 

approximately 12 microchips per ml (i.e. experiment 4), a conical needle, made from 

polyethylene, with an inner diameter of 0.41 mm and length of 31 mm was chosen (needle 

type 4) with a strut thickness of 80% to avoid clogging of the needle. Unfortunately, too much 

clogging was still present with this needle. A bigger needle will be necessary for future 

experiments with a higher amount of micro-aggregates. The cartridge could also be placed in 

a roller bottle at 19°C to ensure the uniform distribution of micro-aggregates. It was also 

necessary to use cut-up pipette tops to prevent clogging during micro-aggregate collection and 

mixing of the GelMod/Irgacure/micro-aggregates solution. 

In order to evaluate the stability of the scaffolds two parameters were used, namely 

integrity and shape fidelity. In general, the integrity was good. Only scaffolds with the highest 

amount of scaffolds (i.e. approximately 12 microchips per ml which are 9 000 000 cells per mL) 

dissolved which was probably due to a too low amount of GelMod, compared to the amount of 

micro-aggregates, to ensure a sufficient crosslinking. In one experiment (i.e. experiment 5), it 

was impossible to print scaffolds in a specific structure (i.e. shape fidelity of 0%), even though 

the same ratio of micro-aggregates was used as in a previous experiment (i.e. experiment 4), 

due to severe clogging. A possible explanation is a higher collection yield of micro-aggregates 

for each microchip due to a more optimized collecting procedure (i.e. tilting the microchip and 

collecting the micro-aggregates laying under the microchip). When looking at control 1, a much 

higher amount of micro-aggregates were seen in the latter experiment.  

The highest amount of shape fidelity was 25% at day 1. This shows that the printing 

procedure needs more optimization in the future, for instance, GelMod dissolution in different 

culture medium (e.g. DMEM) or longer irradiation time. No real difference was observed in 

stability over time between 2 mole% and 4 mole% Irgacure (i.e. experiment O). After 32 days, 

both conditions were not dissolved (figure 18). Therefore, 2 mole% was used which in theory 

is less toxic for cells and is easier to slice after fixation and embedding in paraffin than 4 mole%. 

    

Figure 18: Images of a printed scaffold without cells taken 32 days after printing 
(stereomicroscope). Scaffolds were printed with 4 mole% (a) and 2 mole% (b) Irgacure. Printing 

parameters: 10 w/v% GM98 dissolved in HUVEC medium and 10’ crosslinking at 8mW/cm². (scale bar 
= 2000 μm) 

a)                               b)                               
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3.4.2. Evaluation of the printed vascular micro-aggregates 

3.4.2.1. Vascular micro-aggregate characteristics: sphericity and size 

 After switching to 750.000 cells per microchip and optimization (i.e. experiment 3), an 

investigation on the impact of time and of printing on the size and spherical form of the micro-

aggregate was undertaken. In figure 19, the bar charts from the surface area, perimeter and 

sphericity before and after printing are given with their error bars (95% confidence interval 

(CI)). 

As expected, the perimeter and surface area were higher at day 0 compared to day 1 

because the cells became compacted. After day 1, an increase was seen in area and perimeter 

but from day 6 (i.e. first day encapsulation) the value stayed approximately the same with more 

variation from day 12. On contrast, the sphericity increased from day 0 to 1 but stayed rather 

constant the following days. There was a statistical difference between the different ages of 

the micro-aggregate (i.e. between 0, 1, 4 or 5 days of culturing, white bars of figure 19) for the 

surface area, perimeter and sphericity (respectively p=0.000107, p= 0.000038 and p= 

0.000002) before printing. There were no significant differences between the different days 

after encapsulation (i.e. starting from day 6) for the 2D hydrogel and the 3D printed scaffold. 

When comparing the encapsulation manners, no significant difference was seen on each day. 

When comparing the parameters of micro-aggregates before and after encapsulation 

(i.e. day 5 and 6), a little decrease in all the parameters was seen in the printed scaffold 

compared to the 2D hydrogel. A possible explanation is the negative impact of printing (e.g. 

pressure) on the micro-aggregates. However, only the surface area was significantly different 

(p= 0.009744) between the two days in the 3D printed scaffold. For the 2D hydrogel, no 

significant differences were seen. 

In summary, after 6 days the parameters of the micro-aggregates did not change 

significantly anymore. Whether this was due to encapsulation, is not clear. There was no 

significant difference between the manners of encapsulation.  
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Figure 19: Bar charts from the surface area, perimeter and sphericity before (white) and after 
encapsulation (2D hydrogel = black and 3D printed scaffold = grey). The different parameters 

were calculated from 3 measurements from 3 different places (3 printed scaffolds or 3 places on the 
remaining 2D hydrogels). Data are the mean with error bars (95% CI), n=9. *p,0.05. Parameters: ~8 

chips per mL(printed scaffold) or 2 chips per 250 µL (2D hydrogel), 10 w/v% GM98 dissolved in 
HUVEC medium, 4 mole% Irg and 10’ (printed scaffold) or 20’ (2D hydrogel) crosslinking at 8mW/cm². 

