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ABSTRACT 

Before most commercial products reach the market, their safety and efficiency must be 

evaluated. In vitro skin equivalents are extensively used to assess the toxicity and penetration 

of substances. However, their limited reproducibility and long manufacturing times have 

hindered their industrial implementation. The use of bioprinting systems has helped to 

automatise the production process, but the industrial scalability of these models as testing 

platforms is still limited.  

This research aimed to optimise the manufacturing of skin equivalents by incorporating the 

novel Reactive Jet Impingement (ReJI) bioprinting system. The combination ReJI process with 

the formulation of natural-based bioinks could help to improve the complexity of the models, 

recreating specific skin microenvironments and accelerating the skin formation process. 

The experimental results demonstrated the ability of ReJI to control cell distribution, ensuring 

the homogeneity of the models. In contrast to other bioprinting techniques, cell viability was 

not affected regardless of the printed cell density. By incrementing ten times the number of 

fibroblasts in the dermal models, it was possible to reduce their maturation time significantly. 

Meanwhile, the study of dermal bioinks allowed the identification of parameters that 

influence fibroblast behaviour. The selection of collagen sources and neutralisation method 

affected the physicochemical properties of the dermal models, along with the fibroblast 

proliferation and matrix remodelling. Similarly, the combination of fibrin with alginate and 

collagen enabled the customisation of the dermal layer. Finally, the incorporation of these 

biomaterials into the epidermal production also allowed an enhanced control over 

keratinocyte distribution and differentiation. 

This research demonstrates the suitability of ReJI for the high-throughput production of 

models and the possibility of decreasing the manufacturing times. Additionally, the selection 

of natural bioinks has shown to be an important factor in the recreation of different skin 

microenvironments and conditions, tailoring the cellular behaviour and functionality of the 

final models.  
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"The important thing is not to stop questioning; 

 curiosity has its own reason for existing (…)” 

- Albert Einstein 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

VI 
 

 

  



 
 
 

VII 
 

ACKNOWLEDGEMENTS 

Firstly, I want to thank the Engineering and Physical Sciences Research Council, the Centre for 

Doctoral Training in Additive Manufacturing and 3D Printing, and Croda International Plc. for 

funding this project (EP/L01534X/1). This research would not have been possible without their 

support.  

I want to express my gratitude to my academic supervisory team for their guidance over the 

past four years. I would like to especially thank Prof Kenny Dalgarno for following my progress 

and providing me with support and advice through each step of this journey. I also want to 

thank Dr Marina Ferreira-Duarte for her knowledge and suggestions about the biomaterial 

properties and characterization.  One of my main motivations for pursuing a scientific career 

has always been the possibility of solving real problems. For that reason, I am genuinely 

thankful to my industrial supervisors for their inspiration and motivation. To Dr Philippe 

Mondon, Dr Caroline Ringenbach, and especially Dr Alba Cico, thank you for all your help and 

implication in this project. 

I wish to thank Dr Gema Dura for all her guidance through this project, and for allowing me to 

delve into the biomaterial world and collaborate with her. I want to acknowledge. Dr Xin Xu 

for providing training and assistance on the skin model sections. To the Bioimaging Unit from 

Newcastle University for the training and technical support received. And to Ross Laws and 

Tracey Davey for the training on the SEM and their time processing my samples and 

attempting to characterize them by TEM.  

Through these last years, I have met many people who have helped me to grow not only as a 

scientist, but also as a person. I want to thank all my friends and colleagues from Newcastle 

University and the CDT programme for all the experiences and lessons learnt together. To 

Dr Ana Río-Machín, thank you for being the best mentor I could wish for.  

Finally, I would like to show my gratitude to my family for giving me the opportunity to pursue 

a scientific career and leave my home more than ten years ago. Thank you for always 

supporting and believing in me. To Juanjo, thanks for all your patience and understanding, 

being always there for me to remind me the big picture. I would like to dedicate this 

dissertation especially to my grandmothers. Thank you for teaching me the power of curiosity, 

the value of little things, and for providing me with the opportunities you never had. 



 
 
 

VIII 
 

  



 
 
 

IX 
 

TABLE OF CONTENTS 

Contents 
ABSTRACT .................................................................................................................................. III 

ACKNOWLEDGEMENTS............................................................................................................. VII 

TABLE OF CONTENTS ................................................................................................................. IX 

LIST OF FIGURES ....................................................................................................................... XV 

LIST OF TABLES .................................................................................................................... XXVIII 

LIST OF ABBREVIATIONS ........................................................................................................ XXIX 

CHAPTER 1. INTRODUCTION....................................................................................................... 1 

1.1. Thesis Structure ........................................................................................................... 3 

CHAPTER 2. LITERATURE REVIEW ............................................................................................... 4 

2.1. Anatomy and Physiology of Human Skin ..................................................................... 4 

2.1.1. Epidermal Layer .................................................................................................... 5 

2.1.2. Dermal Layer ......................................................................................................... 8 

2.1.3. Dermal-Epidermal Junction ................................................................................ 10 

2.1.4. Hypodermis ........................................................................................................ 11 

2.2. Human Skin Equivalents ............................................................................................ 12 

2.2.1. Tissue Engineering Skin Equivalents ................................................................... 12 

2.2.2. Validation Methods ............................................................................................ 17 

2.2.3. State-of-the-art of Skin Models for Product Testing .......................................... 18 

2.3. Bioprinting Skin Models ............................................................................................. 21 

2.3.1. Bioprinting Techniques ....................................................................................... 23 

2.3.2. State-of-the-art of Skin Bioprinting .................................................................... 27 

2.3.3. Reactive Jet Impingement System ..................................................................... 31 

CHAPTER 3. PROJECT AIM AND OBJECTIVES ............................................................................ 33 

CHAPTER 4. MATERIALS AND METHODS .................................................................................. 34 



 
 
 

X 
 

4.1. Introduction ................................................................................................................ 34 

4.2. Biomaterial Development .......................................................................................... 35 

4.2.1. Formulation of Dermal Bioinks ........................................................................... 35 

4.2.2. Formulation of Epidermal Bioinks ....................................................................... 37 

4.3. Biomaterial Characterisation...................................................................................... 38 

