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Abstract 

Tissue shortage for lung transplantation remains a problem worldwide as lung transplantation is 

often the only available option with numerous possible complications. Generating lung tissue ex-

vivo has been proposed as one way to potentially overcome this shortage. For this, tissue 

engineering is one potential strategy to either repair, replace or regenerate damaged tissue and 

organs. In this thesis, several experiments were conducted with the goal of improving the 3D 

printing process of sodium alginate using a modified 3D printer and thus, enabling more 

reproducible and consistent results. 

The morphology of the sodium alginate after crosslinking with calcium chloride was studied and 

compared between different alginate types and concentrations. Similarly to previous studies, it 

was found that both alginate type and concentration made an impact on parameters such as 

dissolution over time, ability to be crosslinked into a stable hydrogel, and use in extrusion-based 

3D printing. The morphology of tubular alginate structures after crosslinking was also 

investigated, and any shape or size changes due to the crosslinking itself and independent from 

the 3D printing method. Additionally, data was gathered on how the crosslinked alginate 

degraded or dissolved after a number of days in an environment simulating a cell culture. It was 

found that the resorption rate varied between different sodium alginate types. Furthermore, 3D 

printing parameters were explored in order to accurately print 3D models of tubular structures 

with controlled shape and size and consideration to alginate behavior. There were discrepancies 

found in the comparison between the digital rendering and the actual final print. However, the 

project resulted in suggestions for future improvements of the current techniques. The various 

parameters investigated in this thesis can with further studies lead to printing with higher 

precision and accuracy of final prints.  
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1. Introduction 

1.1 Background 

Tissue shortage for lung transplantation remains a problem worldwide as lung transplantation is 

the only available option with numerous possible complications for many chronic lung disease 

patients. There is also a scarcity of donor lungs, which is further complicated by low transplant 

efficacy and thus a low survival rate after five years. Many patients also die while on the waiting 

list [1]. Generating lung tissue ex-vivo is proposed as one way to potentially overcome this 

shortage. For this, tissue engineering is one potential strategy to either repair, replace or 

regenerate damaged tissue and organs. Tissue engineering involves constructing tissue in the lab 

through the use of cells, different types of cell growth and differentiation signals, and 

biomaterials that can promote tissue development. One major challenge with current tissue 

engineering strategies is to properly control the distribution of cells, extracellular matrix 

components and the required cues within the engineered three-dimensional structure [2]. One 

possible way to overcome this challenge could be achieved through additive manufacturing to co-

print the cells with the required structure in three dimensions. This could allow the 

manufacturing of complex and anatomically accurate structures with high reproducibility.  

 

1.2 Additive manufacturing 

Additive manufacturing (i.e., 3D printing) has the potential to closely mimic the cellular and 

extracellular components of a tissue or organ by, for example, building it up layer by layer with 

bioinks (a biomaterial ink containing cells which can be used in 3D bioprinting). 3D printing is 

advantageous over other manufacturing approaches because it readily allows for reproducible 

production of products with intricate 3D designs but also readily allows for the production of 

customizable products (e.g., that can be tailored to a specific  needs). It can be done 

either by printing the scaffold itself first and then seeding it with cells, or directly printing with 

cells included (i.e., bioprinting). Compared with traditional, non-biological printing, 3D 

bioprinting has additional parameters, such as the choice of materials, cell types, growth and 

differentiation factors, and technical challenges related to the sensitivities of living cells and the 

construction of tissues. Addressing these complexities requires the integration of technologies 

from the fields of engineering, biomaterials science, cell biology, physics, and medicine. 

These complexities present certain challenges, including but not limited to [3]: 

▪ Many current 3D printers and techniques are incompatible with printing cells and 

biological tissue due to the use of heat or solvents, to name a few examples. 

▪ Increasing evidence indicates that biomaterials which can be remodeled perform better in 

vivo but these run the risk of potentially failing if they degrade too quickly. Therefore, 

the printed material should not degrade faster than new ECM (extracellular matrix) is 

synthesized, deposited, and organized by seeded cells.  
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▪ Biomaterials and 3D printed constructs need to be able to be oxygenated and to deliver 

nutrients/allow for waste removal after implantation. Bioprinting of fine capillaries is not 

possible with current 3D bioprinting techniques. Therefore, biomaterials which promote 

sufficient angiogenesis so that the new tissue can get enough nutrients and oxygen to 

survive are a possible solution.  

Therefore, to overcome these challenges, research which evaluates new bioinks which can be used 

with existing 3D printing or bioprinting approaches is needed.  

 

1.3 Alginates and their properties 

Alginates are naturally occurring polymers most often extracted from brown algae (Phaeophyceae). 

They have been extensively studied and used for many biomedical applications, including major 

interest for use as a bioink, due to many of their innate properties such as biocompatibility, low 

toxicity, low cost, and ability to easily crosslink by the addition of divalent cations such as Ca2+ 

[4].  

The ionic crosslinking properties of alginate allow for the rapid formation of stable but 

degradable gels (discussed in more detail later), which has supported its use as a biomaterial for 

cell encapsulation, immobilization and as a scaffold for tissue engineering; its main beneficial 

properties are derived from the fact that it is a hydrogel and that it is porous and can thus allow 

nutrient exchange [5]. Alginate is also easily modifiable for both controlled laboratory studies 

(e.g., can be fluorescently labeled) as well as in advanced formulations for in vitro and in vivo 

studies, such as modifications which include specific binding sites or growth factors [5][6]. 

Although alginates are inherently non-biodegradable in mammals (as mammals lack the 

necessary enzyme, alginase), bulk material degradation via dissolution can occur by the release of 

the divalent ions crosslinking the gel into the surrounding media. This can happen due to various 

exchange reactions with monovalent cations such as sodium ions or intentionally through the 

introduction of chelators such as EDTA. If dissolution of alginate is desired, another option is to 

partially oxidize the alginate chains as this renders it susceptible to hydrolysis [5][7][8].  

Alginates are now known to be a whole family of linear copolymers containing blocks of α-L-

guluronate (G) and (1,4)-linked β-D-mannuronate (M) residues [6]. The various compositions 

of these blocks, also known as G/M-ratio, affect many of the properties that alginates exhibit. 

Changing the length of these blocks of G and M as well as the chain length determines the 

molecular weight of the alginate which together affect the physical properties of alginate 

solutions (i.e., pre-gel solution viscosity) and the resulting crosslinked hydrogels (e.g., porosity, 

elasticity etc.). This allows for selection of alginates that fulfill the requirements of the given 

tissue to be generated.  

The main alginate type used in this thesis is sodium alginate (NaC6H7O6), the sodium salt of 

alginic acid. Sodium alginates with different properties such as molecular weight and G/M ratio 
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from different commercial vendors were tested and compared throughout the different phases of 

the 3D bioprinting process to evaluate their potential.  

 

1.4 Bioinks and Biomaterial inks 

In order to generate 3D bioprinted 

to the ink in an inkjet desktop printer. There is a distinction between a bioink, where cells are a 

mandatory component of the printing formulation in the form of single cells, coated cells, and 

cell aggregates (of one or several cell types), or also in combination with biomaterials (for 

example seeded onto microcarriers, formulated in a hydrogel), and a biomaterial ink, where a 

biomaterial is used for printing and cell-contact occurs post-fabrication, see Figure 1.  

Both bioinks (i.e., when cells are included in the ink) and biomaterial inks (i.e., biomaterial 

alone) can be used to generated 3D printed constructs for tissue engineering, see Figure 1.  

