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Abstract 
 

3D bioprinting has been rising lately in importance due to the shortage of organs 

for transplants and the need for tissue regeneration. There has been a lot of 

advancement lately in the fields of regenerative medicine and tissue engineering 

that together with 3D bioprinting make possible to imagine a future in which 

fully functional organs and tissues can be produced to replace the ill-fated ones. 

Hydrogels, which are cross-linked polymeric network produced by a simple 

reaction of one or more monomers, make 3D bioprinting a complicated issue. 

These materials are very soft and because of that as they must gel in situ at the 

time of the fabrication while avoiding collapse or deformation of the structure 

because of their own weight. In order to alleviate this issue, sacrificial materials 

are often used to support the structure in place in order to help the material 

complete the gelation process without collapsing.  An approach to help with this 

problem is to incorporate sacrificial materials within the scaffold; they usually 

require at least another sacrificial material that serves as a template or mold to 

create a hollow structure. The main objective of this project is to study the 

properties of a fibrin-based hydrogel bioink to demonstrate that it is possible to 

print structures without the need of sacrificial material. For that reason, a 

rheological study of the fibrin-based hydrogel has been performed along with a 

study of the kinetics of the gelation process of the hydrogel. Hydrogel 

depositions were performed to test the validity of its ability to print these 

structures.  
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1. Introduction: 

1.1 Summary: 
 

Three-dimensional (3D) biprinting has been increasingly used for the 

fabrication of constructs similar to living tissues in order to be able to 

complement them or even replace them. Generally, the materials that are printed 

during 3D bioprinting processes are known as bioinks. Being able to print this 

bioink effectively is of capital importance because the constructs should 

resemble the properties and characteristics of the in vivo tissues they are being 

used in. 3D bioprinting faces several challenges in order to reproduce these 

structures. The structural properties of the bioinks used; hydrogels, which are 

cross-linked polymeric network produced by a simple reaction of one or more 

monomers, make 3D bioprinting a complicated issue. These materials are very 

soft and because of that as they must gel in situ at the time of the fabrication 

while avoiding collapse or deformation of the structure because of their own 

weight. In order to alleviate this issue, sacrificial materials are often used to 

support the structure in place in order to help the material complete the gelation 

process without collapsing. 

The aim of this project is to be able to produce a bioprinted construct using a 

fibrin-based hydrogel that does not require these sacrificial materials taking in to 

consideration the difficulties of the mechanical, thermal and chemical conditions 

that have to be met in order to produce it. 

In order to so, behavior of fibrin based hydrogels has been analyzed to determine 

the potential ability to print structures that do not make use of the sacrificial 

materials that bring many complications to the 3D bioprinting process. The 

gelation procedure was characterized with the flip flop test and turbidimetry 

varying the concentration of the fibrinogen and thrombin components of the 

hydrogel. The mechanical properties of the hydrogel were studied through a 

rheologic investigation and the ability of the hydrogel to be printed without the 

aid of sacrificial materials was performed via hand guided extrusions as well as 

3D bioiprinting tests.  

The results obtained suggested the viability of the hydrogel to be used to print 

basic structures without the support of sacrificial materials and point to the fibrin 

based hydrogel as a promising material to produce constructs that could further 

improve the prospects of 3D bioprinting. 
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However, further experiments should be performed in order to improve the 

reproducibility of the hydrogel in order to achieve structures of higher 

complexity that can be potentially used to help in tissue regeneration.  

1.2 Motivation: 
 

The characteristics and properties of the bioinks used for extrusion-based 

bioprinting are difficult to characterize and reproduce. The polymer solutions 

when adding crosslinkers produce hydrogels that provide specific mechanical 

properties that promote the structure stability as well as being compatible enough 

to be used in potential patients. Fibrin based hydrogels have weak structural 

properties although they have great biocompatibility and provide a great 

environment for the cells seeded inside it promoting cellular activity. Many ideas 

have come up to improve fibrin hydrogels depositions such as the use of 

sacrificial materials that support the structure while the gelation process is 

occurring. However, the use of these materials limits for the production of 

constructs that can be applied in tissue engineering. In tissue regeneration there 

are two different methods to produce engineered tissues. The first one is to inject 

the mixture of scaffold precursor and cells into patients’ body. The other one 

involves culturing the scaffold in vivo and implanted the engineered tissue into 

the patients’ body. In order to improve the implementation of these scaffolds into 

patients an understating in the ability to produce these constructs without the 

need of sacrificial materials is required as it will expand the possibilities lying 

ahead in the future of tissue engineering. 

1.3 Objectives: 
 

The main target of this project was to successfully print fibrin based hydrogel 

structures without the aid of sacrificial materials. The particular objectives 

desired to reach this end result are the following: 

I. Use the study of gelation kinetics to obtain information about the gelation 

process of fibrin based hydrogels. 

II. Adapt the protocol to obtain the best possible combination of materials to 

produce a successful, high resolution, bioprinted construct. 

III. Study the rheological properties of the hydrogel to further enhance the 

bioprinting method. 

IV. Determine the shear thinning ability of fibrin based hydrogels. 

V. Print fibrin based hydrogel constructs without the aid of sacrificial materials.  
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2. Project background: 

 

2.1 3D bioprinting 

 

3D bioprinting is an innovative technique that allows for the fabrication of 

tissues with complicated structures that resemble those of the human body. The 

traditional approaches of tissue engineering often carry an oversimplification of 

the tissue to be produced resulting in a tissue that does not quite meet the 

requirements to be fully functional and thus yields an underwhelming product 

that has many limitations in terms of its applications. However, 3D bioprinting 

provides many advantageous properties to the tissue construct such as 

automation, high precision, geometrical freedom, control and customizability 

plus it allows for the incorporation of diverse biologic agents such as growth 

factors, drugs, DNA and proteins along with the cells [1].  

Although 3D bioprinting allows us to fabricate three-dimensional tissue 

constructs in a similar fashion to 3D printing it is necessary to point out the 

differences between the two processes as they are usually mistaken. Both 

processes build a 3D object layer by layer starting from a model designed with 

the qualities required. However, 3D bioprinting involves the use of cell-laden 

bioinks and other biologic agents to rig up a living tissue while 3D printing 

techniques do not make use of cells. It is also important to note that while 3D 

printing possesses diverse biomedical applications that could lead to a 

misunderstanding between the two terms; these biomedical applications are only 

possible because the printing of porous polymeric scaffolds is followed by a cell 

seeding process that will have an effect on the patient. However, regarding 3D 

bioprinting, the printing process already includes the production of constructs 

making use of biologic agents. 

The need for 3D bioprinting technology is long due to the fact that there is a 

shortage of organs available worldwide. Too many people are in need of a 

transplant but there are not enough organs available that are accessible to said 

people. This has been aggravated in the last decades because the demand for 

organs has kept rising but the availability of organs has stayed stagnant. 

For these reasons, advancements in 3D bioprinting are of crucial importance 

because this problem could be greatly relieved if bioprinting of fully functional 

organs is achieved. This is no small task, because bioprinting of fully functional 

organs is still far in the scopes of the field although great milestones have already 

been reached.  [2] 
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3D bioprinting’s main setback has been the ability to print very soft materials 

such as elastomers, gels and hydrogels which are the fundamental components of 

a great number of medical devices and will be the cornerstones for most future 

applications in tissue engineering and regenerative medicine. The major 

complication met up to date has been the fact that biological hydrogels composed 

of polysaccharides and/or proteins present challenges to being 3D printed 

because they must gel in situ at the time of the fabrication while avoiding 

collapse or deformation of the structure because of their own weight. While 

sacrificial materials are commonly required for various additive manufacturing 

(AM) techniques, they are particularly necessary for these soft biological 

hydrogels which have narrow ranges of conditions (thermal, mechanical and 

chemical) that must be fulfilled to avoid damage to the materials and potentially 

integrated cells. [3] 

 

2.1.1 The bioprinting process: 
 

3D bioprinting consists in fabricating cell-laden bioinks into tissue constructs 

and organs that can provide functionality. As it has been stated before, this 

technology could lead to the formation of tissues or organs that could replace 

those of human beings. In order to understand this process in a clearer way the 

three steps of bioprinting will be explained to give a better understanding of what 

a typical start to end development looks like. The three major steps involved in 

bioprinting techniques are pre-processing, processing and post-processing: 

- Pre-processing: This first step involves making an image of the tissue or 

organ using techniques like computed tomography (CT); magnetic resonance 

imaging (MRI) or ultrasound techniques which generate a 3D model that the 

bioprinter is able to read. 