4.3.1. Chemical Analysis by Fourier Transferred Infrared Spectroscopy ...................... 38 

4.3.2. Measurement of Triple Helix Content by Circular Dichroism ............................. 38 

4.3.3. Characterization of Dermal Matrix by Scanning Electron Microscopy ............... 39 

4.3.4. Rheological Studies ............................................................................................. 39 

4.4. Cell Culture ................................................................................................................. 40 

4.4.1. General Cell Culture ............................................................................................ 40 

4.4.2. Passaging of Neonatal Human Fibroblasts ......................................................... 40 

4.4.3. Passaging of Neonatal Human Keratinocytes ..................................................... 40 

4.4.4. Seeding of Dermal Models .................................................................................. 41 

4.4.5. Seeding of Epidermal Models ............................................................................. 42 

4.4.6. Development of Skin Models .............................................................................. 42 

4.5. Biological Assays ......................................................................................................... 44 

4.5.1. Cell Counting ....................................................................................................... 44 

4.5.2. Quantification of dsDNA Content by Picogreen Assay ....................................... 44 

4.5.3. Gene Expression Analysis by Quantitative Polymerase Chain Reaction ............ 45 

4.6. 3D Imaging of Biological Samples ............................................................................... 47 

4.6.1. Cell Viability Assay ............................................................................................... 47 

4.6.2. Study of Fibroblast Morphology and Distribution by Immunostaining .............. 47 

4.6.3. Characterisation of Cellular Matrix by Scanning Electron Microscopy .............. 48 

4.6.4. Evaluation of Epidermal Biomarkers by Immunostaining .................................. 48 

4.7. Immunostaining of Tissue Sections ............................................................................ 49 

4.7.1. Cryosection of Dermal and Skin Models ............................................................. 49 



 
 
 

XI 
 

4.7.2. Paraffin Embedding of Skin Models ................................................................... 49 

4.7.3. Haematoxylin and Eosin Staining of Skin Sections ............................................. 49 

4.7.4. Immunohistochemistry of Skin Sections ............................................................ 50 

4.7.5. Immunostaining of Dermal Models .................................................................... 50 

4.8. Reactive Jet Impingement as Bioprinting Process ..................................................... 52 

4.8.1. Setting Up the ReJI System ................................................................................. 52 

4.8.2. Optimisation of Bioprinting Process ................................................................... 54 

4.8.3. Bioprinting of Dermal, Epidermal and Skin Models ........................................... 54 

4.9. Statistical Analysis ...................................................................................................... 56 

CHAPTER 5. REACTIVE JET IMPINGEMENT AS  A BIOPRINTING SYSTEM ................................. 57 

5.1. Introduction ............................................................................................................... 57 

5.2. Evaluation of the Printing Process ............................................................................. 58 

5.2.1. Optimisation of the Impingement Process......................................................... 58 

5.2.2. Assessment of the Printing Reproducibility ....................................................... 61 

5.2.3. Cell Survival of Printed Cells ............................................................................... 63 

5.3. Bioprinting Dermal Models ........................................................................................ 64 

5.3.1. Fibroblasts Viability ............................................................................................ 64 

5.3.2. Fibroblast Morphology and Distribution ............................................................ 65 

5.3.3. Fibroblast Proliferation ....................................................................................... 66 

5.3.4. Fibroblast Production of Extracellular Matrix Components .............................. 68 

5.4. Bioprinting Epidermal Layers ..................................................................................... 77 

5.4.1. Keratinocyte Proliferation .................................................................................. 77 

5.4.2. Keratinocyte Differentiation ............................................................................... 78 

5.5. Chapter Discussion ..................................................................................................... 79 

5.5.1. Optimisation of ReJI Printing Process ................................................................. 79 

5.5.2. Effect of Printing Process on Dermal Models ..................................................... 83 

5.5.3. Effect of Printing Process on Keratinocytes ....................................................... 87 



 
 
 

XII 
 

5.5.4. Overview of ReJI as Bioprinting Process ............................................................. 88 

CHAPTER 6. SELECTION OF DERMAL BIOINKS .......................................................................... 89 

6.1. Introduction ................................................................................................................ 89 

6.2. Characterisation of Dermal Bioinks ............................................................................ 90 

6.2.1. Chemical Differences between Collagen Solutions ............................................ 90 

6.2.2. Triple Helix Content in Collagen Solutions .......................................................... 92 

6.2.3. Fibrillar Organisation of Dermal Matrix .............................................................. 95 

6.2.4. Rheological Properties of Dermal Bioinks ........................................................... 98 

6.3. Biological Assays ....................................................................................................... 109 

6.3.1. Fibroblast Morphology and Distribution in Dermal Models ............................. 109 

6.3.2. Fibroblast Proliferation in Dermal Models ....................................................... 115 

6.3.3. Production of New Extracellular Matrix Components by Fibroblasts .............. 120 

6.4. Chapter Discussion ................................................................................................... 128 

6.4.1. Characterisation of Dermal Bioinks .................................................................. 128 

6.4.2. Fibroblast Behaviour in the Studied Dermal Models ........................................ 136 

6.4.3. Tailoring the Dermal Model Properties ............................................................ 139 

CHAPTER 7. SELECTION OF EPIDERMAL BIOINKS ................................................................... 140 

7.1. Introduction .............................................................................................................. 140 

7.2. Effect of Keratinocyte Encapsulation ....................................................................... 141 

7.2.1. Keratinocyte Viability and Distribution ............................................................. 141 

7.2.2. Keratinocyte Proliferation and Differentiation ................................................. 144 

7.3. Chapter Discussion ................................................................................................... 152 

7.3.1. Effect of Epidermal Bioinks on Keratinocyte Viability and Distribution ........... 152 

7.3.2. Effect of Epidermal Bioinks on Keratinocyte Behaviour ................................... 154 

7.3.3. Implications of Keratinocyte Encapsulation ..................................................... 159 

CHAPTER 8. DEVELOPMENT OF SKIN MODELS ....................................................................... 160 

8.1. Introduction .............................................................................................................. 160 



 
 
 

XIII 
 

8.2. Optimisation of Keratinocyte Densities on Skin Models ......................................... 161 

8.2.1. Haematoxylin and Eosin Staining of Skin Models ............................................ 161 

8.2.2. Immunohistochemistry of Skin Models ............................................................ 163 

8.3. Effect of Dermal Bioinks on Skin Models ................................................................. 166 

8.3.1. Haematoxylin and Eosin Staining of Skin Models ............................................ 166 

8.3.2. Immunohistochemistry of Skin Models ............................................................ 168 

8.4. Effect of Epidermal Bioinks on Skin Models ............................................................ 171 

8.4.1. Haematoxylin and Eosin Staining of Skin Models ............................................ 171 

8.4.2. Immunohistochemistry of Skin Models ............................................................ 172 

8.5. Chapter Discussion ................................................................................................... 175 

