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Abstract 

The lack of vascularization to support tissue substitutes remains a critical challenge for the clinical translation of 

tissue engineering. Cell nutrition can only be assured by diffusion at a maximum of 200 µm distance from vessels, 

therefore an effective revascularization of the fabricated tissues upon implantation is crucial for successful 

transplantation. 3D bioprinting is an emerging technology with remarkable potential to solve this challenge. 

However, the design of appropriate bioinks, which show simultaneously good printability and cytocompatibility, 

is still an issue. This study aimed at creating a bioink, which could be printed with high shape fidelity and promote 

the formation of capillary structures post-printing. For this, a blend of fibrinogen and hyaluronic acid was 

developed. Rheological characterization showed that this blend has improved viscosity properties for printing, 

when compared to its single constituents. Printing was conducted using a gelatine microparticle support bath 

and an extrusion bioprinter. With this system, the printing of complex structures with high resolution was 

possible and the incorporation of cells did not affect the shape fidelity of the constructs. Cell viability post-

printing was maintained above 81% and a cell proliferation assay confirmed the recovery of proliferation 7 days 

post-printing. Following a 14-day incubation period, the formation of capillary networks was visible both in the 

printed hydrogels and in the non-printed moulded controls. Even though the formation of capillary structures 

proved to be more extensive in non-printed hydrogels, it was possible to show the high potential of this bioink 

for future vascularized tissue fabrication. 

 

Keywords: Extrusion 3D bioprinting, gelatine support bath, bioink, fibrinogen - hyaluronic acid, in vitro capillary 

formation 
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Resumo 

A falta de vascularização para suportar os tecidos é um dos maiores problemas para a translação clínica da 

engenharia dos tecidos. A nutrição celular só pode ser assegurada por difusão até um máximo de 200 μm de 

distância dos vasos sanguíneos, por isso, uma revascularização efetiva dos tecidos fabricados aquando da 

implantação é crucial para o seu sucesso. A bioimpressão 3D é uma tecnologia emergente que tem o potencial 

de resolver este problema. No entanto, o design de biotintas que demonstrem simultaneamente uma boa 

capacidade de impressão e compatibilidade celular está em desenvolvimento. Este estudo teve como objetivo 

criar uma biotinta que pudesse ser impressa com alta fidelidade e conseguisse promover a formação de 

estruturas capilares após impressão. Para isso, foi desenvolvida uma mistura entre fibrinogénio e ácido 

hialurónico. A sua caracterização reológica mostrou propriedades viscosas para a impressão superiores aos seus 

constituintes individuais. A impressão foi conduzida usando um suporte constituído por micropartículas de 

gelatina e uma bioimpressora 3D de extrusão. Com este sistema, foi possível a impressão de estruturas 

complexas com alta resolução, com e sem células. A viabilidade celular pós-impressão ficou acima dos 81% e 

verificou-se que a proliferação celular foi recuperada após 7 dias. Após 14 dias de cultura das células nos géis, 

verificou-se a formação de estruturas capilares nos mesmos, assim como nos controlos não impressos. Apesar 

de a extensão das estruturas capilares formadas nos géis não impressos ter sido superior, foi possível demonstrar 

o potencial desta biotinta para a futura impressão de tecidos vascularizados. 

Palavras-chave: Bioimpressão 3D de extrusão, suporte de gelatina, biotinta, fibrinogénio - ácido hialurónico, 

formação capilar in vitro 
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1.  Introduction 

1.1. Tissue Engineering 

Tissue engineering (TE) is an emerging interdisciplinary field that aims at providing biological substitutes 

that can replace damaged tissues or restore malfunctioning organs by using the principles of medicine, biology, 

biomaterials and engineering [1–3]. Organ transplantation is limited by donor availability and the requirement 

of immunosuppressants with undesirable side effects to avoid rejection of the tissue by the host [3]. 

Nevertheless, it is still the main solution in cases of organ failure. In some cases, such as hip replacement, artificial 

implants are also a possible solution, although not being capable of restoring normal function. Furthermore, as 

in the case of organ transplants, immune system reactions and the possibility of implant failure make both 

solutions far from ideal. One of the main goals of TE is to eradicate the organ donor shortage for transplantation 

and also to overcome the numerous health problems that still do not have an adequate response by traditional 

medicine [2,4]. The success of a tissue engineered construct (TEC) is highly dependent on three factors, the TE 

triad: cells, scaffolds and signals, which can be chemical or physical (Figure 1) [2].  

 

 

Figure 1: The TE triad and the central TE paradigm. Cells, scaffolds and signals constitute the pillars of TE. Cells are 
harvested from the patient and expanded in cell culture. Then, expanded cells are seeded onto a scaffold that must act as 

template and stimulate proliferation and maturation of the tissue. As soon as tissue is fully grown, it can be transplanted to 
the patient, thus restoring tissue function. 

 

The ability to generate appropriate cell numbers and their ability to differentiate and maintain a correct 

phenotype to perform their biological function is crucial for the success of TE [5]. Primary cells and stem cells are 

some of the most used cell types in TE, with autologous cells being preferred as they do not evoke immune 

responses and eliminate the need for immunosuppressants [2]. Regarding the scaffold, the most important goal 

is that it mimics the structure and composition of the target tissue whilst being biocompatible [2]. Additionally, 
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scaffolds must be porous in order to allow cell attachment, promote cell migration and tissue maturation. Ideally, 

blood vessels should be stimulated to grow inside the porous network. For this, the minimal pore size should be 

100 µm. Furthermore, the scaffold should have adequate mechanical properties, both to preserve its shape 

during cell culture and to correctly stimulate the seeded cells [6]. Finally, the degradation rate of the scaffold, if 

desired, should be tailored to match the rate of tissue maturation [5]. The last component of the TE triad 

corresponds to the signals that cells require for survival, migration, proliferation and to synthesize the matrix 

that will eventually replace the scaffold. These can be oxygen levels, mechanical stimulation, growth factors or 

extracellular matrix (ECM) molecules and are often generated by the microenvironment that surrounds the cells. 

Different tissues and tissues in different maturation stages may require different combinations of signals to adopt 

a natural phenotype [2].  

So far, TE has shown clinical feasibility in flat tissues, such as the skin [7,8] and cartilage [9,10], as well as in 

hollow tubes, such as the trachea [11,12], blood vessels [13], the urethra [14] and the bladder [15]. These tissues 

can be supported by the diffusion of nutrients from the host vasculature. However, the engineering of solid 

organs, such as the heart or liver, is still too complex for the current knowledge in the TE field [16]. The main 

challenge that the development of 3D complex organs faces is related to mass transport limitations of nutrients 

and metabolites to and from the cells inside the construct, respectively. Cells do not survive more than 200 µm 

away from capillaries, therefore, the success of the construct will be highly dependent on its vascularization [16]. 

Other challenges include the choice of cell sources and their subsequent culture, the large cell number required 

to engineer whole organs and the selection of a suitable scaffold for the co-culture of different cell types. In 

addition, novel fabrication methods should be reproducible, in order to fabricate constructs at large scale and to 

commercialize them [2,16]. 

Some recent applications of TE include the use of TECs as in vitro models for the study of mechanisms of 

human disease, for the investigation of new pharmaceuticals and preparation of surgeries [17]. With the advent 

of 3D bioprinting and the possibility to obtain 3D computer-aided design (CAD) models from computer 

tomography (CT) or magnetic resonance imaging (MRI) scans, TECs could be further personalized to match the 

patients’ exact organ/tissue anatomy, therefore driving the advancement of personalized medicine [2].  

1.1.1.  Hydrogels as Scaffolds for Tissue Engineering 

Hydrogels are the most studied materials for 3D scaffold fabrication due to their cytocompatibility and non-

immunogenicity [18]. Their high water content (more than 90%) promotes cell encapsulation and allows 

sufficient diffusion of nutrients and metabolites to support cell viability [19]. By altering the concentration or 

composition of the hydrogel, it is possible to tune physical properties such as degradability and mechanics [5,20]. 

The arginine-glycine-aspartic acid motif, or RGD sequence, is an adhesion protein present in extracellular 

matrices which is crucial for proper cell adhesion and, thus, function [21]. Biomolecules, such as the RGD 

sequence or growth factors, can be synthetically added to the hydrogels to promote cell adhesion, migration and 

proliferation. Depending on the type of hydrogel, it can be formed by physical or chemical crosslinking, the latter 

generating more stable hydrogels due to their chains being covalently linked together. Gelation usually occurs in 

conditions non-toxic to cells. By altering the cross-linking density of the polymer, it is possible to tune its 
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mechanical properties, although hydrogels are generally fragile due to their high water content, thus rarely used 

for load-bearing applications [5]. Hydrogels can be classified in two groups, natural and synthetic (Table 1).  
 

Table 1: Some of the most commonly used natural and synthetic hydrogels in TE [5]. 

Natural Hydrogels Synthetic Hydrogels 

Fibrin 
Collagen 
Gelatine 

Hyaluronic Acid (HA) 
Alginate 
Agarose 
Chitosan 

Poly(ethylene glycol)  
Poly(vinyl alcohol) 
Poly(acrylic acid) 
Pluronic® F-127 

Methacrylated gelatine 

 

The main challenge in the use of hydrogels for scaffold fabrication is to find materials that are both 

cytocompatible and that have the right properties for biofabrication [18]. Synthetic hydrogels have tuneable 

mechanical and chemical properties and generally higher mechanical strength, but lack bioactive molecules for 

cell adhesion and migration and may induce immune responses [3]. Natural hydrogels, especially the ones 

derived from ECM proteins, such as collagen and fibrin, have the desired biological properties that promote 

cellular responses like those observed in natural tissues. However, their poor mechanical strength, stability and 

batch-to-batch variation in quality and properties are still problems that need to be solved [1,2]. 

1.1.2.  General Biofabrication Techniques for Biomaterials 

Apart from the biomaterial, different biofabrication strategies are available which have a significant impact 

on the final scaffold properties. Traditional biofabrication strategies include solvent casting, freeze-drying and 

gas foaming [20]. In these methods, the fabrication of the scaffold occurs first and is followed by the cell seeding. 

For this reason, the precise placement of cells in an organized, hierarchical and controlled manner is not possible 

[22]. Moreover, the control over the scaffold architecture and pore network is poor and it takes too long to 

produce the tissue, which results in a delayed treatment. Finally, it is also difficult to achieve the oriented growth 

of blood vessels, which can lead to inadequate nutrient supply [23]. To overcome these challenges, novel 

fabrication techniques are being developed, most of them based on additive manufacturing. One of the most 

recent and rapidly evolving technique is 3D bioprinting, which enables the creation of cell-laden scaffolds in a 

layer-by-layer approach based on CAD models [24]. This biofabrication technique is the main focus of this thesis 

and will be described in detail in chapter 1.3. 
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1.1.3.  Tracheal Tissue Engineering 

1.1.3.1. Anatomy, Physiology and Biomechanics of the Trachea 

The trachea is a cartilaginous and membranous tube that functions as a conduit for ventilation. It is part of 

the lower respiratory tract and measures, in an average adult, 12 cm in length and 2 cm in diameter. It is 

constituted of 15-20 C-shaped incomplete rings of hyaline cartilage forming the anterior and lateral 

circumference, which keep the lumen open, and the trachealis muscle, at the posterior side (Figure 2) [25,26]. 

This muscle can contract or relax to adjust the airflow and, along with the elastic connective tissue, forms the 

fibroelastic membrane, which connects the ends of the cartilage rings. This allows the trachea to expand and 

stretch during ventilation, and the esophagus to expand during deglutition [27]. 
 

 

Figure 2: Anatomy and Histology of the Trachea. Anatomy of the lower respiratory tract (left), mucociliary escalator 
mechanism (top right) c) cross-section of the trachea (bottom right). Adapted from [27]. 

 

The trachea not only has the function to warm, clean and humidify the air, but also to keep the airway clear 

of secretions and foreign particles through coughing [28]. This is possible due to the inner lining of the trachea, 

the mucosa, which is covered with a pseudostratified columnar epithelium composed of mucus-secreting goblet 

cells, ciliated cells and short basal stem cells. The mucus produced by goblet cells traps inhaled particles, whilst 

the upward beating of the cilia towards the larynx results in their elimination from the body, in a mechanism 

called mucociliary escalator [2,27]. Regarding its biomechanical properties, they are highly dependent on the 

trachea’s constituents. They are mainly viscoelastic, with the cartilage collagen fibres providing tensile stiffness 

and the matrix proteoglycans providing compression resistance [29].  

Tracheal reconstruction is one of the most challenging procedures in head and neck surgery due to the 

complex, multi-layered structure of the trachea [30,31]. Furthermore, difficulties in revascularization, risk of 

infection from the continuous contact with the outer environment and rejection of the transplanted organs are 

other factors that contribute to the non-existence of standard procedures for tracheal regeneration [28]. 

Tracheal disorders such as stenosis or trauma are rare, but they are life-threatening conditions that severely 
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impair patient’s speech, deglutition, respiration, mucociliary clearance and immune protection from inhaled or 

ingested antigens [32]. Current treatments mainly involve surgical repair, namely total resection of the 

pathologic trachea followed by primary anastomosis is the preferred treatment [30]. However, this treatment is 

not possible for long-segment defects of more than half the length of the trachea in adults and one-third in 

children, due to the unacceptable level of tension in the remaining tissue that would result from this procedure 

[32]. Recently, slide tracheoplasty has allowed the treatment of trachea stenosis of previously inoperable 

patients, at the sacrifice of tracheal length, but there is still a small  subset of patients with extensive disease 

who cannot be treated by conventional means [33]. With the current advances in the TE field, as well as the 

advent of biological 3D printing, an individualized model for a TE trachea, suitable for the host morphology, 

seeded with autologous cells and pre-vascularized, is in theory the ideal solution for a tracheal replacement. 

1.1.3.2. State of the Art in Tracheal TE 

The first study to report a tissue-engineered trachea was published in 1994 by Vacanti et al., in which 

cartilage was engineered through the use of polyglycolic acid fibres grown in tubular form, which served as a 

scaffold to posteriorly seed chondrocytes [34]. This fabricated tissue was used to replace large circumferential 

defects of the cervical trachea in rats. After this, several studies followed, the first successful human study being 

published in 2005 by Omori et al., in a 78-year-old woman with thyroid cancer. In this case, a scaffold a 

polypropylene reinforced mesh tube covered by collagen sponge was used to replace part of the native trachea 

[12]. Another study has used autologous epithelial cells and mesenchymal stem-cell derived chondrocytes to 

seed a decellularized trachea from a deceased patient and implanted it in a 30-year old woman [35]. Similar 

strategies have also been used in infants [11].  

Recently, 3D printing technology has increased the possibilities in this field by allowing the design of 

individualized tracheal models adapted to the needs of each patient. Chang et al. have successfully implanted a 

3D printed polycaprolactone scaffold coated with mesenchymal stem cells (MSCs) seeded in fibrin in rabbits [31]. 

Another research group successfully implanted a 3D bioprinted scaffold-free trachea in rats, constructed with 

tissue spheroids composed of chondrocytes, endothelial cells and MSCs [28]. This approach has the advantage 

that it does not require immunosuppression, which minimizes the risk of infection. However, due to the lack of 

mechanical strength and stiffness, most TE airway organs still require synthetic polymers as scaffolds. 

Epithelialization is also one of the most challenging features in these constructs, as it can take up to 2 years in 

segmental grafts, time during which patients are vulnerable to mucus plugging and infection [36]. Furthermore, 

a pre-vascularization of the construct is essential not only for cell survival but also for functional differentiation, 

since there is no discrete blood supply that feeds the trachea [36]. Vascularization is a challenge common to 

many TECs and, as the main limitation into the clinical translation of large scale TECs, it is currently being 

extensively researched. 
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1.2. Vascularization in TE: Angiogenesis 

Angiogenesis is an important process that occurs not only in the embryo but also in the adult and leads to 

the formation of new blood vessels. In TE, angiogenesis can be induced to aid in the perfusion of large constructs 

that cannot survive without a microvascular network due to the lack of nutrients and oxygen that would be able 

to reach the cells. As one of the main challenges in the clinical translation of TE, this process is going to have a 

special focus in this thesis.  

1.2.1.  Blood Vessel Formation: Vasculogenesis and Angiogenesis  

There are three main processes associated with blood vessel formation: vasculogenesis, angiogenesis and 

arteriogenesis (Figure 3) [37]. Both endothelial cells (ECs), which form the inner layer of all vessels, as well as 

support cells, such as fibroblasts, play a pivotal role in vascularization processes [38]. 

 

 

Figure 3: Mechanisms of vasculogenesis, angiogenesis and arteriogenesis. Retrieved from [39]. 

 

Vasculogenesis is a process of high importance during embryogenesis, although it can also occur in adults 

following extensive injury or during tumour growth [38]. During embryogenesis, mesodermal cells differentiate 

into hemangioblasts, leading to the formation of primitive blood islands. The hemangioblasts from the centre of 

the islands further differentiate into hematopoietic stem cells, whilst peripheral hemangioblasts differentiate 

into angioblasts, the precursors of mature ECs. Both angioblasts and newly formed ECs, the only cells able to 

form capillaries, migrate on a matrix mainly composed of collagen and hyaluronan, to allow the fusion of the 

islands and their remodelling into tubular structures, leading to the formation of a primitive vascular plexus        

[40,41]. This process occurs under the influence of the vascular endothelial growth factor (VEGF), a protein that 

plays a key role in the migration and proliferation of endothelial cells. This primary plexus will further remodel 

into larger vessels, through angiogenesis and arteriogenesis [42,43].  

In contrast to vasculogenesis, angiogenesis describes the formation of new blood vessels from an existing 

vascular plexus. Not only is angiogenesis required for the development of the embryo but also during adult life, 

being critical in the female reproductive cycle and in wound healing. It also occurs in pathological conditions such 

as in the growth of tumours [44]. There are two main angiogenic mechanisms: sprouting angiogenesis and 

intussusceptive angiogenesis. In the former, proteolytic degradation of the ECM is followed by migration and 

proliferation of endothelial cells in the form of sprouts, whereas in the latter, invaginations from the inner surface 
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of the vessel form a bridge within the vessel lumen [45]. The two angiogenic mechanisms are schematically 

represented in Figure 4. 

 

Figure 4: The two angiogenesis mechanisms. Sprouting angiogenesis and intussusceptive angiogenesis. Adapted from [46]. 

 

Since angiogenesis is driven by the requirements of nutrients and oxygen, it is mainly regulated by the 

oxygen levels in tissues [47]. Hypoxia triggers vessel growth mainly by the upregulation of VEGF. There is an 

increased transcription of VEGF, mediated by hypoxia-inducible factor-1 (HIF-1). In addition, the stability of the 

VEGF mRNA increases [48]. HIF-1 also drives expression of Angiopoietin-2 (Ang-2), which has a role in cell-matrix 

interactions [43,45]. Ang-2 is crucial to activate ECs proliferation, survival and migration. Nitric oxide (NO) is also 

released following nitric oxide synthases (NOS) upregulation in response to hypoxia. NO also plays an important 

role in angiogenesis, causing vessels’ dilation, whilst VEGF can disrupt endothelial cell contacts through a 

reorganization of adhesion molecules such as CD31 (PECAM), leading to an increased vasopermeability [49]. 

Based on the VEGF gradient, only a subset of ECs is selected for sprouting and responds to pro-angiogenic signals. 

These signals mainly involve Notch receptors, their Delta-like ligand 4 (Dll4) and VEGF signalling [43,49]. Two 

different cell phenotypes can be distinguished, tip and stalk cells. In tip cells, the hypoxia and VEGF induce the 

expression of Dll4. This acts on the EC phenotype, cells start to proliferate slowly, become motile, protrude 

filopodia and express high levels of proteases to degrade the ECM during migration [43]. Tip cells release 

metalloproteinases (MMPs), tryptases and proteinases, that degrade and alter the ECM composition to allow the 

support and guidance of ECM migration. The degradation of the basement membrane may lead to the 

detachment of pericytes, but this can also be induced by the interference with essential growth factors for mural 

cells such as platelet derived growth factor (PDGF) and Angiopoietin-1 (Ang-1) [45]. These cells do not proliferate 

in response to growth factors, but provide directionality to the sprout [50]. Directional migration of tip cells is 

mainly accomplished by VEGF, Ang-1, Ang-2 and fibroblast growth factor (bFGF), but also by other cytokines such 

as PDGF, epidermal growth factor (EGF) and transforming growth factor-β (TGF-β). Integrins also have a role in 

angiogenesis, by bidirectionally transmitting information between the outside and the inside of the cells and 

facilitating the adhesion of cells to the ECM [37]. The expression of Dll4 in tip cells stimulates the Notch pathway 

in neighbouring cells. This, in conjunction with a high expression of VEGF-R1 receptor and low expression of 

VEGF-R2 and VEGF-R3, will limit filopodia formation and VEGF responsiveness in these cells, thus excluding them 

from having tip cell phenotype, and turning them into stalk cells [43]. This process is known as lateral inhibition. 