- Processing: This second step involves the acquisition of the biological agents 

that will the components of the bioink that will be used in the bioprinting 

process. In order for the bioink to be suitable, these biologics require to 

resemble the properties of the tissue that will be replaced. Then the bioprinter 

will make use of this bioink to produce the tissue according to model 

previously obtained. 

- Post-processing: The last step consists of supporting and maintaining the 

produced construct for the maturation of the tissue before being introduced in 

patients or used in vitro for modeling of diseases or testing of drugs. 
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In this project the main focus was directed towards the processing step in order to 

obtain a bioink that could be bioprinted without the need for sacrificial materials 

to be placed. For that reason, the different techniques that can be used to carry out 

said process will be explained with their advantages and disadvantages pointed 

out and what the final decision was made on which printing technique was the 

most suitable in order to have the highest chance at succeeding in this particular 

task [4] 

Bioprinting technologies can be processed into four different main categories 

(Table 1) being those: (1) Laser-based bioprinting, (2) Droplet-based bioprinting, 

(3) Extrusion-based bioprinting and (4) Stereolithography based bioprinting. 

Each of these categories can be subdivided into different techniques used that 

share the same main trait. 

 

Table 1: Classification of 3D bioprinting technologies. 
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1. Laser-based bioprinting: Laser-based bioprinting makes use of laser energy to 

create pattern cell-laden bioinks. It is a process that provides various 

advantages such as being a process that makes no-contact and as such 

increases the post-printing cell viability. The absence of a nozzle eliminates 

the clogging complications that other methods may face. Although it is a 

method that produces high resolution constructs its main disadvantages are the 

potential harm that can be inflicted upon the cells and its scalability. (Figure 1)  

 

 

2. Droplet-based bioprinting: Droplet-based bioprinting ejects cell-laden bioinks 

out of the nozzle onto a substrate in the form of droplets (Figure 2). There are 

different droplet-based bioprinting techniques such as inkjet bioprinting and 

electro-hydrodynamic jetting. The main advantages of these techniques is the 

high resolution they provide compared to other printing processes although the 

most common setback these procedures face is the clogging of the nozzle. 

 
 Figure 2: Droplet-based bioprinting techniques. 

Figure 1: Laser-based bioprinting 

techniques  
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3. Extrusion-based bioprinting: Extrusion-based bioprinting makes use of a 

pneumatic pressure or a mechanical force that pushes the bioink in order for it 

to be extruded through a nozzle. This method offers many advantages but the 

most noteworthy is its scalability, that is, the ability to create human-scale 

tissue, something not in the sight of other discussed printing methods. 

However, having the ability to produce scalable constructs means the 

resolution of said products is lower than with other methods and while this 

could be improve by having a smaller nozzle diameter this could cause cell 

damage. As with other methods that involve a nozzle for the deposition, the 

clogging of the nozzle is one of the main concerns. (Figure 3) 

 
 

4. Stereolithography bioprinting: A layer of photo-polymer resin is cured by light 

irradiation (with the light being controlled from a computer) forming the 

3Dstructureof the object layer by layer. From all of the methods observed, this 

one provided the highest resolution. However, the fact that only low viscosity 

bioinks could be used and cell damage due to UV radiation are the biggest 

problems against this bioprinting technique. [2] [Figure 4]   

Figure 3: Extrusion-based bioprinting 

techniques  

 

Figure 4: 

Stereolithography-

based bioprinting 

techniques  
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2.2 Bioinks 

 

As it has been stated already, in order to perform a 3D bioprinting process it is 

necessary to make use of a bioink composed of the biologic agents that suit our 

approach. The aim is for the bioink to be biocompatible in order for it to be able 

to integrate living cells. Another requirement that has been emphasized is that the 

bioink must provide a high resolution while being printed on top of having 

mechanical properties than ensure its viability. As it will be explained in the 

following section, hydrogels are the most approachable materials to build the 

bioinks from due to their high biocompatibility, their ability to integrate living 

cells and their fairly proper resolution when printed. [5] 

As many other studies have looked into [6], there are fundamentally two basic 

approaches regarding the development of bioinks used in 3D bioprinting being 

the cell-scaffold based approach and the scaffold-free cell-based approach. In the 

first one the bioink is composed of biomaterial and live cells which are used to 

print the 3D structure, having the scaffold degrade over time releasing the 

cellular content which will form pre-designed tissue structures. However, the 

other method makes use of the living cells by printing them directly in a more 

organically resemblance process. The printed cells are laid out in a specific 

pattern to form the desired structure over time. Despite their differences 

Amongst other characteristics that a publication from Zang et al [7] considers in 

their study that the bioink should be: printable (“the bioink should be flowable, 

or deformable and be able to be deposited precisely with a good spatial, temporal 

and volumetric control”), something which is dependent on many other factors 

such as its viscosity, the ability to crosslink and the operational parameters of the 

printer. Viscosity plays an important role in bioink formulation. Print fidelity and 

cell encapsulation efficiency are dependent on it. High viscosity polymer 

solutions are less inclined to flow easily making it so that the printed structure 

can hold its shape at longer times during post-printing [18]. Its viscosity will 

have a lot of effect in the efficacy of the deposition as higher viscosities will 

require also higher pressures something that can alter other parameters such as 

the flow of the process. Nevertheless, a higher viscosity will also imply that the 

resulted deposition is more stable than lower viscosities ones.  

Biologically, the bioink should be biocompatible in a way that not only it avoids 

harm to potential tissues it could be used onto but it should also allow the cells 
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embedded in the bioink to be healthy and avoid toxicity while maintaining their 

potential functionality. It should provide a point of attachment for cells creating a 

non-cytotoxic environment for them and also avoiding immunological reactions 

in the host.  

Another important quality that is quite fundamental for any viable bioink is its 

ability to retain the shape, that is to retain its integrity and stability, which has 

been printed time after the deposition has been completed. It is important that 

any physical or chemical gelations mechanisms that take place during the process 

must be biocompatible with living cells [17] 

Biodegradability of the bioink is another important aspect that should be taken 

into account. As Zang et al mention, its biodegradability rate should be on par 

with the ability to produce ECM from the cells being used. 

However, it is really difficult to lump together all of these properties under a 

single bioink. Having better conditions on some of these properties will create a 

compromise with some of the other properties as their conditions will not be as 

ideal. In Zang’s paper we can see it represented as a biofabrication window 

(Figure 5) [7] which explains how compromises need to be created to yield a 

bioink that has acceptable print fidelity while maintaining cell viability. 

 

Figure 5: Material properties for bioinks and (b) biofabrication window  
 
 

This project will make use of extrusion –based depositions and as such, they will 

be based on using a pressure that will push the bioink through a nozzle. With this 

method, the bioink will be subjected to high shear stress during the printing, 



[22] 
 

something that can complicate the process. For this reason, it is important that the 

bioink presents a very particular characteristic called shear thinning which will 

compensate for the high stress values. It is very important to understand the 

importance of this property as the non-Newtonian behavior of fluids that have 

their viscosity decrease under shear strain. This ultimately means that the 

removal of the shear will make the fluid return to its original viscosity value. The 

understanding of shear thinning is of big importance because the shear stresses 

that the material is subjected to could have a detrimental effect on the potential 

cells that could be embedded in the hydrogel. 

 

2.2.1 Hydrogels 
 

The definition for hydrogels per Zang et al is a “Water-swollen, and cross-linked 

polymeric network produced by a simple reaction of one or more monomers”. 

Hydrogels are the most commonly utilized material from which bioinks are 

made. Other choices are: decellularized matrix components, microcarriers, tissue 

spheroids, cell pellets and multi-material bioink. Hydrogels are the most utilized 

ones due to many reasons. 

Hydrogels provide some of the most adequate microenvironments for the 

attachment and proliferation of cells. They are also able to absorb water due to 

hydrophilic spots being available in the polymeric backbone. They possess other 

qualities that make them very appealing for bioprinting purposes due to their 

similarities to the extracellular matrix of many tissues. These qualities range 

from their high permeability to oxygen and nutrients to their versatility to be able 

to be processed under very different conditions.  