A biomaterial itself is a substance that has been engineered to specifically interact with biological 

systems in a certain way [9]. It can be for either a therapeutic purpose (treat, augment, repair, or 

replace a tissue in the body) or a diagnostic purpose. Bioinks can be defined as a biomaterial 

containing cells as a mandatory component [10]. 3D bioprinting has already been used to 

generate and transplant several types of tissues in pre-clinical experiments, including multilayered 

skin, bone, vascular grafts, and cartilaginous structures [11]. Additionally, 3D bioprinted tissue 

has also been used as a model for research, drug development and toxicology [3]. Recent 

advances in 3D printing may permit for complex shapes required for larger tissues and organs, 

but potential bioinks are not completely characterized.  

A suitable candidate for a biomaterial is sodium alginate due to the fact that it has multiple 

beneficial properties; it can crosslink instantaneously by addition of divalent cations such as 

calcium, it is porous, and it is easily modifiable (e.g., can be fluorescently labeled) [12]. 

Importantly, alginate has already been successfully bioprinted using the FRESH method which 

allows for 3D bioprinting of complex and hollow shapes [12][13].  
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1.5 FRESH-printing  

The specific method of 3D printing used in this thesis is the FRESH method (freeform reversible 

embedding of suspended hydrogels). This method builds constructs by directly printing inside a 

secondary Bingham plastic fluid (e.g., gelatin microparticles in an aqueous calcium chloride 

solution) that serves as a temporary, thermoreversible, and biocompatible support bath or slurry 

[13]. This bath provides stability and support until crosslinking within the print itself has 

occurred. Thereafter, the slurry is washed away by raising the temperature to 37°C to reverse the 

thermal gelation of the gelatin microparticles, and only the print itself remains, see Figure 2.  

Figure 1. Distinction between bioinks and biomaterial inks [10]. 
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Figure 2. The process of FRESH printing [13]. 

 

1.6 Previously 3D bioprinted small airways  

Alginate is biologically inert and does not support the natural three-dimensional cues for cell 

attachment, survival, and proliferation [14]. Therefore, previous work has aimed to develop a 

bioink which contains specific biological properties  ideally designed for each tissue or organ to 

be printed. One way to accomplish this is through the use of a hybrid bioink where two materials 

are combined. One such bioink was recently developed in the LBR group (Lung Bioengineering 

and Regeneration) by De Santis et al. and consisted of sodium alginate and decellularized lung 

ECM to combine the physical properties of alginate with the biological properties of lung ECM 

[15]. It has been shown to support the proliferation of cells and is cytocompatible with diverse 

cell types when bioprinted. The hybrid hydrogel developed by De Santis et al. has been found to 

support proliferation of lung epithelial cell lines (mouse MLE12 and human A549), an 

endothelial cell line (b.End3), as well as primary human bronchial epithelial cells and primary 

lung smooth muscle cells. Additionally, hybrid bioinks were used to successfully bioprint 

constructs consisting of regionally specified cells (one cell type in each extruder) to bioprint small 

airways with an inner and outer diameter of specified cell types. However, the precision and 

accuracy of these prints were low as compared to the digital models used to generate the 3D 

bioprinted products. We hypothesized that this was due to deficiencies in the printing 

parameters and an incomplete understanding of the gelation process within the bath. In this 

thesis, various parameters and important factors contributing to final print geometries and their 

stability was examined. 
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2. Objectives 

This thesis consists of several main objectives and aims. Each of these had its own set of 

experiments and tests which are described and discussed further on. The four main aims and 

objectives of this thesis are:  

• To study the morphology of the alginate after crosslinking (e.g., any shape or size changes 

due to the crosslinking itself and independent from the 3D printing method used) as this 

is important to know when designing future experiments.  

• To investigate how and why the sodium alginate dissolves/degrades after crosslinking. 

This could clarify why and how the loss of stability from previous experiments occur.  

• Explore 3D printing parameters to accurately print 3D models with consideration to 

alginate behavior. This is important as the digital rendering should represent the actual 

final print as accurately as possible and would help making results reproducible and more 

consistent.  

• Evaluation of results to gain knowledge about what specific parameters need to be altered 

in order to get a specific final print with controlled shape and size.  

These objectives resulted in five different sets of tests and experiments where each set is described 

individually in the Methods, Results, and Discussion sections. 

 

3. Materials and methods  

This thesis has methods divided into five separate sections as each correspond to a different 

experiment tied to the objectives mentioned previously. Consequently, each section of the 

methods leads into its own section in the results and discussion.  

 

3.1 Preparation of the alginates 

The alginates used in this thesis were:  

- Protanal CR 8223 (FMC Biopolymer)  A1 

- Protanal CR 8133 (FMC Biopolymer)  A2 

- A0682-100G (Sigma-Aldrich)  A3 

 

Henceforth, the abbreviations A1, A2 and A3 are used interchangeably for each alginate type 

throughout this thesis. These were in granular powder form and thus first dissolved in Milli-Q 

water for each weight percentage. The alginate was brought into solution with the use of a vortex 

for about 10-15s and a mechanical roller (20 revolutions/min) at room temperature for several 

hours to ensure that the powder was completely dissolved.  
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3.2 Crosslinking potential comparison for three different alginate 

types 

Three different types of alginates were compared as properties such as their chemical structure 

and viscosity can vary, and this can give different results. As explained previously, sodium 

alginate is a polysaccharide made up of different ratios of both guluronic and mannuronic acids 

monomers. Different ratios can give rise to different properties, for example high guluronic acid 

containing alginate polymers has proven to yield stronger, more ductile hydrogels than high 

mannuronic acid containing alginates [16]. The divalent cations are believed to bind solely to 

guluronate blocks of the alginate chains [5][17].  

Alginate solutions were prepared as described above and then subjected to ionic crosslinking. 

This was achieved by filling up petri dishes (Sarstedt, d = 8.7 cm) with different concentrations 

of CaCl2 (EMD Millipore) in Milli-Q water and then manually extruding different alginate types 

through a needle (BD, 19 G x 1 ½, 1.1 x 40 mm) and syringe (BD, plastic 3ml Luer-Lok tip) 

into these baths while moving the needle around in the calcium chloride bath (submerged). This 

was also done with various percent weight per volume ratios (i.e., concentrations) for the alginate 

and at several temperatures and allowed to crosslink for about 5-10 min in the calcium chloride 

bath. Diverse properties were investigated in each given combination on how well they 

crosslinked and potential suitability for printing, see Table 1. Properties were evaluated before, 

during and after extrusion from the syringe, as all three stages are important for the 3D printing 

process later on.  

  

List of properties evaluated:  

• Force: Relative force (subjective not quantitative) needed to extrude as too much pressure 

required to extrude might adversely affect cell viability as cells may not survive the 

printing process if it would be used with cells subsequently. 

• Crosslinking potential: If it visually and physically crosslinks or not (yes/no) as this is 

the basis upon which FRESH printing works to obtain a hydrogel. 

• Crosslinking time: Relative time until crosslinking (estimated time). If it is too short, 

layers may not adhere properly to each other when printing. Consequently, if it is too 

long it becomes impractical as the alginate may diffuse too far in the gelatin slurry before 

solidifying.  

• Shape retention: Shape after extrusion (qualitative), as it is useful to know for the 3D 

printing if it solidifies into a blob or a line or something in between.  
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Table 1. The 3 sodium alginate types (left table) compared along with each respective parameter 

combination (right table). In total, 135 combinations were examined. Percent weight per volume is 

defined as the grams of solute in 100 milliliters of solution. 

Label Alginate types 
 

  
 

% 

W/V 
Temp. 