Stalk cells will proliferate in response to VEGF, forming the vascular lumen and establishing adherens and tight 



8 

 

junctions to maintain the integrity of the new sprout [50]. The new sprouts will then connect to adjacent sprouts 

via tip cells to form a continuous lumen. Stalk cells establish the luminal-abluminal polarity that will lead to basal 

lamina deposition as well as mural cell recruitment, and finally to the establishment of flow. This is facilitated by 

Ang-1, which assists vessel stabilization and the decrease in angiogenic response, and by PDGF. PDGF also has 

the ability to inhibit the angiogenic response of bFGF [47]. Moreover, the increased tissue oxygenation caused 

by the newly formed lumen will downregulate VEGF production and lead to the stabilization of the vessel by 

returning ECs to a quiescent state [50]. Figure 5 schematically represents the molecular mechanism of sprouting 

angiogenesis. Arteriogenesis corresponds to the final part of angiogenesis, in which vessels are stabilized by 

mural cells and medium-sized blood vessels with tunica media and externa are formed. bFGF is involved in this 

process, by having a mitogenic effect on smooth muscle cells , inducing the growth of larger vessels [47]. 

 

Figure 5: Molecular mechanism of sprouting angiogenesis. Hypoxia triggers angiogenesis by the upregulation of VEGF, 
Ang-2 and the synthesis of NO by NOS. NO leads to dilation of the vessel whilst VEGF increases vasopermeability through 

the disruption of endothelial cell contacts. PDGF has a role in the detachment of pericytes. Through mechanisms that 
involve Notch receptors and their ligand Dll4, tip cells are selected to provide directionality to the sprout and to release 

proteinases that degrade and alter ECM composition. Stalk cells form new lumens and establish adherens and tight 
junctions. When tip cell connects to adjacent sprouts, a continuous lumen forms and the flow is established. Mural cells are 

recruited and the increase in O2 will return the vessels to a quiescent state. Adapted from [49]. 

 

 

 

 



9 

 

1.2.2.  Cell Types Used for Capillary Formation In Vitro 

1.2.2.1. Endothelial Cells 

Despite deriving from the same progenitor cells, ECs are not all alike [37]. There are differences not only 

between ECs from large vessels and from microvasculature origin but also from different tissues [51]. This results 

in a high variability in their functional behaviour in different angiogenesis assays [38]. Nevertheless, ECs are the 

main cell type involved in angiogenesis and vasculogenesis, which is why they are needed for vascularization 

studies. Usually, primary isolated ECs are necessary in studies with a clinical orientation, despite their inter-donor 

variance, limited passages and isolation/expansion difficulties [45]. It has been demonstrated that significant 

differences exist in phenotype expression between primary EC lines and non-primary EC lines, with only the 

former maintaining all EC characteristics in vitro [52]. Since the first study in 1998 by Black et al., several studies 

demonstrated the ability of human umbilical vein endothelial cells (HUVECs) to form capillary like structures 

when seeded on top of a scaffold. This effect is further enhanced by the coating of culture dishes with collagen 

or fibrin [44,53,54]. In these angiogenesis assays, there is the formation of a primitive network, much like in the 

vasculogenesis process, followed by the organization of a new network in a process similar to angiogenesis and 

arteriogenesis [47].  Although not available from adults, HUVECs are the most commonly used type of primary 

ECs to model in vitro angiogenesis, as they are the most relevant and relatively easy isolate and culture [49, 50].  

1.2.2.2. Fibroblasts 

Fibroblasts are mesenchymal support cells whose cellular behaviour depends on the tissue of origin [38]. 

They produce several ECM components, such as collagen I, fibronectin and proteoglycans, necessary for EC 

survival. Several ECM proteins produced by fibroblasts release anti-angiogenic fragments. For example, collagen 

type IV can be cleaved into arresten, canstatin and tumstatin, which are all anti-angiogenic peptides that target 

specific integrins [50]. Fibroblasts also secrete angiogenic factors like VEGF, bFGF, Ang-1, Ang-2 and matrix 

metalloproteinases (MMP-2 and MMP-9), which act by releasing pro-angiogenic peptides [38]. It seems that 

fibroblast-derived matrix proteins are required for endothelial cell lumen formation as this process declines when 

ECM synthesis by fibroblasts decreases [57,58]. Berthod et al. showed that ECM production from fibroblasts 

alone seems not enough to induce capillary-like structure formation without the actual presence of fibroblasts. 

Living fibroblasts are required in co-culture with ECs not only to enhance the formation of capillary-like structures 

but to efficiently reproduce the angiogenic process in vitro [58]. In a later study, the same authors showed that 

ECs, once organized into tubes, also have an influence on fibroblasts, inducing their differentiation into pericytes 

that stabilize the capillaries and regulate perfusion [59]. A close cell-cell interaction between ECs and fibroblasts 

is therefore crucial for the formation and maintenance of capillary-like structures. 
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1.2.3.  Pre-Vascularization 

As mentioned in chapter 1.1., one of the main challenges in TE is associated with the creation of a functional 

vasculature, which is able to supply cells with nutrients and oxygen and remove metabolites [4]. The first 

vascularization approach used in TE was extrinsic vascularization, which relied on the human body’s ability to 

provide capillary ingrowth to the TEC from neighbouring host capillary networks, as part of the foreign body 

response. This process takes up to several weeks, which means that tissues were subjected to ischemic 

conditions during this time. Strategies such as the incorporation of growth factor delivery systems were also 

used, without much success due to the same issue [45,60]. To overcome these challenges, the pre-vascularization 

concept has emerged, which aims at generating a preformed microvasculature in TECs prior to implantation. 

Theoretically, perfusion could even be instantaneous if the pre-formed microvasculature was sufficiently 

organized and could be microsurgically connected to the patient’s host vasculature [47]. Cell seeding is the most 

widely used in vitro pre-vascularization technique. It consists in the seeding and co-culturing of ECs and support 

cells, such as fibroblasts or MSCs, in a scaffold, typically in a “gel” form [45,60]. The capillary networks form 

spontaneously and can then inosculate, that is, connect, with host capillaries upon implantation. Even though 

inosculation takes at least two days, it has been demonstrated that anastomosis between the pre-formed 

capillaries and the host vasculature is accelerated using this technique [45,61]. One issue with this strategy is 

that the random organization may lead to spacing between vascular structures higher than the diffusion limit of 

200 µm, possibly not fully supporting all cells [47]. In addition, this spontaneous vessel formation does not offer 

clear locations for surgical inosculation. Local cues may be included to guide the vascular organization, despite 

the difficulty in their correct patterning. Active patterning of the vascular networks may be an option to 

overcome this issue and 3D bioprinting has already been used for this purpose [62]. 3D bioprinting is a ground-

breaking and promising strategy that might be the solution for eradicating the vascularization problem in TE. 

Moreover, this strategy can be used to fabricate models of different tissues or organs, such as the trachea, and 

also adapt them to the anatomical needs of each patient.  
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1.3. 3D Bioprinting 

Since the advent of the first conventional 3D printing system in the 1980s, quick improvements in the 3D 

printing industry led to the use of this technology for the production of medical devices and scaffolds and later 

to 3D bioprinting [63–65]. 3D bioprinting can be defined as the precise layer-by-layer spatial patterning of 

biological materials, growth factors and living cells in predefined locations to produce 3D cell-laden constructs. 

It has been one of the main contributions to the recent developments in the TE field [64,66]. The main motivation 

for the emergence of 3D bioprinting as an alternative biofabrication technique is that TECs fail to achieve the 

necessary structural, mechanical and biological complexity with conventional methods (chapter 1.1.2) [67]. 3D 

bioprinting overcomes the referred conventional TE limitations by seeding cells directly in the scaffold during the 

fabrications process instead of after the scaffold production, which often proved difficult in most of the classical 

scaffold-based TE strategies [1,68]. This allows the distribution of different cell types at specific locations and 

with high initial cell seeding densities [68]. Moreover, by generating 3D cultures instead of 2D, a more realistic 

model of the tissue-specific functions and the in-vivo microenvironment is achieved. However, lower resolution 

and control over the physical and chemical properties, as well as difficult imaging and characterization are some 

of the challenges of 3D cultures [24,69]. Solid free form fabrication combines rapid prototyping, medical imaging 

and CAD, and has enabled the customization of 3D bioprinting constructs to the anatomy of each patient. High 

reproducibility and scale-up production can also, in theory, be achieved [1,70,71]. The typical 3D bioprinting 

process is schematically represented in Figure 6. 

 

Figure 6: The typical 3D bioprinting process. Preprocessing consists in the conversion of medical images into STL files 
through computer-aided design. Moreover, cell isolation and expansion and bioink preparation need to be performed. After 

the printing process, tissue remodelling and maturation may be achieved with the aid of a bioreactor. Adapted from [1]. 
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In 3D bioprinting, three steps are crucial: the pre-processing or design, the biofabrication and the 

postprocessing or maturation [72]. The pre-processing starts with the design of the desired construct with CAD 

software or with the acquisition of images from the patient’s anatomical structures of interest, using CT or MRI. 

As described by Sun and Lal [73], these images can be processed to obtain computer-based 3D models of the 

organ or tissue of interest by using CAD and mathematical modelling techniques [64,70,73]. After obtaining STL 

files, which describe the surfaces of the CAD model by a series of triangles, the 3D model is divided into 2D 

horizontal slices that can then be sent to the bioprinter to start the printing process [64]. Prior to printing, an 

adequate number of cells needs to be expanded, as 3D bioprinting requires a large number of cells to provide 

support and functionalization of the construct (in the range of 1×106-1×108/mL) [1]. Right before printing, the 

previously expanded cells and the printing solution are mixed, and printing is performed. Within 3D bioprinting, 

printing of hydrogels is one of the most attractive fields, owing to the possibility to fabricate complex, 

customizable scaffolds with high cell viability and proliferative capability [63]. However, not all hydrogels are 

printable, and their rheological and mechanical characteristics as well as their biocompatibility have to be well 

studied for a successful bioprinting [1]. Finally, the cell-laden constructs need to undergo tissue remodelling and 

maturation and bioreactors may be used [3].  

Despite being a promising, rapidly evolving fabrication strategy in TE, 3D bioprinting is still in development 

and faces many challenges. To overcome these issues, research is currently focusing on finding the best cell 

sources and on developing new printing strategies.  

1.3.1. The Bioink Concept 

A bioink can generally be defined as a biomaterial that provides a supportive ECM environment for cell 

encapsulation and diminishes the stresses cells have to undergo during the printing process [67,74,75]. Only a 

small subset of the biomaterials used in 3D printing are suitable for 3D bioprinting. Materials that require high 

fabrication temperatures, the use of toxic solvents or toxic photoinitiators are not appropriate for printing cell-

laden constructs, which require mild, cell friendly processes [19,67]. Most biomaterials were not originally 

designed for bioprinting, therefore, one of the main research fields in 3D bioprinting focusses on the 

development of new bioinks, which are suitable for printing cells [19].  

Bioinks can be subdivided into two main types: scaffold-based, in which cells are loaded in hydrogels, 

decellularized matrix components or microcarriers and printed afterwards, or scaffold-free, in which 3D cell 

aggregate configurations such a tissue spheroids, cell pellets or tissue strands are directly used for printing [3]. 

In this thesis, the focus will be on bioinks produced from natural hydrogels, as this is the only class of materials 

that is able to maintain high cell viability during encapsulation [19]. Currently, the most widely used hydrogels 

include alginate, agarose, collagen, HA and gelatine [65].  

As in the case of scaffolds in traditional TE, the choice of the bioink should be made to closely match the 

functional and mechanical properties of the tissue it will replace. Since each cell type responds differently to its 

microenvironment, bioinks should be developed specifically for different cell types [74]. A bioink must exhibit 

the following properties: tuned printability for the chosen bioprinting technology, ability to quickly crosslink and 

to have sufficient mechanical strength to hold its shape after printing, cytocompatibility and biodegradability 
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[65,68,76]. Printability is mainly influenced by the rheological properties of the bioinks [77]. It comprises two 

parts, the intrinsic dispensability of the ink, mainly regulated by viscosity, and the print fidelity, more associated 

with the mechanical strength and the capacity of the printed construct to sustain its 3D shape [67]. Some of the 

properties that need to be taken into account when choosing a bioink include viscosity, gelation process and 

biological interactions, such as the presence of cell adhesive sites, matrix stiffness and toxicity [69]. Generally, 

properties that enhance printability diminish cell compatibility [69]. Therefore, a biofabrication window can be 

defined, which shows the compromise between shape fidelity and biocompatibility (Figure 7) [74]. Several 

approaches have been attempted to extend the width of the biofabrication window, such as blending or 

functionalization of hydrogels [18, 66], the use of sacrificial materials [79] or reservoirs [80]. 
 

 

 
Figure 7: The biofabrication window. Bioinks with ideal printing properties display poor biocompatibility. New bioinks 

should be developed that can bring together good shape fidelity and cytocompatibility. Adapted from [81]. 

 

1.3.2.  Types of Bioprinting  

Currently, there are three main technologies that allow the printing of hydrogel-based bioinks: inkjet, laser-

assisted and extrusion bioprinting (Figure 8).  

 

 

 

 

Figure 8: Most used 3D bioprinting technologies for printing hydrogel bioinks. Inkjet, laser-assisted and extrusion 
bioprinting. Adapted from [82]. 
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Inkjet bioprinting (or drop-on-demand bioprinting) was the first technology to be used for biological 

printing [23]. These printers use thermal or acoustic forces to deliver small drops of liquid (1-100 picolitres) on 

predefined locations of a substrate at high speed [82]. The high speed requires the crosslinking time of the bioink 

to be faster or similar to the drop deposition time, otherwise layer deposition is not possible. Furthermore, the 

bioink must crosslink in situ after exiting the nozzle to prevent nozzle clogging. Since the nozzle can only perform 

small forces to eject the droplets, this technology requires the use of low viscosities as well as low cell densities            

[5,  77]. As a result, the printing of 3D vertical structures is not possible, as most low viscosity bioinks do not have 

adequate mechanical strength [74]. Nevertheless, this technique is frequently used owing to its low cost, high 

resolution, high speed and wide availability [64]. 

Laser-assisted bioprinting is usually based on the laser-induced forward transfer method, in which focused 

laser pulses are applied to a glass slide that is coated with a laser-absorbing layer and a layer of bioink. The focal 

point of the laser causes local evaporation of the absorbing layer, generating high pressure bubbles that propel 

droplets of bioink towards the collector substrate [64,68,83]. This nozzle-free technology avoids challenges such 

as nozzle clogging and shear stresses on the walls of the nozzle (resulting in higher cell viability), while allowing 

the printing of high viscosity bioinks and cell concentrations with high resolution. Nevertheless, its high cost, 

presence of metallic residues in the final construct and inability to print 3D large constructs due to the slow flow 

rate severely impair its applications [74]. 

Extrusion-based bioprinting is currently the most used bioprinting strategy due to its versatility for printing 

3D structures and affordability [66,74]. It combines a fluid-dispensing system controlled by a computer, usually 

consisting of a syringe-like printer head, and a stage [66]. The ink can be dispensed through the micro-nozzle of 

the syringe pneumatically or mechanically (piston or screw-driven), which enables the printing of a wide range 

of bioinks with varying viscosities and cell concentrations. Despite the versatility of adapting air pressure to 

different bioink properties and inducing less cell deformation, pneumatic systems have the disadvantage of being 

prone to delays associated with the compressed gas volume, especially when low pressures are used [68]. The 

resolution of extrusion bioprinting is considerably lower than for inkjet or laser-assisted bioprinting, which is one 

of its major limitations. The use of smaller internal diameter nozzles has the potential to improve printing 

resolution at the expense of lower cell viability [74]. Even though most studies show that decent cell viabilities 

can be achieved with this technology, cell function should also be evaluated post-printing and few studies show 

the ability of cells to perform their functions post-printing [64]. Extrusion bioprinting can be performed at 

relatively high printing speeds, however, bioprinting of large 3D constructs requires time, which can further 

impair cell viability,  being one of the main challenges in the creation of large bioprinted organs [66]. Despite its 

wide range of applications and the possibility of printing 3D structures with satisfactory shape fidelity, bioink 

formulations that have adequate properties for the extrusion of stable 3D constructs usually exhibit suboptimal 

cytocompatibility [74].  

The most important characteristics and common applications of each bioprinting type are summarized in 

Table 2. The focus of this thesis will be on extrusion bioprinting, therefore the chapters of this introduction are 

mostly focused on that technology. 
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Table 2: Characteristics of the bioprinting types. Adapted from [23,68,83]. 

 Inkjet Bioprinting Laser-assisted Bioprinting Extrusion Bioprinting 

Resolution 50-500 µm 1-50 µm >50 µm 
Bioink Viscosity 3.5-12 mPas 1-300 mPas  30-6×107 mPas 

Print Speed Fast (1000-5000 
droplets/s) 

Medium (100-1600 mm/s) Slow (5-20 mm/s) 

Crosslinking Time Fast Fast  Medium 
Cell Density Low (<5×106 cells/mL) Medium (108 cells/mL) High (cell spheroids) 

Cell Viability 85-98% >97% 80-96% (lower for small 
diameter nozzles) 

Cost Low High Medium 
Advantages Non-contact nozzle Nozzle-free Wide range of bioinks 

Disadvantages Low reproducibility Long fabrication time Low accuracy, cell death 

Applications Skin [86, 87], cartilage in 
situ [86], tumour [87], 
liver [88], vessels [41] 

Skin [89], vessels [90], bone 
substitute in situ [91] 

Skin [92], cartilage [93], 
vessels [96, 97], heart 

[96], bone [97], tumour 
[98], muscle [97], aortic 

valves [99] 
 

1.3.2.1. FRESH Technique 

To overcome the inability to produce 3D freeform structures with extrusion bioprinting, embedded 

bioprinting recently emerged as a possible solution. For this, different viscous support baths have already been 

developed, such as supramolecular hydrogels based on modified HA [100], on soft granular gel medium based 

on Carbopol® polymers [101,102], on gelatine microparticles [80] or nanoclay [103].  

One of these techniques is the freeform reversible embedding of suspended hydrogels (FRESH), developed 

by Hinton et al., that allows the printing of soft biological hydrogels (with elastic modulus of less than 100 kPa) 

[80]. It is based on the fabrication of a microparticle gelatine slurry that acts as a Bingham plastic during the 

printing process. The slurry behaves as a viscous fluid for high shear stresses, allowing the movement of the 

printing nozzle, and as a rigid body for low shear stresses, therefore acting as a support structure to hold the 

hydrogel in the correct position post-printing. This technique has enabled the fabrication of complex 3D high 

resolution structures, such as a heart and brain, with diverse bioinks. The hydrogels used, such as fibrin, collagen 

and alginate show poor printability if printed without any support, mostly collapsing during or directly after 

printing. The support bath can be easily removed after printing by raising the temperature to 37°C to melt the 

gelatine, leaving the 3D construct intact. Since the main component of the slurry is gelatine, this process is cell-

friendly and can be performed in sterile conditions. The FRESH process showed high cell viability (99.7%) and the 

formation of a high-density cellular network after 7 days [80]. Despite the good results, the printing of complex 

structures was not implemented with cells. Moreover, the precision and level of detail achieved with this method 

is highly dependent on the particle size, in the range of 60-100 µm, depending on the slurry blend time. Higher 

blend times may result in improved printing resolutions, though problems such as particles melting in the 

washing solution or during the printing process if room temperature (RT) is higher than 22°C may occur. In this 

aspect, Carbopol® support baths seem more promising, with particles as small as 7 µm, although a better 

evaluation of the influence that this type support bath has on cells should be performed [101]. 
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1.3.3.  Influence of Bioink Properties and Printing Parameters on Print Fidelity 

and Cell Health/Functionality 

The rheological properties of the bioinks and chosen printing parameters not only affect the printability 

and resolution of the printing process but also cell growth, proliferation and functionality [69].  

One of the most important properties for the success of bioprinting is related to bioink viscosity. Liquid-

phase bioinks, such as fibrin, cannot be printed in multi-layered structures, requiring a support structure. 

Moreover, with low viscosity inks, cell settling can also be a problem leading to inhomogeneous printed 

constructs [19]. Higher viscosities are associated with better printability (improved dispensability and shape 

fidelity), since these solutions are less likely to flow, thus holding its shape for longer times after printing [67]. 

However, cell viability has been shown to decrease if this viscosity is too high. Cells in this case are subjected to 

higher nozzle wall shear stresses resulting from the higher pressures needed to print high viscosity inks, especially 

in extrusion-based 3D bioprinting [65]. This effect causes cells to deform and being damaged, especially cells 

directly on the wall, subjected not only to higher shear stresses but also to longer residence times (Figure 9) 

[104].  
 

 

 

 

Figure 9: Effect of nozzle wall shear stresses on cell structure and viability during flow in extrusion-based 
bioprinting. Adapted from [105]. 