8.5.1. Production of Skin Models ............................................................................... 175 

8.5.2. Impact of Epidermal Bioinks on Skin Models ................................................... 180 

CHAPTER 9. GENERAL DISCUSSION ........................................................................................ 182 

9.1. Summary .................................................................................................................. 182 

9.1.1. Reactive Jet Impingement as Bioprinting Process ............................................ 182 

9.1.2. Selection of Dermal Bioinks .............................................................................. 183 

9.1.3. Selection of Epidermal Bioinks ......................................................................... 185 

9.1.4. Development of Skin Models ........................................................................... 186 

9.2. Novelty ..................................................................................................................... 187 

9.3. Implications of this Research ................................................................................... 189 

9.3.1. Overcoming Limitations from Conventional Bioprinting Techniques .............. 189 

9.3.2. Improved Complexity and Scalability of Skin Equivalents ................................ 191 

9.3.3. Optimisation of In Vitro Tissue Models ............................................................ 196 

CHAPTER 10. CONCLUSIONS AND FUTURE WORK ................................................................. 197 

10.1.   Conclusions .............................................................................................................. 197 

10.2. Recommendations for Future Work .................................................................... 199 

10.2.1. Improvement of Skin Models ....................................................................... 199 



 
 
 

XIV 
 

10.2.2. Industrial Scalability of Bioprinted Skin Models............................................ 201 

10.2.3. Development of Skin Equivalents with Higher Complexity ........................... 203 

REFERENCES ............................................................................................................................ 205 

APPENDIX – Conferences, Publications and Awards  Arising from this Project ..................... 257 

 

  



 
 
 

XV 
 

LIST OF FIGURES 

Figure 2. 1. Schematic representation of human skin architecture and its three differentiated 

layers: epidermis, dermis and hypodermis. Skin complexity is enhanced by the presence of 

vasculature and appendages, such as hair follicles, sebaceous and sweat glands. Image 

adapted from Biorender.com. .................................................................................................... 4 

Figure 2. 2. Representation of the morphological changes experienced by keratinocytes 

through the different epidermal sublayers, including the stratum basale, spinosum, 

granulosum, lucidum and corneum. The presence of additional cell types, such as melanocytes 

and Merkel cells, can be observed in the stratum basale. Image adapted from OpenStax 

College. ....................................................................................................................................... 5 

Figure 2. 3. Graphic representation of the different fibroblast morphology and distribution 

through the dermis. In the reticular dermis, fibroblasts present a polygonal shape and are 

supported by aligned fibrillar matrix. In contrast, the papillary dermis is comprised of a higher 

number of elongated fibroblasts surrounded by thinner and loose extracellular matrix. Image 

designed using Biorender.com. .................................................................................................. 8 

Figure 2. 4. Schematic representation of the skin model production process. Fibroblasts are 

cultured in a dermal matrix and maintained under submerged conditions. Subsequently, 

keratinocytes are seeded on top of the dermis and, after few days, the resulting model is 

exposed to air-liquid interface to ensure the epidermal stratification. This image was obtained 

from Sriram et al. 2015. ............................................................................................................ 13 

Figure 2. 5. Steps required for the 3D bioprinting of tissue equivalents, including the initial cell 

expansion and bioink formulation, the bioprinting process, and the subsequent tissue 

incubation until its complete maturation. Image created with Biorender.com. ..................... 21 

Figure 2. 6. Examples of fundamental bioink characteristics that need to be considered during 

their formulation.  Bioinks must fulfill the bioprinter requirements and provide structural 

support to promote the native cellular behaviour. .................................................................. 22 

Figure 2. 7. Representation of the four main bioprinting technologies, including laser, 

extrusion, inkjet and microvalve-based bioprinting. Image adapted from Moroni et al 2019.

 .................................................................................................................................................. 23 

Figure 2. 8. Schematic representation of Reactive Jet Impingement system (ReJI). This 

bioprinting technology is based on the jetting of two liquid precursors which meet and 



 
 
 

XVI 
 

crosslink in the mid-air producing a solid gel before reaching the printer bed. Image designed 

using Biorender.com. ................................................................................................................ 31 

 

Figure 4. 1.  Representation of the RAFTTM system on the production of dermal models. The 

contact of RAFTTM absorbers with collagen gels allows the removal of the water excess, 

resulting in the enhancement of the final collagen concentration and the reduction of the gel 

thickness without affecting its integrity. Image obtained from Lonza Bioscience Ltd. (D’Souza 

et al. 2017). ............................................................................................................................... 36 

Figure 4. 2. Jetlab® 4 software window with some printing parameters selected for this study, 

including the waveform set for the microvalve actuation. ...................................................... 52 

Figure 4. 3. Images of the (a) ReJI head and (b) the microvalves in their opposite position and 

(c) the solenoid microvalves INKX0514950A selected for the printing with ReJI. ................... 53 

 

Figure 5. 1. Images obtained from the stroboscopic camera showing (a) the droplets being 

formed in the microvalves before being released, and (b) the impingement of the jetted 

droplets in mid-air before reaching the printer bed.  Photograph (c) shows the continuous 

jetting of the liquid bioinks from the microvalves, and the gel column resulting from the 

impingement of the opposite jetted droplets. Scale bars correspond to 500 µm. .................. 58 

Figure 5. 2. Printed gel resulting from (a) the microvalve misalignment, (b) incorrect distance 

between the microvalve and (c) correct printing parameters. Scale bars correspond to 5 mm.