Depending on the source of the materials that make up the hydrogels, these can 

be classified on natural-based hydrogels (eg: gelatin, collagen, fibrin…) and 

synthetically-derived hydrogels (eg: polyacrylic acid, polyethylene oxide and 

other polypeptides) [8]. Natural hydrogels showcase bioactivity displaying 

natural similarities to the tissues in our bodies [20]. Fibrin and collagen-based 

hydrogels that possess filamentous structure manifest strain-stiffening property 

copying the non-elastic behavior of some of the soft tissues in our body per Zang 

et al. In the case of synthetic-derived hydrogels they do not promote cellular 

functions but they do allow them to happen, however there are different options 

to activate biological cues inside these synthetic hydrogels. Synthetic hydrogels 

provide more options to tune the mechanical properties of the hydrogels than 

those natural-based [19]. Having a blend of both types of hydrogels will yield a 
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mechanically tunable hydrogel with defined bioactivity allowing for more 

complex formulations depending on the needs and adjustments. 

Most hydrogel formulations follow the same procedure. Firstly, the polymer 

solution is printed followed by the cross-linking process. In order for the 

procedure to be successful the polymeric solution should be highly viscous while 

also having a rapid cross-linking that allows forming self-supporting structures. 

The cross-linking process can be either physical or chemical. The bonds that 

physical cross-linking produces are ionic interactions, hydrophobic interactions 

and hydrogen bonds while chemical cross-linking is mostly based on the 

establishment of covalent bonds which create stronger networks as compared to 

the physical interactions. While chemically cross-linked hydrogels show a 

greater resistance to mechanical forces due to the covalent bonding nature of the 

hydrogel the physically cross-linked hydrogels lack chemical agents that could 

induce toxicity.   

The gelation method for the hydrogels can be altered through different chemical, 

physical or enzymatic mechanisms or even altered with thermal or pH sensitive 

cues. Pre- or postprinting cross-linking (chemical or UV-assisted) have showed 

to further strengthen the printed constructs [9]. In one study per [10], they created 

a lightly pre-crosslinked PEG-based gel as a bioink, making it able to flow under 

mild shear but with enough viscosity to hold its own after postprinting.  

There have also been instances of 3D printing processes of shear thinning 

hydrogels such as the one described in the studies made by [11]. Methacrylated 

hyaluronic acid (MeHA) macromers were used used and modified. When the 

macromers were mixed they formed physically cross-linked hydrogels with shear 

thinning behavior. While the hydrogels were treated with UV light in order to 

enhance the structure for postprinting stability it was required the use of a 

support gel, which was made of the same macromers without the methacrylate 

functionality. This brings attention to the use of support sacrificial materials in 

3D bioprinting. 

2.2.2 Fibrin hydrogels 
 

Fibrin gel is a degradable biopolymer formed from fibrinogen. Fibrin is a protein 

polymer that helps tremendously in hemostasis and thrombosis, wound healing. 

It is present in many other biological functions involving the extracellular matrix. 

Besides molecular and cellular interactions, fibrin mechanics have shown to 

present clot behavior in the highly dynamic intra- and extravascular environment 

[12]. Fibrin is a fibrous protein formed by crosslinking of the monomer 
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fibrinogen. Fibrin polymerization has several consecutive reactions, each altering 

the structure and properties of the fibrin construct [13]. Fibrinogen is 45 nm-long 

It is formed by 6 paired polypeptide chains (Aα Bβ γ)2 that are held by 29 

disulfide bonds. There are flexible NH2-terminal (N-terminal) ends of the Aα-

chains and the carboxyl-terminal (C-terminal) portion of the Aα-chain. New 

simulation techniques allow reconstructions of these parts of fibrin(ogen) (Figure 

6) [13] 

 

Figure 6: Representation of fibrinogen interactions. 

 

Fibrin gels possess exceptional qualities for many different body related 

functions such as acting as a bioadhesive in surgeries for hemostasis, wound 

closure or as sealant. Besides that, fibrin gels show biocompatibility and it also 

presents minimal inflammation. Furthermore, fibrin gels present many 

advantages over their synthetic counterparts. Fibrin gels have controllable 

degradation rates that also match those of tissue regeneration and do not produce 

toxic byproducts when suffering degradation. Due to its high proteolytic 

specificity, thrombin is a valuable biochemical tool. Thanks to the action of this 

protease on fibrinogen it causes a polymerization reaction yielding the fibrin. 

Calcium chloride is an inorganic compound, specifically a salt. The gelification 

process was shown to occur without calcium chloride although the calcium 

chloride increases the gel ionic strength which produce faster gelation times and 

increased structure stability. Sodium chloride, also commonly known as salt is 

also one of the components that make up the hydrogel. Sodium chloride enhances 

the physical properties of the mixture strengthening it. 
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2.2.3 Polymerization of fibrin 
 

Fibrin polymerization starts with the production of fibrin monomers via 

cleavage of fibrinopeptides A (FpA) and B (FpB). The fibrinopeptides are cut off 

from the N-end of Aα- and Bβ-chains of fibrinogen which produce fibrin 

monomers α, β and γ. The cleavage rate of FpA is faster than FpB, but as process 

goes on, the release of FpB increases. Releasing FpAs shows an N-terminal α-

chain residue Gly-Pro-Arg (GPR) named knob ‘A,’ that is complementary to 

pockets or holes ‘a’ situated in the γ-nodules of other fibrin molecule, producing 

A:a interactions (Figure 7). The reactions between knobs ‘A’ and holes ‘a’ have 

been looked into at the single-molecule level, and the A:a bonds appear to be 

strong and stable. A:a interactions causes polymerization forming an insoluble 

fibrin clot. Besides knob-hole interactions, there are other polymerizations steps 

such as lateral aggregation. The two monomer products of the release of FpA 

interact with each other in a half-staggered manner, in order for the knob ‘A’ to 

fit into hole ‘a,’ with 2 A:a knob-hole reactions holding the 2 monomers together. 

Extra fibrin monomers can be added to produce protofibrils, an important residue 

of fibrin polymerization that is able to establish lateral aggregation, leading to the 

formation of fibers (Figure 7). Calcium in polymerization is especially important. 

Fibrinogen has binding sites for Ca2+ at its γ and β nodules being the first one an 

Figure 7: Representation of the steps of fibrin polymerization. 
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important site for protofilament formation. This way, higher Ca2+ concentrations 

producew thicker fibres because Ca2+ increases the amount of lateral aggregation 

between protofibrils [14] 

 

  

2.3 Sacrificial materials  

 

Having reviewed the bioprinting process and the different techniques that are 

used to print three dimensional structures it is clear that all of these approaches 

run into setbacks when trying to print very soft materials such as elastomers, 

gels, and hydrogels, which are essential components of many medical devices 

and will be essential in the future applications of regenerative medicine and 

tissue engineering. Particularly, hydrogels are one of the most challenging 

structures to 3D print because the gellification process must happen in situ during 

the printing process and they have to be supported so that they do not deform or 

collapse. It is very difficult to find the appropriate range of conditions (thermal, 

mechanical and chemical) that the hydrogel must fulfill in order to prevent 

postprinting deformation.  

For this reason, sacrificial materials are widely used in 3D bioprinting processes 

in order to help the hydrogel to keep its shape and characteristics after being 

printed [21]. The need to create high-resolution structures from these soft 

materials has created a necessity to further look for alternative solutions that 

allow the structure to be set in place after its deposition without any alterations. 

The ability to produce consistently 3D structures from soft materials is very new 

and it has been enabled by fresh techniques and materials that benefit the unique 

properties of soft matter. This has been possible thanks to the use of “sacrificial” 

materials that are not ultimately part of manufactured structures but that leverage 

the highly responsive rheological properties of soft manner.  

One example is the use of synthetic biodegradable polymers by [15]. In the 

study, they made use of a system that depositsed cell-laden hydrogels alongside 

with biodegradable polymers that provide mechanical strength, therefore 

overcoming some of the previous limitations such as the size, shape, structural 

integrity and vascularization of the bioprinted tissue constructs. By making use 

of their integrated tissue-organ printer (ITOP) which makes use of multiple 

cartridges (Figure 8) to print the cell-laden composite hydrogels. To help the 

deposition, they make use of supporting poly(ε-caprolactone) (PCL) polymer and 
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a sacrificial Pluronic F-127 hydrogel. In their study, they aimed to demonstrate 

the capabilities of their ITOP by fabricating mandible and calvarial bone, 

cartilage and skeletal muscle. They used computed tomography (CT) or magnetic 

resonance imaging (MRI) to obtain the correct shape for the tissue construct and 

after finding the adequate concentrations for each of the components of their 

composite hydrogel they set out to produce first uniform 2D and 3D cell patterns 

of multiple cell types. For all of the experiments they performed, they utilized the 

Pluronic F-127 as a sacrificial outer layer to support the 3D structure of the cell-

laden hydrogel before cross-linking. After the cross-linking process, the uncross-

linked components were washed out. Some of the pieces they produced were for 

example a mandible fragment in a similar fashion to one that would be used in a 

facial reconstruction after traumatic injury (Figure 9) and a fabricated human ear-

shaped cartilage construct (Figure 10). 