 
 
 

For the aforementioned reasons, a bioink that displays shear-thinning behaviour should be preferred, since 

these inks display a decrease in viscosity with increasing shear rates, leading to a reduction in the shear stresses 

experienced by cells during printing [69]. Still, viscous bioinks lead to nozzle clogging and this is a printing issue 

difficult to avoid, which can only be improved through optimizing bioink viscosity according to the chosen nozzle 

diameter [23]. Blaeser et al. have shown that different shear stress values have a profound impact in cell viability 

[105]. Cell function can also be affected by different shear stress values as was shown for HUVECs by Zhang et 

al. [106].  
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Besides viscosity, printing parameters such as extrusion pressure and nozzle diameter have already been 

shown to have an influence on shear stress values. Studies by Chang et al. and Nair et al. have shown that both 

higher pressures and smaller internal nozzle diameters lead to increased shear stresses and, thus, lower cell 

viabilities. The pressure effect on viability was reported to be significantly larger than the nozzle size effect       

[107,108]. Nevertheless, smaller nozzle diameters are associated with an improved printing resolution [75,109]. 

A theoretical printability model developed by Paxton et al. showed that transit times also play a crucial role in 

cell damage during the printing process, therefore nozzle lengths may also have an impact on cell viability [77]. 

In addition, it is clear that an increase in printing time, by using lower pressures and thus lower printing velocities, 

will have a negative impact on cell viability, which will be longer exposed to the printing environment [75]. 

Crosslinking is another parameter that highly impacts shape fidelity. The chosen bioink should be able to crosslink 

fast enough to enable the layer-by-layer deposition of the ink and to ensure that the structure of the printed 

construct is not altered after printing [110]. However, crosslinking affects the strength and stiffness of the 

scaffolds. Using higher concentrations of polymeric bioinks can aid the crosslinking process and improve 

mechanical properties. Nevertheless, this will induce a higher stiffness, which has often been shown to have a 

negative impact on cell proliferation and matrix formation, leading to lower cell viability [74,111]. Also, there will 

be a reduction in the diffusion of oxygen and nutrients to the cells and metabolites away from the cells [68].  

It is also important to consider that cells will influence bioink properties, especially regarding their 

rheological properties. Billiet et al. has shown that the viscosity of methacrylamide-modified gelatine decreased 

by a factor of two up to a concentration of 1.5×106 cells/mL and by a factor of four if the concentration was 

further increased to 2.5×106 cells/mL [112]. After printing, the cells can interfere with hydrogel formation as 

reported by Skardal et al. [113] and with the stiffness of the scaffold, which has been shown to decrease with 

higher cell densities [68]. Nonetheless, a high initial cell seeding density accelerates tissue maturation. The 

correct balance of all these parameters is crucial to achieve good results in 3D bioprinting. 
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1.4. 3D Bioprinting and Vascularization 

3D bioprinting has already succeeded in creating tissues at a human scale that approach the functionality 

necessary for transplantation, although these are mostly avascular tissues, such as cartilage and skin [64]. As an 

example, Mannoor et al. have developed a 3D bioprinted bionic ear, by using a chondrocyte seeded alginate 

hydrogel, capable of receiving electromagnetic signals. Heart valves have also been already 3D bioprinted with 

high shape fidelity by Hockaday et al [114]. One of the most researched fields in 3D bioprinting is the fabrication 

of vascularized networks, as this challenge prevents the fabrication of more complex organs. This chapter aims 

at describing the state of the art in the fabrication of vascularized constructs.  

1.4.1.  Bioinks used for Vascularization Strategies in 3D Bioprinting 

The ECM has a dual role in capillary formation. On one hand, it acts as an adequate substrate for the 

attachment and proliferation of ECs. On the other hand, it is a reservoir of growth factors that bind to it and are 

released during physiological events such as wound healing and angiogenesis [38,50]. For the formation of 

vessels or capillary-like structures, it is required that the bioinks support the adherence, proliferation, migration 

and alignment of cells [115]. For bioprinting, though, bioinks need to have an intrinsic printability and form a 

stable hydrogel post-printing. The combination of all the necessary properties is often unfeasible and difficult to 

achieve.  

1.4.1.1. Alginate 

Alginate (or alginic acid) is a polysaccharide obtained from brown algae, composed of two repeating units, 

β-D-mannuronic acid and α-L-guluronic acid [66,116]. Due to its almost instant gelation properties (≈10 s [117]) 

when in contact with ionic solutions of calcium (Ca2+), tuneable viscosity, shear-thinning behaviour, low price and 

biocompatibility, it is one of the most widely used hydrogels in 3D bioprinting, especially in extrusion bioprinting 

[3,65,80,95]. It is generally used within the 2-4% concentration range, with the exact concentration determining 

the viscosity, porosity and crosslinking time of the ink [3,80]. For improving the capacity of obtaining structurally 

well-defined 3D structures, some studies have used pre-crosslinked states of alginate bioink [118], co-axial 

printing systems [95,119] or sacrificial support baths [80,103]. Despite its printing advantages, alginate lacks cell-

binding domains that induce cell attachment and proliferation. Therefore, despite the high cell viabilities 

reported in the literature (above 90%, [120,121]) , encapsulated cells are quite immobilized in the gel, unless 

alginate is blended with other compounds [122] or chemical modifications [123] are performed [66,75]. 

Degradation of this hydrogel is also an issue, as cells do not secrete the necessary enzymes for its cleavage [124]. 

Nevertheless, this ink has been used for several applications, such as for printing cartilage [93] and vascular 

networks [97, 121].  
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1.4.1.2. Fibrinogen/Fibrin 

Fibrin is a natural product of blood coagulation that provides a suitable environment for invading cells 

during the healing process [126,127]. Particularly, it has a key role in the final stages of the coagulation cascade 

and is formed at RT by the enzymatic reaction of fibrinogen with thrombin and CaCl2 [3,128]. Fibrinogen is 

constituted by three pairs of identical polypeptide chains (α, β and γ). When thrombin is activated, it cleaves two 

peptides from the α and β chains of the fibrinogen to form fibrin monomers. These will undergo end-to-end 

polymerisation to form long fibrin strands. Ca2+ ions are necessary to act as cofactors in the enzymatic conversion 

of fibrinogen to fibrin [128,129]. Fibrin fibrils can be further stabilized by Factor XIII or transglutaminase          

(Figure 10) [19].  

 

 

Figure 10: Mechanism of fibrin formation. Fibrinogen is constituted by three pairs of polypeptide chains. When cleaved by 
thrombin, two fibrinopeptides are released and fibrin is formed. Long fibrin strands will be further developed by end-to-end 

polymerization. Adapted from [130]. 

 

 

One of the main advantages of using fibrinogen as a bioink is the fact that it has excellent cytocompatibility, 

comprising motifs that promote cell-adhesion, growth factor binding sites and exhibiting angiogenic behaviour 

[3,19,44]. Fibrin promotes cellular production of ECM proteins, such as the basement membrane, which is crucial 

for the stabilization and maturation of vessels. It also promotes cell migration and proliferation and these 

properties may be caused by the incorporation of TGF-β and PDGF [41]. For these reasons, and along with 

collagen, it is one of the most used matrices in capillary formation tissue engineering [44,45,57,61,131]. 

Furthermore, it can be easily isolated from the patient’s own blood, which reduces the chance of adverse 

immune response [132]. Nevertheless, cell behaviour is affected by the biochemical and structural properties of 

fibrin gel [126]. Fibril diameter, porosity and other structural gel properties are affected by the concentrations 

of fibrinogen and thrombin, calcium ion content, temperature and pH during gelation. For example, a lower 

concentration of thrombin yields higher permeability and therefore, longer capillary structures are formed [56]. 

Rao et al. showed that network formation in ECs and MSCs co-cultures in fibrin/collagen matrices positively 

correlated to the fibrin content. It was also shown that there is an inverse correlation between matrix stiffness 

and capillary formation [126,133].  These properties can and should be manipulated and optimized to obtain the 

best results.  
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Some recent studies have shown that fibrin fibres display reorganization of the polymeric chains to a more 

linear and stretched conformation resulting from the printing process, in a similar way to other polymeric 

hydrogels that experience shear-thinning during extrusion [76,104]. As fibrin fibres align in the direction of the 

printed strands, 3D bioprinting seems to be a technique that could allow the production of fibrin gels with a 

specific fibre orientation. This effect has been shown to have an influence in directing the alignment of Schwann 

cells and could eventually also have an effect in other cell types, as cellular alignment is crucial for appropriate 

tissue function [104]. 

Despite its low viscosity being one of the main issues for its use in 3D bioprinting, irreversible crosslinking 

of this hydrogel is reported to occur in less than 1 min, which can facilitate its use for printing as long as the 

printed strands can be held in place for this duration  [116,117]. Degradation time of fibrin is quick due to plasmin 

and matrix metalloprotease motifs that are contained in the hydrogel and that lead to fibrinolysis. This feature 

can be an issue for long-term culture of cells, but may be prevented by the use of protease inhibitors such as 

aprotinin or tranexamic acid (TXA) [134,135]. On the other hand, this can also be an advantage as fibrin is 

completely biodegradable [128]. The chosen concentrations of fibrinogen, thrombin and CaCl2 influence not only 

the crosslinking time but also the stiffness of the resulting fibrin gel [66]. It has been reported that higher 

thrombin and fibrinogen concentrations might be associated with higher degradation rates of the hydrogel, 

despite leading to shorter gelation times and higher stiffness [76,136]. Due to the quick gelation properties, fibrin 

has the potential to be used as a bioink for in situ 3D bioprinting [116,137]. However, fibrin is a soft material with 

low elastic modulus, therefore it has weak mechanical properties. This results in the 3D bioprinted constructs 

being hard to manipulate and maintain post-printing [3,80].  

The most common applications of fibrin hydrogels in 3D bioprinting are concerned with the design of 

vascular structures and the printing of neural tissue [104,138]. Most of the studies in the literature with 

fibrinogen ink use the inkjet bioprinting technology, which is more suitable for using with low-viscosity bioinks 

[41,75,138]. With extrusion bioprinting, fibrinogen ink is rarely used, and the few studies published typically use 

it in combination with other components. England et al. used a printing strategy, which consisted in the use of a 

fibrinogen-factor XIII-HA bioink with encapsulated Schwann cells to print inside a solution of thrombin-polyvinyl 

alcohol. This system was developed to overcome the typical limitations to extrude fibrinogen inks [104]. 

Nevertheless, the best results so far regarding the resolution and diversity of printable constructs in extrusion 

bioprinting of fibrinogen ink were published by Hinton et al, using the FRESH technique. 
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1.4.1.3. Hyaluronic Acid 

Hyaluronic acid (HA) is a natural, linear glycosaminoglycan that consists of repeating units of N-acetyl-D-

glucosamine and D-glucuronic acid and is found in various tissues and fluids in the human body, particularly in 

ECM and cartilage [3,124]. It is one of the main components of the ECM and is a key player in regulating wound 

healing and angiogenesis. HA also has an important role in other cell functions, such as migration, proliferation 

and nerve regeneration. Due to the absence of RGD sequences, HA has poor cell adhesive properties, but it can 

be used in combination with fibrin, for example, to improve the attachment and migration of cells [139]. 

Regarding its influence in capillary formation, studies show quite contradictory results, which indicates a 

context-dependent response to different types of HA [78,140–142]. It has been shown that native high molecular 

weight (HMW) HA seems to antiangiogenic whilst low molecular weight (LMW) HA (3 to 10 disaccharide units) 

seems to induce angiogenesis and proliferation of ECs both in vivo and in vitro when HA is added to fibrin or 

other pro-angiogenic matrix [141,143]. However, recent studies do not support these results. Instead, it was 

shown that HMW HA does not seem to have a negative impact on capillary-like formation, although it may also 

not have a significant angioinductive behaviour as LMW HA [78,142]. Ibrahim et al. performed a study with adult 

rat aortic ECs cultured on Matrigel and has shown that HMW HA (1500 kDa) induces higher proliferation rates 

and the formation of thicker and longer individual tubes although with less lateral branching than the control 

without HA [142]. Lee et al., by seeding HUVECs and HDFs on a 90 kDa HA-Tyrosine conjugate-fibrin gel reported 

capillary tube formation after 7 days [78]. Apart from the described study, to our knowledge, no other studies 

that combined the use of HMW hyaluronic acid-fibrin gels, HUVECs and HDFs are available in the literature. 

For printing, since HA contains different functional groups, these are often modified to enhance its 

rheological properties, particularly to improve its rapid degradation rate, slow gelation behaviour and poor 

mechanical strength and cell adhesive properties [78,144]. One form of modification is methacrylated HA, which 

undergoes crosslinking through exposure to UV light in the presence of a photoinitiator [75]. HA exhibits good 

printability for 3D bioprinting due to its concentration-dependent viscosity and shear-thinning behaviour. The 

latter property also provides shielding effects to the cells during printing, which results in high cell viability. 

However, it is mainly used in extrusion bioprinting as a supportive hydrogel to alter the viscosity of other bioinks 

during the printing process as it does not have the necessary characteristics to hold the shape of the 3D 

bioprinted structures post-printing [75,104,145]. As an example, Kang et al. have used a bioink composed of 

gelatine, fibrinogen, HA and glycerol for bone, cartilage and skeletal muscle reconstruction, where HA was used 

to improve printing resolution and dispensing uniformity [97]. 
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1.4.1.4. Interaction between Hyaluronic Acid and Fibrin 

Both fibrinogen and HA are commonly unfeasible to use in extrusion bioprinting as bioinks on its own due 

to the issues mentioned in chapters 1.4.1.2. and 1.4.1.3.  However, the blending of these two hydrogels has the 

potential to generate a superior bioink, with improved printability and stability. 

One of the main problems of fibrinogen for 3D bioprinting is associated with its low viscosity and, thus, 

poor extrudability. In the literature, fibrinogen is usually blended with more viscous materials, such as alginate 

or gelatine to improve its printability and shape fidelity, without considering the effects that these additions have 

on cytocompatiblity [146]. HA, however, can not only improve the viscosity of fibrinogen for dispensing, but also 

interact with fibrin’s structure. Fibrin formed in the presence of HMW HA (≈1500 kDa) is reported to have thicker 

fibres and larger pores, which has been shown to promote cellular migration, particularly of endothelial cells. 

However, cells reportedly migrate as single cells, decreasing intercellular adhesion, and therefore the potential 

for capillary formation [78,147,148]. In the presence of HMW HA, the fibrin gels form over a longer clotting time 

and are less rigid. However, HA was reported to inhibit fibrinolysis  following plasminogen activation [147]. 

Besides improving dispensability, HA also has the potential to shield cells from the shear stresses on the walls of 

the printing nozzle, therefore, the combination of fibrinogen and HA seems to be a good compromise as long as 

3D structures are stable, and its manipulation is possible post-printing. 

1.4.1.5. Summary of the Characteristics of the Hydrogels 

As a summary of the previous chapters, some of the characteristics of the presented hydrogels are gathered 

in Table 3. These hydrogels were used in this thesis as bioinks and the reasons for their choice will be further 

explored in chapter 2. 
 

 

 

Table 3: Summary of the characteristics of each of the bioinks used in this thesis. Adapted from [75,117,144] 

Bioink 
Crosslinking 
mechanism/ 

Time  
Printability 

Printing 
Resolution  

(µm) 

Gel 
Stability 

(days) 

Printing 
Technology 

Cell 
Supportive 

Ability/ 
Cell Viability 

Applications 

Alginate 
Ionic 

(CaCl2)/ 
<10 s 

High 400-600 >14 
Extrusion 

Inkjet 
Laser 

Low/ 
>90% 

Vascular TE        
[95,125]  

Cartilage TE [93] 

Fibrin 

Enzymatic 
(thrombin/ 

Cacl2)/ 
<20 s 

Very Low n.d >14  

Inkjet 
Extrusion 
(only with 
support) 

Laser 

High/ 
≈75% 

Vascular TE 
[41,79] 

Neural TE [138] 

HA 

Physical (gel 
at RT) or 
covalent 

(photopoly
merization)/ 

Minutes 

High 730 >14 Extrusion 
High/ 
>90% 

Cartilage TE [149] 
Mainly used as 

supportive 
hydrogel [80,104] 
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1.4.2.  State of the Art in 3D Bioprinting for Vascularized Tissue Fabrication 

Currently, the most common strategies to bioprint vessels involve the use of sacrificial bioprinting, where 

sacrificial bioinks, such as gelatine and Pluronic F127, are used to create channels within hydrogel matrices, which 

are later removed for seeding of the vascular cells. Koleski et al. have developed a strategy to co-print GelMA 

and Pluronic F127. The Pluronic channels were liquefied after photopolymerization of GelMA and channels were 

seeded with HUVECs [150]. Not using sacrificial inks, Gao et al. have developed a coaxial extrusion nozzle which 

allows external flow of cell-laden alginate and internal flow of CaCl2, thus creating endogenous perfusable 

microchannels [95]. Regarding the use of fibrinogen, few studies focus on this bioink solely due to its 

challengeable printing properties. Koleski et al. have used a blend of fibrinogen and gelatine to print vascular 

channels, through the use of a 3D perfused chip and pluronic as a sacrificial ink to create the vascular channels 

[94]. To overcome the lack of resolution for microvascular printing, especially in extrusion bioprinting, embedded 

bioprinting has recently emerged as a promising technique and hollow vessels were already fabricated with 

resolutions as high as 0.1 mm when printed into Carbopol® support baths and of less than 1 mm in gelatine 

support baths [101-102].  

With 3D bioprinting, it is also possible to control cell placement. Controlling the spatial arrangement of the 

capillary network was already performed by Cui and Boland [41,151]. Although active patterning of vascular cells 

may provide high control in the initial organization of vascular structures, since endothelial cells are not static, 

the networks suffer remodelling, which may still result in a random organization of the vascular network [47]. 

Moreover, for this strategy to be successful, the printing resolution is required to be less than the diffusion limit, 

which is still a challenge for 3D bioprinting. The same issue prevents the creation of the complex 

microvasculature network existent in organs is still a challenge, since the printing resolution of common 

bioprinters (150-200 µm) is higher than the diameter of capillaries (10-20 µm) [1,152]. Therefore, for capillary 

formation, pre-vascularization and the use of angioinductive bioinks are currently the most used strategies. 

Despite the numerous attempts to create vascular networks in the macroscale, as previously described, it is likely 

that a combination of pre-vascularization strategies and the fabrication of large vessels could be the ultimate 

solution to the vascularization challenge in TE. Lee et al. have attempted this strategy by printing two fluidic 

vascular channels within a 3D collagen I matrix, using gelatine as a sacrificial material. HUVECs were seeded in 

these channels after the melting of the gelatine. Furthermore, pre-vascularization was performed between the 

printed channels. HUVECs and fibroblasts were deposited between these channels within a fibrinogen thrombin 

solution and a capillary network formed after 14 days. Angiogenic sprouting from the large fluidic channels was 

observed to merge with the pre-vascularized capillary network that formed between them [79]. In spite of the 

advancement that this study brought to the bioprinting vascularization field, the cells were only deposited, not 

printed. Thus, the effect of bioprinting on capillary formation is yet to be evaluated. 
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1.5. Aim and Motivation of This Thesis 

This thesis was carried out at the Institute of Applied Medical Engineering (AME) of the RWTH Aachen 

University, within the TracheaPrint project, financed by the Deutsche Forschungsgemeinschaft, which aims at 

the generation of a 3D printed pre-vascularized trachea.  

Previously, a new agarose-collagen blend has been established within this project, which revealed to have 

good printing properties when printed using an inkjet bioprinter and a perfluorocarbon supporting fluid             

[115,153]. In addition, this hydrogel exhibited the capacity to maintain high cell viabilities (above 80%) and to 

moderately support capillary formation [18,115]. The extent of capillary formation was, nevertheless, below 

expected, and considerably lower than what was obtained using a fibrin hydrogel [115]. Fibrinogen was not 

considered in the mentioned studies due to its poor rheological properties for printing. However, since Hinton 

et al. published the FRESH technique, the printing of soft hydrogels, such as fibrinogen, was no longer out of 

range [80]. Therefore, the goal of this thesis was to establish the FRESH printing method to print cell-laden fibrin-

derived hydrogels and to study cell behaviour and functionality post-printing.  

We hypothesized that by combining the use of a blend of fibrinogen and HA with the FRESH technique it 

would be possible to print complex structures with high shape fidelity, particularly structures with the shape of 

a trachea and vessels with bifurcations. HA was thought to facilitate the bioink dispensability at the nozzle and 

to further prevent the spreading of the bioink inside the support bath, keeping the bioink in place long enough 

for crosslinking. Rheological characterization of the chosen bioinks was performed to assess the influence of HA 

on viscosity of fibrinogen. 

In addition, we hypothesized that the resulting hydrogel would have the necessary properties to maintain 

cell viability and allow the proliferation of HUVECs and HDFs, in mono-culture and co-culture, post-printing. Both 

fibrinogen and HA were studied as hydrogels with potential for supporting the formation of capillary structures. 

To assess this hypothesis, HUVECs and HDFs were co-cultured encapsulated in moulded and printed FG-HA, to 

verify its potential for capillary formation and to study the influence of the printing process on the extent of 

capillary formation.  

The FRESH process, to our knowledge, has not been used in the literature to study angiogenesis. 