Conc. of 

CaCl2 

A1 
Protanal CR 

8223  
  0.5% 4°C 0.5 mM 

A2 
Protanal CR 

8133  
  1% 21°C 5 mM 

A3 A0682-100G   2% 37°C 20 mM 

          50 mM 

          500 mM 

 

3.3 Investigation of crosslinked alginate parameters from 3D printed 

thermoplastic molds 

Molds for casting alginate tubes were generated using 3D thermoplastic printing. Several 

different iterations of molds were generated to test different designs which allowed for casting, 

crosslinking and easy extraction of alginate tubes mimicking airways. The reason molds were 

designed in the first place is that dissolution (which is described later) is shape dependent (also 

related to the surface area). Since the target is to print airways, tubes needed to be formed. 

Therefore, a mold with tube-shaped wells was designed. Additionally, it is much faster and time 

efficient to work with molds rather than FRESH printing every tube.  

The 3D printed molds were generated with a polylactic acid (PLA) filament (3DX Tech for the 

black one, Creative Tools for the white one) using the Ultimaker 3 3D printer, see Figure 3. 

Each of the mol Table 2. However, the 

design itself evolved throughout the early stages of the project due to observations made in each 

set of experiments and measurements. The most successful alginate combinations identified in 

the experimental set comparing the different alginates were then used to measure how the 

dimensions of crosslinked alginate change in comparison to the dimensions of the wells alone 

(i.e., if and how much it shrinks along the length of the tube, its cross-sectional diameter or wall 

thickness).  

This was done via two different methods. In both methods, the desired sodium alginate solution 

was dispensed into the airway mold with a needle (BD, 30 G x ½, 0.3 x 13 mm) and a syringe 

(BD, plastic 3ml Luer-Lok tip). For method one (using molds 1 and 2 below (i.e., the black 

molds), the mold was entirely submerged in a standard 500 ml beaker of 50 mM CaCl2 (EMD 

Millipore). For method 2, the third mold (i.e., white mold) was designed to allow for CaCl2 to 

be filled from the top with a reservoir of CaCl2 above the airway well, see Figure 3. For both 

methods, it was left overnight to allow enough diffusion and crosslinking to occur. The alginates 

used were Protanal CR 8223 (1%, 2%, and 4%) and A0682-100G (only 2%). 
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After the tubes were removed, measurements were taken along the length of the tube, the wall 

thickness of the tube and the overall diameter. Representative locations without any noticeable 

defects (such as bubbles) were measured with a Dino-Lite digital microscope with the software 

DinoCapture 2.0. As such, the number of measurements taken on each sample differed. The goal 

was to take measurements evenly spread out along the tube, but as mentioned, locations with 

noticeable defects were excluded.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The 3D printed molds used, and the iteration process of refining it, from the earliest version (mold 1) 

to the left to the latest version (mold 3) on the right. 
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Table 2. Physical dimension of the wells and well features in each 3D printed mold. The well numbers 

are counted downwards in the figure of the molds, starting from the top left well in the picture and 

then followed by the numbering starting at the top of the next column to the right.  

Well Depth (mm) 

Outer 

diameter 

(mm) 

Inner 

diameter 

(mm) 

Thickness 

(mm) 

Theoretical 

volume (µl)  
1 4.9 6 4 1 77  

2 4.9 8 6 1 108  

3 4.9 10 8 1 139  

4 4.9 12 10 1 169  

5 4.9 6 2 2 123  

6 4.9 8 4 2 185  

7 4.9 10 6 2 246  

8 4.9 12 8 2 308  

9 9.9 6 4 1 156  

10 9.9 8 6 1 218  

11 9.9 10 8 1 280  

12 9.9 12 10 1 342  

        Total: 2351  

 

 

3.4 Alginate dissolution test  

Materials degrade or dissolve as a result of reactions with its environment. Examples of factors 

include UV-light, water, mechanical degradation, oxygen, or enzymatic degradation. Ionically 

crosslinked alginate degradation mechanisms include hydrolysis (if oxidized), chelating agents to 

bump off the cations (EDTA for example) resulting in dissolution, random dissolution due to 

ionic exchange of dissolution of calcium into solution and enzymes such as alginases.  

Data was gathered on how the crosslinked alginate degrades or dissolves after a number of days. 

The initial plan was to make this part of the experiment in a version of the previously shown 3D 

printed PLA molds, see Figure 3. However, the Ultimaker 3D printer broke down and the 

protocol was changed to utilizing standard plastic 96-well plates (Sarstedt) instead which allowed 

for the generation of alginate hydrogels in a standardized way.  

Crosslinked hydrogels were generated from two different types of sodium alginate: Protanal 

CR8223 and A0682-100G. The range of concentrations used are described below for part 1 that 

was without FBS (Fetal bovine serum)(Gibco) and part 2 that was a comparison between 

samples both with FBS and without FBS  of sodium alginate solution and then 

2 (EMD Millipore) was added to each well on day 0 and allowed to crosslink for 30 

min. Thereafter, the remaining CaCl2 was removed, and  cell culture media with 

Penicillin/Streptomycin (P/S) was added to each well. The alginate samples were lyophilized 
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overnight the day before the dry weight was measured for n=6 samples on each day, starting from 

day 0. The dry weight measurements were taken on a precision scale (Mettler Toledo MT5). All 

the samples were incubated at 37°C with 5% CO2 to mimic cell culture conditions. Media 

changes were also performed every 2-3 days to mimic cell culture and changed. The dry weight 

of each crosslinked hydrogel was measured over time as described below in part 1 (without FBS) 

and part 2 (with FBS) n=6 for each timepoint and alginate type and concentration.    

Although no cells were used, the environment was simulated as if cells would have been used 

throughout the entire experiment. FBS was also added throughout one of the two setups during 

the second part of the experiment, see part 1 and part 2 respectively below. Dry weight was 

measured instead of wet weight. For dry weight measurements, all the fluids were removed via 

lyophilization. Wet weight measurements are prone to error and known to be able to lead to 

potential errors due to the difficulty in controllably removing water from the outer surface of the 

hydrogel leading to low reproducibility.  

 

3.4.1 Part 1, no FBS  

For the first part, Protanal CR8223 was used at 1, 2, or 4%. A0682-100G was used at 2 and 4%. 

Samples were first crosslinked on day 0 as described above, then submerged in DMEM-F12 

(Gibco) with 1% P/S in 96-well-plates. Then, dry weight measurements were made at each 

consecutive measurement point on days 1-7, and then weekly thereafter (day 14, 21, 28, and 35).  

Samples were removed from the plate and stored at -80°C for at least 12h, followed by 

lyophilization overnight before measuring their weight.  

 

3.4.2 Part 2, comparison between samples with FBS and without FBS  

For the second part, Protanal CR8223 was used at 1 and 2% and A0682-100G was used at 2 

and 4%. Samples were crosslinked on day 0 as described above, then submerged in DMEM-F12 

(Gibco) with 1% P/S. One experiment set with 10% FBS and one experiment set without, in 24-

well-plates (Sarstedt). The switch from 96-well-plates to 24-well-plates was made to ease the 

handling process as the small size of the 96-well-plates in the previous part made it difficult 

throughout the entire experiment. Other than using larger volumes during, for example, the cell 

, the process itself was the same as described above. Then, dry weight 

measurements were made at each consecutive measurement point (daily from day 1-7) as 

described above in part 1 for samples with FBS, and only on day 0 and day 7 for samples 

without FBS. The latter as it was merely used as a comparison for the dry weight difference 

between the first and final measurement.  
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3.5 3D printing of tubes and comparison with the digital rendering 

Regarding the alginate printing in this thesis, a MakerBot Replicator 2X 3D printer was used. 

This printer had previously been heavily modified locally at LBR to be able to print using the 

FRESH method, instead of the standard stock plastic filaments. Therefore, the printing utilized a 

custom-made dispenser with a standard needle (B Braun, 23 G x 1, 0.6 x 25 mm) that had the 

tip cut straight instead of the standard diagonal bevel cut. The stock software was also unable to 

accommodate any printing parameter changes and thus a more customizable software was used, 

Simplify 3D software. To design the digitally rendered models, the software Blender (v.2.83.0) 

was utilized. To measure and quantify the results, a Dino-Lite AM7515MZT digital microscope 

with the software DinoCapture 2.0 (v.1.5.39.C) was used.  