 ................................................................................................................................................... 58 

Figure 5. 3. Comparison between black and white bitmaps and the corresponding printed 

pattern. Scale bars represent  1000 µm. .................................................................................. 59 

Figure 5. 4. Comparison between the cell media content represented in pink in (a) manual-

seeded CAF gels and (c) printed CAF gel. The printing of CAF gels in (b) hydrophilic surfaces 

affect their shape fidelity in comparison to the printing on (c) hydrophobic surfaces. Scale bars 

correspond to 5 mm. ................................................................................................................ 59 

Figure 5. 5. Picture of the sequential bioprinting of CAF-based dermal models using the 

Reactive Jet Impingement process.  (a) CAF precursor – containing collagen, alginate and 

fibrinogen – and (b) CAF crosslinker – containing thrombin, calcium chloride and fibroblasts – 

are jetted from the opposite microvalves located in (c) the printer head. The formation of gel 



 
 
 

XVII 
 

droplets during the impingement of the jetted droplets enables the printing of subsequent 

layers, facilitating the large-scale production of models in a short period of time. ................ 60 

Figure 5. 6. Evaluation of the ReJI printing homogeneity by quantifying the number of 

fibroblasts contained in the printed layers. The effect of cell densities was assessed by 

comparing the printing of 500,000; 1,000,000 and 5,000,000 fibroblasts/mL. Data represents 

mean ± SD, n = 3. ...................................................................................................................... 61 

Figure 5. 7. Evaluation of the ReJI printing homogeneity by quantifying the number of 

keratinocytes contained in the printed layers. The effect of cell densities was assessed by 

comparing the printing of 500,000; 1,000,000 and 5,000,000 keratinocytes/mL. Data 

represents mean ± SD, n = 3. .................................................................................................... 62 

Figure 5. 8. Evaluation of the viability after 1 day of printed fibroblast and keratinocyte 

monolayers using the ReJI system. The effect of the printed cell density on the cell survival and 

distribution was assessed by printing different cell densities including 500,000; 1,000,000 and 

5,000,000 cells/mL. Living cells are represented in green and dead cells in red.  Scale bars 

correspond to 200 µm. ............................................................................................................. 63 

Figure 5. 9. Three-dimensional representation of fibroblast viability and their distribution 

within the printed CAF models after 1, 3 and 7 days. The impact of the ReJI process on the 

survival and distribution of fibroblasts in the dermal models was assessed by comparing the 

printing of 500,000 cells/mL and 5,000,000 cells/mL. Living cells are represented in green and 

dead cells are represented in red. Scale bars correspond to 200 µm. .................................... 64 

Figure 5. 10. Evaluation of the morphology and distribution of fibroblasts printed in CAF gels 

after 1, 3, 7 days. The effect of the printed fibroblast density was assessed by comparing the 

printing of 500,000 cells/mL and 5,000,000 cells/mL. Blue signal corresponds to cell nuclei and 

red signal to F-actin filaments, associated with cell morphology. Scale bars represent 200 µm.

 .................................................................................................................................................. 65 

Figure 5. 11. Standard curve for the Quant-iT PicoGreen dsDNA Assay, representing the 

correlation between the measured fluorescence signal and the number of fibroblasts present 

in the sample. Data represents mean ± SD, n = 3. ................................................................... 66 

Figure 5. 12. Comparison between the fibroblast proliferation in printed and manually seeded 

CAF gels prepared with 500,000 cells/mL and 5,000,000 cells/mL. Evaluation of cell 

proliferation was performed by comparing the cDNA content on each model after 1, 3 and 7 

days. Error bars represent the standard deviation (SD), n = 3. The symbols *, ** and *** 



 
 
 

XVIII 
 

indicate the significant difference between groups at the level p<0.05, p<0.01 and p<0.001, 

respectively. .............................................................................................................................. 67 

Figure 5. 13. Comparison between the fibrillar organisation of (a) manually seeded acellular 

CAF gels and (b) printed acellular CAF gels observed by SEM. Scale bar represents 10 µm. ... 68 

Figure 5. 14. Characterisation by SEM of CAF gels manually seeded with 500,000 

fibroblasts/mL and 5,000,000 fibroblasts/mL. These images show the changes on the 

fibroblast morphology and distribution (blue arrows) after 1, 3 and 7 days, and the interaction 

of the cells with CAF fibres and new extracellular matrix components (orange arrows). Scale 

bar represents 20 µm. ............................................................................................................... 69 

Figure 5. 15. Characterisation by SEM of printed CAF gels containing 500,000 fibroblasts/mL 

and 5,000,000 fibroblasts/mL. The images show the changes on the fibroblast morphology and 

distribution (blue arrows) and their interaction with the initial CAF matrix and the new 

extracellular matrix components (orange arrows) after 1, 3 and 7 days. Scale bar represents 

50 µm. ....................................................................................................................................... 70 

Figure 5. 16. Immunohistochemistry of 500,000 fibroblasts seeded in a tissue culture treated 

plastic and fixed after 7 days, selected as positive control to prove the ability of the studied 

fibroblasts to produce dermal ECM components. Red staining corresponds to collagen type I 

and elastin, and green staining corresponds to collagen type III and elastin, respectively. Scale 

bars represent 200 µm. ............................................................................................................. 71 

Figure 5. 17. Immunohistochemistry of acellular CAF gels was selected as negative control to 

confirm the absence of collagen type I, type III, elastin and fibronectin in the CAF gels without 

the presence of fibroblasts. Red staining corresponds to collagen type I and elastin, and green 

staining corresponds to collagen type III and fibronectin. Scale bar represents 200 µm. ....... 72 

Figure 5. 18. Comparison between the production of new collagen type I (red) after 3 and 7 

days by printed and manually seeded fibroblasts at 500,000 cells/mL and 5,000,000 cells/mL 

after 3 and 7 days. Scale bar represents 200 µm. .................................................................... 73 

Figure 5. 19. Comparison between the present of new collagen type III (green) after 3 and 7 

days in printed and manually seeded models with 500,000 fibroblasts/mL and 5,000,000 

fibroblasts/mL. Scale bar represents 200 µm. .......................................................................... 74 

Figure 5. 20. Comparison between the production of elastin (red) after 3 and 7 days by printed 

and manually seeded fibroblasts at 500,000 cells/mL and 5,000,000 cells/mL after 3 and 7 days. 