Furthermore, cell function post-printing was only rarely studied. However, it is crucial for the success of 

bioprinted constructs that more studies focus the influence of printing on cell behaviour and function for future 

in vivo studies and applications. 
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2.  Materials and Methods 

2.1. Cell Isolation, Culture and Passaging 

The primary cells used in the experiments of this thesis were obtained from human tissue, as approved by 

the Ethics Committee of the RWTH Aachen University Hospital and after written consent of the donors. 

2.1.1.  Human Umbilical Vein Endothelial Cells, HUVECs 

Isolation of HUVECs was performed as described by Helmedag et al. [154]. After delivery, each umbilical 

cord was placed in a urine beaker (Sarstedt) containing a transport buffer solution (composition of the buffer in 

Annex A) and stored at 4°C. Right before isolation, the umbilical cord was transferred to sterile phosphate 

buffered saline (PBS, Gibco) and placed at 37°C. All necessary solutions were heated to 37°C in a water bath 

(Lauda).  Isolation was carried under sterile conditions in a safety cabinet class II (Thermo Scientific). The umbilical 

cord was rinsed with PBS in a Petri dish to remove blood coagulates, two cannulas were inserted in each end of 

the umbilical vein and fixed with umbilical cord clamps (Sarstedt). The vein was rinsed with PBS and 5 mL of a 

0.2% collagenase solution (Gibco) was injected into the vein. Closure of both ends of the cannulas was assured 

by combination stoppers (Braun). Following 30 min of incubation at 37°C and 5% CO2, the umbilical cord was 

squeezed gently while 20 mL of PBS were used to rinse the vein and obtain the dissociated endothelial cells in a 

50 mL centrifuge tube (Sarstedt). Finally, a centrifugation step of 5 min at 500g was performed, the supernatant 

discarded, the cell pellet resuspended in 1 mL of Endothelial Cell Growth Medium 2 (EGM2, PromoCell) and 

medium volume adjusted to 10 mL. The cell suspension was finally seeded in a T75 cell culture flask (Greiner), 

previously coated with a 2% gelatine solution (Type B from bovine skin, Sigma). EGM2 medium was prepared by 

supplementing Endothelial Cell Basal Medium 2 (EBM2, PromoCell) with EGM2 Supplement Pack (PromoCell) 

and 1% Antibiotic-Antimycotic solution (ABM, Gibco). This medium was further used for cell culture (final 

concentrations and components of the medium can be found in Annex B). Medium change with EGM2 was 

performed every 2 to 3 days to assure adequate delivery of nutrients and growth factors to the cells.  Cell culture 

was maintained under incubation at 37°C in a vapour-saturated atmosphere with 5% CO2. 

Upon reaching 80-90% confluence, cells were passaged. Briefly, old medium was aspirated with a Pasteur 

pipette, cells were washed once with PBS and 0,04 mL/cm2 of Trypsin/EDTA (0.05/0.02% in PBS, PAN Biotech) 

was added. Cells were then incubated at 37°C during 4 min. To verify detachment of the cells, a light microscope 

(Zeiss, Axiovert 40C or Axiovert 25) was used. The reaction was neutralized by using two times the trypsin volume 

of pre-warmed Dulbecco’s Modified Eagle Medium + GlutaMAX™-I, (DMEM, Gibco) supplemented with 10% 

Fetal Calf Serum (FCS, Gibco) and 1% ABM. Cells were counted by placing a Neubauer counting chamber 

(BLAUBRAND), with 10 µL of the cell suspension, under an optical microscope at 100x magnification. Finally, the 

cell suspension was centrifuged 5 min at 500 g, the supernatant was aspirated, the pellet resuspended in 1 mL 

of EGM2 medium and the volume of medium adjusted to seed cells at a density of 5000 cells/cm2 in T175 flasks 

(total volume of medium used was 20 mL). All HUVECs used in experiments were between passages 3 and 4 to 

ensure representation of key endothelial characteristics. 
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2.1.2.  Human Dermal Fibroblasts, HDFs 

HDFs were isolated from skin tissue. The transport buffer used to store the tissue after surgery consisted 

of sterile DMEM supplemented with 10% FCS and 1% ABM. As in section 2.1.1., isolation was carried under sterile 

conditions in a safety cabinet class 2 (Thermo Scientific).  Briefly, blood and fat residues were first removed using 

a scalpel (Feather), the skin was washed in 70% ethanol for a few seconds and then three times 15 min in PBS 

containing 1% ABM. The skin was then cut into thin slices and incubated overnight at 4°C in dispase (Gibco), at 

the concentration of 50 U/mL of PBS. The next day, skin was incubated at 37°C and 5% CO2 for 90 min. Following 

one PBS wash, the epidermis was removed with forceps and the remaining tissue was cut into small pieces and 

incubated with 15 mL of collagenase at the concentration of 100 U/mL at 37°C and 5% CO2 for 2 hours. To 

facilitate digestion, vortexing was occasionally performed during these two hours. Collagenase reaction was 

stopped through the addition of 35 mL of DMEM and the resulting solution was filtered using a 100 µm cell 

strainer (BD Falcon).  Finally, centrifugation at 500 g for 5 min was performed, supernatant discarded, and the 

cell pellet resuspended first in 1 mL of DMEM culture medium and then volume adjusted to be seeded in a T75 

cell culture flask. DMEM supplemented with 10% FCS and 1% ABM was used as cell culture medium and changed 

every 2 to 3 days. Cell culture was maintained under incubation at 37°C in a vapour-saturated atmosphere with 

5% CO2.  

HDFs were passaged at a confluence of about 80-90% and used in experiments between passages 4 and 8. 

2.1.3.  Cell Freezing and Thawing 

Cells that were not immediately used in experiments were frozen for posterior use. For cryopreservation, 

cells were cultured until at least 80% confluence, trypsinized as previously described, counted and centrifuged 

at 500 g for 5 min. The medium in which cells were frozen consisted in a 1:1 proportion of cell culture medium 

(EGM2 for HUVECs and DMEM for HDFs) and freezing medium. The latter consisted in 60% of serum-free DMEM, 

20% FCS and 20% Dimethylsulphoxide Hybri-Max (DMSO, Sigma). DMSO is a cryoprotective agent that avoids ice 

crystal formation, thus preventing cell injury from the freezing process. Cells were then resuspended in a volume 

of medium such that each cryovial (Greiner Bio-One) held a final concentration of 2-5×106 cells and volume of 2 

mL. Cryovials were transferred to the -80°C freezer in a freezing container with isopropanol (“Mr.Frosty”, 

Nalgene), which allowed for a controlled 1°C/min cooling rate. After 24 h, cryotubes were transferred to the -

140°C freezer for long-term preservation. 

For cell thawing, cryovials were placed in a 37°C water bath for a maximum of 3 minutes and resuspended 

in 20 mL of DMEM with FCS. The thawed cells were counted using Trypan Blue exclusion method (Gibco) to 

assess cell viability, by mixing 1:1 10 µL of cell suspension and 10 µL of Trypan Blue and by pipetting 10 µL of the 

resulting solution into a Neubauer chamber. Centrifugation at 500 g for 5 min was held to remove DMSO and 

cells were resuspended and seeded at a density of 5000 cells/cm2 in adequate cell culture flasks. 
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2.2. FRESH 3D Printing Process 

2.2.1.  Preparation of the Gelatine Slurry Support Bath 

In order to be possible to print the fibrinogen inks, a microparticle gelatine slurry had to be prepared. All 

the materials used to produce the slurry were purchased together in a FRESH kit available from Allevi. The 

protocol followed was adapted from Hinton et al. [80]. To prepare the gelatine for the blending process, 250 mL 

of deionized water were pre-heated to 40-45°C on a hot plate (Heidolph) in a glass mason jar (Ball Inc.). Once 

heated, 10 g of gelatine (Type A from porcine skin, 300 Bloom, Allevi) and 0.4 g of CaCl2 (Allevi) were added, to 

hold final concentrations of 4.5 % and 11 mM, respectively. It is critical that the gelatine is not heated to higher 

temperatures, as heat can change its rheological properties. Once fully dissolved, the gelatine was stored 

overnight at 4°C. For further steps, 2 L of 11 mM CaCl2 solution were prepared and placed at 4°C. The next day, 

the remaining space of the jar was filled halfway with cold 11 mM CaCl2 solution and a spatula was used to 

separate the gelatine from the walls of the jar and introduce solution between the sides of the gelatine and the 

container. Then, a rubber O-ring (Osterizer MFG) was placed on top of the mason jar and solution was filled to 

the top until the jar was almost overfilling. This ensure as little air as possible stays inside the jar. After slowly 

placing the blade on top of the O-ring, the blender adapter was screwed tightly onto the jar. The jar was then 

placed at -20°C for one hour (until ice crystals started forming on the walls), which prevented gelatine from 

melting during the blending process. The mixture was blended at the highest speed (III) of the blender (Osterizer 

MFG) for 60 s. After blending, approximately 40 mL of slurry were pipetted into 50 mL centrifuge tubes and 10 

mL of cold 11 mM CaCl2 solution were added. After shaking to dilute the slurry, five centrifugation steps at 3800g 

and 4°C for 4 min were performed to remove the soluble gelatine, which appears as a white foam raft on top of 

the supernatant. After each centrifugation step, both the white gelatine raft and the supernatant were aspirated 

with a Pasteur pipette by a vacuum pump system (IBS Integra Biosciences), tubes were refilled with cold 11 mM 

CaCl2 solution and shaken vigorously to resuspend the slurry. Tubes with the slurry in suspension were stored at 

4°C until printing. 

For FRESH printing, the slurry in suspension was centrifuged at 230 g for 5 min, the supernatant discarded, 

and the slurry poured into the wells of 24 well plates (VWR) with the aid of a spatula. Two Kim-wipes (Kimberly-

Clark) were placed on top and allowed to saturate to remove excess fluid. Then, when printing with one of the 

fibrinogen inks, 375 µL of thrombin (20 U/mL, Sigma) were pipetted into each well and mixed with a spatula, so 

that the slurry would have a final concentration of 5 U/mL of thrombin in each well. The gelatine slurry was 

supplemented with thrombin and CaCl2 to guarantee the polymerization of both alginate and fibrin. After this 

step, the slurry was ready for printing. For 3D printing of cell-laden constructs, the slurry was prepared under 

sterile conditions. The CaCl2 washing solution, Kim-wipes and spatulas were autoclaved. As the gelatine solution 

could not be autoclaved, sterile double-distilled water was used to dissolve the gelatine and CaCl2 powders and 

1% ABM was added to prevent contamination. For the rubber O-ring, the blade and the blender adapter a 70% 

ethanol (EtOH) bath was performed for at least two hours under the hood, followed by a period of one hour for 

ethanol evaporation. Sterility was confirmed by incubating a sterile control flask containing 1 mL slurry and 5 mL 

DMEM for at least 5 days.  
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2.2.2.  Preparation of the Bioinks 

To prepare the alginate ink for 3D printing, alginate powder (Allevi) was dissolved in deionized water to 

obtain a solution of 2% alginate. For better visualization during printing, either 3% red food colouring or 1% black 

china ink were added to the ink. Alginate 2% was stored at 4°C. Alginate ink was used mainly to validate the 

method, this is, to verify that the gelatine slurry had been well produced and that it was indeed possible to print 

high resolution 3D structures. Due to its high viscosity and good printability, it was easier to start FRESH printing 

with this ink.  

A fibrinogen-hyaluronic acid (FG-HA) ink was developed, adapted from the ink used by Hinton et al. [80]. 

This ink consisted of 10 mg/mL of fibrinogen from human plasma (Merck Millipore) and 5 mg/mL of high 

molecular weight hyaluronic acid from Streptococcus Equi (bacterial glycosaminoglycan polysaccharide, mol wt 

~1.5-1.8 x 106 Da, Sigma). Stock solution of fibrinogen was diluted with Tris-Buffered Saline (TBS) to the desired 

concentration and the HA powder was added directly to this fibrinogen solution. After vortexing several times, 

the ink was left in the incubator at 37°C for at least two days prior to use to fully dissolve the HA. Fibrinogen inks 

at the concentrations of 10 mg/mL and 20 mg/mL were diluted from the stock solution with TBS. For better 

visualization during printing, 1% black china ink was added. 

For 3D printing of cell-laden constructs, only fibrinogen derived inks were used. In this case, the preparation 

of the inks was conducted under sterile conditions, with the same method as previously described. Right before 

printing, cells were harvested with trypsin, and counted with Trypan Blue, as previously described for cell 

passaging. Unless otherwise stated, cells were resuspended in EGM2 medium such that a final concentration of 

3×106 cells/mL in the ink was achieved. The volume of medium in which cells were resuspended was kept as low 

as possible to avoid altering the rheological properties of the ink. The final step to prepare the cell-laden bioink 

was to thoroughly mix the ink of choice with the cells by pipetting. Cell-laden bioinks were immediately used for 

printing after preparation to preserve cell viability. 

All of the inks (cell-laden and acellular) were transferred to sterile 10 mL Luer-lock plastic syringes (BD) and 

closed with combination stoppers until the start of the printing process. 

2.2.3.  3D Bioprinting System  

All of the 3D printed constructs presented in this thesis were fabricated using an Allevi 2 3D bioprinter 

(Allevi, formerly Biobots, CA, USA), which is represented in Figure 12, A. Allevi 2 is a pressure driven extrusion 

bioprinter, equipped with a pneumatic air compressor (California Air Tools), which allows pressure ranges 

between 0 and 100 psi. It also contains two heated extruder heads, with temperature control ranging from RT to 

160 °C. More technical specifications of the bioprinter can be found in Annex C. 

The Computer-Aided Design (CAD) models of hollow and non-hollow cylinders used for FRESH printing were 

designed using SolidWorks 2016 software (Dassault Systèmes). The CAD models of vessels were retrieved from 

GrabCAD. All CAD files were exported from SolidWorks as stereolithography (STL) files to be further processed 

in the software Repetier-Host (Hot-World GmbH & Co). In this software, the digital 3D models chosen were 

converted into G-code files containing all necessary instructions for the 3D printer. For slicing and generating the 
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G-codes, the software Slic3r (available within Repetier Host) was used. The several files obtained from this 

process are represented in Figure 11. 

 

Figure 11: Representation of the files obtained during the pre-printing process. A: CAD file; B: STL File; C: g code File. 

 

In Repetier Host software, several parameters had to be optimized for each of the bioinks and nozzles used 

for printing. Some of the most important parameters that were adjusted in Repetier Host include nozzle size, 

filament diameter, velocity of the printer, infill density, layer height and fill pattern. Several tests with each of 

the bioinks had to be performed to optimize these printing parameters. For parameters optimization, a 1mm 

diameter, 0.5 mm thickness, 4 mm height hollow cylinders were printed in series varying one of the parameters 

to optimize and maintaining constant the others. This process was repeated until full optimization of the various 

printing parameters. Printing pressure, which was set in the 3D printer software (Allevi Software) had also to be 

optimized. The tests performed to optimize the values for these parameters were crucial not only to have a good 

printing resolution but also to the overall success of the FRESH printing process.  

After the slicing step with the Slic3r software, a G-code file for each construct was saved and imported into 

the Allevi software. Right before printing, the 3D printer was calibrated in all three axis (x, y, z) and the type of 

printing recipient was defined in the software. Mostly, throughout this work, 24-well plates (VWR) were used. 

After this, the previously ink loaded syringes were fitted with the needle tip of choice. The standard dispensing 

needle (or nozzle) used in this work, unless otherwise stated, was a stainless steel 12.7 mm length, 30 Gauge 

needle, corresponding to an internal diameter of 150 µm (EFD Nordson). The syringe was then loaded into the 

printer’s syringe holder and the syringe height was calibrated such that the needle was immersed inside the 

gelatine slurry, as represented in Figure 12, B. Following this step, the printing process was started as soon as 

possible to avoid initiation of crosslinking and possible clogging of the nozzle. All bioprinted structures were 

fabricated at RT (approx. 24 °C) and the printing time was kept to a maximum of one hour in the case of the cell-

laden constructs to preserve cell viability. Sterility was maintained by printing inside a class II safety cabinet.  
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Figure 12: Allevi 2 Bioprinter (formerly Biobot 1) used to fabricate the 3D bioprinted constructs (A) and figure showing 
more closely the printing apparatus, specifically the syringe needle immersed in the gelatine slurry in one well of a 24-well 

plate (B). 

 

Right after printing, all constructs, independently of the bioink used, were allowed to polymerize for 20 min 

at RT inside the slurry. Following this time, in the case of alginate, the 24-well plate where the constructs were 

printed was immersed for one hour in a warm 1% CaCl2 solution to allow both the melting of the gelatine particles 

and to further crosslink the constructs. In the case of the fibrinogen inks, the plates were incubated at 37°C for 

an extra 20 minutes to melt the support bath and further crosslink fibrin gels. Finally, all of the constructs were 

rinsed with PBS and 1 mL of the appropriate cell culture medium type, supplemented with 0.16% w/v TXA 

(Carinopharm) to prevent fibrinolysis [135], was added to the wells of the 24 well plates that contained cell-laden 

constructs. These were then incubated in a vapour-saturated atmosphere at 37°C and 5% CO2 for the duration 

of the experiments. 

2.3. Rheological Characterization of the Bioinks 

For evaluating the viscosity of the bioinks used in this thesis, rheological evaluation of the samples was 

performed using a Kinexus Ultra+ rheometer (Malvern), fitted with a cone and plate geometry.  

Each sample was pipetted on the plate of the rheometer and the chosen test geometry was lowered. 

Samples measured corresponded to distilled water, alginate, fibrinogen 10 mg/mL, HA 5 mg/mL, FG-HA ink and 

FG-20 ink. In the case of the inks used for printing, both cell-laden and cell-free samples were analysed. Each 

sample was used for only one test. The viscosity was measured for each of the bioinks in triplicates, and in the 

case of cell-laden inks, three different donors were used to account for biological variability. 

For measuring low-viscosity fluids (distilled water and fibrinogen only inks), a 40 mm/1° cone geometry 

with a solvent trap, to prevent drying, was used for more accurate results, and the shear rate was increased from 

1 to 1000 s-1 over a ramp time of 20 min. For the higher viscosity inks (alginate, FG-HA and HA), a 20 mm/1° cone 

geometry with a solvent trap was used, and the shear rate was increased from 1 to 1000 s-1 over a ramp time of 

20 min. All measurements were performed at 25°C and the samples were allowed to stabilize for 5 min before 

starting the measurements.  
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2.4. Stability and Degradation of the Hydrogels 

To assess the stability and degradation of the 3D bioprinted constructs, triplicates of cell-laden and acellular 

FG-20 and FG-HA cylinders with 6 mm diameter and 2 mm height were fabricated. These constructs were 

cultured in EGM2 medium supplemented with 0.16% TXA in a vapour-saturated atmosphere at 37°C and 5% CO2 

and medium was changed three times per week. To study their degradation rate, samples were weighted on 

days 0, 1, 4, 7 and 14 and the percent difference in the weight of the constructs in day x and day 0 was calculated 

as represented in equation 1. 

 % 𝑀𝑎𝑠𝑠 𝐶ℎ𝑎𝑛𝑔𝑒 =  
𝑚𝑑𝑎𝑦 𝑥

𝑚𝑑𝑎𝑦 0

 × 100 (1) 

 

The samples’ diameter was measured with an Axio Zoom.V16 Stereo Zoom microscope (Zeiss), equipped 

with a 1.0x PlanNeoFluorZ objective. Images were processed using Zen 2 Pro software (Zeiss) and ImageJ. 

2.5. Imaging of printed constructs 

All the images used in this thesis to show both the printing process and the 3D printed constructs were 

taken using an iPhone 7 camera. Images were further processed with ImageJ software.  

For imaging of the printed cylinders’ internal structure, an Axio Zoom.V16 Stereo Zoom microscope (Zeiss) 

was used equipped with a 1.0x PlanNeoFluorZ objective. Images were processed using Zen 2 Pro software (Zeiss). 

 

2.6. Cell Experiments 

2.6.1.  Cell Viability Assay 

As a pre-experiment assess the influence the FRESH printing process has on the viability of the chosen cell 

types, particularly the influence that different printing parameters have, a cell viability assay with FRESH printed 

FG-HA constructs was performed. For this, 6 mm diameter, 1mm height cylinders were printed into the 

previously prepared support bath, as described in section 2.2.1. For evaluating the effect of dispensing pressure 

on cell viability, three different pressure ranges were chosen: 5.5-6, 7.5-8 and 9.5-10 psi. For evaluating the effect 

of the nozzle length, nozzles with 30G and 6.35, 12.7 and 25.4 mm length (EFD Nordson and Allevi) were used. 

The same experiment was performed with HDFs, HUVECs and in a co-culture of HDFs and HUVECs to evaluate if 

these parameters affected differentially the viability of the different cell types. The bioink preparation, cell 

harvesting and printing system proceeded as described in previous sections. As a control to evaluate if the FRESH 

printing process had an effect on cell viability, a 200 µL cell-laden fibrin-HA gel, was moulded into one of the 

empty wells. The concentrations used for moulding are described in Table 4. 
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Table 4: Reagents and corresponding final concentrations used in the moulded control gel. 