 

3.5.1 Preparations  

The FRESH printing slurry consisted of Gelatin (Acros Organics) in a 20mM CaCl2 (EMD 

Millipore) solution and the full gelatin slurry protocol:  

Day 1:  

For the needed 20 mM CaCl2 solution, 2,22 g of CaCl2 per 1 l of Milli-Q water was mixed. 

Thereafter, stored in the fridge until cold to the touch. For 150 ml of a 6 % gelatin solution, 9 g 

of gelatin was mixed into 150 ml of the 20 mM CaCl2 solution, making sure it was evenly and 

properly mixed. Thereafter, stored in the fridge overnight so that it solidified.  

 

Day 2: 

A centrifuge was used with the following settings (4 °C, 2 min, 4200 RPM). 10 Falcon tubes and 

gelatin solution (6% gelatin in 20 mM CaCl2) were taken out of the fridge.  

150 ml of the 6% gelatin solution was mixed with 300 ml of 20mM CaCl2 and then shaken. The 

mixture was put into a blender, blended for 1 min, and distributed into the 10 falcon tubes. All 

the falcon tubes were centrifuged (4 °C, 2 min, 4200 RPM). The supernatant was poured off 

from all the tubes. Sufficient CaCl2 was added to resuspend the gelatin, additionally with the 

help of a vortex. Resuspension with CaCl2 and centrifugation was repeated at least once (more 

when needed). When resuspended, the gelatin was combined into two falcon tubes in the end. 

Thereafter, the tubes were put upside down for 5 min to make sure as much supernatant as 

possible was removed and stored cold afterwards.  
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3.5.2 Part 1, printing multiple layers  

Alginate tubes were printed using a modified MakerBot Replicator 2X and the FRESH method 

[18]. Due to the results obtained within this thesis, we selected one alginate and concentration 

thought to be optimal. Tubes with one to three layers were 3D printed with a biomaterial ink of 

Tubes were printed with a thickness of one to three layers respectively to investigate how well 

the final printed tube dimensions (thickness and height) correlated with the dimensions of the 

digital rendering. All measurements were performed using the Dino-Lite portable digital 

microscope and its in-built measurement software as described previously. The digitally rendered 

model was set to be 5 mm along the length of the tube and with concentric layers that were 0.34 

mm thick, as the inner diameter of the 23G needle used was approximately 0.34 mm.  

 

 

Figure 4. The digital rendering of the three different tube types printed. The different colors represent 
layers in the tube wall for visualization purposes only and are all printed with the same material 

( ). Each layer was set to be 0.34 mm thick in the digital rendering.  

 

3.5.3 Part 2, printing with different speeds  

Thereafter, tubes with one layer, as shown to the left in Figure 4, were printed using four 

different speeds. This was to investigate if the same parameters of the tubes (thickness and 

height) in the final prints as in the previous part differed, both from each other and from the 

digital rendering. The standard setting in the software, and what had been used for previous 

prints, was 120 mm/min. Therefore, speeds were tested that were 20 % slower, 20 % faster and 

40 % faster than the standard speed.  

  Tube 1   96 mm/min (- 20 %) 

  Tube 2   120 mm/min 

  Tube 3   144 mm/min (+ 20 %) 

  Tube 4   168 mm/min (+ 40 %) 
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As in part 1, all measurements were performed using the Dino-Lite portable digital microscope 

and its in-built measurement software as described previously. One tube for each speed was 

printed, but each tube had four measurements taken from it. The digitally rendered model was 

set to be 5 mm along the length of the tube with concentric layers that were 0.34 mm thick. 

 

3.6 Extruded droplet size experiment 

In order to estimate a potential maximum layer thickness, the droplet size at the needle outlet 

was measured during printing at different speeds by using  

Practically, this was done by allowing the modified MakerBot Replicator 2X to print mid-air 

with droplets forming at the tip of the needle, see example in Figure 5. This was then filmed 

using the Dino-Lite portable digital microscope while using different printing speeds to measure 

if the droplet size varies with it, see Table 3.  
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Figure 5. Picture taken of the needle tip while filming the entire process of printing mid-air to measure 

the droplet diameter for different printing speeds. Outer diameter of the needle is 0.6 mm for size 

reference.  

 

 

 

Table 3. The different extrusion speeds tested. The units are given in mm/min as this is the native unit 

for the printer in the software used.  
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4. Results  

4.1 Crosslinking potential comparison for three different alginate 

types 

As mentioned before, three different types of alginates were extruded into petri dishes with 

different concentrations of CaCl2 and in different temperatures. Various properties were 

compared, such as the crosslinking strength, time to crosslink and the resulting shape. The total 

amount of combinations tested was 135. Tables with results for every combination can be found 

in the appendix section A.1.  

As all four of the properties described in the Materials and methods section were thought to be 

of relatively equal importance, trends were attempted to be identified in the properties due to 

changes in the experimental variables. In general, it could be seen that the relative force needed to 

extrude increased with higher % w/v, although the largest increase was with A1. Relative force 

here was not quantified but rather that it was subjectively (i.e., noticeably) harder to extrude 

from the syringe. CaCl2 concentrations of 5mM and lower did not yield sufficient crosslinking to 

the extent that the crosslinked alginate could be picked up with a pair of forceps. Concentrations 

of 500mM (and to some extent, 50mM) gave rise to the formation of large droplets, rather than 

lines, at the needle tip in the bath. In general, crosslinking was found to be slower in lower 

temperatures. This was not quantified but rather an observation during the tests. A1 with 1% 

picked up with a pair of forceps. However, A2 was found to not yield any crosslinked alginates 

with sufficient stability.  

Suitable properties in the alginate crosslinking potential comparison were identified in a few 

combinations. This was especially true regarding the final shape and strength after crosslinking in 

the CaCl2 bath. Thus, for the next part to be used in further experiments:  

◦ A1 (Protanal CR 8223)  

◦ 1%, 2% and 4%.  

◦ A3 (A0682-100G)  

◦ 2%.  

◦ 50 mM CaCl2 to crosslink the alginate.  
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4.2 Investigation of crosslinked alginate parameters from molds 

This series of experiments was conducted to see how the different dimensions (such as thickness 

and height) of alginate tubes change after it crosslinks in a mold. The first two models of the 

mold were iterated and refined to the final model, see Figure 3. When the first mold (mold 1) 

was filled with alginate and crosslinked by submerging the entire mold in a beaker with CaCl2, it 

was noticeable that the crosslinked alginate hydrogels were shrinking and withdrawing to the 

center of the wells. This led to some of the tubes not being complete along the length due to the 

large shrinkage. Consequently, a similar mold (mold 2) but with small walls to form a vertical 

reservoir around the top of every well was developed to better be able to control where the 

shrinking occurs  12 in this iteration instead of 1) and also 

submerging it in a beaker with CaCl2. This was not found to be sufficient and therefore a mold 

with significantly higher wall height was developed (mold 3). These walls effectively formed a 

reservoir allowing much more alginate to be poured in to compensate for the shrinking and still 

yielding complete tubes. Additionally, the mold was also filled with CaCl2 from the top, meaning 

that it was no longer needed to submerge the entire mold, making the process easier and 

consuming less CaCl2. The mold with a vertical reservoir of CaCl2 was used for further 

measurements on dimensional changes after crosslinking. The dimensions of the molds, see 

Table 2, were verified with the Dino-Lite to be more than 95% accurate.  