* 

* 

* 

* 
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3.4.2.2. Vascular micro-aggregate viability 

High viability was seen (figure 20) 6 days after printing when using 2 mole% (i.e. 

experiment 3, ~ 8 microchips per mL) and 4 mole % (i.e. experiment 1, ~ 3 microchips per mL) 

Irgacure. In the 2 mole% situation, where the same amount of aggregates are used in the 3D 

printed construct as in the 2D hydrogels, a difference between the two encapsulation forms is 

observed. Due to the fact that there were micro-aggregates on the different z-levels it is difficult 

to say whether there really is a higher amount of dead cells after printing. 

 

   

 

                                                       
Fig 20. Live/dead stains of printed scaffolds and 2D hydrogels with vascular micro-

aggregates 1 (a-d) and 6 (e-h) days after encapsulation. The scaffolds consisted of 4 mole% (~ 3 

chips per mL: a, b, e, f) or 2 mole% Irgacure (~ 8 chips per mL: c, d, g, h). The non-printed controls (i = 

4 mole%, j = 2 mole%) were stained on day 0. The printed scaffolds and the 4 mole% 2D hydrogels (2 

microchips per 250 µL) were crosslinked for 10 minutes but the 2 mole% 2D hydrogels (2 microchips 

per 250 µL) were crosslinked for 20 minutes. The vascular micro-aggregates were 5 days old before 

encapsulation. Parameters: 10 w/v% GM98 dissolved in HUVEC medium and crosslinking at 

8mW/cm². (scale bar = 500 µm, insert = 200 µm) 
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3.4.2.3. Micro-aggregate outgrowth 

Outgrowth of the micro-aggregates in the scaffold is the consequence of the cell-

interactive behavior of GelMod. In the 4 mole% Irgacure situation (i.e. experiment 1), outgrowth 

was only seen 6 days after encapsulation in the 2D hydrogel (figure 20f). When 2 mole% 

Irgacure (i.e. experiment 3) was used, outgrowth was seen from day 1 in both encapsulation 

forms (figure 20c, d). A possible explanation for the increased outgrowth in the lower 

concentration of Irgacure is the facilitation of the movement and growth of cells in a softer 

construct.  

The outgrowth was measured semi-quantitatively for vascular micro-aggregates in 2D 

hydrogels and printed scaffolds of 2 mole% (i.e. experiment 3). After day 3, it became difficult 

to comprise the outgrowth of one micro-aggregate in one picture and to define the origin of the 

outgrowth. Therefore, the level of outgrowth was only measured until day 3 (figure 21 and 22). 

The error bars increased in size over time, probably due to the fact that there was more 

diversity in outgrowth numbers later in time while at day 1 less outgrowth was seen resulting 

in more uniform measurements.  

 

   

    

    
Figure 21: Phase contrast images of the outgrowth of vascular micro-aggregates 1 (a-d) , 2 

(e-h) or 3 days (i-l) after encapsulation. The printed scaffolds (~ 8 chips per mL: a-b, e-f, i-j) and 2D 
hydrogels (2 chips per 250 µL: c-d, g-h, k-l) were crosslinked for, respectively 10 and 20 minutes. The 

vascular micro-aggregates were 5 days old before encapsulation. Parameters: 10 w/v% GM98 
dissolved in HUVEC medium, 2 mole% Irg and crosslinking at 8mW/cm². (scale bar= 500 (a, c, e, g, i, 

k ) and 200 (b, d, f, h, j, l) μm) 

a)                               b)                              c)                               d) 

e)                               f)                                g)                               h) 

i)                                j)                                k)                               l) 
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Figure 22: Barcharts of the level of outgrowth (based on outgrowth of figure 21) of the micro-
aggregates 1, 2 or 3 days after encapsulation in a 2D hydrogel (gray) or a printed construct 

(black). The different conditions were tested in triplicate (printed scaffolds) or in duplicate (2D 
hydrogel) for each 2 (printed scaffold) or 3 (2D hydrogel) outgrowth measurements. Data are the mean 

with error bars (95% CI), n=6. *p,0.05. 

The outgrowths were statistically evaluated. There was only a significant difference (p= 

0.037373, asymptotic significance (2-tailed) p-value) on day 3 between the different 

encapsulation forms (i.e. 2D hydrogel and printed construct). This suggests that the outgrowth 

was bigger in the printed constructs over time. There was a significant difference between the 

different days of encapsulation in the 3D printed scaffolds (p = 0.002338) and the 2D hydrogels 

(p = 0.002903).  

After 13 days, the scaffold was almost completely occupied in the 2 mole% Irgacure 

situation (figure 23, i.e. experiment 3). 