Reagents 
Final Concentration in the Gel 

(Fibrinogen-HA) 

Fibrinogen 10 mg/mL 

HA 2.5 mg/mL 

Thrombin 5 U/mL 

CaCl2 11 mM 

HUVECs 6×105 cells 

HDFs 6×105 cells 

TBS ---- 

 

As a control to study whether the gelatine support bath had an influence in cell viability, 200 µL of the cell-

laden FG-HA bioink were directly pipetted into one of the wells containing gelatine slurry.  

Following the printing process, the appropriate cell medium for each cell type was pipetted into each well 

and the plate was incubated for two hours. LIVE/DEAD staining was then performed by replacing cell culture 

medium with 300 µL of medium supplemented with calcein-AM (AAT Bioquest) at the concentration of 2 µg/mL. 

After this, cells were further incubated for 30 minutes, following which 3 µL of propidium iodide (Sigma) were 

added directly before imaging to each well for a final concentration of 2 µg/mL.  

2.6.1.1. Image Analysis and Quantitative Evaluation of Cell Viability  

The stained hydrogels were imaged using an Axio Observer.Z1 inverted fluorescence microscope (Zeiss) 

equipped with a 10x/0.45 M27 Plan-Apochromat lens. The AxioVision software (Zeiss) was used to acquire the 

images and, for the excitation of calcein and propidium iodide, wavelengths of 520/525 nm and 607/650 nm, 

respectively, were used. Z-stacks were acquired containing 10 slices at 20 µm distance from each other. For each 

sample, 6 images at random locations were taken.  

Images obtained from the fluorescence microscope were analysed using ImageJ software. Z-stacks were 

reconstructed with the z-projection function of ImageJ, which projects multiple images onto a single plane. The 

calcein channel was projected using the “Max intensity” function, whereas the propidium iodide channel was 

projected using the “Average Intensity” function. Following the projections, the channels were merged and 

coloured to obtain the final images used for counting cells. The acquisition of Z-stacks as well as the mentioned 

reconstruction were performed to improve the quality of the images and reduce the background caused by the 

thickness of the printed constructs. After reconstruction, cells were manually counted using the Cell Counter 

plugin of ImageJ. Finally, cell viability was calculated by using equation 2. 

 

 %𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠
× 100 (2) 
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2.6.2.  Cell Proliferation Assay 

For evaluating the effect that the FRESH printing process has on the proliferation of the cell types used in 

this thesis, a proliferation assay using the alamarBlue reagent (Invitrogen) was performed.  

Cells from three different donors of each cell type (HUVECs and HDFs) were cultured for 7 days prior to the 

experiment and harvested on the day of the experiment as previously described. The FG-HA ink was prepared as 

described in section 2.2.2 and the gelatine slurry as described in section 2.2.1. Cells were counted using Trypan 

Blue exclusion method and a Neubauer chamber. The bioinks were transferred to sterile 10 mL Luer-lock syringes 

and the standard needle (30 Gauge, 12.7 mm length) assembled. For this experiment, 8 mm diameter, 1 mm 

height cylinders were bioprinted and cultured for 14 days. 200 µL of the cell-laden FG-HA bioink were directly 

pipetted into wells containing gelatine slurry and were used as non-printed controls. Measurements with 

alamarBlue assay were performed 2 hours, 1 day, 3 days, 7 days and 14 days post-printing. For this, culture 

medium was removed and 600 µL of fresh medium containing 10% of alamarBlue reagent were added. The plate 

was incubated protected from light for 3 hours. AlamarBlue (or resazurin) reagent is reduced by living cells from 

its oxidized blue form to its reduced pink form (resorufin). This change can be detected by measuring the 

absorbance, which is proportional to cell viability, as only viable cells are able to reduce the compound. This is 

all performed in a cell-friendly non-toxic way, which allows the use of the same samples for the whole duration 

of the experiment [155,156]. The absorbance of the samples was analysed with a microplate reader (Infinite 

M200, Tecan), according to the manufacturers’ protocol. Briefly, following incubation, for each sample, 5 times 

100 µL of medium were removed and pipetted into the wells of 96-well plates. Absorbance was measured at 570 

nm and 600 nm. Samples were washed twice with PBS during 15 min, fresh culture medium was added, and the 

plate was further incubated until the next measuring day. Medium was changed on the days before the 

measurements. 

To calculate the percentage reduction of alamarBlue equation 3 was used. 

 

 %𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑙𝑎𝑚𝑎𝑟𝐵𝑙𝑢𝑒 =
(𝐸𝑜𝑥𝑖 600 × 𝐴570) − (𝐸𝑜𝑥𝑖 570 × 𝐴600)

(𝐸𝑟𝑒𝑑 570 × 𝐶600) − (𝐸𝑟𝑒𝑑 600 × 𝐶570)
× 100 (3) 

 

Where 𝐸𝑜𝑥𝑖600 is the molar extinction coefficient of oxidized alamarBlue at 600 nm (117216), 𝐸𝑜𝑥𝑖570 is 

the molar extinction coefficient of oxidized alamarBlue at 570 nm (80586), 𝐸𝑟𝑒𝑑570 is the molar extinction 

coefficient of reduced alamarBlue at 570 nm (155677) and 𝐸𝑟𝑒𝑑600 is the molar extinction coefficient of reduced 

alamarBlue at 600 nm (14652). 𝐴570 is the absorbance of test wells at 570 nm, 𝐴600 is the absorbance of test 

wells at 600 nm, 𝐶600 is the absorbance of negative control wells at 600 nm and 𝐶570 is the absorbance of negative 

control wells at 570 nm. These values were retrieved from the manufacturers’ protocol. 

Following this calculation, the data was normalized to the values obtained 2 hours post-printing and from 

that point onward cell growth rate was assumed the same for all the conditions. This normalization and 

assumption were made to allow the results to be comparable between conditions. 
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2.6.3.  Co-Culture Systems for 3D In Vitro Capillary Formation Models 

2.6.3.1. Fabrication of Moulded Hydrogels 

In order to study the effect that the chosen bioinks had on capillary-like network formation and also to 

have non-printed controls for the FRESH angiogenesis assay, a 3D angiogenesis assay was performed by moulding 

cell-laden hydrogels in 48 well plates (VWR) and culturing them for 14 days.  Briefly, cells of three different HUVEC 

donors and one HDF donor were freshly isolated, cultured and, on the day of the experiment, trypsinized as 

previously described. Cells were counted with Tryplan Blue exclusion method and a Neubauer counting chamber. 

Following centrifugation at 500g for 5 min, cells were resuspended with EGM2 medium at a density of 6×105 

cells/27,5 µL, for the final concentration on the gel to be 3×106 cells/mL for HUVECs and for HDFs. Gels were 

assembled by pipetting directly on the well plates the CaCl2, thrombin and TBS, the latter used to adjust the final 

gel volume to 200 µL, followed by the cell suspensions and finally the fibrinogen. Fibrinogen was carefully 

pipetted up and down several times to mix the gel while avoiding bubble formation. Finally, the gels were left to 

polymerize for 20 min at RT, followed by 20 min at 37°C. After this time, EGM2 medium, supplemented with 

0.16% TXA was added to each well and plates were incubated in a vapour-saturated atmosphere at 37°C and 5% 

CO2. Medium change was performed every other day. Four different gel compositions were evaluated. As a 

positive control, the lab’s established fibrin hydrogel protocol which has been proven to be angioinductive was 

used [115]. The other three hydrogels consisted in using the exact same reagent concentrations as in the bioink 

formulation both without HA, with lower HA concentration and the maximum HA concentration able to be 

dissoluble. The volumes and final concentrations for each of the reagents used in the moulding of 200 µL fibrin 

gels in 48 well plates are represented in Table 5.  

Table 5: Final concentrations in the gels and volumes used for the fabrication of the moulded gels in 48 well plates. 

Reagents 
Volume 

(µL) 
Fibrin 5 mg/mL  

(Control) 
Fibrin 10 mg/mL  
(FRESH w/o HA) 

Fibrin-HA  
10 mg/mL: 
1 mg/mL 

(FRESH with low 
[HA]) 

Fibrin-HA  
10 mg/mL:  
5 mg/mL 

(FRESH with high 
[HA]) 

Fibrinogen 100  5 mg/mL 10 mg/mL 10 mg/mL 10 mg/mL 
HA ---- ---- ---- 1 mg/mL 2.5 mg/mL 

Thrombin 15 3 U/mL 5 U/mL 5 U/mL 5 U/mL 
CaCl2 15 3.75 mM 11 mM 11 mM 11 mM 

HUVECs 27.5 6×105 cells 6×105 cells 6×105 cells 6×105 cells 
HDFs 27.5 6×105 cells 6×105 cells 6×105 cells 6×105 cells 
TBS ---- ---- ---- ---- ---- 

 

2.6.3.2. Fabrication of FRESH Printed Hydrogels 

To optimize cellular concentrations for angiogenesis in the FRESH printed constructs and to determine the 

effect that the FRESH printing process has on capillary network formation, a co-culture system for an in-vitro 

angiogenesis model was performed. For this, FG-HA and FG-20 inks were first prepared as previously described 

in section 2.2.2. Cells from three different HUVEC donors and one HDF donor were freshly isolated, cultured and, 

on the day of the experiment, trypsinized as previously described for cell passaging and counted with Trypan 
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Blue exclusion method and a Neubauer chamber. Gelatine slurry was then prepared, dispensed in the wells of a 

24 well plate and supplemented with thrombin as previously described. The cell suspensions were centrifuged, 

resuspended in medium to hold a final concentration of 3×106 cells/25 µL and carefully pipetted and mixed with 

each of the bioinks to hold final concentrations of 3×106 cells/mL, 4×106 cells/mL and 5×106 cells/mL. In this 

experiment, cylinders with 8 mm diameter and 2 mm height were printed and let to polymerize as previously 

described. After washing the structures with PBS, 1.5 mL of EGM2 medium were added to each well. Plates were 

cultured for 14 days in a vapour-saturated atmosphere at 37°C and 5% CO2. Medium was changed on the day 

after the experiment to remove possible residues of gelatine microparticles and after this every other day.  

2.6.3.3. Immunostaining and Two-Photon Laser Scanning Microscopy 

The presence of vascular structures was assessed by immunohistochemical labelling of the adhesion 

molecule PECAM-1 (CD31), highly expressed on early and mature endothelial cells, especially at the intercellular 

borders of adjacent cells [157]. For fixation of the gels in 24 well plates, the medium was removed, the wells 

were washed with 1 mL PBS and 1 mL ice cold methanol (-20°C, VWR) was added in each well and incubated for 

30 min at RT. With the aid of a spatula and a tweezers, the gels were transferred to 2 mL Eppendorf tubes. 

Following a PBS wash, 250 µL of a previously diluted monoclonal Anti-CD31 primary antibody (mouse anti-

human, Sigma) were added to each well. The primary antibody was diluted 1:100 in antibody diluent, which 

consisted on a solution of 3% Bovine Serum Albumin (BSA, Sigma), 0.16% TXA and 1% ABM, diluted in PBS. The 

samples were incubated in a vapour-saturated atmosphere at 37°C and 5% CO2 for 48 hours. After this time, the 

solution was removed and washed overnight at 37°C with 1 mL of PBS. The next day, after PBS removal, 250 µL 

of the secondary antibody Alexa Fluor 594 (goat anti-mouse, Life Technologies) at a dilution of 1:400 in antibody 

diluent were added and samples were further incubated, covered with aluminium foil, at 37°C for 48 hours. Three 

washing steps with 1 mL of PBS for 5 min each were performed. Staining with 4′, 6-Diamidin-2-phenylindol (DAPI, 

Roth) was performed by adding 250 µL of DAPI at a concentration of 1.5 µg/mL, for visualization of the nuclei. 

Finally, three washing steps with 1 mL of PBS for 5 min each were performed, and samples were stored in a 

solution of PBS, 0.16% TXA and 1% ABM, at 4°C and protected from light until imaging. 

For visualization of the formed capillary like networks, a two-photon laser scanning microscope (TPLSM, 

Olympus Fluoview 1000MPE) was used with a 25x water immersion lens (NA 1.05, Olympus Optical) and a MaiTai 

Deep-See Titan-Saphir Laser (Spectra Physics). The software Fluoview FV 10 4.2 was used to obtain the images. 

Three images per sample at random locations were obtained. The principle of two photon microscopy is that the 

combined energy of absorption of two photons is sufficient to induce a molecular transition to an excited 

electronic state. With two-photon microscopy, the light scattering by biological tissues is reduced through the 

use of longer wavelengths (there is less absorption and scattering of near infra-red light in tissues), making the 

acquisition of deep high-resolution images possible. Also, by using lower energies, this type of microscopy greatly 

reduces photodamage [158]. The settings used to acquire the z-stack images can be found in Annex D. 
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2.6.3.4. Image Analysis and Quantitative Evaluation of Capillary Structures  

In order to evaluate quantitively the lengths, surface areas, volumes and number of branching points of the 

capillary like networks present, the two-photon z-stack images were analysed with Imaris software (Bitplane 

Inc.). First, the oib files were imported into Imaris and the intensity was adjusted with the tool “Display 

Adjustment”.  In the menu “Surface”, an area was created over the vascular structures. Then, the threshold was 

set in the Surface menu to reduce the background and artefacts present in the images.  Different filters were 

applied to improve accuracy of the quantitative analysis. The “Number of Voxels” was adjusted to eliminate small 

structures, the “Sphericity” to eliminate round structures and the “Voxel Size” was set to further decrease the 

background. All these steps contributed to only consider the real vessel-like structures in the analysis. Finally, 

the averaged values for the area and volume of the capillary structures in each image were obtained from Imaris 

in “Statistics”. The number of branching points was manually counted. Cross-sections of the TPLSM image stacks 

were also obtained to assess the formation of capillary lumens. The length of the capillary-like structures was 

calculated from previously obtained parameters by assuming that the structures were cylindrical with a diameter 

d and a length L, with 𝑑 ≪ 𝐿. With the values of the volume V and the Area A retrieved from Imaris, the direct 

calculation of the length was performed using equation 4. All of the described parameters were used to evaluate 

the extent of capillary-like structure formation.  

 𝐿 =
𝐴2

4𝜋 ∙ 𝑉
 (4) 

 

2.7. Statistical Analysis 

The results obtained in this thesis are presented as mean ± standard error of the mean (SEM) displayed as 

error bars. N corresponds to the number of samples. The SEM, in the appropriate cases, was calculated 

considering error propagations. 

 𝑆𝐸𝑀 =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

√𝑁
 (5) 

 

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software). To determine the p-values, 

a one-way or two-way ANOVA test followed by either Tukey’s or Dunnett’s post-hoc test for multiple comparison 

were performed, appropriately. Two-way ANOVA was performed to account for the multiple independent 

variables present in some of the experiments. A student’s t-test was used when analysing only two datasets at a 

time. The significance level was denoted by asterisk symbols, and differences were considered significant when 

p-value was *<0.05, **<0.01, ***<0.001 and ****<0.0001.  
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3.  Results and Discussion 

3D bioprinting has seen an extraordinary development in the last few years, driving advancements in issues 

challenging traditional TE, such as vascularization [4]. However, most research focuses on short-term studies that 

even though show promising results, do not evaluate the long-term effects that the printing process has on cell 

function. In this study, we studied the effects that a novel 3D bioprinting technique (FRESH) and customized 

bioink blend have on a co-culture of HUVECs and HDFs. Since the ultimate goal of this co-culture is to pre-

vascularize the printed constructs in an attempt to mitigate the current diffusional limit, angiogenesis studies 

were performed to evaluate the long-term effects of printing on the co-culture. 

3.1. Rheological Characterization of the Bioinks 

Since viscosity is a property that affects the printability of the bioinks in a large scale, especially in the 

fabrication process, a study was performed to evaluate and compare the viscosities of the bioinks used in this 

work (Figure 13). To obtain the dynamic viscosities, shear rate ramps were performed between 1 and 1000 s-1, 

since this includes the range of shear rates reported in the literature as being generated in the printing process 

when using hydrogels (between 10-500 s-1) [147,159].  

 

 

Figure 13: Dynamic viscosity of cell-free bioinks. Dynamic viscosity of distilled water was measured as a reference. Data 
presented as Average±SEM for each shear rate point measured (n=3 independent samples per ink). 

 

The viscosity of distilled water was measured to assure that the chosen measurement parameters would 

yield realistic results. As expected, since water is a Newtonian fluid, its viscosity did not vary with the shear rate, 

except for low shear rates, possibly due to some instabilities in the beginning of the measurements. The mean 
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value obtained in the linear portion of the curve, 0.91 mPa s, is in the range of values found in the literature for 

distilled water, between 0.8-0.9 mPa s [160,161].  

All inks measured seemed to exhibit a shear-thinning behaviour typical of biopolymer solutions, particularly 

the inks containing hyaluronic acid (HA-5, FG-HA) and the fibrinogen-only inks (FG-10, FG-20). Alginate was also 

expected to exhibit shear thinning behaviour; however, the effect was quite subtle and only visible at higher 

shear rates, which can be explained by the low concentration of alginate used to prepare the ink (2%). The results 

obtained are, nevertheless, in accordance with results published in the literature for low concentration alginate, 

which vary between 100-150 mPa s in the chosen shear rate region [105,162]. In the case of fibrinogen inks, the 

results were comparable for both tested concentrations of 10 mg/mL (FG-10) and 20 mg/mL (FG-20). Therefore, 

viscosity seemed to not be significantly affected by fibrinogen concentration. For these inks, viscosities varied 

between 162.4 mPa s at lower shear rates and 1.7 mPa s at higher shear rates. Even though older studies in the 

literature suggested fibrinogen as a Newtonian fluid, a recent study by Benning et al. [76] obtained comparable 

results to the ones presented in this work using a similar measurement technique. Fibrinogen fibres have also 

been shown to display  a reorganization of the polymeric chains to a more linear and stretched conformation 

resultant from 3D bioprinting, in a way which is similar to that of other polymeric hydrogels that are known for 

its shear-thinning properties, which may suggest its shear-thinning behaviour [104]. Nevertheless, our results, 

which show a high standard error especially for low shear rates, may have been influenced by the cone-plate 

geometry used in the measurement. A plate-plate geometry would have been a better option for the 

measurement of low viscosity bioinks, yet it was not available in the lab. One interesting finding for the FG-HA 

ink is that its viscosity is considerably higher than the viscosity measured for either of its components, hyaluronic 

acid 5mg/mL (HA-5) and fibrinogen 10 mg/mL (FG-10). Studies have shown that fibrinogen and HA can interact 

with each other in the presence of an external salt (which is present in the TBS used to dilute the fibrinogen), 

possibly due to electrostatic interactions between the negatively charged HA at neutral pH and the cationic sites 

in fibrinogen, resulting in the formation of a loose network. This effect has been attributed as responsible for the 

increase in viscosity of HA in the presence of fibrinogen [163]. The dynamic viscosities of the HA-derived solution 

are in the range of values found in the literature (0.1-1 Pa s) [164]. The dynamic viscosities of the HA-derived 

solution are in the range of values found in the literature (0.1-1 Pa s) [163]. To conclude, the FG-HA bioink 

exhibited a significantly higher viscosity than the FG-only bioinks in the range of shear rates at which printing 

occurs. Even though on the lower range, this viscosity is within the viscosities used for extrusion bioprinting (0.03-

6×104 Pa s). With these results it is possible to verify the potential of the FG-HA bioink for extrusion bioprinting 

as its viscosity is closer to the viscosity of 2% alginate, which is widely used in 3D bioprinting. As for the fibrinogen-

only inks, the FG-20 ink was chosen to allow a faster crosslinking post-printing.  

Since the main goal of this work was to print with cell-laden bioinks, a comparison study between the 

viscosity of the chosen bioinks and their corresponding cell-laden version was performed (Figure 14). 
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Figure 14: Dynamic viscosity of the cell-laden vs cell-free bioinks used in this work. Data presented as Average±SEM for 
each shear rate point measured (n=3 independent samples per ink). 

 

These results show that cells indeed have an impact in bioink viscosity in the case of the FG-HA ink, but not 

for the FG-20 bioink. This effect can be explained by the already low viscosity of the FG-20 bioink. In the case of 

the FG-HA bioink, viscosity decreased by 55±1% in the cell-laden ink. This decrease in viscosity can be attributed 

to the fact that cells were resuspended in cell culture media prior to mixing with the FG-HA ink. Even though the 

cell suspension to bioink ratio was kept at 1:10, it still had an impact in the rheology of the final bioink, which 

could potentially influence printing resolution and dispensability. 