Firstly, the length of time needed for crosslinking within the mold was determined. Early tests 

showed that crosslinking for 1h resulted in incomplete crosslinking along the length of the tube, 

with only 1-2mm of crosslinking occurring in the z-direction. Therefore, constructs were left 

thereafter to crosslink in CaCl2 solution overnight which allowed for them to be extracted from 

the molds using a pair of forceps, see Figure 6.  
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Figure 6. Extracted crosslinked alginate tubes on the left picture. Some can be seen to be damaged from 

air bubbles. The corresponding mold from which these were extracted on the right.  

 

Then, the wall thickness for each tube generated with different cross-sectional diameter and wall 

thickness was measured. Measurements were performed along the length of the tube. The 

number of measurements differed as there were defects on some tubes and because some tubes 

could not be successfully extracted.  

Firstly, the thickness and shrinkage of the tubes was measured from both the 1mm and 2mm 

wall thickness molds, see Figure 7a-c. This was done for both Protanal CR 8223 1% and 2%. 

However, the 1% alginate tubes were difficult to consistently extract as intact tubes from the 

1mm mold. Therefore, no reliable measurements could be made on this combination. For 

summarized results, see Figure 7d for the 1mm thick mold and Figure 7e for the 2mm thick 

mold. In these figures it can be seen that the shrinkage is quite substantial when the 

measurements are compared to the size of the mold. However, the shrinkage does noticeably 

decrease with higher alginate % (w/v). Numerical results can be found in Table 4.  
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Figure 7a. Thickness measurements of a Protanal CR 8223 2% tube from a 1mm thick mold. 

 

Figure 7b.  Thickness measurements of a Protanal CR 8223 1% tube from a 2mm thick mold. 
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Figure 7c. Thickness measurements of a Protanal CR 8223 2% tube from a 2mm thick mold. 
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Figure 7d. Results from the 1mm thick mold with the actual mold on the left and 

the resulting tube on the right.  
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Table 4. Numerical results from both the 1mm and 2mm thick mold.  
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Thereafter, the difference between the top  and bottom  of the tubes was measured to find out 

if the dimensions differed along the tube itself. The reason this was done was that during the first 

tube extractions it was discovered that the tube walls were not uniform along the length of the 

tube itself, even though the mold was uniform. Consequently, the next step was to quantify how 

big these variations were. 

shown in Figure 8a crosslinked 
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2mm thick mold

Protanal CR 8223 1%

Protanal CR 8223 2%

Figure 7e. Results from the 2mm thick mold with the actual mold on the left and the resulting 

tubes in the center and on the right.  
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alginate from the mold was cut off. The reason there was residual alginate in the first place was 

that the mold (mold 3) was filled up with a good margin when the alginate was added. This was 

to prevent incomplete tubes as the alginate did not shrink uniformly and the amount of 

shrinkage was not known. Consequently, the thickness and shrinkage of the tubes from both 

sides was measured and compared, see Figure 8b-c for Protanal CR 8223 2% and Figure 8d-e for 

Protanal CR 8223 4%. For summarized results, see Figure 8f. Numerical results can be seen in 

Table 5. 

 

 

 

 

 

 

 

Figure 8b. 

different diameters.  

 

 

Figure 8a. Schematic of 
a tube extracted from 

the mold and the top 

part being cut off. 
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Figure 8c. 

different diameters.  

 

 

Figure 8d. 

different diameters.  
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Figure 8e. 

different diameters.  
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Figure 8f. Results from the 2mm thick mold comparing the thickness for the top and bottom side for 

each weight percent of the alginate used.  
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Table 5. Numerical results from the 2mm thick mold. 
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4.3 Alginate dissolution test  

This test was conducted to gain understanding about if crosslinked alginate dissolves over time 

under different conditions mimicking what a 3D bioprinted tube might encounter in vitro. The 

test was divided up into two parts, one without FBS and one where two experiments ran 

simultaneously to compare samples both with and without added FBS. Tests were conducted 

with and without FBS because FBS is known to contain enzymes which may nonspecifically 

dissolve alginate.  
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4.3.1 Part 1, no FBS  

Interestingly, the alginate dissolution test without FBS showed that three out of five tested 

samples, independent of initial sodium alginate concentration, trended towards an increase in dry 

weight from day 0 to day 35, see Figure 9. Here, A1 represents Protanal CR 8223 and A3 

represents A0682-100G.  

  

  

 

 

Figure 9. The first alginate dissolution test conducted over a period of 35 days with different initial weight 

percentages of Protanal CR 8223 (A1) and A0682-100G (A3).  
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4.3.2 Part 2, comparison between samples with FBS and without FBS  

For the second part, experiments were conducted with and without the addition of FBS. 

Additionally, with larger well plates enabling easier handling throughout the entire process. With 

the addition of FBS, A1 noticeably increases for both 2% and 4% after seven days while A3 

decreases for both 2% and 4%, see Figure 10a. However, only a slight decrease is visible for A3. 

Without the addition of FBS, A1 increases more sharply than A3, see Figure 10b. As mentioned 

before, both experiments were conducted simultaneously over the course of 7 days.  

 

 

 

 

Figure 10a. The second alginate dissolution test conducted with the addition of FBS 

simultaneously with Experiment 2. Conducted over a period of 7 days with different weight 

percentages of Protanal CR 8223 (A1) and A0682-100G (A3).  
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4.4 3D printing of tubes using the FRESH method and comparison 

with the digital rendering 

Next, it was investigated how well the digital rendering actually corresponded with final 3D 

printed hydrogels when generated via techniques used in 3D bioprinting (i.e., FRESH printing). 

The first part was to print tubes with a wall consisting of one, two or three concentric layers. The 

second part was to determine if extrusion speed impacted the dimensions of 3D printed alginate 

tubes.  

4.4.1 Part 1, printing multiple layers  

The final prints with multiple layers can be viewed in Figure 11a. Here it can be seen that there 

was a clear discrepancy between the layers of the model and the actual print as each layer was 

Figure 10b. The second alginate dissolution test conducted without the addition of FBS simultaneously 
with Experiment 1. Conducted over a period of 7 days with different weight percentages of Protanal 

CR 8223 (A1) and A0682-100G (A3). 
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supposed to be 0.34 mm thick according to the digital rendering. For summarized results, see 

Figure 11b. The numerical results can be viewed in Table 6. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11a. Printed tubes with multiple layers. The top tube was printed with one layer, bottom left with two 

layers and bottom right with three layers.  

1 layer 

2 layers 3 layers 
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Table 6. Numerical results from the comparison between the digital rendering and actual print with 

different number of layers. 

Layers 
3D rendering 

(mm) 

Actual print 

(mm) 
 σ (mm) 

1 0.34 

0.542 

0.591 0.047 0.636 

0.596 

2 0.68 

1.200 

1.132 0.143 0.968 

1.229 

3 1.02 

1.102 

1.230 0.123 1.348 

1.240 

 

 

 

4.4.2 Part 2, printing with different speeds  

Thereafter, it was tested whether the extrusion speed impacted the physical dimensions of final 

printed hydrogel tubes. Printing with different speeds also showed a discrepancy between the 

digitally rendered model and the actual prints. Varying the speed did have some small effects of 

slightly increasing the layer thickness. It can be seen to increase from an average of 0.537 mm to 

0.661 mm, with the exception of 144 mm/min which has a lower average than 128 mm/min but 

Figure 11b. Summary and comparison between the digital rendering and actual print with different number 

of layers. For each tube n = 3 measurements were taken.  
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also a larger standard deviation. In regard to the tube height itself, the speed was found not to 

have any particular effect on it, at least within the speed range tested. The results with each 

different speed can be seen in Figure 12a-d, respectively. It can also be noted that the air bubbles 

visible on the pictures are on the outside and not inside of the alginate tubes. For summarized 

results of the tube layer wall thickness when printing with different speeds, see Figure 12e.  