 

Fig 23. Live/dead stain of a printed scaffold with vascular micro-aggregates 13 days 
after printing. The vascular micro-aggregates ( were 5 days old before printing. Printing parameters: 

~ 8 chips per mL, 10 w/v% GM98 dissolved in HUVEC medium, 2 mole% Irgacure and 10’ crosslinking 
at 8mW/cm². (scale bar = 500 µm) 

 

* 
* 
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3.4.2.4. Histology: HE and immunohistochemistry 

3.4.2.4.1. HE staining 

In the 4 mole% Irgacure situation with approximately 3 microchips per mL (i.e. 

experiment 1) almost no micro-aggregates could be detected in the printed scaffolds and in 

the 2D hydrogels. Furthermore, the visible micro-aggregates did not have clear nuclei and no 

lumens with flattened cells were seen. The bad quality of the slices could be due to the difficult 

slicing of the hard constructs. To overcome this problem 2 mole% Irgacure was used instead 

of 4 mole%, resulting in softer constructs which facilitates slicing of the paraffin cubes. A larger 

amount of microchips per milliliter was used to increase the amount of micro-aggregates to 

analyze. Unfortunately, the amount of micro-aggregates after fixation was still rather low, even 

in the highest concentration (i.e. approximately 12 microchips per ml). The HE staining now 

showed a good morphology with clear nuclei (figure 24, i.e. experiment 2). Unfortunately, there 

were still open spaces in the micro-aggregates which were probably artefacts of the slicing 

procedure. Therefore, it is difficult to say whether the observed lumens were really vessel-like 

structures or just slicing artefacts. A remarkable finding was the observation of outgrowth in 

the 2D hydrogel (figure 24a) which was also seen in the live/dead staining after encapsulation. 

Also fusion could be seen in the 2D hydrogel (figure 24b). 

  

Fig 24. HE stains of the outgrowth (a) and fusion (b) of micro-aggregates in the 2D hydrogel 4 
days after encapsulation. The vascular micro-aggregates were 5 days old before encapsulation. 

Parameters: ~2 chips per 250 µL, 10 w/v% GM98 dissolved in HUVEC medium, 2 mole% Irg and 20’ 
crosslinking at 8mW/cm². (scale bar= 50 (a) and 20 (b) μm) 

3.4.2.4.2. PECAM-1 staining 

  PECAM-1 positive areas representing vessel-like structures were observed in the 

control micro-aggregate suspension, 2D hydrogels and printed constructs in the 2 mole% 

experiments (figure 25, i.e. experiment 2). Unfortunately, due to the limited amount of micro-

aggregates after fixation, there were few options to look at specific events such as fusion. An 

unexpected observation in the control micro-aggregate solution and 2D hydrogels was the 

sporadic appearance of HUVECs localized at the outside (figure 25a and 26a). This outer ridge 

might represent sprouting of HUVEC cells but no extensions were seen on the slide.  

 

a)                                            b) 
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Fig 25. PECAM-1 stains of vessel-like structures in the micro-aggregates in a control 
suspension (a), 3D printed construct (b) and 2D hydrogel (c). The micro-aggregates were 9 days 
old. The printed scaffold (~5 chips per mL) and 2D hydrogel (2 chips per 250 µL) were crosslinked for, 

respectively 10 and 20 minutes and were 4 days old. Parameters: 10 w/v% GM98 dissolved in 
HUVEC medium, 2 mole% Irg and crosslinking at 8mW/cm². (scale bar= 20 μm) 

In a few micro-aggregates of the hydrogel of one experiment (i.e. experiment 2), a 

connection was made between an inner vessel-structure and the outer ridge which can 

represent sprouting of the vascular structures of the micro-aggregates (figure 25c and 26b). 

To know whether the observed phenomena are sprouting and whether these vascular 

structures are functional, more tests are needed. In just one encapsulated micro-aggregate a 

small outgrowth was seen after PECAM staining (figure 26c and close-up 26d). This suggests 

that the outgrowth consists of HUVEC cells, but it also could be a staining artefact. 

 

 
Fig 26. PECAM-1 stains of self-sorting patterns of micro-aggregates in a 2D hydrogel. HUVECs 

could form an outer ridge (a), a connection between the inner structure and the outer ridge (b) and 
possibly result in sprouting (c and d, d represent a close up of the marked region in c). The micro-

aggregates were 9 days old and the 2D hydrogel was 4 days old. Parameters: 2 chips per 250 µL, 10 
w/v% GM98 dissolved in HUVEC medium, 2 mole% Irg and 20’ crosslinking at 8mW/cm². (scale bar = 

20 μm) 

 Unfortunately it was not possible to get good information from each experiment after 

fixation due to the limited amount of slices per condition and the difficulties of paraffin cutting 

which resulted in lower quality coupes.  