3.2. Optimization of Printing Parameters and Bioink Concentrations 

With the objective of defining the best printing parameters for each bioink, pre-tests were made to improve 

shape fidelity. Since the goal was to print inside the gelatine support bath and the inks were non-printable 

without support, common bioink development tests, such as line and lattice tests [165,166], were difficult to 

implement and would not result in the correct representation of the printed structures. Therefore, a hollow 

cylinder with 1 mm of diameter, 0.1 mm thickness and 5 mm height was chosen as construct to optimize the 

printing resolution by varying printing parameters and bioink concentrations. This shape was chosen as it 

resembles a hollow vessel. Moreover, by optimizing the parameters to allow the printing of a quite difficult and 

non-self-supportive construct such as the one described, it could be assumed that the printing of non-hollow, 

more self-supportive structures would be guaranteed.  All pre-tests were conducted without cells. 

First, the pressure to be used in printing was chosen as the minimum value that was capable of extruding 

each of the bioinks with the chosen nozzle, as was described in the methods section. Lower pressures, as 
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described in the literature, are also preferred to improve cell viability and function [65]. For each pressure, 

different velocities were tested to find the most suitable pressure-velocity combination that would yield the best 

shape fidelity. The infill density, another setting to be defined in Repetier Host was also evaluated and a 15% 

infill density was adopted for all studies that involved the printing of non-hollow structures. The most important 

printing parameters obtained from these tests for each of the bioinks and used in further experiments are 

represented in Table 6. It is important to mention that the infill volume of the syringe can affect the pressure 

settings, therefore, taking this into consideration, it was necessary to perform some adjustments to these values 

in some of the experiments. The pre-experiments were conducted with infill volumes of 1.5 mL. 
 

Table 6: Results from the optimization of printing parameters for the chosen bioinks. 

  Alginate FG-HA FG-20 

Medium 
Nozzle 

Printing Velocity 8 mm/s 8 mm/s 24 mm/s 

Pressure 7-8 psi 5.5-6.5 psi 3.5-4 Psi 

 

An important pre-test performed for the fibrinogen inks had the goal to optimize thrombin concentration 

in the FRESH slurry to allow the quick crosslinking of the FG-HA and FG-20 inks. The following concentrations 

were evaluated sequentially in a 24 well-plate by printing the test structure with FG-HA ink: 0.1 U/mL, 0.5 U/mL, 

1 U/mL, 3 U/mL, 5 U/mL and 7 U/mL. The best results were obtained with the use of thrombin at the 

concentration of 7 U/mL (Figure 15). It was possible to conclude that concentrations lower than 5 U/mL of 

thrombin in the support bath are not feasible for printing, resulting in the complete dissociation of the structures 

after the melting of the support bath. This happens not only because the crosslinking of the bioink does not occur 

completely for low thrombin concentrations but also since printed strands will tend to spread between the 

slurry’s microparticles. In order to have a high concentration of thrombin in the slurry, the proportion of 

thrombin volume to slurry volume can alter the gelatine bath’s rheological properties, resulting in a too liquid 

slurry that does not support the printing process. Therefore, the value of 5 U/mL, considered the minimum 

concentration necessary for the structures to hold their shape post-printing, was chosen for all experiments. This 

value was also chosen since higher concentrations of thrombin could result in additional problems such as nozzle 

clogging. These results are in contrast with the ones described by Hinton et al., where 0.1 U/mL of thrombin was 

used in the support bath and seemed to allow the printing of structures with good resolution [80]. This low 

thrombin concentration was possibly used to avoid altering the slurry’s rheological properties, which are crucial 

for successful printing of high-resolution structures. However, using the same protocol as described in the FRESH 

article, satisfactory printing resolutions could not be achieved here. 
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Figure 15: Images illustrating the results obtained from the optimization of thrombin concentration in the support bath for 

printing with fibrinogen. From left to right and up to down: 0.1 U/mL, 0.5 U/mL, 1 U/mL, 3 U/mL, 5 U/mL and 7 U/mL. 

A: Prior to melting the support bath. B: After melting the support bath. Scale bars: 1 cm. 

 

Finally, since the effect of pressure and nozzle length on cell viability was going to be evaluated in a 

following experiment, for the FG-HA ink two additional extrusion pressures were defined, followed by the 

optimization of the printing velocities for each of them. Optimization of the printing parameters for the other 

two chosen nozzle lengths was also performed (Table 7). 
 

Table 7: Optimized printing parameters for the different pressures and nozzles used in cell viability experiments with FG-
HA, for an infill volume of 1.5 mL. 

 Pressure Velocity 

Short Nozzle 5.5-6.5 psi 10 mm/s 

Medium Nozzle 
5.5-6.5 psi 
7.5-8.5 psi 

9.5-10.5 psi 

8mm/s 
18 mm/s 
30 mm/s 

Long Nozzle 5.5-6.5 psi 6 mm/s 

 

During the optimization tests, several issues associated with the printing process and the chosen bioinks 

were revealed. These had a great impact in the results obtained in this thesis. First, the bioprinter itself had some 

limitations. One of them was the inability to achieve a constant extrusion pressure, as this pressure varied 1-2 

psi during printing in relation to the original set pressure, with this variation more profound in the lower pressure 

range (3-5 psi). This problem has already been reported in the literature for pneumatic extrusion bioprinters [68]. 

This issue affected mainly the printing of the FG-20 ink, which revealed to be extremely difficult to extrude, as 

pressures lower than 3 psi would not allow the extrusion of any ink through the printing nozzle, whereas 

pressures higher than 4 psi would lead to the extrusion of too much ink into the slurry, resulting in a very poor 

printing resolution. This problem could have been solved by a higher printing velocity, however, the Allevi printer 

could not achieve velocities in the range of 20 mm/s. This issue had an influence especially in the reproducibility 

of the results for the FG-20 ink, as it was not possible to completely optimize the pressure/velocity settings. 

Another problem also related to the printer was the fact that it was not possible to control the volume extruded 

through the nozzle. This affected mainly the evaluation of the results of the cell experiments. It was quite difficult 

to compare results of cell-laden printed structures, as the number of cells in each construct was unknown, 
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especially in the case of the proliferation assay. Also, other issues such as nozzle clogging during printing, small 

variations in the nozzles’ internal diameters, viscosity variations of the cell-laden inks and pressure variations 

during printing may also have led to the construction of structures that even though seemed visually similar, 

could possibly not yield the same cell number. 

In order to calculate the volume of bioink required for each cell-laden printed construct and diminish cell 

number variability between printed and non-printed controls, a volume test was performed for the cell-laden 

FG-HA ink. This test was performed for printing pressures of 5.5-6.5 psi, 7.5-8.5 psi and 9.5-10.5 psi with medium 

nozzle, corresponding to the main ink and parameters used in cellular experiments. This test consisted in 

measuring the weight of a series of known volumes of the ink, followed by the measurement of the weight of a 

series of extrusion times. By adjusting the values obtained in both measurements through linear regressions 

(equations 6 and 7) and by combining them, it is possible to obtain the volume of the printed construct in function 

of the time of extrusion (equation 8). The extrusion time for each print was then easily obtained from the 

software Repetier Host. 

 

 𝑊𝑒𝑖𝑔ℎ𝑡 = 𝑚1 × 𝑉𝑜𝑙𝑢𝑚𝑒 + 𝑏1 (6) 

 

 𝑊𝑒𝑖𝑔ℎ𝑡 = 𝑚2 × 𝑇𝑖𝑚𝑒 𝑜𝑓 𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 + 𝑏2 (7) 

 

 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑟𝑖𝑛𝑡 =
𝑚2 × 𝑇𝑖𝑚𝑒 𝑜𝑓 𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 + 𝑏2 − 𝑏1

𝑚1

 (8) 

 

The results obtained from the volume tests for each pressure can be found in Annex E. Through these 

graphs, it was possible to infer the volume of ink necessary for each cell-laden FG-HA construct. These values 

were used as a reference to prepare experiments and to estimate the volume of each printed construct for 

further experiments. Other nozzle configurations were not analysed as they were used only for the cell viability 

assay, which did not require the knowledge of the initial cell number for achieving good results.  
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3.3. 3D Bioprinting of Hydrogels 

Following the optimization of all the variables that could affect the success of printing, the goal was to show 

that the FRESH printing process allowed the printing of structures with high resolution. Three main structures 

were chosen for showing this: hollow cylinders (same as used for optimization), resembling the shape of the 

trachea, bifurcated vessels, to show that more complex shapes could also be printed and non-hollow cylinders, 

which were chosen for the cellular experiments due to its higher stability. To facilitate the comparison of the 

printed results with the g code models from which they were generated, the latter will be provided next to the 

images obtained post-printing. 

3.3.1.  Acellular Constructs 

As mentioned in the methods section, due to being a relatively manageable ink to print, alginate was 

chosen to validate the FRESH printing method, in particular to verify if the gelatine microparticle bath had been 

well prepared and able to support the printing process. It was possible to validate the support bath as being 

capable of supporting considerably thin structures such as the one printed, with relatively good shape fidelity 

(Figure 16). The printed structures (Figure 16, B and C) resembled the model created with CAD software (Figure 

16, A), even though the diameter was 10-20% lower than the one designed (Figure 16, C). Regarding the height 

(Figure 16, B), due to being a very thin structure, the slight decrease in height can be attributed to the weight of 

the construct and this effect has already been described in the literature for other bioinks [159].  

 

 

Figure 16: Results from the alginate printing of a hollow cylinder with 1 cm diameter, 0.1 mm thickness and 5 mm height 
and corresponding measures for the diameter, height and thickness of the printed constructs. A: G code model; B: Lateral 

View; C: Top View. Scale bars: 0.5 cm. 
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Through the measurement of the thickness of the printed hollow cylinders it was possible to obtain what 

could be considered the printing resolution of the alginate ink with the FRESH method. The thickness of the 

constructs was between 400 and 500 µm (Figure 16, C), which is within the range for extrusion bioprinting with 

alginate, usually of about 400-600 µm when using conventional printing techniques [75].  

To verify that the support bath was also capable of supporting the printing of more complex structures, 

two additional alginate models were printed. The first, a bifurcated vessel (Figure 17, A and B) and the second a 

model of a lower respiratory tract (Figure 17, C and D). Both printed constructs were fabricated with high shape 

fidelity, were stable and could be manipulated post-printing. 

 

 

Figure 17: Results obtained through printing complex structures with alginate. A: G code model of a bifurcated vessel; B: 
Printed bifurcated vessel; C: G code model of a lower respiratory tract; D: Printed lower respiratory tract. Scale bars: 1 cm. 

 

After validating the method for alginate, the main aim of this thesis was to print with fibrinogen derived 

bioinks. As previously explained in chapter 1.4.1.2., the attractiveness of using a fibrinogen ink is concerned with 

its cytocompatibility and, particularly, with its angiogenic potential. To validate the FRESH technique with 

fibrinogen, the same type of structures as previously described were printed in a thrombin supplemented 

support bath. However, since fibrinogen is a less self-supportive ink than alginate, the hollow cylinder was printed 

with 4 mm height instead of 5 mm, to avoid the collapse of the structure post-printing. Additionally, a model of 

a filled cylinder with 1 cm diameter and 5 mm height was printed as the type of structure to be used in cell 

experiments.  

The first fibrinogen-derived ink used for printing was the FG-HA ink, since its improved viscosity with 

hyaluronic acid was expected to yield good printing results.  

A B

C D
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Figure 18: Results obtained from bioprinting the FG-HA ink with different models and corresponding measures of 
diameter, height and thickness. A, B. C: G code models used for printing; D: Top view of the printed constructs; E: Lateral 

view of the printed constructs. Scale bars: 1 cm. 

Results with FG-HA were also successful, even though constructs were quite fragile to be moved out of the 

support bath (Figure 18). Regarding the diameter of the cylinder-shaped constructs, in contrast with alginate, it 

was approximately 15% larger than the designed model (Figure 18, D). As for the height, the hollow cylinder was 

0.375 cm high instead of the designed 0.4 cm and the cylinder was 0.426 cm high instead of the designed 0.5 cm 

(Figure 18, E). It is possible that higher structures have a greater tendency to sink than lower structures, which 

results from the fragile nature of the hydrogel. Even though the thickness designed for the hollow cylinder model 

was the same as for alginate, in this case a thickness of approximately 1.54 mm was obtained and therefore 

considered as the minimum printing resolution of FG-HA ink. The more prolonged crosslinking time of FG-HA and 

consequent spreading of the printed strands between the gelatine microparticles may explain why the diameter 

of the cylinder-shaped FG-HA constructs was higher than expected. Despite being worse than the printing 

resolution of alginate, this resolution is still satisfactory, especially for a fibrinogen hydrogel, which is usually 

considered non-printable in extrusion bioprinting. An additional cylinder with 2 cm diameter and 1 mm height 

was printed and imaged under the microscope to show that it was even possible to distinguish each individual 

printed strand of FG-HA ink in the final printed construct as appeared in the g code model (Figure 19, A-C). It was 

possible to distinguish numerous air bubbles that are left trapped within the construct after the melting of the 

gelatine microparticles, resulting in a porous structure (Figure 19, C). 
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Figure 19: Representation of the printing detail achievable with the FRESH printing technique using a FG-HA ink. A: G 
code model; B: Printed structure inside gelatine support bath; C: Microscopic image of the printed construct using 7x 
magnification. Air bubbles (black dots) are visible throughout the construct resultant from the melting of the gelatine 

microparticles. Scale bars, B: 1 cm, C: 2mm. 

 

As for the bifurcated vessel, the shape fidelity was not comparable to the one obtained with alginate. 

However, the model of the vessel printed with FG-HA was itself of lower dimensions than the one printed with 

alginate. A slightly larger bifurcated vessel model was printed with FG-HA successfully and with high shape 

fidelity. It was even possible to distinguish the hollow channel of the vessel in its larger portion as indicated by 

the arrow in Figure 20, B. 

 

 

Figure 20: Representation of a g code model of hollow bifurcated vessel (A) and corresponding printed bifurcated hollow 
vessel (B). Scale bar: 1 cm. 

 

Finally, the FG-20 ink was also used to obtain some constructs, even though it was beforehand expected to 

have a poor printability due to its low viscosity. The obtained results confirm that this ink is not as good to obtain 

structures with high shape fidelity as the previous two bioinks (Figure 21). Nevertheless, structures still 

resembled the g code models. Printing resolution in this case was not assessed, since it was not possible to print 

any hollow cylinders with this ink. However, the diameter of the printed cylinder was the closest with the 

designed model of all bioinks (Figure 21, C) This may be due to the use of a higher concentration of fibrinogen in 

the ink (20 mg/mL instead of 10 mg/mL as in the FG-HA ink), which  results in a faster gelation inside the slurry 

right after printing [167]. 
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Figure 21: Representation of a g code model of a hollow bifurcated vessel (B), g code model of cylinder (B) and 
corresponding FG-20 printed constructs (C). Scale bar: 1 cm. 

 

Since the best printing results were obtained with the FG-HA ink, this bioink was chosen as the focus of this 

work in further cell experiments.  

3.3.2.  Cell-Laden Constructs 

Since it has already been reported the influence that cells have on bioink properties, thus affecting 

printability, the FRESH method was also validated for a cell-laden FG-HA ink. For this, HUVECs were used and 

mixed with the ink in the proportion of 1:10 to prevent changing its rheological properties. As before, the 

structures printed were hollow cylinders, to verify the ability of the ink to be self-supportive and bifurcated 

vessels to show the feasibility of printing more complex structures (Figure 22). These results are a step forward 

in the establishment of the FRESH technique since the printing of complex structures with a cell-laden FG-HA ink 

has to date not been performed. The printing of three constructs per model was performed to show the 

reproducibility of the results.  
 

 

 

 

Figure 22: Representation of the structures printed with a cell-laden FG-HA ink. A: Prior to melting the support bath; B: 
Post-melting the support bath. Scale bars: 1 cm. 
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Comparing the cell-laden results with the previously presented results for acellular FG-HA inks, in terms of 

shape fidelity all the constructs were similar to the designed models and also between themselves. Therefore, it 

is possible to conclude that the success of FRESH printing complex structures with FG-HA is not affected by the 

use of cell-laden inks. It is possible to verify that prior to the melting of the support bath the hollow cylinders’ 

diameter was smaller and post-melting there was an expansion. Although not represented in Figure 22, the 

diameter of the printed hollow cylinders pre and post-melting of the support bath was measured. The mean 

percent increase in diameter caused by the melting of the support bath was then calculated as being 19.6±2.3%. 

This is due to the low strength of the hydrogel and could possibly be improved by using a higher concentration 

of thrombin in the support bath to enhance crosslinking or a higher concentration of fibrinogen in the ink. 

However, as previously referred, this could lead to nozzle clogging and the results obtained were, nevertheless, 

satisfactory.  

The results obtained with the FRESH printing process were comparable to the ones obtained by Hinton et 

al. in the original FRESH article, further extended to the validation of the method for the printing of cell-laden 

complex structures with FG-HA ink and fibrinogen only bioink [80]. Regarding the alginate bioink, a study by 

Tabriz et al. [168] has been able to produce comparable complex structures by using a partially crosslinked state 

of alginate bioink, although with a considerable higher alginate concentration (8%), which negatively impacts cell 

proliferation and function. To date, no studies besides the original FRESH article have been published using the 

FRESH technique with either of the chosen bioinks.  

3.4. Stability and Degradation of the Printed Constructs 

In order to study whether the printed constructs were stable post-printing in terms of its degradation rate 

and contraction, a degradation study was performed by using cell-laden and acellular constructs. The cell-laden 

constructs corresponded to the co-culture of HUVECs and HDFs. The swelling and contractile characteristics of 

hydrogels were of importance to assure that cells have a stable environment to mature and proliferate. 

Furthermore, it is crucial that bioprinted constructs do not suffer from extreme changes in shape during in vitro 

cultivation, as in the long run this could compromise the success of in vivo implantation [76]. Swelling/contraction 

were evaluated by measuring the weight and the diameter of the constructs for 14 days.  

Results showed that there was a significant contraction of the cell-laden FG-HA hydrogels between day 0 

and day 1, both in terms of weight and diameter (Figures 23 and 24). Both types of hydrogels remained intact for 

the 14 days of the experiment. Also, further cultivation of the hydrogels beyond the end of the experiment 

proved their high resistance to degradation in EGM-2 medium supplemented with 0.16% w/v TXA. Samples were 

intact even after one month. 

Regarding the hydrogel diameter, the contraction was statistically significant (p<0.0001) for the FG-HA cell-

laden hydrogels as soon as one day post-printing (Figure 23 and 24, B). This effect was macroscopically evident 

(Figure 23). Even though to a less extent, this contraction was also significant for the acellular FG-HA hydrogel 

from day 4 onwards. The fibrinogen-only hydrogels, both with and without cells, showed no sign of significant 

reduction in diameter during the course of the experiment. Noticeable is the fact that only two hours post-
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printing, the diameters of the cell-laden FG-HA hydrogels were already quite smaller than the diameter of the 

remaining hydrogels analysed (Figure 24, B), maybe implying that a significant contraction had already occurred 

during this period of time. 

Concerning the mass, the reduction of hydrogel mass relative to the value measured two hours post-

printing was statistically significant for the cell-laden FG-HA hydrogel at all time points (Figure 24, A). This 

reduction happened mostly during the first 24 hours post-printing, as results indicated a stabilization of the 

weight after this initial reduction (Figure 24, A). In contrast, the acellular FG-HA hydrogels also exhibited a 

reduction in weight to a similar extent to that of the cell-laden FG-HA hydrogel, though this effect was more 

gradual over the course of the experiment (Figure 24, A). Regarding the FG-20 hydrogels, the results both with 

and without cells showed no statistically reduction in weight during the 14 days, only a slight reduction. The 

general reduction in mass of the hydrogels, especially between day 0 and day 1, can be attributed to the release 

of gelatine microparticles that are left captive inside the construct after printing into the support bath. Once the 

hydrogels were incubated, it is likely that these microparticles started to melt and left the construct. This process, 

however, does not explain the significantly large decrease in mass experienced by the FG-HA hydrogels. To our 

knowledge, this effect has not been reported in the literature. 

The higher extent of contraction exhibited by the FG-HA hydrogels with cells when compared to the ones 

without cells may seem to indicate that there was an interaction between the cells and the scaffold. It has already 

been reported that HDFs are able to reorganize fibrin fibrils into closely packed fibres, which result in a high 

contraction of the fibrin hydrogel occurring within few days of culture [169]. This phenomenon was verified 

throughout the experiments, as only hydrogels that contained fibroblasts (either in mono-culture or in co-culture 

with HUVECs) visually exhibited severe contraction, but not hydrogels containing HUVECs only (data not shown). 

It could also be that the presence of HA further enhances the tendency of the hydrogels to contract, which may 

be due to the cellular binding to HA via CD44 receptors, as has already been proven to happen in the case of 

collagen [170]. This would explain why there was a higher level of contraction in the case of FG-HA hydrogels, 

but not in the case of FG-20 hydrogels. The high concentration of fibrinogen (20 mg/mL) and, thus, the high 

stiffness of the FG-20 matrix may also have contributed to the low extent of contraction found both for cell-laden 

and cell-free FG-20 hydrogels.  