 

Figure 8: ITOP system. 

 

Figure 9: Mandible bone reconstruction.  
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Figure 10: Ear cartilage reconstruction.  

Other examples of a great use of sacrificial materials, such as those employed by 

[16], which make use of a soft granular gel made from polymeric microparticles 

in which they write 3D structures of any thinkable design. The idea behind the 

use of this granular gel is taking advantage of the fact that the medium inserted 

(which is composed of 7-µm-diameter hydrogel particles) fluidizes under low 

stresses (1 to 200 Pa), allowing an easy insertion and fast movement of the 

needles deep inside the bulk. Since the granular gel is a yield stress material, 

meaning that it elastically deforms at low shear strains and fluidizes at high 

strains. When the tip moves, the granular gel is locally fluidized and then quickly 

solidified giving a permanent framework holding the injected material in place 

(Figure 11). The fast solidification of the granular gel traps and holds the injected 

material behind the moving tip. Having the injected material jammed inside the 

granular gel negates effects such as those of surface tension, gravity and particle 

diffusion. This opens up the possibility to design really creative structures that 

would not be possible to produce otherwise (Figure 12) and (Figure 13). 
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Figure 11: (A) The tip follows a complex pattern as the material is poured into the granular gel. (B) As 

the tip moves, the granular gel changes to a more liquid state and then rapidly solidifies when the tip 

leaves the vicinities. (C) The gel elastically deforms when low shear values are applied to it and fluidizes 

at high strains. (D) Stress-strain measurements. (E) Cross-sectional area reveals almost ideal behavior of 

the material.  

 
Figure 12: Stable writing in the granular gel medium and creation of complex structures. 
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Figure 13: Model octopus made using sacrificial materials. 

A similar method was used by T(Bhattacharjee et al., 2015), who used a 

technique reported as freeform reversible embedding of suspended hydrogels or 

FRESH, which uses a thermoreversible support bath to allow the deposition of 

the main hydrogel. This secondary hydrogel holds the primary hydrogels during 

the printing process in order to improve print fidelity. Gelatin microparticles 

compose the supporting hydrogel in a similar fashion to the granular gel 

explained previously acting as a rigid body at low shear stresses and as a viscous 

fluid as higher rates. Once the primary hydrogel is deposited inside the 

supporting structure, the temperature is raised to melt the support bath leaving 

the desired structure intact. They had to use gelatin gelatin as the substance that 

composed the supporting hydrogel because besides its important rheological and 

thermo-reversible properties it is biocompatible. This is important because when 

melting the supporting structure, there will always be leftovers that cannot be 

taken away so it is important to use materials that avoid any type of toxicity. As 

with the previous method explained, FRESH allows for the creation of complex 

structures [22] due to the ability to hold them inside the supporting structure until 

they meet the right conditions to be safely extracted from there. For example one 

of the complex structures that [3] produced were a scaled model of a humar 

femur taken from CT data that could undergo mild values of strain (around 40%) 

and recover elastically. 

While these methods provide the ability to produce these amazing features, the 

challenging step is to avoid altogether the use of these sacrificial materials. 

Supporting materials play a fundamental role when designing a 3D bioprinting 

project and the avoidance of these sacrificial materials has often been deemed 

impossible. However, the scope of this project is to try and see if there is a way 

to be able to print reliable structures that can hold their shape integrity and that 
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do not make use of these auxiliary materials that already take part in some of the 

most advanced techniques in the 3D biopriting field. 
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3. Materials and methods: 

 

3.1 Fibrin based hydrogel 

 

3.1.1 Materials 
 

The materials used to produce the hydrogel were the following: 

Fibrinogen: The hydrogels were produced using fibrinogen from human plasma 

(50-70% of the fibrinogen contained proteins out of which 80% were clottable) 

used for all of the experiments was purchased through Sigma Aldrich. For 

conservation, the fibrinogen was stored in the laboratory freezer at -20ºC.  

Thrombin: Thrombin used in this project was also purchased from Sigma 

Aldrich. The individual thrombin vials hold 10 National Institute of Health (NIH) 

units of thrombin. The conservation process is identical to that of the fibrinogen 

being kept in the freezer at -20ºC. 

Calcium chloride: Calcium chloride was also obtained via Sigma Aldrich. CaCl2 

prepared at 1% w/v in saline, (NaCl 0.9% w/v). 

Sodium chloride: Like all the previous components so far, sodium chloride was 

also obtained from Sigma Aldrich. Sodium chloride was used to dilute the 

thrombin when activating it at NaCl 0.9% 

Culture media: The culture media used was DMEM 10%FBS. 

 

3.1.2 Preparation of commercial fibrinogen hydrogels 

 

Commercial fibrinogen was used to produce the hydrogels using the following 

protocol. The fibrinogen was brought to a 20mg/mL concentration solution by 

dissolving in it in NaCl (0.9%) 0,1M for the gelation experiments. Thrombin was 

firstly activated with 1mL of CaCl2 but was quickly changed to an activation 

process of thrombin with 1mL of NaCl due to bad conservation of thrombin 

when mixed with CaCl2. All of the reagents were introduced shortly to a 37ºC 

bath in order to bring them to room temperature.  
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In a typical preparation of the hydrogel, depending on the end final concentration 

of the fibrinogen desired the culture media volume required adjustments. For 

clarity purposes a final volume of 1mL of the hydrogel with an indented 3.5 

mg/mL final concentration for the fibrin gel will be assumed. 705 µL culture 

media is added to the designated vial. Afterwards, 58.7 µL of thrombine are 

introduced followed by the same amount of CaCl2 (prepared at 1% w/v in saline, 

(NaCl 0.9% w/v)) (final concentration 0.08% w/w). Finally, 175 µL of fibrinogen 

was added last since some of the previous components by themselves can trigger 

the gelation process. The mixture was vortexed to ensure a proper mixture of the 

components. 

Depending on the experiment being carried, the final concentrations of both the 

fibrinogen and the thrombine are adjusted to the needs required for the specific 

task. In order to carry out different tests that can assess the properties of the 

fibrin hydrogel it was necessary to alter the fibrinogen concentration values as 

well as adjust the dilution of the thrombine varying the amount of NaCl that 

activates it. 

 

3.2 Gelation time assessment 

 

To start off the project, an initial assessment of the gelation time of the hydrogel 

was necessary. Two methods were utilized: The flip flop test and tubidimetry. 

3.2.1 Flip flop test 

 

In order to do so, the assessment of said gelation procedure was made upon free 

flowing of the mixture inside vials. This method is known as the flip-flop test. 

Basically, it consists on flipping down the vials in which the mixture has been 

introduced with the intention to see if the content inside is pulled by the effect of 

gravity. The only time the mixture was considered a hydrogel was when no 

liquid fell down and the gel was stuck at the bottom of the vial. The time that was 

considered the start of the gelation was the time at which the last component was 

added to the eppendorf vial. Many attempts were performed in order to narrow 

the upper and lower time limits in which the gelation process occurred. The idea 

behind this experiment was to get a grasp on the gelation time of the mixture 

under different circumstances. The volume of all the vials prepared in this flip-

flop test was 1mL.  
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3.2.2 Gelation kinetics using turbidimetry 

 

A SynergyTM HTX Multi-Mode Microplate Reader (Winooski, VT, USA) was 

used to further understand the gelation kinetics of the hydrogel by making use of 

turbidimetry. Due to some previous research being carried by the university 

group on a related topic, the required wavelength used for this experiment had 

already been determined at 325nm. The intention for this attempt was to test out 

the effect on gelation time of different concentrations of thrombin.  

The fibrinogen concentrations used for this tryout were 3.5, 7 and 15mg/mL and 

the three different concentrations of thrombin used were 10, 5 and 2.5 NIH. 

• Using the fibrinogen concentration of 3.5mg/mL, three different mixtures 

were produced using the three different thrombin concentrations (10, 5 

and 2.5 NIH). 

• Using the fibrinogen concentration of 7mg/mL, two different mixtures 

were produced using two different concentrations of thrombin (5 and 2.5 

NIH). 

• Using the fibrinogen concentration of 15mg/mL, two different mixtures 

were produced using two different concentrations of thrombin (5 and 2.5 

NIH). 

Mixtures of 7 and 15 mg/mL fibrinogen and 10 NIH thrombin were not produced 

due to a gelation process faster than the amount of time taken for preparation of 

the different samples. 