 

 

 

 

 

a)                                          b)                                            c)                 

a)                                b)                               c)                               d) 
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3.4.3. Summarized “optimal” parameters 

The most “optimal parameters” for bioprinting of vascular micro-aggregates are 

presented in table 4. 

Table 4. Summary of “optimal” parameters for bioprinting of vascular micro-aggregates. 

* For a higher amount of microchips more optimization is needed. 

  

 VASCULAR MICRO-AGGREGATES 

Environment temperature (°C) 19 

Mantle heater (°C) / 

Irradiation time (min) 10 

Time in cartridge before printing (min) 30  

Needle type conical 

Inner diameter (%) 80 for 0.25 mm needle 

Dissolution medium of GelMod HUVEC medium 

Mole fraction Irgacure (mole%) 2 

Weight/Volume percentage GelMod (w/v %) 10  

Microchips per mL GelMod  8* 
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4. DISCUSSION 

 As mentioned above, bioprinting forms the future to replace organ transplantation [2]. 

A critical problem is the lack of nutrient diffusion in bigger constructs [3]. A manner to solve 

this is by printing vascularized micro-aggregates [36]. Before the vascular micro-aggregates 

were printed, the printing procedure of micro-aggregates with the 3D Discovery was optimized 

with model cell lines. The obtained “optimal” parameters from the SK-OV micro-aggregates [4 

mole% Irgacure, 10 w/v% GelMod, mantle heater on 23°C, 19 °C environmental temperature, 

10 minutes of chemical crosslinking, conical needle of 0.25 mm with 80% inner diameter for 

strut thickness and dissolution of GelMod in culture medium] are suggestions rather than rules 

due to different reasons. First, each condition was only tested once and not in triplicate. 

Therefore no statistical test could be used. Second, many confounders were present (e.g. 

improved printing over time due to experience). These problems could be solved by repeating 

the same experiments while trying to keep the other parameters constant. A last big problem 

was the observation that the CO2 chamber was too basic, resulting in more cell death than 

expected. This impaired the previously mentioned parameters. 

 When using the model cell lines, HepG2 seemed to clog the needle making it very 

difficult to print good structures which resulted in more cell death. A possible explanation is the 

attachment of micro-aggregates to the inside of the long needle and the formation of big clumps 

of micro-aggregates. The latter was demonstrated by removing the nozzle head and printing 

material in a well-plate. When looking under the microscope, big clumps of cells were seen. 

De Bruyne A. [45] also had problems with clogging when using AT-MSC micro-aggregates but 

not with HepG2. She solved this problem by using a needle with a bigger diameter (0.51 mm) 

and shorter length. It is possible that a bigger and shorter needle could have solved this 

problem but this was not tested. This difficulty was solved by switching back to SK-OV cells 

which did not show this problem. Last year, De Bruyne A. [45] observed that HepG2 micro-

aggregates showed less survival than SK-OV micro-aggregates which was also seen in this 

thesis [45]. 

 The “optimal” parameters of the model cell lines were then used to print vascular micro-

aggregates. The modifications on these parameters (optimal for 8 microchips per ml) were: 2 

mole% Irgacure, no mantle heater but printing on environmental temperature of 19 degrees 

and GelMod dissolved in HUVEC medium. The viability seemed better compared to the model 

cell lines, which is probably due to the presence of supporting cell types (HFF and AT-MSC) 

in the vascular micro-aggregates. Even though the integrity was good, the shape fidelity was 

low. To get a better look into the low shape fidelity of the scaffolds, which could be a sign of 

the weakness of the scaffold, rheology and a Textures Profile Analysis (TPA) would be 
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advised, respectively of the bioink and printed scaffolds. The difficulty to print intact scaffolds 

could be caused by the dissolution of GelMod in culture medium instead of PBS which changes 

the intrinsic stiffness of the GelMod (e.g. molecules present in HUVEC medium might interfere 

with the effectiveness of the side groups of GelMod to physically crosslink). GelMod solution 

already looked less viscous with the naked eye, assuming a decreased physical crosslinking 

and lower viscosity. A possible manner to solve the low strength post-printing is by using 

another PI. Luyckx B. (thesis in progress) saw that Lithium (2,4,6-

trimethylbenzoyl)Phenylphosphinate (LiTPO-L) resulted in more stable and viable constructs 

than Irgacure 2959. In addition, only 20 seconds of irradiation, by the UV LED lamp of the 

printer, was needed which shortened the whole printing procedure. The usage of the UV LED 

lamp enabled layer by layer irradiation which possibly improves the shape fidelity. This LiTPO-

L was synthesized by Tytgat L. (PBM group). Markovic et al. [60] saw that LiTPO-L had a 

similar level of cell viability compared to Irgacure 2959. In addition, Li-TPO-L had a higher 

efficiency and higher quantum yield of radical formation [60]. Other ways to optimize printing 

is by using hybrid hydrogels, by changing the degree of substitution or the w/v% of GelMod. 