Scale bar represents 200 µm. ................................................................................................... 75 



 
 
 

XIX 
 

Figure 5. 21. Comparison between the present of fibronectin (green) after 3 and 7 days in 

printed and manually seeded models with 500,000 fibroblasts/mL and 5,000,000 

fibroblasts/mL. Scale bar represents 200 µm. ......................................................................... 76 

Figure 5. 22. Proliferation and distribution of printed and manually seeded keratinocytes 

monolayers after 1, 3 and 7 days. Scale bar represents 100 µm. ............................................ 77 

Figure 5. 23. Comparison between the expression of cytokeratin 14 (green), involucrin (green) 

and filaggrin (red) by manually seeded and printed keratinocytes monolayers after 7 days. The 

cell nucleus of keratinocytes was stained with DAPI (blue) in all samples. Scale bar represents 

100 µm. ..................................................................................................................................... 78 

Figure 5. 24. Comparison between the printing quality of gels printed by extrusion and inkjet-

based bioprinting using different bioinks. Images obtained from Schmidt et al. 2019 and Lee 

et al. 2014. ................................................................................................................................ 79 

Figure 5. 25. Theoretical calculation of (1) Reynolds number (NRe) and (2) Weber number (NWe), 

necessary to determine the Ohnesorge number (Z value) associated with material printability 

using microvalve-based systems. The values v, r, ρ, η and γ represent the flow velocity, nozzle 

radius, density, viscosity, and surface tension of bio-inks, respectively. ................................. 82 

Figure 5. 26. Comparison between the confluency of fibroblasts at day 7, in two publications 

reporting the use of 1x106 fibroblasts/mL. Images obtained from (a) Lee et al. 2009 and (b) 

Pourchet et al. 2016. ................................................................................................................ 86 

 

Figure 6. 1. Chemical analysis by FTIR of collagen solutions extracted from different animal 

sources, including human, rat, bovine, calf and jellyfish. The effect of the collagen extraction 

method was assessed by comparing telo-bovine and atelo-bovine collagen. Blue discontinuous 

lines indicate the wavelengths corresponding to amide I, II and III groups characteristic of 

native collagen type I. ............................................................................................................... 91 

Figure 6. 2. Evaluation of triple helix content at its characteristic peak wavelength of 222nm 

by Circular Dichroism Spectroscopy. The triple helix content was compared between collagen 

solutions obtained from different sources, including human, rat, calf, jellyfish and bovine 

collagen. The effect of the collagen extraction method on the triple helix content was studied 

by comparing telo-bovine and atelo-bovine collagen solutions. ............................................. 92 

Figure 6. 3. Characterisation of the thermal degradation of the triple helix content in collagen 

solutions by analysing their Circular Dichroism spectra at 222nm. The impact of the collagen 



 
 
 

XX 
 

source and its extraction method on the triple helix stability was assessed by comparing 

human, rat, telo-bovine, atelo-bovine, calf and jellyfish collagen. .......................................... 93 

Figure 6. 4. Comparison of the thermal degradation of the triple helix content in collagen 

solutions and their corresponding gels neutralised with NaOH and NaHCO3. Collagen solutions 

were obtained from different sources including (a) human, (b) rat, (c) telo-bovine and (d) 

atelo-bovine collagen. ............................................................................................................... 94 

Figure 6. 5. Characterisation by SEM of collagen matrix generated from collagen solutions 

neutralised with NaOH and NaHCO3. Collagen solutions were obtained from different sources, 

including human, rat, telo-bovine and atelo-bovine collagen. Scale bars correspond to 2 µm.

 ................................................................................................................................................... 96 

Figure 6. 6. Comparison between the fibrillar organisation and porosity of matrices of rat 

collagen neutralised with NaOH and NaHCO3 and rat collagen samples prepared with and 

without applying RAFTTM absorbers. Images obtained by SEM with scale bars representing 2 

µm. ............................................................................................................................................ 97 

Figure 6. 7. Comparison between the fibrillar characteristics of matrices produced by fibrin, 

fibrin combined with collagen, fibrin combined with alginate, and fibrin combined with 

collagen and alginate. Images obtained by SEM with a scale bar corresponding to 2 µm. ..... 98 

Figure 6. 8. Study of fibrillogenesis profile of collagen gels from different sources, including 

human, rat, telo- and atelo-bovine, by measuring the variations on the storage modulus (G') 

over time. The effect of the neutralization method on the properties of the final collagen gels 

was studied by comparing the use of (a-c) NaOH and (b-d) NaHCO3. The presence of deflective 

regions during the fibrillar formation of telo-bovine collagen is indicated by grey arrows. .. 100 

Figure 6. 9. Evaluation of the fibrillogenesis profiles of different fibrin-based gels by studying 

the variations on the storage modulus (G’) over time. The impact of the composition of the 

fibrin-based gels on their fibrillar formation was studied by comparing fibrin gels, with fibrin 

combined with collagen and alginate. .................................................................................... 101 

Figure 6. 10. Evaluation of the storage modulus (G') of collagen gels neutralised with NaOH 

and NaHCO3 after 24 hours of incubation. The impact of the collagen sources and their 

extraction method on the stiffness of the final gels was studied by comparing rat, telo-bovine, 

atelo-bovine and human collagen. Error bars represent the standard deviation (SD), n = 3. 

Symbols *, ** and *** indicate the significant difference between groups at the level p<0.05, 

p<0.01 and p<0.001, respectively. .......................................................................................... 103 



 
 
 

XXI 
 

Figure 6. 11. Study of the storage modulus (G') of fibrin-based gels after 24 hours of incubation. 

The impact of collagen and alginate on the stiffness of fibrin gels was evaluated comparing the 

differences on the G' values of fibrin, fibrin combined with collagen, fibrin combined with 

alginate and fibrin combined with alginate and collagen. Error bars represent the standard 

deviation (SD), n = 3. Symbols *, ** and *** indicate the significant difference between groups 

at the level p<0.05, p<0.01 and p<0.001, respectively. ......................................................... 104 

Figure 6. 12. Study of variations on the storage (G’) and loss modulus (G’’) of collagen gels 

neutralized with NaOH, incrementing the angular frequencies from 0.1 to 100 rad/s. The effect 

of the collagen sources on the storage and loss modulus was assessed by comparing collagen 

from (a) human, (b) rat, (c) telo-bovine and (d) atelo-bovine. .............................................. 106 

Figure 6. 13. Study of variations on the storage (G’) and loss modulus (G’’) of collagen gels 

neutralized with NaHCO3, incrementing the angular frequencies from 0.1 to 100 rad/s. The 

effect of collagen sources on the storage and loss modulus was assessed by comparing 

collagen from (a) human, (b) rat, (c) telo-bovine and (d) atelo-bovine. ................................ 107 

Figure 6. 14. Study of variations on the storage (G’) and loss modulus (G’’) of fibrin-based gels, 

incrementing the angular frequencies from 0.1 to 100 rad/s. The influence of collagen and 

alginate on the fibrin properties was studied by comparing (a) fibrin gels with (b) fibrin 

combined with collagen, (c) fibrin with alginate and (d) fibrin mixed with alginate and collagen.