The obtained data showed that, despite the high printability of the FG-HA bioink, the contraction suffered 

by the fabricated hydrogel may impair its in vivo application. Nevertheless, this effect, if well characterized, could 

be prevented through the design of CAD models that account for this issue, that is, initially scaled to obtain a 

final construct of the desired size. This would be possible, as it has been demonstrated with this work that the 

diameter of constructs remained stable after the initial post-printing contraction. 

 

 

 

 



50 

 

 

Figure 23:  Representative images of the contraction of the cell-laden FG-HA hydrogels (A-E) and the acellular FG-HA 
hydrogels (F-J) over the time course of the experiment. The significant decrease in size of the cell-laden hydrogel especially 

between day 0 and day 1 is shown. Scale bars: 2 mm. 

 

 

Figure 24 : Weight and diameter of the different cell-laden and acellular hydrogels throughout the course of the 14-day 
experiment. Target diameter represents the value for the diameter of the constructs designed with the CAD software. Data 

expressed as Average±SEM (n=3). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Significantly differs from the relative 
hydrogel mass or hydrogel diameter measured two hours post-printing, using two-way ANOVA with Dunnett’s multiple 

comparisons test. 
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3.5. Influence of 3D Bioprinting on Cell Viability  

Cell viability is an important factor for the success of 3D bioprinting. To evaluate whether the FRESH printing 

process has an effect on the post-printing cell viability of the chosen cell types, a cell viability assay was 

performed two hours after fabrication. Parameters evaluated were, particularly, printing pressure and nozzle 

type, as it is known that these have the highest influence on cell viability post-printing [107,108]. The experiment 

was conducted with HUVECs and HDFs, both in mono-culture and in co-culture, to assess if cells types were 

differentially affected.  

Results showed that compared to the non-printed moulded control (Figure 25 A), the number of cells in 

each image seemed to reduce with increasing nozzle length (Figure 25, C-E). This effect was confirmed by 

counting the cells (data not shown). The cause for this is unknown as it has not been previously described in the 

literature, but it could be explained by an accumulation of cells at the entrance of the needle during printing, 

which would also explain the nozzle clogging that occurred more frequently with the longer nozzle. Furthermore, 

post-printing, it was possible to see a small number of cells floating in the media. It is possible that these cells 

were mostly present on the exterior portion of the hydrogel and, since not well encapsulated, probably did not 

attach to the hydrogel in such a short period of time. Even though cell number in the FRESH printed constructs 

was lower, the cells seemed to be well distributed throughout the hydrogel for smaller nozzle lengths (Figure 25, 

C and D), even if not as well distributed as for the moulded control (Figure 25, A). However, cell distribution was 

not as uniform for the longer nozzle (Figure 25, E). It is likely that this inhomogeneity resulted from printing in 

the support bath, as the non-printed pipetted control also displayed a less homogeneous cell distribution. 

 

 

Figure 25: Effect of nozzle length on cell number in comparison with the non-printed controls. Green: live cells; Red: dead 
cells. Moulded control (A), pipetted control (B), small nozzle (C), medium nozzle (D), long nozzle (E). Scale bars: 100 µm. 

 

Cell viability was maintained above 81% for all cell types and conditions evaluated (Figure 26, Tables 8 and 

9). This cell viability is within the range for extrusion bioprinting [23], and is above average when considering that 

the nozzle internal diameter was of 0.150 µm [107]. This high cell viability can be explained by the cell-compatible 

nature of the support bath, which corresponds to an aqueous, buffered environment [80]. Compared to the 

overall cell viability of 99.7% obtained by Hinton et al. [80] using the FRESH method, cell viability was generally 
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lower, which may be due to the constituents used in the cell-laden bioink, namely the different hydrogel 

precursor blend and cell types. Also, the fact that in the work performed by Hinton et al. [80] only thin sheets of 

cells were printed and not thicker structures, as performed in this work, may have contributed to a better cell 

viability, as cells encapsulated within thicker hydrogel networks will suffer from less access to nutrients from the 

medium. This effect is supported by the lower than 100% cell viability obtained for the moulded control. 

However, for our purpose, since the ultimate goal is to fabricate thicker structures, evaluating cell viability only 

within thin sheets would not have been a realistic approach.  

Overall, differences in viability were not statistically significant when comparing the non-printed moulded 

control with the pipetted and printed and conditions within each cell type. Differences were also not statistically 

significant when comparing values between different cell types. However, it was visible that the cell viability for 

the co-culture was in general a little bit lower than the corresponding viability for the mono-cultures within each 

printing condition evaluated (Figure 26, A and B). This effect has not been reported in the literature but may 

occur due to the higher total cell number encapsulated within the hydrogel, which may cause an increase in the 

shear stress sensed by the cells during the printing process. Also, a slight decrease in viability for higher cell 

pressures (P=9.5-10.5 psi, Table 9) and when using the long nozzle was found  (Table 8) The pressure effect has 

already been described in the literature [107]. Since transit time increases with nozzle length, it could be that 

this slight decrease in viability is due to the longer exposure of cells to shear stresses from the contact with nozzle 

walls. This decreases in viability were more evident for the co-culture, even though not statistically significant 

(p=0.88 and p=0.79, respectively for the higher pressure and longer nozzle, when using two-way ANOVA with 

Dunnett’s multiple comparison, comparing with the respective moulded control of each cell type). The lack of 

statistical significance can be attributed to the only slight increases in pressure between conditions, as it is 

possible that significant decreases in viability only occur for greater increases in pressure that really impact the 

shear stress cells experience. However, due to the low viscosity of the ink, higher pressures would not be suitable 

for printing. 

These results indicated that cell viability can be preserved and seems to not be affected by the FRESH 

printing process two hours post-printing. Furthermore, the gelatine slurry does not affect the viability of cells, as 

the pipetted samples exhibited a cell viability almost equal to the one obtained with the moulded samples, for 

each of the cell types and for the co-culture (Tables 8 and 9). Since there seemed to be no significant difference 

in cell viability for the pressures and nozzles evaluated, further work was performed by using a medium nozzle 

and the lowest pressure range (P=5.5-6.5 psi). The medium nozzle was chosen as it had the right height to allow 

the printing inside the gelatine support bath. Even though lower pressures are associated with longer printing 

times, which can potentially negatively impact cell survival especially if the printing process is prolonged for 

hours, the lowest pressure was chosen as it is usually stated in the literature that it is preferred for preserving 

cell viability and function [75,107,110].  
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Figure 26: Influence of nozzle type (A) and printing pressure (B) on cell viability of HUVECs and HDFs, both in mono-
culture and co-culture, assessed two-hours post-printing by LIVE/DEAD staining. Data expressed as Average±SEM (n=6). 

Moulded and pipetted are non-printed controls. Statistical analysis was performed against the moulded control using two-
way ANOVA with Dunnett’s multiple comparisons test. 

 

Table 8: Cell viabilities of HDFs, HUVECs and both cell types in co-culture assessed by varying the nozzle type. Data 
expressed as Average±SEM (n=6). Moulded and pipetted are non-printed controls. 

 HDFs HUVECs Co-culture 

Moulded 96.2±11.8% 94.5±10.2% 93.9±6.0% 
Pipetted 94.8±20.2% 94.3±4.7% 90.2±4.1% 

Small nozzle 91.7±3.9% 89.5±9.0% 89.3±7.8% 
Medium Nozzle 93.0±8.0% 92.7±13.2% 87.3±10.2% 

Long Nozzle 89.8±18.6% 90.9±4.0% 81.9±9.1% 
 

Table 9: Cell viabilities of HDFs, HUVECs and both cell types in co-culture assessed by varying printing pressure range. 
Data expressed as Average±SEM (n=6). Moulded and pipetted are non-printed controls. 

 HDFs HUVECs Co-culture 

Moulded 96.2±11.8% 94.5±10.2% 93.9±6.0% 
Pipetted 94.8±20.2% 94.3±4.7% 90.2±4.1% 
P=5.5-6.5 93.0±8.0% 92.7±13.2% 87.3±10.2% 
P=7.8-8.5 91.8±7.5% 92.1±17% 86.0±8.0% 

P=9.5-10.5 91.2±8.6% 90.6±10.8% 84.1±8.3% 
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3.6. Influence of 3D Bioprinting on Cell Proliferation  

Another important factor for the success of bioprinting concerns the ability to control the amount of cell 

proliferation, as both too little or too much proliferation can prevent the achievement of good results. It is crucial 

that cells are able to proliferate to an extent that allows the maintenance of viability of the bioprinted construct, 

although hyperplasia and apoptosis can occur if this proliferation is excessive, which is not desirable for long-

term homeostasis [64]. In order to study the effect that the bioprinting process with FG-HA bioink has on the 

proliferation of the cells used in this work, a proliferation assay was performed for 14 days, which corresponds 

to the duration of the angiogenesis assays posteriorly performed. As in section 3.5, the experiment was 

conducted with HUVECs and HDFs, both in mono-culture and in co-culture.  

Results showed that, overall, until day 7, cell proliferation was significantly affected by the printing process 

for all cell types studied, when compared to the respective non-printed pipetted controls (Figure 27 A-C). At day 

1, this difference was statistically significant for both cell types (HUVECs and HDFs in mono-culture), but not for 

the co-culture. At day 4 the differences in the proliferation of non-printed and printed constructs were significant 

for HDFs and for the co-culture and this difference was also quite large in HUVECs although not statistically 

significant (p=0.0630). These differences remained significant until day 7 for all cell conditions, however, by day 

14 differences in printed/non-printed proliferation were only significant for HDFs. This may indicate that even 

though cells were initially affected by the printing process, they seemed to recover to values similar to the non-

printed controls after 14 days.  

When comparing the proliferation results from the different days with the values obtained two hours post-

printing, at day 1 post-printing, the increase in proliferation was statistically significant in the case of the non-

printed controls of HUVECs and HDFs (p<0.001 and p=0.001, respectively), but not for the respective printed 

constructs or either of the co-culture constructs. At day 4 post-printing, it was possible to observe a general 

decrease in proliferation compared to day 1, except for the co-culture. This proliferation decrease was 

statistically significant when compared to the initial proliferation at day 0 for both the printed and pipetted HDF 

constructs. Also, for HUVECs, in the case of the printed construct, there was a decrease in the proliferation on 

day 4 compared to day 0, though not statistically significant (p=0.2140). The reason for the general decrease in 

proliferation on day 4 is unclear. Perhaps cells suffered from a lack of nutrients between medium changes. It is 

also possible that some cells were damaged from the experimental procedure, particularly due to the time it 

takes to print all the constructs and during which cells were subjected to stressful conditions and a lack of 

nutrients. It is unlikely that this decrease can be attributed only to the printing process as even the non-printed 

controls showed a decrease in proliferation between day 1 and day 4. Therefore, it is more likely that the stressed 

cells that were damaged from the experimental process took some time to die, as apoptosis can be a delayed 

process which occurs only after several cell divisions, depending on the cell type and on the experimental 

conditions [171,172]. The lower cell numbers from apoptosis processes may have translated into an overall lower 

proliferation values obtained on day 4. This could also explain why there was no decrease in proliferation at day 

1 compared to day 0, apart from the printed cells, which possibly died earlier due to the printing process. From 

day 4 until day 14, proliferation started to increase in all the conditions. By day 14, the increase was statistically 

significant when compared to day 0 in all conditions except for the printed HDFs. It has been reported that 
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fibroblast proliferation in floating collagen gels (tensionless) is reduced when compared to attached gels (with 

tension), which may explain why the proliferation in this case was not as much as expected, considering that this 

effect may also happen in fibrin gels [173]. Another explanation could be related with cells reaching over-

confluence, as the initial %alamarBlue reduction for HDFs was quite high (data not shown). These arguments 

may also explain why the proliferation of HUVECs seemed to be higher than the proliferation of HDFs. Usually, 

this is not the case, as it is known that fibroblasts are quite robust cells, whereas HUVECs are usually more 

sensitive about shear stresses and culture conditions [64,79].  

These results show that, even though cell viability seemed to not be affected post-printing, the effects of 

printing are visible long-term. The experimental procedure appeared to be quite harsh on cells, but proliferation 

results were promising, as cells were completely recovered by day 14.  

 

 

Figure 27: Effect of bioprinting on the proliferation of HUVECs (A), HDFs (B) and these cells in co-culture (C). Proliferation 
was determined by alamarBlue assay at days 0 (two-hours post-printing), 1, 4, 7 and 14. Results were normalized to the 
post-printing values and cell growth rate was assumed to be the same for all conditions to allow the comparison of the 

results. Pipetted conditions are the non-printed controls. Red dotted line represents the normalized proliferation two-hours 
post-printing. Data expressed as Average±SEM (n=3). *, **, ***, **** Significantly differs from the respective pipetted 

control for that day (between the bars, using two-way ANOVA with Tukey’s multiple comparisons test) or from the 
respective day 0 sample (above the graph, using two-way ANOVA with Dunnett’s multiple comparisons test) with p<0.05, 

p<0.01, p<0.001 and p<0.0001, respectively. 
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3.7. Capillary Formation Assays  

3D bioprinting ultimately aims at the fabrication of constructs scalable to human-size. However, due to the 

diffusion limitation already referred in chapter 1.2.3, the thickness of such tissues prevents the long-term survival 

and proliferation of cells, necessary for tissue maturation and implantation [79]. Thus, to assess the influence 

that both the designed bioink blend and the printing process itself have on capillary-like network formation, in 

vitro angiogenesis co-culture assays with HUVECs and HDFs were performed for 14 days. If present, this pre-

vascularized network could be able to prevent the loss of viability of the printed constructs, being a step forward 

into the clinical translation of 3D bioprinting. 

3.7.1. Moulded Gels 

Prior to printing, it was important to assess what would be the influence of the designed FG-HA blend on 

the formation of capillary structures and, particularly, the effect of the HMW HA. For this, results were compared 

to a fibrin gel control, which has already been established in the lab as an angioinductive hydrogel [115]. Due to 

the solubility limitation of 5 mg/mL of the HA used in this work, the final concentration used for moulding             

(2.5 mg/mL) was not the same as had previously been used for printing (5 mg/mL). However, this was performed 

so that the test conditions would be comparable to the fibrin gel control in terms of ratios. Moreover, as 

thrombin and CaCl2 are directly supplemented in the gelatine slurry support bath, the final concentrations of 

these constituents in the printed constructs is unknown, which prevents the exact replication of the printing 

results for moulding. 

Morphological evaluation of the images obtained through TPLSM images confirmed the formation of 

capillary-like structures in all tested conditions (Figure 28). Capillary distribution was uniform within the gels with 

very few round, not elongated cells present. Figure 28 A-C show the fibrin control, with all donors showing 

elongated and branched vascular networks, as expected. With the increase in the concentrations of fibrinogen, 

thrombin and CaCl2 as used in FRESH (Figure 28 D-F), a decrease in the complexity of the vascular networks can 

be observed, particularly in Figure 28 D, when comparing it to the respective control. The same observation is 

valid when evaluating the condition where there is the addition of 1 mg/mL of HA to the gel. For this condition, 

the reduction in capillary length, particularly, is evident in Figure 28 G. Donor 2, exceptionally, presented some 

complex vascular structures in some parts of the gel, as the ones presented in Figure 28 H, when compared to 

the structures exhibited in the same condition for the other donors. Results showed an overall increase in 

capillary complexity regarding capillary area, volume, length and number of branching points in the case of the 

gels containing a high concentration of HA (2.5 mg/mL), which can be seen in Figure 28 J-L. Capillary structures 

appeared to be thicker than in the control gels, this effect being particularly evident in Figure 28 L. This condition 

was the one of most interest, as it intended to replicate the same hydrogel conditions as used in FRESH 

bioprinting. 

There was a quite high donor variability, especially in the case of donor 2, which showed less complex and 

branched vascular networks, particularly visible in Figure 28 B and E. Donor variability is an intrinsic issue that 

studies with primary cells need to always take into consideration and which has already been described in the 

literature [174]. It could be prevented by using pooled cells from different donor instead of individual donors. 
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However, for TE applications, this would not be a realistic approach as, ultimately, the aim is to provide solutions 

adapted and specific to individual patients, whose cells will behave differently. 

 

 

Figure 28: TPLSM images of the moulded hydrogels following the cultivation of a co-culture of HUVECs and HDFs for 14 
days in different hydrogels compositions, stained for capillary visualization with CD31 (red) and nuclei visualization with 
DAPI (blue). A-C: Fibrin (5 mg/mL of fibrinogen, control); D-F: Fibrin (10 mg/mL of fibrinogen, as in FRESH without HA); G-I: 

Fibrin-HA (10 mg/mL of fibrinogen, 1 mg/mL of HA); J-L: Fibrin-HA (10 mg/mL of fibrinogen, 2.5 mg/mL of HA). n=3 
independent donors. Scale bars: 100 µm. 
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The previously described results were further supported through the quantitative evaluation and statistical 

analysis of the mean capillary area, volume, length and number of branching points (Figure 29 A-D).  

 

Figure 29: Quantitative evaluation of the mean capillary area, volume, length and number of branching points obtained 
from the TPLSM images acquired after the co-culture of HUVECs and HDFs for 14 days with the software Imaris. Data 

expressed as Average±SEM (n=3 independent donors and at least three images per donor). Fibrin (5 mg/mL) is the control. 
* Significantly differs from the fibrin (5 mg/mL) control with p<0.05 using one-way ANOVA analysis of variance followed by 

Dunnett’s multiple comparisons test. 

 

Quantitative evaluation showed a general increase in all of the measured parameters for the fibrin-HA            

(10 mg/mL:2.5 mg/mL) hydrogels in comparison with the fibrin (5 mg/mL) control (Figures 29 A-D). 

The mean value for the capillary area was of 28605.6±8068.2 µm2 in the case of fibrin-HA                                      

(10 mg/mL:2.5 mg/mL) against the value of 9099.5±2665.5 µm2 obtained for the fibrin control (Figure 29 A). This 
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trend was observed, with the value of 78455.6±14653.54 µm3 for fibrin-HA (10 mg/mL: 2.5 mg/mL) statistically 
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higher than the latter (Figure 29 B). Values of capillary volume for fibrin (10 mg/mL) and fibrin-HA (10 mg/mL:1 

mg/mL) were lower but not statistically different from the value obtained for the fibrin control,               

23036.2±5194.0 µm3 and 15830.2±8862.2 µm3, respectively. Both capillary area and volume were the lowest for 

the fibrin-HA (10 mg/mL:1 mg/mL) hydrogel, which suggests that this concentration of HA has an inhibitory effect 

in capillary formation. The reason why the lower concentration of HA did not induce capillary formation, even 

though the highest concentration of HA seemed to be angioinductive is unknown and, to our knowledge, has not 

been reported in the literature. It is possible that HA interacts with receptors present in endothelial cells, such 

as CD44 receptors, and that this mechanism requires an optimized concentration of HA to occur. The lower values 

relative to control obtained for fibrin (10 mg/mL) can be explained by the higher stiffness of the matrix for 

increasing fibrinogen and thrombin concentrations, as a higher stiffness is associated with a reduction in capillary 

formation [133]. Capillary length was the only parameter, which was not statistically different from the control 

in either of the tested hydrogels, which can be attributed to the high SEM resultant from calculation of this value 

from the values of area and volume, with the consequent propagation of errors. The generally high values 

obtained for the SEM result from the biological donor variability, previously described in this chapter. 

Nevertheless, fibrin-HA (10 mg/mL:2.5 mg/mL) capillaries were still the longest, showing an almost four-fold 

increase in relation to control. Finally, regarding the number of branching points, fibrin-HA (10 mg/mL:2.5 

mg/mL) showed a mean value of 5.8±2.3, two times higher than the value obtained for the fibrin control, and 

statistically significant (p=0.0420). 

To verify the presence of lumen in the capillary structures, cross-sections of the TPLSM image stacks were 

also analysed (Figure 30 A-D). Hollow capillaries were found in all hydrogel types. The control hydrogel and the 

fibrin-HA (10 mg/mL:2.5 mg/mL) hydrogel contained the highest number of hollow capillaries (Figure 30 A and 

D). The luminal diameters were measured and ranged between 4 and 21 µm, which are within the values for 

capillaries reported in the literature [115,175]. However, these values were higher in the case of the fibrin-HA 

(10 mg/mL:2.5 mg/mL) hydrogel (Figure 30 D), which proves the formation of thicker structures in this case. 

Another noticeable result from the cross-section images is that capillary structures seemed to be well distributed 

throughout all the depth of the images. This property would be of extreme importance in the case of clinical use 

to allow for the correct distribution of nutrients across the whole 3D bioprinted construct. 
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Figure 30: Cross-sections of the TPLSM images obtained with Imaris to show the presence of lumen in the capillary 
structures formed within fibrin (5 mg/mL of fibrinogen, A), fibrin (10 mg/mL of fibrinogen, B), fibrin-HA (10 mg/mL of 

fibrinogen, 1 mg/mL of HA, C) and fibrin-HA (10 mg/mL of fibrinogen, 2.5 mg/mL of HA, D). Lumens are represented by 
yellow arrows. Scale bars: 100 µm. 
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The previously presented results suggest that a hydrogel blend consisting of fibrinogen and a high 

concentration of HMW HA (fibrin-HA 10 mg/mL:2.5 mg/mL) not only allows for a high cell viability (above 90% 

as presented in chapter 3.5 for the moulded gels) but also has the potential to induce the formation of capillary 

structures with greater complexity than by using a fibrin-only hydrogel. Even though some authors have shown 

that HMW HA has anti-angiogenic potential [141,143], more recent studies started to suggest that this 

mechanism highly depends on the experimental conditions [140]. To our knowledge, the only study which has 

shown that HMW HA does not inhibit angiogenesis through a co-culture of HUVECs/HDFs has used a fibrin-HA-

tyramine hydrogel and the same concentration of HA used in our work (2.5 mg/mL), though with 90 kDa size. 