 For this experiment, vascular micro-aggregates, which were cultured for 5 days, were 

used. This day was chosen because Baetens S. [43] already observed vessel-like structures 

around this time point. In the future, other culture days should be tested to find the best day 

for printing. Longer culture days are generally associated with larger diameters. When micro-

aggregates become too big, there will be a higher chance on clogging of the needle. It was 

already seen that too many micro-aggregates (approximately 12 microchips per ml) resulted 

in clogging of the 0.25 mm conical needle and even the 0.41 mm conical needle was clogged. 

In the future, a bigger needle will be necessary to print larger and higher amounts of micro-

aggregates, which is necessary to minimize the time needed to occupy the whole scaffolds 

with cells and blood vessels. 

 Next to the clogging of the needle, dissolution of the scaffolds after 5 days was another 

problem observed with the usage of a higher amount of micro-aggregates. A possible reason 

is a too low amount of GelMod due to the fact that micro-aggregates take up a big volume in 

the scaffold resulting in less crosslinkable side chains. A possible way to solve this is by using 

a higher DS, a higher w/v% of GelMod or a higher amount of PI. 

  In this thesis, a stop in (significant) micro-aggregate growth was seen after 

encapsulation. When looking at the diameter of the vascular micro-aggregates made by 

Baetens S. [43] (same parameters as in this thesis but not encapsulated), a significant 

difference was seen in micro-aggregate growth from day 4 to 7 but not before or after this 

period. This is in contrast to the data in this thesis (e.g. the surface area which is related to the 
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diameter) in which the micro-aggregates grew significantly before encapsulation (day 1 to 5) 

and non-significantly after encapsulation. This suggests that the stop in growth could be due 

to an impact of encapsulation. 

 Even though the micro-aggregates stopped growing after encapsulation, outgrowth 

was present. Whether this outgrowth is sprouting of vascular structures or just outgrowth of 

the supporting cells to the cell-interactive hydrogel is not known. Wenger et al. [61] also saw 

sprouting of their HUVEC/human primary fibroblast micro-aggregates that were encapsulated 

in collagen. The outgrowth in their experiment looked more elongated than the circular one 

observed in this thesis. They used a PECAM-1 staining to prove that the outgrowth were 

HUVEC cells [61].  

 A PECAM staining was executed to see whether the outgrowth consisted of endothelial 

cells. Due to the difficulties with fixation (especially for the printed scaffolds) few micro-

aggregates were present after fixation, making it difficult to make conclusions. Only in one 

case a big outgrowth was seen, but unfortunately the staining failed and the outgrowth wasn’t 

seen in the other slices. To increase the chance of fixating the outgrowth, more micro-

aggregates were encapsulated. The cell source of outgrowth was not found in this thesis but 

there were some indications (figure 25a, c and figure 26) that the outgrowth consisted of 

HUVEC cells. Waiting 13 days after printing before fixation, to ensure a fully occupied scaffold 

did not result in visualization of the outgrowth on the slices. Maybe another fixation procedure 

is needed. A manner to overcome this problem is by using HUVEC cells with a GFP signal, 

thereby no fixation is needed. Another possibility, is by making frozen sections. 

 A remarkable finding was the sorting of HUVECs cells at the periphery of the micro-

aggregates which Baetens S. [43] only saw with HUVEC/HFF combinations. This phenomenon 

was only seen in the control micro-aggregate solution and in the encapsulated micro-

aggregates of the 2D hydrogels and not in the printed scaffolds. Nashimoto et al. [46] also 

observed HUVEC cells lining the periphery, next to the ones forming clusters inside the 

HUVEC/ human lung fibroblast micro-aggregates. In their micro-aggregates the vessel 

structures in the core were connected with the larger outside vessel structures. They also found 

that only when the vascular network was perfusable, vessel structures were seen at the outside 

(shown by clear PECAM staining). A big difference was the fact that their structures showed 

big lumens while in this thesis this was not always the case. Also their vessels at the outside 

could be attributed to an anastomosis with sprouts of an outer channel (more detail in 1.6.1.) 

[46]. To validate the vessel-like structures, electronic microscope pictures could be taken to 

look at the presence of human capillary characteristics such as of Weibel-Palade bodies, 

pinocytotic vesicles and lumens with basal membranes. 
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 For almost all the measured parameters (outgrowth and micro-aggregate morphology) 

no significant difference was seen between the two encapsulation manners. Only at day 3 was 

the outgrowth significantly bigger in the printed construct. This shows that printing does not 

have a significant negative impact on top of the impact of GelMod encapsulation and possibly 

even increase the outgrowth after some time (e.g. by better diffusion of nutrition and oxygen 

which could stimulate the proliferative nature of cells). This is promising for the use of 

bioprinting in the future. 