 ................................................................................................................................................ 108 

Figure 6. 15. Comparison of fibroblast morphology and distribution in collagen gels after 1, 3 

and 7 days. The effect of collagen source and extraction method was studied by comparing 

human, rat, atelo- and telo-bovine collagen neutralised with NaOH. In these images, red 

staining represents F-actin filaments and blue staining the cell nuclei. Scale bars correspond 

to 100 µm. .............................................................................................................................. 110 

Figure 6. 16. Comparison of fibroblast morphology and distribution in collagen gels after 1, 3 

and 7 days. The effect of collagen source and extraction method was studied by comparing 

human, rat, atelo- and telo-bovine collagen neutralised with NaHCO3. In these images. red 

staining represents F-actin filaments and blue staining the cell nuclei. Scale bars correspond 

to 100 µm. .............................................................................................................................. 111 

Figure 6. 17. Comparison of fibroblast morphology and distribution after 1, 3 and 7 days in 

collagen gels prepared with and without implementing the RAFTTM system. In these images, 

red staining represents F-actin filaments and blue staining the cell nuclei. Scale bars 

correspond to 100 µm. ........................................................................................................... 112 



 
 
 

XXII 
 

Figure 6. 18. Comparison of fibroblast morphology and distribution in fibrin-based gels after 1, 

3 and 7 days. The impact on the fibroblasts of combining fibrin with collagen and alginate was 

also assessed. In these images, red staining represents F-actin filaments and blue staining the 

cell nuclei. Scale bars correspond to 100 µm. ........................................................................ 114 

Figure 6. 19. Study of the number of fibroblasts in collagen gels neutralised with NaOH after 1, 

3 and 7 days. The impact of the collagen sources on the fibroblast proliferation was assessed 

by comparing human, rat, telo- and atelo-bovine collagen with fibroblasts seeded on a tissue 

culture treated well. Error bars represent the standard deviation (SD), n = 3. Symbols *, ** and 

*** indicate the significant difference between groups at the level p<0.05, p<0.01 and p<0.001, 

respectively. ............................................................................................................................ 116 

Figure 6. 20. Comparison of the number of fibroblasts in collagen gels neutralised with NaHCO3 

after 1, 3 and 7 days. The impact of the collagen sources on the fibroblast proliferation was 

assessed by comparing human, rat, telo- and atelo-bovine collagen with fibroblast seeded on 

a tissue culture treated well. Error bars represent the standard deviation (SD), n = 3. Symbols 

*, ** and *** indicate the significant difference between groups at the level p<0.05, p<0.01 

and p<0.001, respectively. ...................................................................................................... 116 

Figure 6. 21. Study of the impact of using NaOH and NaHCO3 to generate collagen gels on the 

fibroblast proliferation. The proliferation was determined quantifying the number of 

fibroblasts at day 1, 3 and 7. Error bars represent the standard deviation (SD), n = 3. Symbols 

*, ** and *** indicate the significant difference between groups at the level p<0.05, p<0.01 

and p<0.001, respectively. ...................................................................................................... 117 

Figure 6. 22. Comparison of the proliferation of fibroblasts in rat collagen gels prepared with 

and without applying the RAFTTM system. Error bars represent the standard deviation (SD), n 

= 3. Symbols *, ** and *** indicate the significant difference between groups at the level 

p<0.05, p<0.01 and p<0.001, respectively. ............................................................................. 118 

Figure 6. 23. Comparison of the number of fibroblasts in fibrin-based gels depending on their 

formulation after 1, 3 and 7 days. Error bars represent the standard deviation (SD), n = 3. 

Symbols *, ** and *** indicate the significant difference between groups at the level p<0.05, 

p<0.01 and p<0.001, respectively. .......................................................................................... 119 

Figure 6. 24. Images of the immunostaining of acellular bovine collagen gels, selected as 

negative control after normalizing the fluorescence intensity to remove any background signal 

associated to the acellular biomaterial. Red staining represents collagen type I, and green 

staining represents collagen type III. Scale bars correspond to 200 µm. ............................... 120 



 
 
 

XXIII 
 

Figure 6. 25. Comparison of the secretion of collagen type I (red) after 3 and 7 days by 

fibroblasts encapsulated in collagen gels neutralised with NaOH . Scale bars correspond to 200 

µm. .......................................................................................................................................... 122 

Figure 6. 26. Comparison of the secretion of collagen type I (red) after 3 and 7 days by 

fibroblasts encapsulated in collagen gels neutralized with NaHCO3 . Scale bars correspond to 

200 µm. ................................................................................................................................... 123 

Figure 6. 27. Comparison of the production of collagen type III (green) after 3 and 7 days by 

fibroblasts encapsulated in collagen gels neutralised with NaOH. Scale bars correspond to 200 

µm. .......................................................................................................................................... 124 

Figure 6. 28. Comparison of the production of collagen type III (green) after 3 and 7 days by 

fibroblasts encapsulated in collagen gels neutralised with NaHCO3 . Scale bars correspond to 

200 µm. ................................................................................................................................... 125 

Figure 6. 29. Comparison of the secretion of collagen type I (red) after 3 and 7 days by 

fibroblasts encapsulated in fibrin-based gels. Scale bars correspond to 200 µm. ................ 126 

Figure 6. 30. Comparison of the production of collagen type III (green) after 3 and 7  by 

fibroblasts encapsulated in fibrin-based gels. Scale bars correspond to 200 µm. ................ 127 

Figure 6. 31. Representation of the differences between the collagen structure in atelo- and 

telo-collagen. Image obtained from PromedBioscience. ....................................................... 128 

Figure 6. 32. Diagram of the steps involved in the formation of collagen fibres from collagen 

molecules. Image obtained from Fratzl et al 2008. ................................................................ 130 

Figure 6. 33. Transmission Electron Microscopic (TEM) images of (a) collagen type I and (b) a 

combination of collagen type III and collagen type I in a 50:50 volume ratio. Scale bar 

represents 100 nm. Images obtained from Asgari et al. 2017. .............................................. 132 

 

Figure 7. 1. Evaluation of the viability and distribution after 1, 3 and 7 days of keratinocytes 

encapsulated in fibrin-based gels in comparison to keratinocyte monolayers seeded on tissue 

culture-treated wells. Dead cells are represented in red and living cells in green. The scale bars 

correspond to 200 µm. ........................................................................................................... 142 

Figure 7. 2. Evaluation of the viability and distribution after 1, 3 and 7 days of keratinocytes 

encapsulated in collagen gels and alginate gels prepared with 0.1% and 1% CaCl2, respectively, 

in comparison to keratinocyte monolayers (KCs) incubated in medium containing 1% CaCl2. 