Authors reported the presence of vessels with lumens by day 7, although they did not compare the properties 

of the formed capillary structures with a fibrin-only control [78]. Park et al., using an in vivo Matrigel plug assay, 

and a 1MDa HMW HA, showed that this form of HA induced angiogenesis in a dose-dependent manner [176]. 

This is in accordance with our results, which showed that only the use of a higher concentration of HA induced 

angiogenesis. It is also possible that during the 14 day cultivation period cells bind to HA via CD44 receptors , 

which are also involved in the HA internalization, leading to its degradation by acid hydrolases [177]. This has 

already been proven to occur in the case of liver endothelial cells, which release LMW HA compounds into the 

medium post-uptake of HA [178]. It is plausible to think that a similar mechanism happens with HUVECs, in which 

case the HMW HA used in this work may have be broken into LMW fragments, which have been long identified 

as able to induce angiogenesis [141]. Further research on the mechanisms of capillary formation induction by HA 

should be conducted to assess the veracity of these statements. 

3.7.2.  FRESH Printed Constructs: FG-HA Bioink 

Following the optimistic results obtained with the fibrin-HA (10 mg/mL:2.5 mg/mL) moulded gel, the next 

step was to FRESH print with the FG-HA bioink and evaluate whether the formation of capillary structures was 

still possible. The bioink was prepared using three different cell concentrations, in order to study which would 

be the most suitable for capillary formation.  This was performed since in chapter 3.5 it was clear from the cell 

viability images that the cell number was lower in printed constructs when compared to moulded constructs. 

Therefore, using the same cell concentration as had previously been used for moulding could possibly not be 

enough for capillary development. 

Morphological evaluation of the images obtained with TPLSM showed a lower number of capillary 

structures present in the resulting hydrogels as well as a more inhomogeneous distribution of both the tubule-

like formations (red) and the cells (blue) (Figure 31 A-O), in comparison with the results obtained for moulding 

in chapter 3.7.1. Interestingly, results seemed to not have visible differences for the different cell concentrations 

used, as hydrogels with lower cell concentrations displayed as many capillary structures as higher cell 

concentration hydrogels. The fact that the extent of capillary structures present in the hydrogels was lower in 

printed constructs is in accordance with the cell viability results, which also showed a less homogenous cell 

distribution in the case of the printed constructs. With a less homogeneous cell distribution it is likely that the 

development of capillary structures could be impaired. 
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It was possible to distinguish two different types of structures, which were both present in almost all the 

gels analysed. The first type is visible in Figure 31 A, C-D, F-G, J-K, M and O. These figures show the typical and 

expected capillary structures, as exhibited for the moulded gels in chapter 3.7.1. However, a different type of 

structure was also present, not only but particularly near the top layers of the hydrogels, as represented in Figure 

31 B, E, H, I, N. These structures cannot be considered as capillary structures, as they resemble more the typical 

endothelial cell monolayer that forms in 2D cultures, with the CD31 signal present in the intercellular junctions 

[179]. It is possible that these monolayers are formed due to the printing process, as no similar structures were 

found in the moulded gels. We hypothesize that since the printing process occurs through layer-by-layer 

deposition, the cells align within the hydrogel in that same manner. This effect was more evident in the top layers 

of the hydrogels since the bottom layers are probably disrupted through the consecutive overlay of the 

subsequent layers of bioink during the printing process. Moreover, these structures were mostly found in the 

gels where the highest concentrations of cells were used (4×106 cells/mL and 5×106 cells/mL) whereas the typical 

capillary structures were found mostly with the lowest cell concentration evaluated (3×106 cells/mL). This is 

probably since it is more likely that monolayers will form when cells are tight than when cells are more dispersed.   

Even though the ability to align cells according to the printing design could be of interest for other 

applications in TE, in this case it may have prevented the formation of a more complex and uniform capillary 

network. Another interesting finding was that in some hydrogels it seemed that some of the capillary structures 

formed from this monolayer, as indicated by the yellow arrows in Figure 31 C and G. It could be that there is a 

higher probability that sprouting angiogenesis occurs starting from these monolayers of cells, leading to the 

formation of new capillary structures. Since the described structures are not what would be desirable for the 

pre-vascularization point of view, they were removed to perform the quantitative analysis of capillary area, 

volume, length and number of branching points.  



63 

 

 

Figure 31: TPLSM images of the printed FG-HA hydrogels following the cultivation of a co-culture of HUVECs and HDFs for 
14 days with different cell concentrations, stained for capillary visualization with CD31 (red) and nuclei visualization with 

DAPI (blue). Yellow arrows indicate points were the monolayers formed seemed to branch into capillary vessels. n=5 
independent donors. Scale bars: 100 µm. 
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Quantitative analysis showed that no significant differences between the different cell concentrations used 

were found in either of the parameters evaluated (Figure 32 A-D). It is important to take into account the high 

standard deviations obtained for these values, which result not only from donor variability, but also from the 

fact that capillary structures were not uniformly distributed within the gels. Regarding the hydrogels with cell 

concentrations of 3×106 cells/mL, which, as previously mentioned, were the most uniform in terms of the type 

of capillary structures formed, the mean values were, for capillary area, 33198.1±5186.2 µm2, for capillary 

volume, 83222.0±22962.4 µm3, for capillary length, 550.5±623.7 µm and for number of branching points, 

5.26±5.69. 

 

Figure 32: Quantitative evaluation of the mean capillary area, volume, length and number of branching points obtained 
from the TPLSM images acquired after the co-culture of HUVECs and HDFs for 14 days with the software Imaris. Data 

expressed as Average±SEM (n=5 donors and at least two images per donor). Statistical analysis was performed with a one-
way ANOVA analysis of variance followed by Tukey’s multiple comparisons test. 

 

 

 

 

As in the previous chapter, cross-sections of the TPLSM image stacks were obtained to verify whether the 

presence of lumen in the capillary structures was maintained post-printing (Figure 33 A-C). Hollow capillaries 

were present in the printed hydrogels, even though a lower number per cross-section than found in the previous 

chapter. Regarding lumen diameter, it is smaller than previously, ranging between 4 and 10 µm. It is interesting 

to note that the capillaries formed from the monolayers, which had been previously mentioned, proved to 

contain a lumen, as represented in Figure 33, C. 
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Figure 33: Representative cross-sections of the TPLSM images obtained with Imaris to show the presence of lumen in the 
capillary structures formed in the printed hydrogels. Lumens are represented by yellow arrows. Scale bars: 100 µm. 
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3.7.3.  FRESH Printed Constructs: FG-20 Bioink 

Since in chapter 3.3.1. a FG-20 bioink had been printed with moderate success, we performed an 

angiogenesis assay to compare the angiogenic potential of a printed fibrin only hydrogel with a printed fibrin-HA 

hydrogel. As previously, the bioink was prepared using three different cell concentrations to optimize capillary 

formation.   

The results showed no formation of capillary structures in either of the conditions or donors (Figure 34 A-

C). It was also visible a low cell number encapsulated within the hydrogels, in comparison with the previously 

presented results. This suggests that this concentration of fibrinogen is not suitable for cell encapsulation when 

printing. Since increasing fibrinogen concentrations lead to a higher stiffness of the matrix, it is possible that cells 

cannot survive in this environment. Similar results were obtained by Kniazeva and Putnam, which showed that 

an increase from 2.5 to 10 mg/mL of fibrin resulted in a significant inhibition of the mean total capillary network 

lengths which formed from HUVEC-coated beads [180]. 

 

 

Figure 34: Representative TPLSM images of the printed FG-20 hydrogels with a concentration of 3×106 cells/mL, following 
the cultivation of a co-culture of HUVECs and HDFs for 14 days, stained for capillary visualization with CD31 (red) and 

nuclei visualization with DAPI (blue). n=3 independent donors. Scale bars: 100 µm. 

 

3.7.4.  Comparison between the Potential for Capillary Formation 

Demonstrated by Moulded and Printed Constructs 

To compare the quantitative parameters that characterize the capillary structures present in the moulded 

fibrin-HA (10 mg/mL:2.5 mg/mL) and the printed FG-HA hydrogels, a statistical analysis was performed (Figure 

35 A-D). Results showed that even though, as previously stated, the number and complexity of the capillary 

structures present in the printed hydrogels was lower, the structures present in the printed hydrogels were 

comparable to the ones presented in the moulded hydrogels in terms of capillary area (33198.1±5186.2 µm2 vs. 

28605.6±8068.2 µm2 vs. for the moulded) and volume (83222.0±22962.4 µm3 vs. 78455.6±14653.5 µm3 for the 

moulded) (Figure 35 A and B). However, capillary length (596.0±292.7 µm vs. 878.6±514.1 µm for the moulded) 

and, particularly, the number of branching points (5.3±5.7 vs. 19.3±5.2 for the moulded) were two parameters 

which resulted in lower values in the printed hydrogels (Figure 35 C and D). For the latter parameter the 
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difference was quite high, even though not statistically significant (p=0.1481). Neither of the comparisons was 

considered statistically different, which is probably due to the high standard errors obtained. 

 

Figure 35: Quantitative comparison between the capillary parameters of the moulded fibrin-HA (10 mg/mL of fibrinogen, 
2.5 mg/mL of HA) hydrogel and the printed FG-HA hydrogel. Data expressed as Average±SEM (n=3-5 independent donors 

and at least two images per donor). Statistical analysis was performed with a student’s t-test. 

 

The previous results show that, even though the extent of capillary formation in the printed hydrogels has 

proven to be lower than in the corresponding moulded hydrogel, results were still promising in the creation of a 

printable bioink with potential for capillary formation.  
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4.  Conclusions and Future Work 

The development of bioinks suitable for 3D bioprinting in terms of printability, resolution and stability, 

which are also able to promote cell adhesion, migration and differentiation is, to date, still a challenge in the 3D 

bioprinting field [115]. This is particularly true when the goal is to find a bioink that, besides the abovementioned 

properties, has potential for de novo capillary formation. This feature is of highest importance for the translation 

of TE into clinical practice. Only through vascularization is it possible to keep tissues viable for a long time, which 

requires the supply of oxygen and nutrients as well as removal of metabolites. Some authors have already shown 

that it is possible to print macrovascular channels or use a combination of macrovascular channels and                  

pre-vascularization strategies to perfuse 3D printed constructs [79,150,181,182].  However, only a few authors 

have reported a successful development of bioinks with both printing and angiogenic potential and, to our 

knowledge, none have studied the effect that the 3D bioprinting process itself has on the cell ability for 3D vessel 

formation [115,183]. Therefore, our goal was to create a bioink that allowed the printing of complex structures, 

while maintaining the potential to induce 3D capillary formation.  

Rheological evaluation of the designed FG-HA bioink showed a higher viscosity, preferable for printing, 

when compared to its individual constituents, which is probably due to interactions between the fibrinogen and 

HA chains. Evaluation of the viscosity of the cell-laden FG-HA bioink revealed a decrease of approximately 55% 

when compare to the acellular bioink. Using the FRESH printing technique, it was possible to print complex, high-

resolution structures using the developed FG-HA bioink. These structures included bifurcated vessels, cylinders 

and rings, which revealed high shape fidelity when compared to the respective CAD designs and were able to be 

handled post-printing, despite its soft nature. Furthermore, this process was validated for the printing of a cell-

laden FG-HA bioink, with similar outcomes. The printing results obtained were comparable to the ones obtained 

by Hinton et al. [80], from which the FRESH technique was based.  

A degradation study performed for 14 days revealed a high contraction of the crosslinked cell-laden FG-HA 

hydrogels between day 0 and day 1 post-printing. This effect was confirmed by a more than 50% reduction in the 

hydrogel mass as well as a reduction of approximately 30% in hydrogel diameter. The reduction of mass is likely 

due to the melting of trapped gelatine microparticles from the support bath. This tendency was also verified on 

a less extent to the FG-HA hydrogel without cells, which revealed a lower rate of hydrogel mass loss and a more 

stable diameter throughout the 14 days. This has been attributed to the interaction of cells, particularly 

fibroblasts, with the surrounding matrix. It has been hypothesized that, as hydrogels that did not contain HA did 

not suffer such contraction, cells may interact specifically with HA, possibly via CD44 receptors. The contraction 

observed is a feature which will require correction in further studies, as it could severely impair the possible use 

of this bioink for in vivo applications. Correction may implicate the design of CAD files which account for this 

contraction pre-printing. An improved support bath could, at least, prevent the decrease in weight attributed 

the gelatine microparticles, and, possibly, improve the overall contraction process. For this, it could be interesting 

to verify if it would still be possible to print this bioink using a Carbopol support bath, which, with particles as 

small as 7 µm, could lead to better results [101]. 

Regarding cell compatibility, non-printed FG-HA hydrogels showed a high cell viability (above 90% for all 

cell types studied), which confirms the inherent cytocompatibility of this bioink. Furthermore, it was possible to 
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maintain a cell viability above 81% post-printing for all conditions evaluated, which suggests that this hydrogel 

has the ability to shield cells against the shear stresses associated with the printing process. Higher pressures or 

nozzles with different lengths did not significantly impair cell viability. A slightly less homogenous cell distribution 

was found in printed encapsulated hydrogels compared to non-printed, which is possibly due to the support bath 

microparticles. As previously mentioned, an improved support bath, with smaller microparticles, could possibly 

prevent this issue. Nevertheless, the support bath had no influence on cell viability. Despite the fact that cell 

viability showed to not be affected by the printing process, long-term effects were visible by performing a 

proliferation assay for 14 days. In general, printed cells showed lower proliferation rates compared to the 

respective non-printed controls on all the measurement days. Compared to day 0, the proliferation rates were 

the lowest on day 4. This may have resulted from a lack of nutrients during incubation between day 1 and day 4 

or from the death of cells that suffered from slow apoptosis processes, resulting from printing damage. In the 

latter case, a lower cell number on day 4 would result in overall lower proliferation values. Although on a smaller 

scale, this effect was also visible in non-printed cells, which suggests that perhaps the time of the experiment 

was too long to maintain cell viability. Nevertheless, cell proliferation recovered by day 7 and seemed to continue 

to increase until day 14. 

A fibrin-HA (10 mg/mL:2.5 mg/mL) hydrogel, with similar constitution to the one used for printing was used 

as a non-printed control and showed intrinsic ability to promote the formation of complex and branched vascular 

networks. Quantitative evaluation showed up to 3-fold increase in the area, volume, length and number of 

branching points of the formed capillary structures, when compared to the fibrin control, previously established 

as angioinducive [115]. The presence of lumens was also verified through cross-sections of the TPLSM images 

obtained. This finding proved the ability of HMW HA to induce angiogenesis, when present in the hydrogel at a 

high concentration.  

FRESH printed hydrogels showed lower potential for capillary formation and less complex capillary 

networks than moulded hydrogels. This may be partly due to the printing process itself impairing cellular function 

and partly due to the higher concentration of HA present in the FG-HA bioink in comparison with the fabricated 

moulded hydrogels. This combination of factors most certainly had an influence on the final results. 

Nevertheless, tubule-like structures were found in some parts of the hydrogels and quantitative analysis showed 

that the structures present were comparable to the non-printed controls in terms of area and volume, with 

length and capillary branches values below the non-printed controls. Lumen formation in the formed networks 

was verified by cross-sections, and diameter values for printed constructs were lower than for the moulded 

controls. Wu and Ringeisen [62] performed a 2D angiogenesis study in Matrigel, in which HUVEC capillary 

formation could not be maintained more than 1-day post-printing. To our knowledge, no 3D studies on the 

influence of bioprinting in capillary formation have been performed. They hypothesized that VEGF may be 

required after the first few days of printing, to maintain the established vessels and potentiate their growth [62]. 

Stimulation with VEGF could be performed to see if the formation of capillary structures would be enhanced. 

Different cell sources could also be used to improve results, namely lung fibroblasts were reported to exhibit 

improved results in capillary assays in comparison with dermal fibroblasts [79]. In addition, microvascular ECs 

could also be used.  
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Regarding the use of HA, our results seem to indicate that HA stimulates angiogenesis in a dose-dependent 

manner and that there is an optimal concentration of HA for this mechanism to occur. We have hypothesized 

that, during the 14 day cultivation period, cells encapsulated in the hydrogel may bind to HA via CD44 receptors, 

which are also involved in  HA internalization, leading to its degradation by acid hydrolases [177]. This has already 

been proven to occur in the case of liver endothelial cells, which release LMW HA compounds into the medium 

post-uptake of HA [178]. Further work should study the mechanism by which this process occurs and verify this 

hypothesis.  

 One interesting feature about the FG-HA printed hydrogels is that some structures that resembled the 

typical endothelial cell monolayer that forms in 2D cultures were present. We hypothesized that this occurs due 

to the printing process, which occurs layer-by-layer, and that this could lead to the alignment of cells also in 

layers within the hydrogel.  

It would also be interesting to verify if printing with the same HA concentrations as used for moulding in 

chapter 3.7.1 would be feasible. This would allow to verify whether the decrease in capillary formation which 

occurred in the case of printed constructs was because of the higher concentration of HA used for printing or the 

printing process itself. If shape fidelity was compromised due to the lower viscosity of this ink, the use of factor 

XIII or transglutaminase could be an option to reduce the crosslinking time of the hydrogel. 

For the future application of producing a pre-vascularized trachea, studies on the mechanical properties of 

the resulting hydrogel should be performed.  

Another interesting study to perform would be a chick chorioallantoic membrane assay. The chorioallantoic 

membrane is an extraembryonic membrane present in the chick, which is commonly used in vivo to study vessel 

formation. Hydrogels can be placed on this membrane through a hole cut in the egg shell [184]. After incubation, 

this method could be used to evaluate whether the pre-vascularized network present in the hydrogels could be 

an advantage with regards to a quicker integration between the TE constructs and the host vasculature. 

Concluding, the results indicated an improved formation of capillary structures in comparison with the 

results obtained for the agarose-collagen hydrogel which had been previously developed. Thus, the project was 

well succeeded. We were able to demonstrate that the FG-HA bioink, when printed using the FRESH technique, 

has a high potential for future vascularized tissue fabrication.  
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Annex 

A. Umbilical Cord Transport Buffer Composition  

Table 10: Details of the umbilical cord transport buffer composition. 

Components Final Concentration Manufacturer 

Sodium Chloride 8 g/L Sigma 
Potassium Chloride 0.3 g/L Merck Millipore 

HEPES 2.38 g/L Sigma 
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Glucose 2 g/L Merck Millipore 
ABM 1% Gibco 

 

B. EGM2 Medium Composition 

Table 11: Details of the proliferative medium composition used to maintain HUVECs in culture and in co-culture 
experiments. 

Components Final Concentration (in 500mL of EBM2) Manufacturer 

FCS 0.02 mL/mL PromoCell 
Epidermal Growth Factor 5 ng/mL PromoCell 

Basic Fibroblast Growth Factor 10 ng/mL PromoCell 
Insulin-like Growth Factor 20 ng/mL PromoCell 

VEGF Factor 165 0.5 ng/mL PromoCell 
Ascorbic Acid 1 µg/mL PromoCell 

Heparin 22.5 µg/mL PromoCell 
Hydrocortisone 0.2 µg/mL PromoCell 

ABM 1% Gibco 

 

C. Allevi 2 Technical Specifications 

Table 12: Allevi 2 Technical specifications. 

Print Resolution 150 µm 
X,Y Precision 5.5 µm 
Z Precision 5 µm 

Extrusion Mechanism  Pressure driven 
Pressure Range 0-100 psi 

Extrusion Heating (Extruder 1) RT – 160°C 
Build Structure Petri Dish, Tissue Culture Plates 

Weight 8.6 kg 

 
D. TPLSM Settings used for Image Acquisition 

Table 13: Settings of the TPLSM used to acquire z-stacks of capillary-like networks existent in the hydrogel samples 

Scanning Speed 2 µs/pixel 
Size 500 µm x 500 µm 

Z-step 1 µm 
Z-stack 150 µm 

Laser Power 800 nm 
Filter Mode Dual Kalman Filter 

 

 

E. Volume Test Results 
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Figure 36: Results from the volume test using a FG-HA cellularized ink with medium nozzle and pressure in the 

range 5.5-6.5 psi. 

 
Figure 37: Results from the volume test using a FG-HA cellularized ink with medium nozzle and pressure in the 

range 7.5-8.5 psi. 

 
Figure 38: Results from the volume test using a FG-HA cellularized ink with medium nozzle and pressure in the 

range 9.5-10.5 psi. 

 

 