Four different samples (n=4) of 100µL were prepared in a 96-well glass plate for 

each type of mixture. The plate was introduced to an incubator at 37ºC and left 

for gelation. Due to already knowing the optimal wavelength to use, the 

absorbance was measured in the microplate reader for 1 hour at 37ºC in 30 

seconds intervals.  

3.3 Manual guided fibrin hydrogel depositions 

 

Using an Aladdin Single-Syringe infusion Pump manual based depositions of the 

hydrogel were made to check its mechanical behavior. The materials used 

included a plastic tube with an inner diameter of 1.5 mm and an outer diameter of 

3 mm; luer lock syringe 1mL; dispensing needles (syringe tips) of 15mm length, 
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0.84 mm inner diameter and 1.27nm outer diameter; male and female Luer 

connectors to attach the dispensing needles on one end. 

 

Following the updated protocol (with NaCl activation), the hydrogel was mixed 

in eppendorf vials and was then injected into the syringe. The syringe would then 

promptly be placed on the extrusion pump and then it would become attached to 

the female Luer connector which is connected to one end of the plastic tube. On 

the other end, the male Luer connector is attached to the dispensing needle. The 

depositions were performed onto round plastic petri dishes. 

Many depositions were made to try and understand the behavior of the hydrogel 

through the deposition process. The first step was to understand the kinetic 

behavior of the hydrogel when flowing through the plastic tube and ensure a full 

extrusion was made. Due to the nature of the gelation process, the transformation 

of the mixture from a liquid into a solid structure could imply a blockage of the 

tube interrupting the deposition therefore rendering the experiments futile.  

For that reason, four initial depositions were performed with the intention of 

testing how the full deposition could be carried out without having remnants of 

the hydrogel left inside the tube and avoiding blockages of the tube. These 

depositions were made from mixtures of fibrinogen 3.5mg/mL and thrombin 10 

NIH and the rest of the materials according to the protocol. The volume of the 

first two depositions was 1mL and the volume of the other two was 2mL. 

After that, more tests were performed altering the flow rate of the pump to test 

differences when the amount of pressure exerted varied and how it affected the 

deposition procedure. The flow rates considered were 400, 500, 700 and 800 

µL/min for all of the depositions made. The mixture for all of these depositions 

contained 3.5mg/mL fibrinogen and 10 NIH thrombin. 

Lastly, it was time to test different concentrations for both the fibrinogen and 

thrombin in order to see how these variations affected the resulted deposited 

piece. The different concentrations used for the fibrinogen were 3.5, 7 and 

15mg/mL while the concentrations used for thrombin were 10, 5 and 2.5 NIH. 

Variations in the flow rate of the extrusion pump among the values mentioned 

were also performed. 
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3.4 Rheological evaluation 

After testing how different parameters both in the composition of the hydrogel 

and in the mechanical specifications of the pump affected the deposition our 

sight shifted to evaluating the intrinsic properties of the hydrogel were. For that 

reason, a rheologic study of the hydrogel was in place to be the next task to 

perform. 

 

3.4.1 Yield stress 
 

Using the TA Instruments AR G2 rheometer rotational shear-viscosity 

measurements were performed in flow mode with shear rate ranging from 0.01 to 

1000s ˉ1. The intent of this was to characterize the shear thinning behavior of the 

hydrogel, which is indicated by a decrease in viscosity over an increasing shear 

rate. It will also provide us the yield stress of the material, a critical stress level 

that structured fluids must reach before they flow.  

 

3.4.2 Recovery 
 

Recovery measurements were performed to characterize the material’s recovery 

behavior by applying preshear rates of two different values being 100 and 1000s 

ˉ1. The intent here was to see what the reaction of the hydrogel was when applied 

with a preshear rate and to see how the material recovered transitioning to its 

solid state and how this preshear affected said transition. 

3.5 Printing constructs using a 3D bioprinter 
 

Following the rheological evaluation of the hydrogel the final step was printing 

some samples to test the ability of the hydrogel to be extruded without the need 

for any supporting material.  

Two different bioprinters were used. The first one was a hand- made bioprinter 

that was provided by supervisor Gonzalo Aranda who built it. The second one 

was the commercial bioprinter Rockit INVIVO. For the ink extrusion, the 

bioprinter was used with the same syringes and dispensing needles used in the 

manual guided extrusion (syringe of 1mL and dispensing needles of 0.84nm 

inner diameter). The print head was kept at room temperature. Material was 
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loaded into the syringe and mounted on to the printer attaching the pressure hose 

from above and the needle from below. Every deposition was performed at the 

established room temperature onto a room temperature glass microscope glass. 

The height for the extruding tip above the plate was obtained by measuring the 

‘zero’ position where the needle is in contact with the plate and then raising it to 

allow the deposition. In order to find the ideal height tryout samples were 

performed. This was optimized to create well-attached, round consistent 

depositions. Where poor attachment or inconsistency was observed, the initial 

height was decreased, while if the sample was flatted and squashed the height 

had to be increased. If the corners of the pattern were not maintained then that 

indicated a faster speed than the desired one and had to be decreased [25]. 

4. Results and discussion: 

 

4.1 Gelation time assessment – Flip flop test 

 

The first experiment was set to compare fresh prepared fibrinogen with different 

thrombin concentrations. Fibrinogen of 3.5mg/mL was used with two different 

thrombin concentrations (10 and 5 NIH units of thrombin were used). It is 

important to explain that during this first batch, the protocol followed differed a 

bit from the one used throughout the rest of the project. As stated above, the 

original protocol indicated the activation of thrombin with CaCl2 which was later 

changed to NaCl. In this first batch, the activation of thrombin came through the 

use of CaCl2 which means it did not have to be added after the culture media was 

put in place because it was already being introduced within the thrombine. The 

day after the first batch was produced another try of the same experiment was 

performed only to find out that the gelation times had increased following the 

same protocol and using the same concentrations for both the fibrinogen and 

thrombine, something which put us on notice. Given the fact that the material 

used in the second day was the same used in the first day (the fibrinogen had 

been stored overnight in the fridge and the thrombine in  the freezer) this 

revelation made us wonder what could have happen to have different results 

despite using the same reagents. For this reason, another experiment was set to 

test the gelation process using material that was prepared a day or more before 

the experiment. 

The flip-flop test was intended to provide representative values regarding the 

gelation time of the hydrogel. As was stated previously, fresh prepared 
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fibrinogen and thrombin were mixed inside eppendorf vials following the 

protocol. The fibrinogen concentration was 3.5mg/mL and the two thrombin 

concentrations used were 10 and 5 NIH. This test was performed over a 4 

consecutive day span and the results obtained were very different the first day 

compared to the following days (Figures 14 and 15).  

 
Figure 14: Gelation time of hydrogel with 3.5mg/mL fibrinogen concentration and thrombin 10 NIH. 

 
Figure 15: Gelation time of hydrogel with 3.5mg/mL fibrinogen concentration and thrombin 5 NIH.  

As it can be observed, there is pretty significant drop-off from the first day of the 

measurements compared with the following days. These results added to the fact 

that when taking out the thrombin from the freezer to perform the second day 

experiments it showed precipitation at the bottom made us wonder whether the 

protocol being followed to perform the mixture was the adequate (Figure 16). 

Figure 16: Precipitation observed in the CaCl2 activated thrombin vial. 
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The second experiment was set preparing a batch of fibrinogen and thrombin and 

test the gelation time over a span of four consecutive days to see how the gelation 

times changed on a day to day basis. This experiment was the one that provided 

reason to doubt the validity of using CaCl2 to activate thrombin as the day after 

activating it when taking it from the freezer it showed signs of precipitation. The 

experiment used fibrinogen at 3.5 mg/mL and thrombine in three different 

concentrations (10, 5 and 2.5 NIH). 

The second set of flip-flop experiments were performed with the intent to further 

investigate this issue. Seeing that the drop-off in the effectiveness of gelation 

process occurred from the first day to the second while producing constant values 

over the days following the second, the only possible explanation was that stored 

prepared materials lose out on some properties compared to being freshly 

prepared. For that reason and also wanting to explore the effects of different 

concentrations of thrombin a new set of flip-flop tests were performed. 

Following the same protocol, using 3.5mg/mL fibrinogen concentration and three 

different thrombin concentrations the test was done again in two consecutive 

days to further look into the drop-off of the effectiveness of the process while 

simultaneously looking for different behaviors due to the variant thrombin 

concentration. (Figures 17, 18, 19) 

 
Figure 17: Gelation time of hydrogel with 3.5mg/mL fibrinogen concentration and thrombin 10 NIH.  