Summarized results for the tube height can be seen in Figure 12f. The numerical results for both 

can be viewed in Table 7.  

 

For this part,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12a. Tube 1 printed with a speed of 96 mm/min. Measurements of tube wall thickness on the left and tube height 

on the right.  

Figure 12b. Tube 2 printed with a speed of 120 mm/min. Measurements of tube wall thickness on the left and tube 

height on the right.  
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Figure 12c. Tube 3 printed with a speed of 144 mm/min. Measurements of tube wall thickness on the left and 

tube height on the right. 

Figure 12d. Tube 4 printed with a speed of 168 mm/min. Measurements of tube wall thickness on the left and tube 

height on the right. 
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Figure 12e. Summary of the resulting tube wall layer thickness when printing with different 

speeds and compared to the digital rendering with n = 4 measurements on each.  

Figure 12f. Summary of the resulting tube height when printing with different speeds and 

compared to the digital rendering with n = 4 measurements on each. 
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Table 3. Numerical results from the comparison between the digital rendering and actual print in 

regards to the tube wall layer thickness and tube height.  

Speed 

(mm/min) 

Thickness 

(mm) 
 σ (mm) 

  

Speed 

(mm/min) 

Height 

(mm) 
 σ (mm) 

96 

0.562 

0.537 0.017 

  

96 

4.075 

4.043 0.088 
0.526   4.075 

0.528   4.107 

0.530   3.913 

120 

0.614 

0.627 0.018 

  

120 

4.627 

4.502 0.262 
0.641   4.705 

0.609   4.556 

0.644   4.120 

144 

0.512 

0.592 0.064 

  

144 

4.151 

4.180 0.284 
0.660   4.461 

0.624   4.308 

0.572   3.798 

168 

0.721 

0.661 0.056 

  

168 

3.898 

4.117 0.152 
0.696   4.151 

0.611   4.246 

0.616   4.174 

 

 

4.5 Extruded droplet size experiment 

The dimensions of the printed final product in the previous experiment differed from the digital 

rendering which varied depending on the comparison. In most cases it still varied with a quite 

large percentage difference. Therefore, a test was conducted to measure if there was any 

correlation between the droplet diameter and the printing (extrusion) speed. 

The experiment results indicated that the droplet diameter remained fairly consistent within the 

speed range tested. Thus, it did not seem to increase with higher printing speed, see Figure 13. 
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Figure 13. Droplet diameter for the four different speeds tested.   
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5. Discussion 

5.1 Crosslinking potential comparison for three different alginate 

types 

Suitable properties in the alginate crosslinking potential comparison were identified in a few 

combinations. This was especially true regarding the final shape and strength after crosslinking in 

the CaCl2 bath. The combinations of either Protanal CR 8223 (1%, 2% and 4%) or A0682-

100G 2% in 50 mM CaCl2 were found to be the most suitable ones for the next series of 

experiments. As it can be seen in the results, the choice of comparing several types of alginates is 

justifiable as they noticeably behave differently as the comparison experiment showed. This is 

especially true when varying additional parameters, such as crosslinker concentration [4].  

The extrusion into the CaCl2 bath gave rise to the formation of large droplets with some 

combinations that were close to the selected ones that were used in the consecutive experiments 

(i.e., Protanal CR 8223 1%, 2%, 4% and A0682-100G 2%), rather than lines, at the needle tip 

when it was submerged. Previous work has found that the size and shape of calcium alginate 

hydrogel shapes are dependent on parameters such as extrusion speed, sodium alginate 

concentration, and sodium alginate properties (e.g., G/M ratio) [19]. The fact that only large 

droplets formed across all sodium alginates tested might indicate crosslinking occurred faster 

than desirable or that the manual extrusion rate was not fast enough to allow for subsequent and 

uncrosslinked alginate (i.e., that in the syringe) to be crosslinked with the previously extruded 

alginate. Something to consider is that there could be more potentially suitable combinations for 

use in 3D printing, as many of the tested ones that did crosslink (slightly higher/lower weight per 

volume percentage, or slightly higher/lower CaCl2 concentration) also had similar properties. So, 

depending on the final use of the alginate, perhaps an alginate combination with a slightly faster 

or slower crosslinking time may be desired. Additionally, in this thesis there were 3 types of 

alginates tested, and there may very well be other types that are suitable for a specific application.   

 

5.2 Investigation of crosslinked alginate parameters from molds 

The tubes were extracted from the molds and measured with a Dino-Lite. It was very clear that 

all tubes had shrunk, but to various degrees depending on many factors. This is a result 

consistent with previous findings [19].  

As the alginate tubes were extracted and measured, it became clear that none of them were 

uniform in shape along the length of the tube, even when extracted from wells that did have this 

uniformity along the length. This can be seen in Figure 8b-f. An explanation to this could 

potentially be that the alginate did not distribute itself uniformly across the entire mold, or 

perhaps shrank unevenly due to CaCl2 diffusion gradients. These issues would require some form 

of compensation factors to account for the shrinkage when 3D printing.  
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In this thesis, representative measuring locations were collected with an attempt to minimize 

bias, but this is not ideal. The most systematic way would be to pick the measuring area using a 

completely non-biased and random method, such as a superimposed grid and measure at each 

crossing point. However, multiple measurement points were selected for along the length of tube 

and around each circumference in this thesis, which can help to reduce measurement bias. It 

proved difficult to extract some alginate tubes, especially Protanal CR 8223 1% as it was less 

stable. A possible explanation for this could be that it was due to the printed layers of the plastic 

mold t . A solution 

to this would be to 3D print with a different plastic and/or higher resolution to make the surface 

smoother. There are also post 3D printing smoothing procedures such as acetone or isopropanol-

based immersion techniques that could be tried. However, this might ultimately be caused by the 

low mechanical stability of the Protanal CR 8223 at 1%.  

Another issue was frequent air bubbles getting caught in the sodium alginate solution prior to 

This occurred despite of centrifuging 

and using a smaller needle when carefully filling the molds from the bottom. The effect of these 

bubbles can clearly be seen on some figures. Consequently, some parts of the final tube could not 

be used for measurement points because of this. A possible way to get rid of bubbles when 

redoing this experiment could be by degassing, for example by placing it in vacuum or by 

nitrogen purging.  

 

5.3 Alginate dissolution test  

This test was conducted to gain understanding about if crosslinked alginate dissolves over time 

under different conditions mimicking what a 3D bioprinted tube might encounter in vitro. The 

test was divided up into two parts, one without FBS and one where two experiments ran 

simultaneously to compare samples both with and without added FBS.  

5.3.1 Part 1, no FBS  

One reason for the significant fluctuation of dry weight seen in the figure from the 35-day 

experiment in Figure 9 could be the cell media changes that were done approximately every 2-3 

days. This would lead to increased uptake of some of the DMEM-F12 compounds which would 

be even more visible if the dry weight measurements were done in close conjunction with a cell 

media change. It is also possible that the compound uptake differs with the type of alginate as all 

A1 visibly increased, but none of the A3 did. Both an increase and decrease in weight has been 

shown in similar experiments, depending on the type of crosslinking ion used, where sodium 

alginate hydrogels crosslinked with calcium ions showed slower degradation [20]. During the dry 

weight measurements, it was often difficult to take out the dry and brittle alginate from the well 

plate to the precision scale. This was as the alginate often broke into smaller pieces or got stuck 

to the well plate walls. Consequently, to minimize any potential errors, the switch to larger well 

plates was made for part 2. 
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5.3.2 Part 2, comparison between samples with FBS and without FBS  

With FBS, only A1 increased while A3 decreased. Without FBS A1 increased more sharply than 

A3, as seen in Figure 10a-b. This could, again, be showing a possibly different uptake of the 

various compounds found in DMEM-F12 due to differences in the two different alginate types 

(e.g., their G/M ratio and chain length which can cause differences in alginate network 

formation). Hydrogels derived from both A1 and A3 tended towards an increase in dry weight 

over the first three days as compared to the initial dry weight, which may indicate adsorption of 

components in the media within the hydrogel or water swelling.  