Dead cells are represented in red and living cells in green. The scale bars correspond to 200 

µm. .......................................................................................................................................... 143 



 
 
 

XXIV 
 

Figure 7. 3. Expression of cytokeratin 14 by keratinocytes encapsulated in fibrin-based gels in 

comparison to keratinocyte monolayers seeded on tissue culture-treated wells. The 

immunostaining was performed after incubating the cells for 1, 3 and 7 days, with cytokeratin 

14 represented in green and cell nucleus is represented in blue. The scale bars correspond to 

200 µm. ................................................................................................................................... 146 

Figure 7. 4. Expression of cytokeratin 14 by keratinocytes encapsulated in collagen gels, 

alginate gels prepared with 0.1% and 1% CaCl2, respectively, in comparison to keratinocyte 

monolayers (KC) incubated in medium containing 1% CaCl2. The immunostaining was 

performed after incubating the cells for 1, 3 and 7 days, with cytokeratin 14 represented in 

green and cell nucleus in blue. The scale bars correspond to 200 µm. .................................. 147 

Figure 7. 5. Expression of filaggrin by keratinocytes encapsulated in fibrin-based gels in 

comparison to keratinocyte monolayers seeded in tissue culture-treated wells. The 

immunostaining was performed after incubating the cells for 1, 3 and 7 days, with filaggrin 

represented in red and cell nucleus in blue. The scale bars correspond to 200 µm. ............. 148 

Figure 7. 6. Expression of filaggrin by keratinocytes encapsulated in collagen gels and alginate 

gels prepared with 0.1% and 1% CaCl2, respectively, in comparison to keratinocyte monolayers 

(KC) incubated in medium containing 1% CaCl2. The immunostaining was performed after 

incubating the cells for 1, 3 and 7 days, with filaggrin represented in red and cell nucleus in 

blue. The scale bars correspond to 200 µm. ........................................................................... 149 

Figure 7. 7. Expression of involucrin by keratinocytes encapsulated in fibrin-based gels in 

comparison to keratinocyte monolayers seeded on tissue culture-treated  wells. The 

immunostaining was performed after incubating the cells for 7 and 14 days, with involucrin 

represented in green and cell nucleus in blue. Scale bars correspond to 200 µm. ............... 150 

Figure 7. 8. Expression of involucrin by keratinocytes encapsulated in collagen gels, alginate 

gels prepared with 0.1% and 1% CaCl2, respectively, in comparison to keratinocyte monolayers 

(KC) incubated in medium containing 1% CaCl2. The immunostaining was performed after 7 

and 14 days, with involucrin represented in green and cell nucleus in blue. Scale bars 

correspond to 200 µm. ........................................................................................................... 151 

Figure 7. 9. Distribution after 24 hours of keratinocytes seeded on fibrin clots prepared with 4 

IU/mL and 505 IU/mL of thrombin. Scale bars represent 100 µm. Image obtained from Gugerell 

et al. 2012................................................................................................................................ 156 

Figure 7. 10. Distribution of keratinocytes encapsulated in alginate gels after 0, 4, 8 and 14 

days. Scale bar represents 100 µm. Image obtained from Leong et al. 2017. ....................... 158 



 
 
 

XXV 
 

 

Figure 8. 1. Hematoxylin and eosin staining of skin models produced with 100,000; 250,000 

and 500,000 keratinocytes per model, respectively, seeded on top of a dermal layer comprised 

by fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. Images were taken 

after incubating 7 days the skin models under immersed conditions Scale bars correspond to 

100 µm. ................................................................................................................................... 161 

Figure 8. 2. Hematoxylin and eosin staining of skin models produced with 100,000; 250,000 

and 500,000 keratinocytes per model seeded on top of a dermal layer comprised by fibroblasts 

encapsulated in telo-bovine collagen neutralized with NaOH. Images were taken after 

incubating 7 days the skin models under immersed conditions, and subsequently exposing the 

models for 7 and 14 days to the air-liquid interface, respectively. Blue arrows mark the 

different regions observed in the epidermis.  Hematoxylin and eosin staining of human skin 

from a 25-year-old Caucasian donor, obtained from Roger et al. 2019, was selected as the 

control image. Scale bars correspond to 100 µm. ................................................................. 162 

Figure 8. 3. Immunofluorescence staining of models produced with 100,000; 250,000 and 

500,000 keratinocytes per model seeded on top of a dermal layer comprised by fibroblasts 

encapsulated in telo-bovine collagen neutralized with NaOH. Cytokeratin-14 present in the 

stratum basale and involucrin characteristics of the stratum granulosum are represented in 

green, whereas filaggrin characteristic of the stratum corneum is represented in red and cell 

nucleus stained with DAPI is shown in blue. Images were taken after incubating 7 days the skin 

models under immersed conditions, and subsequently exposing the models for 7 days to the 

air-liquid interface. Immunostained human skin sections from a 25-year-old Caucasian donor, 

obtained from Roger et al. 2019, were selected as control images. Scale bars correspond to 

100 µm. ................................................................................................................................... 164 

Figure 8. 4. Immunofluorescence staining of models produced with 100,000; 250,000 and 

500,000 keratinocytes per model seeded on top of a dermal layer comprised by fibroblasts 

encapsulated in telo-bovine collagen neutralized with NaOH. Cytokeratin-14 present in the 

stratum basale and involucrin characteristics of the stratum granulosum are represented in 

green, whereas filaggrin characteristic of the stratum corneum is represented in red and cell 

nucleus stained with DAPI is shown in blue. Images were taken after incubating 7 days the skin 

models under immersed conditions, and subsequently exposing the models for 14 days to the 

air-liquid interface. Immunostained human skin sections from a 25-year-old Caucasian donor, 



 
 
 

XXVI 
 

obtained from Roger et al. 2019, were selected as control images. Scale bars correspond to 

100 µm. ................................................................................................................................... 165 

Figure 8. 5. Hematoxylin and eosin staining after the cryosections of skin models produced 

with rat, bovine and atelo-bovine collagen type I neutralised with NaOH as dermal matrix. 