 

 
Figure 18: Gelation time of hydrogel with 3.5mg/mL fibrinogen concentration and thrombin 5 NIH.  
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Figure 19: Gelation time of hydrogel with 3.5mg/mL fibrinogen concentration and thrombin 2.5 NIH.  

From the results it is clear that there is a significant increase in the time of 

gelation from the first day of the experiment to the second except when using 

thrombin of 2.5 NIH. This can easily be explained due to the fact that the 

thrombin has been diluted twice from the original concentration and the amount 

of thrombin used for each sample is the same (58.7 µL) so the effect of the 

thrombin in the gelation process is minimized. However, for both 10 and 5 NIH 

thrombin concentrations there is a significant drop-off in the effectiveness of the 

gelation process. When using 10 NIH thrombin from the first to the second day 

there is a 15s window difference between the gelation times and for the 5 NIH 

thrombin the time it took for the gelation process to occur was almost doubled 

when performing the experiment on the second day. In order to prove these 

emerging concerns a third experiment was set using two different activation 

methods for the thrombin. The first one was the original method described in the 

protocol (using CaCl2) and the second one was using NaCl to activate the 

thrombin. Given that the intent of this particular procedure was to point out the 

differences between the two activation methods only one concentration of 

thrombin was used (10 NIH). When taking the thrombin vials from the freezer 

the day after they were prepared confirmed that precipitation occurred only on 

the vial activated with CaCl2 something that gave more weight to the 

doubtfulness regarding the use of CaCl2 as the right activation method. 

In order to discover the reason behind the drop-off and being aware of the 

precipitation that the thrombin suffered when being stored overnight the last flip-

flop test was performed with the intention to check on these setbacks. This last 

test was performed by altering the activation method of the thrombin. On one 

side, the thrombin was activated as the last two tests with the use of CaCl2. 

Parallel to this, another thrombin vial was activated with NaCl altering the 

protocol and having to add the CaCl2 when performing the mixture. Only one 

fibrinogen (3.5mg/mL) and thrombin (10 NIH) concentration was used being the 

only difference the activation method (Figures 20 and 21). 

 



[41] 
 

 
Figure 20: Gelation time of hydrogel with 3.5mg/mL fibrinogen concentration and thrombin 10 NIH 

activated with CaCl2 

 

 
Figure 21: Gelation time of hydrogel with 3.5mg/mL fibrinogen concentration and thrombin 10 NIH 

activated with NaCl 

As the results clearly indicate, there is a significant drop-off when using CaCl2 

as an activator something that does not happen when using NaCl as an 

activator. For further confirmation on this, a picture of both CaCl2 and NaCl 

activated thrombin vials was taken the day after preparing them having spent a 

night in the freezer at   -20ºC in which the precipitation occurring in the CaCl2 

activated thrombin is visible. (Figure 22) 

 
  Figure 22: Precipitation observed in the CaCl2 activated thrombin (red circle) while there is no sign 

of precipitation in the NaCl activated one (green circle).  
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Thanks to these results, it was possible to detect a deficiency in the activation 

and storage method which allowed improving the protocol while also 

providing good values regarding the gelation time for the hydrogel formation 

when using different thrombin concentrations.  

 

4.2 Gelation kinetics using turbidimetry 
 

Turbidimetry measures the loss of intensity of light being transmitted. Light 

passes a filter with an already establisehd wavelength and after is passed 

through a vial containing a solution. A reader collects the light which passes 

through the cuvette. A value is obtained for the amount of absorbed light. 

After having an initial assessment of the time ranges for the gelation 

depending on thrombin concentration while also detecting a way to improve 

the protocol, the next step was to study the gelation kinetics more in depth 

using turbidimetry. As with the previous flip-flop experiment different 

concentrations of thrombin were used (10, 5 and 2.5 NIH) while maintaining 

the fibrinogen concentration (3.5 mg/mL) for the first set of measurements in 

order to see how a variation of thrombin affected the light absorbance of the 

solution (Fig 23, 24 and 25).  

 

The aim of this procedure was to further look into the kinetic behavior of the 

gelation process and knowing how long it takes for the polymerization to 

reach its completion. The first two graphs show a steep slope that reaches a 

plateau fairly fast and stabilizes close to 1.2 units of absorbance. In the last 

graph, the one corresponding to thrombin 2.5 NIH the slope gradually 

increases reaching the plateau at a time close to 60 minutes. This only but 

confirms that the use of thrombin 2.5 NIH slows down the gelation procedure 

vastly due to the dilution of the thrombin. Regarding the first two graphs, as it 

is expected, the greater concentration of thrombin 10 NIH accelerates the 

gelation process compared to the thrombin 5 NIH, having the higher thrombin 

concentration sample reach 1 unit of absorbance at 4:30 minutes while the 

lower thrombin concentration sample reached 1 unit of absorbance at 12:30 

minutes. Despite both hitting the plateau fairly quick, the higher concentration 

sample reached values close to his plateau shockingly fast indicating a very 

rapid gelation time. 
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Figure 23: Gelation kinetics for commercial fibrinogen hydrogels using UV spectrometry at 325nm. 

Data expressed as Mean ± standard deviation, n=4. 

 
Figure 24: Gelation kinetics for commercial fibrinogen hydrogels using UV spectrometry at 325nm. 

Data expressed as Mean ± standard deviation, n=4. 
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Figure 25: Gelation kinetics for commercial fibrinogen hydrogels using UV spectrometry at 325nm. 

Data expressed as Mean ± standard deviation, n=4. 

 

4.3 Manual guided hydrogel depositions 

 

Manual guided hydrogel depositions were performed with Aladdin Single-

Syringe infusion Pump. Many depositions were made alternating fibrin and 

thrombin concentrations as well as the flow rate of the machine. Lower flow 

rate values (400 and 500 µL/min) were deemed not adequate due to poor 

printing resolution. The constructs showed poor printability, and often the 

material for the deposition got stuck inside the plastic tube. Accumulation of 

material in the turning corners was prevalent. This occurred due to the slow 

flow rate that accumulated material at the end of the extruding tip. This 

behavior was recurrent with all of the samples deposited at said flow rates 

(Figure 26)  

400 µL/min 500 µL/min 

Figure 26: Depositions for a 3.5mg/mL fibrinogen 10 NIH thrombin mixture printed at flow rates of 400 and 500 µL/min
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Using higher flow rates (700 and 800 µL/min) improved the quality of the 

constructs although it took several attempts in order to match the hand 

movement with the deposition rate. Some of the samples were not of high 

quality due to poor hand movement when guiding the extrusion tip over the 

petri dish (Figure 27) 

 
When using higher fibrinogen concentrations, the fibers deposited were 

thicker and showed great mechanical stability. However, from the three 

concentrations considered (3.5, 7 and 15 mg/mL) only 3.5 and 7mg/mL were 

possible to replicate with a significant successful rate as 15mg/mL proved to 

accelerate the gelation process too much producing the collapse of the plastic 

tube with the material stuck inside. 

 

Figure 27: Depositions for a 3.5mg/mL fibrinogen 10 NIH thrombin mixture printed at flow rates of 700 and 800 

µL/min

700 µL/min 

800 µL/min 

Figure 28: Deposition for a 7mg/mL fibrinogen 10 NIH thrombin mixture printed at 800 µL/min. 

As it can be seen, the blockage of the tube was produced due to a fast gelation reaction that did not 

allow full extrusion of the volume prepared.

800 µL/min 
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Even samples made using 7mg/mL fibrinogen with the highest thrombin 

concentration considered (10 NIH) showed difficulties when trying to 

reproduce the successful printing of the material (Figure 28). The use of a 

lower thrombin concentration (5 NIH) allowed for the production of high 

fidelity constructs while delaying the gelation procedure in addition to the 

delaying nature of the deposition due to the shear stressed being applied to the 

mixture when being extruded (Figure 29). The depositions were performed at 

700 and 800 µL/min given the behavior present in the samples of the 3.5 

mg/mL fibrinogen gels. 