 A general shortcoming of this thesis is the low amount of quantification. Even though 

quantification of viability was possible for single cells (through the software of ImageJ), this 

was not possible for micro-aggregates. Due to the 3D nature of micro-aggregates the 

calculated number will represent the real situation. Quantification of the different z-slices taken 

by confocal laser scanning microscopy is a possible solution. Imani et al. [62] quantified the 

cell viability by dispersion of the micro-aggregates in single cells which was done enzymatically 

(i.e. 0.15% trypsin) and mechanically (i.e. suction of a pipette). The obtained single cells were 

then exposed to a trypan blue exclusion test [62].  

 It would be beneficial to use a dynamic bioreactor culture in the future to improve the 

constructed vessel (e.g. their mechanical properties). A possible manner is by culturing the 

produced scaffold in a flow bioreactor [63]. 

 To get a better look on the functionality of the vessel-like structures, a chorioallantoic 

membrane assay (CAM) assay can be performed which was not done due to the time limit of 

this thesis. The CAM from a preincubated chicken embryo can be used to analyse whether 

there is an anastomosis between the pre-existing graft vessels in the chicken egg and the 

vessel-like structures in construct [64]. 
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5. CONCLUSION  

A protocol to print micro-aggregates from model cell lines (i.e. HepG2 and SK-OV) 

encapsulated in GelMod was created and the most optimal parameters were summarized. 

These parameters formed the base for printing vascular micro-aggregates. Encapsulation did 

not have a remarkable negative impact on the micro-aggregate viability and composition. On 

contrast, the micro-aggregates did not significantly grow after encapsulation but an outgrowth 

with cellular extensions was present which shows the cell interactive nature of GelMod (i.e. 

with 2 mole% Irgacure 2959). No significant negative impact was seen on the calculated 

parameters when comparing the different encapsulation forms (2D hydrogel and 3D printed 

scaffold) which suggests that printing doesn’t have a significant added negative impact. The 

outgrowth was even significantly bigger, at day 3, in the 3D printed scaffold compared to the 

2D hydrogel. 

Even though printing of vascular micro-aggregates with a pneumatic extrusion printhead 

is possible, there is still some optimization necessary, for instance, to increase the amount of 

micro-aggregates and the shape fidelity of the scaffold. Nevertheless, bioprinting of vascular 

micro-aggregates into a 3D tissue seems to be a promising tool, either in regenerative 

medicine or for mimicking a micro-environment for personalised medicine. 
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ADDENDA 

addendum 1 - Protocol bioprinting with GelMod 

1) Preparation for bioprinting: 

a. Prepare the photoinitator stock solution of Irgacure 2959: 0,8 w/v% which is dissolved for 

3 hours at 50°C with a magnetic stirrer in a UV-proof tube.  

b. Prepare the 10 w/v% GelMod solution and calculate the amount of PI needed per gram 

GelMod (formula 2). This solution is dissolved for 1 hour at 37°C. 

 REMARK: When adding the PBS, to make the GelMod solution, subtract 0,2 mL for 

the micro-aggregate suspension and subtract the amount PI calculated by formula 2.  

c. Collect the micro-aggregates. Centrifuge for 5 minutes at 1000 rpm and remove the 

supernatant. Add 0.2 mL PBS/culture medium. 

 REMARK: Collect 10 μL of the micro-aggregates in a separate tube as control 1. 

d.  Filter the PI solution through a 0,22μm filter (Merck-Millipore) to ensure sterility. 

e. Sterilize the UV-blocking cartridge, needle and plunger with 70% ethanol. Afterwards, 

rinse these tools with PBS due to the possible damage of alcohol on living cells. The 

printer is also sprayed with 70% ethanol. 

f. Add the sterile PI solution to the GelMod and vortex to obtain a homogenous mixture. 

Add the micro-aggregates and resuspend to ensure a homogenous distribution. Add this 

mixture to an UV-blocking cartridge. 

 REMARK: Put 80 μl of the solution aside as a non-printed control which also will be 

physically and chemically crosslinked. 

2) Start the bioprinting procedure: 

a. Turn on the compressor, computer and bioprinter. Lower the environment temperature to 

19 °C. 

b. Insert the mantle heater and choose the correct temperature for the cartridge (e.g. 23°C). 

Put the cartridge for approximately 30 minutes in the mantle heater. 

 REMARK: For vascular micro-aggregates is the cartridge directly inserted in the 

bioprinter for approximately 30 minutes before printing. 

c. Open the desired BioCAD file on the HMI software and make sure the correct parameters 

are chosen (e.g. 5 mm/s as feed rate). 

d. Measure the needle length (NLM = needle length measurement) and start the program.  

3) Start the crosslinking procedures immediately after printing: 

a. Put the printed constructs for 10 minutes in the refrigerator, at 4°C (physical crosslinking). 

b. Add approximately 1 cm immersion fluid to each well (equal concentration of PI per gram 

GelMod per 10 mL PBS). 