FBS does have enzymes that might degrade a material, but this effect was not observed in this 

data set and thus these enzymes do not seem to be a major contributor to calcium alginate 

hydrogel degradation.  

As losses in weight change were observed for A3, it would be interesting in the future to measure 

how much alginate was left in the solution that did not crosslink initially, or that became 

uncrosslinked, potentially due to ion exchange of calcium and sodium when placed in DMEM-

F12. DMEM-F12 contains sodium (6.4g/L) which is within the range of previous studies that 

have shown changes in swelling behavior and degradation of alginate networks in the presence of 

sodium [21]. There are several potential techniques which could be used to study this more 

carefully. Spectroscopy cannot be used alone to distinguish the presence of alginate in solution 

alone as alginate does not contain any unique absorption profile between 280-700nm, the range 

for conventional UV-VIS spectrophotometers. Therefore, future studies could use alginate with 

covalently bound fluorescence moieties or an external dye specific for one of the molecular 

groups present on alginate to monitor these weight losses overtime and whether they are due to 

loss of alginate from the bulk hydrogel or due to another unknown cause.  

 

5.4 3D printing of tubes and comparison with the digital rendering 

The aim of this set of experiments was to compare how well the digital rendering corresponded 

with the final 3D printed hydrogel when generated via techniques used in 3D bioprinting. The 

first part was to print tubes with a wall consisting of one to three concentric layers. The second 

part was to instead determine if extrusion speed impacted the dimensions of 3D printed alginate 

tubes.  
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5.4.1 Part 1, printing multiple layers  

The final prints showed quite a major discrepancy from the digital rendering. The 1-layer print 

was 42% larger, the 2-layer 40% larger and the 3-layer 17% larger, when comparing the results 

from Table 6. The actual print does not increase by a constant for each layer, suggesting that the 

horizontal overlap distance previously assumed to exist between each layer might be incorrect.  

A correction factor is one possible solution to this and would be needed in the software and 

adjusted depending on the desired thickness of the final print.  It is possible that a slightly 

reduced overlap between printing layers, both vertically and horizontally would help, while not 

reducing the amount of alginate extruded per unit of time. This could be combined with a 

smaller diameter on the printing needle to potentially reduce the dispersion of the alginate that 

contributed to a much larger thickness than desired. This could work within a certain size range 

of final prints. Other possible parameters to change for more precise control of final geometries 

could be concentration or size and geometry of FRESH printing bath particles as will be 

discussed below. Changes in CaCl2 concentration could be used to minimize droplet spread 

which might be contributing to a translation of dimensions decreasing the height and increasing 

the width.  

Additionally, when one layer was printed, the needle and printer head were printing in a 

continuous circular movement (like a spiral) resulting in a much more coherent print. In 

contrast, when printing with two or more layers, the printing movement did not occur in a 

continuous movement. Instead, when the needle and printer head reached the starting point, the 

next layer, printed at the same z-height, was generated by the needle moving outwards and the 

print continuing in the reverse direction. Basically, it meant that the second layer was printed in 

the reverse direction compared to the first and third layer. Thus, the alginate around the starting 

r inconsistency as the layers did not connect well 

enough, as can be seen in Figure 11a. For future prints, consideration for multiple layers should 

be made to account for the time to gelation and how different layers need to adhere to one 

another. One possibility is that this would need to be tweaked in the software to be continuous 

(i.e., that the printing does not switch direction when switching which layer is being printed).  
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5.4.2 Part 2, printing with different speeds  

A small effect can be seen that the printed layer thickness actually increases with printing speed. 

Although, as the sample size is quite small it is not possible to conclude with full certainty. 

Basically, all the printed tubes have smaller heights than desired but are at the same time thicker 

than the digitally rendered model. This could suggest that the set overlap between printing layers 

would need to be adjusted. Similarly, as in part 1, a smaller diameter on the printing needle 

could potentially reduce the dispersion of the alginate that contributed to a much larger thickness 

than desired. This could help to correct the alginate that seemingly got offset from height to 

thickness. However, smaller needle diameters may not be possible when printing cells as this 

could increase the shear forces experienced by cells, which is known to impair their function or 

cause cell death [22]. Although this impact has been shown to be larger from dispensing pressure 

than needle diameter alone [22].  

Other possible parameters to use could be concentration or geometry of FRESH printing bath 

particles. Increases in CaCl2 concentration could be used to minimize droplet spread which 

might be contributing to a translation of dimensions decreasing the height and increasing the 

width. 

 

The gelatin support bath is another important aspect to consider as it should have a light paste-

like consistency to facilitate the alginate layers and at the same time let the printing needle move 

paste-like consistency) could reduce the droplet spread of the extruded alginate during the time 

as it crosslinks. This could be achieved by reducing the gelatin bead size and thus increasing the 

gelatin concentration. Consequen

reduced. This has been shown to increase the resolution of FRESH printing [23]. Additionally, it 

could partially explain the consistently larger thickness of the printed alginate, and that this 

migration also contributed to the redistribution of alginate from height to thickness.  

 

5.5 Extruded droplet size experiment 

The results from the droplet extrusion test indicated that the droplet diameter remained fairly 

consistent within the printing speed range tested. As the droplet diameter was not found to be 

dependent of printing speed, at least within the given speed range, it could be correlated to other 

factors. Similar tests have shown that alginate flow rate, viscosity and nozzle diameter have an 

impact on the droplet size [24]. A very likely explanation in this case with the limited printing 

speeds tested could be that the needle inner diameter instead has a comparatively larger effect.  

 

 



48 
 

 

6. Conclusions  

There are many aspects to consider when designing a process to 3D print alginates with high 

reproducibility and precision. In this thesis, a few different sodium alginates were tested in a 

series of experiments aimed at further understanding key parameters that are important in the 

3D printing process. The morphology of the alginate after crosslinking was investigated and 

compared between different alginate types and concentration (i.e., weight per volume 

percentage). Similar to previous studies, it was found that both alginate type and the 

concentration made an impact on parameters such as degradation over time, ability to be 

crosslinked into a stable hydrogel, and use in extrusion-based 3D printing. While attempting to 

characterize the alginate dissolution it was shown that the alginate likely takes up some 

compounds found in cell media which explains the increase in weight of the hydrogel over time. 

Proteins, including extracellular matrix proteins, have been shown to absorb onto naturally 

derived hydrogels such as alginate [25].  

Using the modified 3D printer to print alginates for crosslinking, the outcome of the tests has 

suggested parameters that ultimately need to be adjusted. These include needle diameter, gelatin 

bead size and concentration, and printing software settings. This is due to the significant 

discrepancies between the digital rendering and the final print that the tests have revealed. This 

information could be used to address the larger problem which is printing with precision and 

accuracy. Hopefully, the findings in this thesis can lead to greater understanding on what 

happens with the alginate both during and after the printing itself. The various parameters 

investigated here can with further studies lead to significantly greater reproducibility of final 

prints and thus one step closer of reaching the goal of being able to clinically print tissues, and in 

the long run, entire organs.  

 

 

7. Conflict of interests 

The author has no conflict of interest to declare.  

 

 

 

 

 

 

 



49 
 

 

8. Bibliography 

[1]. Hartert M, Senbaklavaci Ö, Gohrbandt B, Fischer B M, Buhl R, Vahl C F. (2014). Lung 

transplantation: a treatment option in end-stage lung disease. Deutsches Arzteblatt International, 

111(7), 107 116. https://doi.org/10.3238/arztebl.2014.0107.  