 

The combination of 3.5 mg/mL fibrinogen and 10 NIH thrombin hydrogels 

together with 7mg/mL and 5 NIH thrombin proved to be the best possible 

combinations for the production of mechanically stable, fully gelated manual 

guided hydrogel depositions. Although the 15mg/mL fibrinongen 

concentration mixtures were not able to produce constant repetition a couple 

of depositions could be performed in the eventuality that the gelation reaction 

did not clog the plastic tube. (Figure 30) 

 Figure 29: Depositions for a 7mg/mL fibrinogen 5 NIH thrombin mixture printed at 700 and 800 µL/min

Figure 30: Depositions for a 15mg/mL fibrinogen 5 NIH thrombin mixture printed at 500 and 800 µL/min

700 µL/min 800 µL/min 

500 µL/min 800 µL/min 
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4.4 Rheological evaluation 

 

4.4.1 Stress ramp 

 

The law of viscosity: Viscosity η is defined as shear stress τ divided by shear 

rate ˙γ˙. The law of viscosity, depicted as follows: shear stress τ is shear 

rate ˙γ˙ times viscosity η. 

η=τ˙γ 

Shear rate started at 0.01s ˉ1 and was increased up to 1000 s ˉ1 during the first 

part of the trajectory and brought down again to 0.01 s ˉ1. The viscosity of the 

samples decreased as the shear rate was increased. A higher stress load 

lowered the value of the sample viscosity indicating shear thinning behavior. 

Ideally viscous flow behavior means that the measured viscosity is 

independent of shear rate. In order for the sample to behave as such its 

viscosity should have presented the same values on each of the steps 

performed. 

 
Figure 31: Viscosity and stress values over an increase in shear rate for a 3.5mg/mL fibrinogen 10 

NIH thrombin mixture. 

Fibrinogen 3.5 mg/mL - Thrombin 10 NIH
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 Figure 32: Viscosity and stress values over a variation in shear rate for a 7mg/mL fibrinogen 10 NIH 

thrombin mixture. 

 

 

Higher fibrinogen concentrations at the same thrombin concentrations (Figure 

31 and 32) showed higher viscosity values something which was expected due 

to a higher establishment of greater fibers and branch point densities.  

 

Fibrinogen 7mg/mL - Thrombin 10 NIH 



[49] 
 

 Figure 33: Viscosity and stress values over a variation in shear rate for a 3.5mg/mL fibrinogen 5 NIH 

thrombin mixture.  

 

Similar fibrinogen concentrations but different thrombin concentrations 

(Figure 31 and 33) showed the similar behaviors both in viscosity and stress 

values. In all of the samples the end viscosity was around the same value that 

the one at the beginning of the process. This indicates good material structure 

and the ability to recover from the application of high shear rates. None of 

these samples present an ideal thixotropic behavior although their recovery 

ability is notable. 

Fibrinogen 3.5mg/mL - Thrombin 5 NIH
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 Figure 34: Viscosity and stress values over a variation in shear rate for a 7mg/mL fibrinogen 5 NIH 

thrombin mixture. 

 

The viscosity of thixotropic materials is not the same on structure breakdown 

and recovery. At the time the shear rate is lowered, the stress path lags 

forming a hysteresis loop, and then returns to a point lowered than the initial 

critical shear stress. All these samples do not present an ideal thixotropic 

behavior although they present a stress loop which has a lower end value than 

the starting one, thus presenting non ideal thixotropic behavior. [23] 

 

4.4.2 Inverted stress ramp 

 

Shear rate started at 1000s ˉ1 and was decreased down to 0.01 s ˉ1 during the 

first part of the trajectory and increased back up to 1000 s ˉ1. This inverted 

process of applying first a high shear rate value towards lower values and 

return provided an insight on the different behavior of the hydrogel as the 

viscosity values of the samples followed very similar values both in the step 1 

and step 2. However, the stress paths observed do not present a loop of any 

sort, indicating that the use of high shear rates from the beginning of the 

gelation may alter some of its properties.  

Fibrinogen 7mg/mL - Thrombin 5 NIH
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 Figure 35: Viscosity and stress values over a variation in shear rate for a 3.5mg/mL fibrinogen 10 

NIH thrombin mixture. 

 Figure 36: Viscosity and stress values over a variation in shear rate for a 3.5mg/mL fibrinogen 5 NIH 

thrombin mixture.  

Fibrinogen 3.5mg/mL - Thrombin 10 NIH - Inverse

Fibrinogen 3.5mg/mL - Thrombin 5 NIH - Inverted
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 Figure 37: Viscosity and stress values over a variation in shear rate for a 7mg/mL fibrinogen 5 NIH 

thrombin mixture.   

 Figure 38: Viscosity and stress values over a variation in shear rate for a 7mg/mL fibrinogen 5 NIH 

thrombin mixture. 

Fibrinogen 7mg/mL - Thrombin 10 NIH - Inverted

Fibrinogen 7mg/mL - Thrombin 5 NIH - Inverted
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4.4.3 Recovery 

 

When applying stress or shear rate the viscosity of the materials does not reach 

a stable value until time has passed from its application. The steady state is 

dependent on the stability of internal network structures. These structures can 

be torn down by shearing and need time to form again. A plateau in viscosity 

is obtained if an equilibrium has been found between structure breakdown and 

rebuilding. When eliminating the shear that produced the breakdown, the 

material restructures its internal network, recovering its viscosity. The elastic 

response is characterized by the shear storage modulus, G′, and is calculated as 

G′ = (σ0/γ0)*cos(δ). The viscous response to applied shear is characrerized by 

the shear loss modulus, G″, calculated as G″= (σ0/γ0)*sin(δ) [24] 

 

The first two graphs (Figure 39 and 40) with no preshear applied to them, 

show a fast reach of the plateau indicating an equilibrium reached in the 

gelation process. 

 

When a shear is applied (Figure 41) both the storage and loss modulus are 

reduced from the beginning of the experiment [26]. This indicates that the 

application of the preshear influences the starting point of the gelation process. 

The ending strorage and loss modulus values for a sample with applied 

preshear are lower than those who went through it. This indicates that while 

the gelation process is delayed due to the action of the preshear the recovery 

ability of the material allows it to establish equilibrium in the process 

completing the gelation.  
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 Figure 39: Structure build up after previous shear monitored for a 3.5mg/mL fibrinogen 10 NIH 

thrombin mixture. No shear rate was applied prior to the start of the buildup. 

 

 Figure 40: Structure build up after previous shear monitored for a 3.5mg/mL fibrinogen 5 NIH  

Fibrinogen 3.5mg/mL - Thrombin 10 NIH - No preshear

Fibrinogen 3.5mg/mL - Thrombin 5 NIH - No preshear
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Figure 41: Structure build up after previous shear monitored for a 3.5mg/mL fibrinogen 10 NIH 

thrombin mixture. The shear rate was applied for 1 minute prior to the start of the buildup. The shear 

rate applied was 100 s ˉ1. 

 

 Figure 42: Structure build up after previous shear monitored for a 3.5mg/mL fibrinogen 10 NIH 

thrombin mixture. The shear rate was applied for 1 minute prior to the start of the buildup. The shear 

rate applied was 1000 s ˉ1. 

Fibrinogen 3.5mg/mL - Thrombin 10 NIH - 100 preshear

Fibrinogen 3.5mg/mL - Thrombin 10 NIH - 1000 preshear
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When comparing two samples with identical fibrinogen (3.5mg/mL) and 

thrombin values (10 NIH) (Figure 41 and 42) we can see that an increase in 

the preshear applied to the sample further slows the gelation procedure. At 16 

min (1000s) the values for the storage and loss modulus of the sample applied 

with 100 s ˉ1 shear rate were in the range of 101, while the values of the same 

parameters for the sample applied with 1000 s ˉ1 shear rate were in the range of 

100, indicating a slower gelation process.  
 

 Figure 43: Structure build up after previous shear monitored for a 3.5mg/mL fibrinogen 5 NIH 

thrombin mixture. The shear rate was applied for 1 minute prior to the start of the buildup. The shear 

rate applied was 100 s ˉ1. 
 

The same behavior is observed between the samples with fibrinogen 

(3.5mg/mL) and thrombin (5 NIH). The gelation process is delayed when 

extorting a higher preshear on the sample at the beginning.  

Fibrinogen 3.5mg/mL - Thrombin 5 NIH - 100 preshear
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 Figure 44: Structure build up after previous shear monitored for a 3.5mg/mL fibrinogen 5 NIH 

thrombin mixture. The shear rate was applied for 1 minute prior to the start of the buildup. The shear 

rate applied was 1000 s ˉ1. thrombin mixture. No shear rate was applied prior to the start of the 

buildup 

 

When comparing between the same preshear values applied at two hydrogels 

with different thrombin concentrations (Figure 42 and 44) it can be observed 

that the gelation process was further delayed at higher thrombin 

concentrations. The sample produced with 5 NIH thrombin reached values of 

the order of 101 around 16 min (1000s) while the sample with 10 NIH 

thrombin did not reach that value well past the 40 min mark.  