4) Let the scaffold crosslink under the UV lamp (e.g. 10 minutes). 
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5) Remove the immersion fluid and rinse the printed constructs with PBS to remove the 

radicals created during UV crosslinking. 

6) Add approximately 2 mL culture medium to each construct. 

7) Place the well-plate in the CO2 incubator. 
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addendum 2 - Specific parameter per experiment (model cell lines) 

 Irg 

(mole%) 

mantle 

heater 

(°C) 

GM 

 (ml)  

chips 

per exp 

cartridge 

pressure 

(MPa) 

culture 

time Ο 

(days) 

cell 

type 

needle 

type 

ID • 

(%) 

irradiation  

time  

(min) 

GM dissolved 

in  

exp 1 4 24 2.311 6 < 0.200 3  SK-OV 1 80 * 15 PBS 

exp 2 4  22□ 1.818 5 0.090  3 SK-OV 1 80 15 culture medium 

exp 3 2 23 1.745 6 0.150 8 HepG2 1 80 15 culture medium 

exp 4 4 23 1.917 6 0.086 - 0.180 5 HepG2 1 77** 

 

15 culture medium 

exp 5 4 22 1.973 6 0.123 – 0.157  3 HepG2 1 77, 73*** 15 culture medium 

exp 6 4 22, 24, 23 2.065 6 0.130 - 0.170 6 SK-OV 1 77 0, 8, 10, 15 culture medium 

exp 7 4 23 2.240 4 0.104 - 0.140 6 SK-OV 1 77 10 culture medium 

exp 7 4 23 2.240 4 0.069 - 0.087 6 SK-OV 2 77 10 culture medium 

exp 7 4 23 2.240 4 0.035 6 SK-OV 3 80**** 10 culture medium 

exp 8∆ 4 23 1.942 / 0.158 / SK-OV 1 77 10 culture medium 

exp 8∆ 4 23 1.942 / 0.120 / SK-OV 2 77 10 culture medium 

exp 8∆ 4 23 1.942 / 0.053 / SK-OV 3 80 10 culture medium 

exp = experiment 
Ο Culture time of the micro-aggregates before encapsulation 
□ The mantle heater was set on 23°C but the temperature stayed 22°C. 
needle type:  type 1= 0.33 mm inner diameter, 25.44 mm length, cylindrical form and made from metal 
                      type 2= 0.33 mm inner diameter, 6.35 mm length, cylindrical form and made from metal 
                      type 3= 0.25 mm inner diameter, 31 mm length, conical form and made from polyethylene 
• Percentage of the inner diameter (ID) of the needle used for strut thickness: * 0.26 mm, ** 0.25 mm, *** 0.24 mm and **** 0.2 mm. 
In experiment 7 and 8, one cartridge was made per experiment to test the different conditions. 
∆ Experiment 8 is printed with single cells, namely 1.5 million cells per mL.
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addendum 3 - Stability of the scaffolds: model cell lines 

Experiment 1 

Days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 23 22 1   96 

D4 21 17 3  1 81 

D6 19 8 11    42 

D8 19 4 14 1  21 

D11 19 2 15 2  11 

D13 19  17 2  0 

D15, D18, D20, D22, 

D25, D27, D29, D32, 

D34 19  9 2 8 0 

D36, D39, D41, D43, 

D46, D48, D50, D53 10  8 2  0 

 

Experiment 2 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 18 17 1   94 

D4 17 14 3   82 

D6 16 12 4     75 

D8 15 11 4   73 

D11 13 8 5   62 

D13 11 8 3     73 

D15 10 6 4   60 

D18 9 5 4   56 

D20 8 4 4   50 

D22 7 3 4   43 

D25 6 2 4   33 
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Experiment 3 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 18 1,5 12,5 4  8,3 

D2 17 1 12 4  6 

D5 16  12 4  0 

D7 15  11 4  0 

D9 14  7 7  0 

D12 10  3 7  0 

D14 9  2 7  0 

D16 8  1 7  0 

 

Experiment 4 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 15  15   0 

D3 12  10 2  0 

D6 11  9 2  0 

D8 10  8 2  0 

D10 9  7 2  0 

D13, D15, D17, D20, 

D22, D24, D27, D29, 

D31, D35, D36 8  6 2  0 

 

Experiment 5 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 17 6 11   35 

D4 16 5 11   31 

D6, D8, D11, D13, 

D15, D16 15  15   0 

D18, D20, D24, D25 15  14 1  0 
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Experiment 6: 10 minutes of irradiation 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D2 5 3 2   60 

D5 4 2 2   50 

D7, D9 3 1 1 1  33 

D12 2  1 1  0 

 

Experiment 6: 8 minutes of irradiation 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D2 2  2   0 

D5 1  1   0 

 

Experiment 6: 15 minutes of irradiation 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D2 5 3 2   60 

D5 4 1 3   25 

D7 3  3   0 

D9 2  2   0 

D12 1  1   0 

 