[2]. Melchels F P W, Domingos M A N, Klein T J, Malda J, Bartolo P J, Hutmacher D W. 

(2012). Additive manufacturing of tissues and organs. Progress in Polymer Science, 37(8), 1079-

1104. https://doi.org/10.1016/j.progpolymsci.2011.11.007.  

[3]. Murphy S V, Atala A. (2014). 3D bioprinting of tissues and organs. Nature Biotechnology, 

32(8), 773‐785. https://doi.org/10.1038/nbt.2958.  

[4]. Freeman F E, Kelly D J. (2017). Tuning Alginate Bioink Stiffness and Composition for 

Controlled Growth Factor Delivery and to Spatially Direct MSC Fate within Bioprinted 

Tissues. Scientific Reports, 7: 17042. https://doi.org/10.1038/s41598-017-17286-1.  

[5]. Lee K Y, Mooney D J. (2012). Alginate: properties and biomedical applications. Progress in 

Polymer Science, 37(1), 106 126. https://doi.org/10.1016/j.progpolymsci.2011.06.003.  

[6]. Jeon O, Powell C, Solorio L D, Krebs M D, Alsberg E. (2011). Affinity-based growth factor 

delivery using biodegradable, photocrosslinked heparin-alginate hydrogels. Journal of Controlled 

Release, 154(3), 258 266. https://doi.org/10.1016/j.jconrel.2011.06.027.  

[7]. Lueckgen A, Garske D, Ellinghaus A, Desai R M, Stafford A G, Mooney D J, Duda G N, 

Cipitria A. (2018). Hydrolytically-degradable click-crosslinked alginate 

hydrogels. Biomaterials, 181, 189 198. https://doi.org/10.1016/j.biomaterials.2018.07.031.  

[8]. Boontheekul T, Kong H, Mooney D J. (2005). Controlling alginate gel degradation utilizing 

partial oxidation and bimodal molecular weight distribution. Biomaterials, 26(15), 2455 2465. 

https://doi.org/10.1016/j.biomaterials.2004.06.044.  

Biomaterials Definition Overview. Stem Cells 

and Biomaterials for Regenerative Medicine, 85-98. https://doi.org/10.1016/B978-0-12-812258-

7.00007-1.  

[10]. Groll J, Burdick J A, Cho D W, Derby B, Gelinsky M, Heilshorn S C, Jüngst T, Malda J, 

Mironov V A, Nakayama K, Ovsianikov A, Sun W, Takeuchi S, Yoo J J, Woodfield T B F. 

(2018). A definition of bioinks and their distinction from biomaterial inks. Biofabrication, 11(1).  

https://doi.org/10.1088/1758-5090/aaec52.  

[11]. Derakhshanfar S, Mbeleck R, Xu K, Zhang X, Zhong W, Xing M. (2018). 3D bioprinting 

for biomedical devices and tissue engineering: A review of recent trends and advances. Bioactive 

Materials, 3(2), 144 156. https://doi.org/10.1016/j.bioactmat.2017.11.008.  



50 
 

 

[12]. Axpe E, Oyen M L. (2016). Applications of Alginate-Based Bioinks in 3D 

Bioprinting. International Journal of Molecular Sciences, 17(12), 1976. 

https://doi.org/10.3390/ijms17121976.  

[13]. Hinton T J, Jallerat Q, Palchesko R N, Park J H, Grodzicki M S, Shue, H-J, Ramadan M 

H, Hudson A R, Feinberg A W. (2015). Three-dimensional printing of complex biological 

structures by freeform reversible embedding of suspended hydrogels. Science Advances, 1(9). 

https://doi.org/10.1126/sciadv.1500758.  

[14]. Pati F, Jang J, Ha D-H, Kim S W, Rhie J-W, Shim J-H, Kim D-H, Cho D-W (2014). 

Printing three-dimensional tissue analogues with decellularized extracellular matrix bioink. 

Nature Communications, 5: 3935. https://doi.org/10.1038/ncomms4935.  

[15]. De Santis M M, Bölükbas D A, Lindstedt S, Wagner D E (2018). How to build a lung: 

latest advances and emerging themes in lung bioengineering. European Respiratory Journal, 52: 

1601355. https://doi.org/10.1183/13993003.01355-2016.  

[16]. Drury J L, Dennis R G, Mooney D J. (2004). The tensile properties of alginate 

hydrogels. Biomaterials, 25(16), 3187 3199. 

https://doi.org/10.1016/j.biomaterials.2003.10.002.  

[17]. Grant G T, Morris E R, Rees D A, Smith P J C, Thom D. (1973), Biological interactions 

between polysaccharides and divalent cations: The egg-box model, FEBS Letters, 32(1), 195-198 

https://doi.org/10.1016/0014-5793(73)80770-7.  

[18]. De Santis M M, Alsafadi H N, Tas S, Bölükbas D A, Prithiviraj S, Da Silva I A N, 

Mittendorfer M, Ota C, Stegmayr J, Daoud F, Königshoff M, Swärd K, Wood J A, Tassieri M, 

Bourgine P E, Lindstedt S, Mohlin S, Wagner D E (2021). Extracellular-Matrix-Reinforced 

Bioinks for 3D Bioprinting Human Tissue, Advanced materials, 33(3), 

[2005476]. https://doi.org/10.1002/adma.202005476.  

[19]. Lee B-B, Ravindra P, Chan E-S. (2013). Size and Shape of Calcium Alginate Beads 

Produced by Extrusion Dripping. Chemical Engineering & Technology, 36(10), 1627-

1642. https://doi.org/10.1002/ceat.201300230.  

[20]. Kurowiak J, Kaczmarek-Pawelska A, Mackiewicz A G, Bedzinski R. (2020). Analysis of the 

Degradation Process of Alginate-Based Hydrogels in Artificial Urine for Use as a Bioresorbable 

Material in the Treatment of Urethral Injuries. Processes, 8(3), 304. 

https://doi.org/10.3390/pr8030304.  

[21]. Bajpai S K, Sharma S. (2004). Investigation of Swelling/Degradation Behaviour of Alginate 

Beads Crosslinked with Ca2+ and Ba2+ Ions. Reactive & Functional Polymers, 59(2), 129-140. 

http://doi.org/10.1016/j.reactfunctpolym.2004.01.002.  



51 
 

 

[22]. Nair K, Gandhi M, Khalil S, Yan K C, Marcolongo M, Barbee K, Sun W. (2009). 

Characterization of cell viability during bioprinting processes. Biotechnology Journal, 4(8), 1168

1177. https://doi.org/10.1002/biot.200900004.  

[23]. Lee A, Hudson A R, Shiwarski D J, Tashman J W, Hinton T J, Yerneni S, Bliley J M, 

Campbell P G, Feinberg A W. (2019). 3D bioprinting of collagen to rebuild components of the 

human heart. Science, 365(6452), 482 487. https://doi.org/10.1126/science.aav9051.  

and surface tension on calcium-alginate microbead formation using dripping technique. Food 

Hydrocolloids, 62, 119-127. https://doi.org/10.1016/j.foodhyd.2016.06.029.  

[25]. Loebel C, Mauck R L, Burdick J A. (2019) Local nascent protein deposition and 

remodelling guide mesenchymal stromal cell mechanosensing and fate in three-dimensional 

hydrogels. Nature Materials, 18, 883 891. https://doi.org/10.1038/s41563-019-0307-6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 
 

 

A. Appendix 

 

A.1 Crosslinking potential comparison for three different alginate 

types  

 

Below, the resulting data from testing all the initial combinations can be seen.  
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