 

4.5 Fibrin based hydrogel depositions with bioprinter 

 

The use of both of the bioprinters came with great complications for the 

production of constructs. The printer provided from the university lab did not 

have an adequate loading method for the material. For that reason, only one 

day of depositions could be performed and the obtained material is in video 

format which will be exposed in the presentation of the project. 

 

Fibrinogen 3.5mg/mL - Thrombin 5 NIH - 1000 preshear



[58] 
 

However, using the commercial bioprinter Rockit INVIVO construct 

depositions could be made. While already having singling out the best 

potential combinations of fibrinogen and thrombin for the printing of the 

material, the depositions performed were made using two combinations of 

hydrogels:  

 

• 3.5mg/mL fibrinogen with 5 NIH thrombin  

• 7mg/mL fibrinogen with 5 NIH thrombin 

 

For the first combination, the use of 5 NIH thrombin instead of 10 NIH (as we 

had seen some of the best results coming from this combination in manual 

guided depositions) was due to gelation occurring faster than the loading time 

of the bioprinter.  

As we can see, the depositions made using the first combination (Figure 45) of 

the hydrogel produced structural weak constructs that produced watery fibers. 

The accumulation of material around the turning corners indicates poor 

gelation of the mixture and probably that the distance of the extrusion needle 

was closer to the deposition plate than desired.  

  

 

A) 

C) 

B) 

Figure 45: Structure depositions for a 3.5mg/mL fibrinogen 5 NIH thrombin mixture. 
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However, the distance of the extrusion tip to the plate was adjusted and the 

following depositions made combination yielded much defined structures that 

showed great mechanical stability, as well as good fiber deposition (Figures 

46). They were able to avoid the accumulation of material producing very 

smooth turnings on the corners. 

 

 
 

Depositions of 7mg/mL fibrinogen and 5 NIH turned out to be not adequate 

for their deposition using this bioprinter. The loading time for the material 

turned out to be too long and the gelation process already induced blockages 

in the plastic tubes guiding the material. (Figure 47) 

Figure 46: Structure depositions for a 3.5mg/mL fibrinogen 5 NIH thrombin mixture. 

A) 

C) 

B) 
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Despite producing good constructs, the volume used for each of those 

depositions was very small at around 0.5mL. Continuous depositions of higher 

volumes were not possible to produce due to a collapse in the plastic tube 

guiding the extrusion. While the ability to remain in liquid state is optimal 

during the starting phases of the depositions, longer volumes are exposed to 

more instances of residual material that can go through the gelation process 

inside the tube blocking the material coming out. While the shear thinning 

properties of the material are supposed to avoid this instance, the fact that 

fibrin based hydrogels do not possess ideal properties makes this situation 

possible. Furthermore, as we had already seen in the manual guided 

depositions, a higher flow rate yielded full extrusions of the material. 

However, when using Rockit INVIVO we were already operating at the higher 

flow rate that the machine could be set to. 
 

  

Figure 47: Structure depositions for a 7mg/mL fibrinogen 5 NIH thrombin mixture. 
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5. Conclusion 

 

The experiments carried provided great insights regarding the ability of fibrin 

based hydrogels to be used as the main material from which to produce 

structures without the need for sacrificial materials. 

The gelation kinetics study showed that the gelation time for the hydrogel 

starts as soon as 30 seconds and its equilibrium state is reached from 20 

minutes onwards when using high thrombin concentrations. The study of 

turbidimetry provided values for the completion of the gelation procedure. 

The varying concentrations of thrombin and fibrinogen provided more 

information about the combination required to print structures that were not 

only able to be printed without the aid of sacrificial materials but that showed 

great mechanical stability and printing resolution. Thanks to the observations 

made during the hand guided depositions it was realized that lower flow rate 

values prevent high fidelity depositions. The rheological study of the 

hydrogel revealed behavior similar even though not ideal of a thixotropic 

material. The changes in the viscosity of the material when subjected to 

increasing shear rates decreased its viscosity values confirming this 

hypothesis.  Furthermore, the delaying of the gelation process when applying 

initial shear rates (preshear) right at the beginning of the polymerization of 

the hydrogel confirms that fibrin based hydrogels possess shear thinning 

properties, turning them into great candidates for 3D bioprinting depositions 

which do not require the assistance of sacrificial materials. Both the manual 

guided deposition experiment and the samples printed with the commercial 

bioprinter suggest the confirmation of the rheological properties of fibrin 

based hydrogels even though reproducibility may not be adequate enough. 

Under very specific conditions (fibrinogen 7mg/mL and thrombin 5NIH) the 

depositions made showed the proper properties to ensure quality extrusion 

something that is a concern. 

However, due to the quickly clotting that occurs in the polymerization 

process, fibrin based hydrogels are a great candidate to be used for clinical 

purposes such as severed sciatic nerve reattachment, stabilization of 

microsurgical anastomoses and skin graft adhesion. However further studies 

have to be performed to be able to include cells in the bioprinting process 

without altering the deposition of the structure while keeping the construct 

created a positive bioactive environment. The softness and large compliance 

of the fibrin gel appear to be essential for its efficiency as a matrix for cells. 
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6. Future work 

 

Bioinks possesses poor mechanical poor mechanical properties that limit their 

use for the fabrication of complex organ 3D structures such as vascular, neural 

and lymphatic networks. The use of crosslinking of various types (mechanical 

and chemical) coupled with the mixing of natural and synthetic polymers are 

ways used to solve some of the present problems. 

The agents (solvents, reducing and stabilizing agents) used together with heat, 

pressure and enzymes to solubilize these protein-based biopolymers do not 

completely eliminate the micro-structure of these biopolymers. Future work on 

this topic should be to identify higher-order structures in hydrogel matrices 

produced from these biopolymers and characterize their binding pockets with cell 

surface receptors in order to incorporate living cells that can provide assistance in 

tissue engineering and regenerative medicine.  

In order to do so, further rheological studies should be performed to find the most 

optimal combination of the ratios of the materials of the hydrogel looking to 

maximize its great biocompatibility with mechanical properties that ease the 

bioprinting process.  

A better understanding on the differences in the bioprinting process when 

altering the thrombin and fibrinogen concentrations should also be performed.  

Furthermore, a study on the viability of the inclusion of cells in the hydrogel 

structure should be done in order to further understand the compatibility of the 

hydrogel with clinical cases. 

After that, a comprehension of the ability to bioprint constructs of said 

characteristics will be required in order to validate the action of the bioprinting 

process on the cells attached. 

Further discoveries in these topics will advance tissue engineering and 

regenerative medicine greatly. 
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7. Project cost 

The budget of this project includes the cost of hydrogel components, the cost of 

technical equipment and human resources cost. 

 

Hydrogel components: These costs include the value of the materials when 

purchased from the provider. 

 

Material Cost (€) 

Fibrinogen 146 

Thrombin 220 

NaCl 37 

CaCl2 28 

DMEM 10% FBS 25 

Total 456 

 

Technical equipment: These costs include the value of the equipment that was 

used for any part of the project. 

 

Material Cost (€) 

Plastic tube 6 

Female and male Luer connectors 32 

Extruding tips 10 

Syringes 40 

Aladdin Single-Syringe infusion Pump -------------------------- 

Rockit INVIVO ̴ 15000 

Eppendorf tubes 40 

AR G2 rheometer ̴ 30000 

Petri dishes 12 

SynergyTM HTX Multi-Mode 

Microplate Reader 

------------------------- 

Total 45140 

 

Human costs: These costs represent the wages of the team that participated in the 

project. 

 

Human resource Hours Cost/Hour (€) Cost (€) 

Student 380 0 0 

Tutor 150 30 4500 

Supervisor 150 12 1800 

  Total cost 6300 
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Total value of the products used: This cost represents the total value of all of the 

components used in this project. 

Equipment Cost (€) 

Hydrogel components 456 

Technical equipment 45140 

Human costs 6300 

Total 51896 

 

While this is the value of the equipment of the bioprinter and the rheometer is 

very high, the use of these machines was not subjugated to a price so as an 

alternative price that does not include these values substracting them brings the 

total to 6895€. 
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8. Legal framework 

 

Laboratory rules were followed in order to proceed in the laboratory. Protection 

equipment was worn being those goggles, lab coat and gloves. When using 

materials that could be potentially toxic they were thrown in the appropriate 

garbage disposals. A statement was signed to accept the following of the 

laboratory rules.  

 

No living material was utilized so there are no grounds for any moral or legal 

implications.   
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