Experiment 7: long cylindrical needle (needle type 1) 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 6 3 3   50 

D3 5 3 2   60 

D6 3 2 1   67 

D8 2 1 1   50 

D10 1 1    100 

 

  



 

vii 
 

Experiment 7: short cylindrical needle (needle type 2) 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 6 5  1  83 

D3 5 3 1 1  60 

D6 4  3 1  0 

D8 3  2 1  0 

D10 2  1 1  0 

 

Experiment 7: conical needle (needle type 3) 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 2  2   0 

D3 1  1   0 

 

Experiment 8: long cylindrical needle (needle type 1) 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 3 2 1   67 

D4 2 1 1   50 

D6 1  1   0 

 

Experiment 8: short cylindrical needle (needle type 2) 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 2 1 1   50 

D4 1  1   0 
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Experiment 8: conical needle (needle type 3)  

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 5 4 1   80 

D4 4 3 1   75 

D6 3  3   0 

D8 2  2   0 

D12 2  2   0 

D13 1  1   0 
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addendum 4 - Bar charts of the stability data of the model cell lines 

 

 

The last visualized data point of each experiment was the first occurrence of 0% intact scaffolds.  
NT stands for needle type. 
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addendum 5 - Specific parameters per experiment (vascular micro-aggregates) 

 Irg 

(mole%) 

mantle 

heater 

(°C) 

GM 

(ml)  

chips 

per 

exp 

cartridge 

pressure 

(MPa) 

culture 

time Ο 

(days) 

cells per 

chip 

needle 

type 

ID • 

(%) 

irradiation   

time  

(min) 

GM 

dissolved 

in  

Passage # 

exp 1 4 23, 24, 

37, 25 

1.907 6 0.045-

0.055 

3  500.000 1 77* 10 HUVEC 

medium 

/ 

exp O 4 

2 

25, 23, 

22 

1.137 

1.172 

/ 0.084-

0.230  

/ / 1 

3 

77 

80** 

10 HUVEC 

medium 

/ 

exp 2 2 23, 22, 

21, 20 

1.240 6 0.0350 5 750.000 3 80 10 HUVEC 

medium 

(1) P6 (2) P10  

(3) P5 

exp 3 2 19∆ 1.237 10 0.102-

0.151 

5 750.000 3 77*** 10 HUVEC 

medium 

(1) P13 (2) P11 

(3) P12 

exp 4 2 19∆ 1.221 15 0.013-

0.020 

5 750.000 3 

4 

77 

80**** 

10 HUVEC 

medium 

(1) P11 (2) P10 

(3) P19 

exp 5 2 19∆, 21, 

23, 19∆ 

2.229  27 0.080-

0.164 

5 750.000 4 

4□ 

80 10 HUVEC 

medium 

(1) P7 (2) P12 

(3) P18 

exp = experiment 
exp O = optimization experiment = printing without aggregates or cells  
Ο Culture time of the micro-aggregates before encapsulation. 
• Percentage of the inner diameter of the needle used for strut thickness: *0.25 mm, ** 0.2 mm, ***0.19 mm and ****0.33 mm 
∆ no mantle heater was used, instead the cartridge was present in the environment temperature 
needle type:   type 1= 0.33 mm inner diameter, 25.44 mm length, cylindrical form and made from metal 
            type 3= 0.25 mm inner diameter, 31 mm length, conical form and made from polyethylene 
            type 4= 0.41 mm inner diameter, 31 mm length, conical form and made from polyethylene 
□ The needle was cut up. 
# passage: 1 = HUVEC, 2 = AMTSC and 3 = HFF
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addendum 6 - Stability of the scaffolds: vascular micro-aggregates 

Experiment 1 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 12 3 9   25 

D6 9  9   0 

 

Experiment O: optimization experiment without micro-aggregates and 4 mole% Irgacure 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D3 3  3   0 

D4, D5, D6, D7, D10, 

D12, D14, D17, D19, 

D21, D24, D26, D28, 

D31 3  3   0 

 

Experiment O: optimization experiment without micro-aggregates and 2 mole% Irgacure 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D3 4 1 3   25 

D4, D5, D6, D7, D10, 

D12, D14, D17, D19, 

D21, D24, D26, D28, 

D31 4  4   0 

 

Experiment 2 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 8 1 7   13 

D2, D3, D4 6,5 1 5,5   15 

D7 4,5  4,5   0 
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Experiment 3 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 5  5    0 

D3 4  4   0 

D6, D8 3  3   0 

D10, D13 2  2   0 

 

Experiment 4 

days scaffolds intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 3  3   0 

D3 2  2   0 

D6 1  1   0 

 

Experiment 5 

days scaffolds Intact (%) 

 total  Intact Imperfect dissolved contaminated  

D1 9  9   0 

D2 3  2 1  0 

D6 3   3  0 

 

 



  

 
 

 

  



 

 

 