Images were taken after incubating 7 days the skin models under immersed conditions, and 

subsequently exposing the models for 7 and 14 days to the air-liquid interface, respectively. 

Blue arrows mark the dermal layer. Scale bars correspond to 100 µm. ................................ 166 

Figure 8. 6. Hematoxylin and eosin staining from the sections of paraffin-embedded skin 

models produced with rat, bovine and atelo-bovine collagen type I neutralised with NaOH as 

dermal matrix. Images were taken after incubating 7 days the skin models under immersed 

conditions, and subsequently exposing the models for 14 days to the air-liquid interface, 

respectively. Blue arrows mark the dermal region. Scale bars correspond to 100 µm. ........ 167 

Figure 8. 7. Immunofluorescence staining of models produced with rat, bovine and atelo-

bovine collagen type I neutralised with NaOH as dermal matrix. Cytokeratin-14 present in the 

stratum basale and involucrin characteristics of the stratum granulosum are represented in 

green, whereas filaggrin characteristic of the stratum corneum is represented in red and cell 

nucleus stained with DAPI is represented in blue. Images were taken after incubating 7 days 

the skin models under immersed conditions, and subsequently exposing the models for 7 days 

to the air-liquid interface. Scale bars correspond to 100 µm. ................................................ 169 

Figure 8. 8. Immunofluorescence staining of models produced with rat, bovine and atelo-

bovine collagen type I neutralised with NaOH as dermal matrix. Cytokeratin-14 present in the 

stratum basale and involucrin characteristics of the stratum granulosum are represented in 

green, whereas filaggrin characteristic of the stratum corneum is represented in red and cell 

nucleus stained with DAPI is represented in blue. Images were taken after incubating 7 days 

the skin models under immersed conditions, and subsequently exposing the models for 14 

days to air-liquid interface. Scale bars correspond to 100 µm. .............................................. 170 

Figure 8. 9. Hematoxylin and eosin staining of skin models produced with keratinocytes 

encapsulated in fibrin, CAF, collagen and alginate gels and seeded on top of dermal layers 

comprised by fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. Images 

were taken after incubating 7 days the skin models under immersed conditions, and 

subsequently exposing the models for 14 days to the air-liquid interface, respectively. Scale 

bars correspond to 100 µm. .................................................................................................... 171 



 
 
 

XXVII 
 

Figure 8. 10. Immunofluorescence staining of models produced from skin models produced 

with keratinocytes encapsulated in fibrin and CAF gels and seeded on top of dermal layers 

comprised by fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. 

Cytokeratin-14 present in the stratum basale and involucrin characteristics of the stratum 

granulosum are represented in green, whereas filaggrin characteristic of the stratum corneum 

is represented in red and cell nucleus stained with DAPI is shown in blue. Images were taken 

after incubating 7 days the skin models under immersed conditions, and subsequently 

exposing the models for 14 days to the air-liquid interface, respectively. Scale bars correspond 

to 100 µm. .............................................................................................................................. 173 

Figure 8. 11. Immunofluorescence staining of models produced from skin models produced 

with keratinocytes encapsulated in collagen and alginate gels and seeded on top of dermal 

layers comprised by fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. 

Cytokeratin-14 present in the stratum basale and involucrin characteristics of the stratum 

granulosum are represented in green, whereas filaggrin characteristic of the stratum corneum 

is represented in red and cell nucleus stained with DAPI is shown in blue. Images were taken 

after incubating 7 days the skin models under immersed conditions, and subsequently 

exposing the models for 14 days to the air-liquid interface, respectively. Scale bars correspond 

to 100 µm. .............................................................................................................................. 174 

Figure 8. 12. Progression on the keratinocyte morphology and distribution after the exposition 

to 2, 8 and 14 days of air-liquid (ALI) interface in manually seeded reconstructed human 

epidermal models. Images obtained from Mathes et al. 2014. ............................................. 176 

Figure 8. 13. Histological analysis of the epidermal organization in previously published skin 

models fabricated using fibrin and collagen and Alvetex® as main dermal biomaterials. Images 

obtained from Schmidt et al., 2020, Leong et al., 2018 and Roger et al., 2019, respectively. 

Scale bars correspond to 30 µm. ............................................................................................ 178 

Figure 8. 14. Examples of skin conditions affecting the epidermal stratification and the 

thickness of the cornified layer. Images obtained from the website DermNet New Zealand 

Trust. ....................................................................................................................................... 179 

 

   



 
 
 

XXVIII 
 

LIST OF TABLES 

Table 2. 1. Examples of the physiological roles of proteins and molecules present in the 

different epidermal layers. ......................................................................................................... 7 

Table 2. 2. Properties and origin of biomaterials frequently used in the fabrication of human 

substitutes. ................................................................................................................................ 15 

Table 2. 3. Examples of commercial Reconstructed Human Epidermal (RHE) models and Full-

thickness (FT) skin models, including a description of their composition and applications. ... 20 

Table 2. 4. Differences between the main bioprinting approaches, including the required 

material viscosity and cell density, their resulting printing resolution and cell viability, as well 

as their cost, printing speed and their subsequent scalability. ................................................ 26 

Table 2. 5. Examples of the most relevant bioprinted skin models published to date, including 

the biomaterial and cells used for their production and the characteristics of the resulting 

models. ...................................................................................................................................... 30 

 

Table 4. 1. Concentrations and volumes of collagen type I, sodium alginate, fibrinogen and PBS 

used during the formulation of fibrin-based gel precursors. ................................................... 37 

Table 4. 2. RT-PCR thermal cycling protocol including the activation, denaturation, annealing 

and melting steps. ..................................................................................................................... 46 

 

Table 6. 1. Examples of the most characteristic FTIR bands obtained after the analysis of human, 

rat, telo-bovine, atelo-bovine, calf and jellyfish collagen solutions. ........................................ 90 

Table 6. 2. Viscosity values at 20°C of collagen and fibrin-based bioink precursors and their 

corresponding crosslinker solutions. Water measurement was incorporated as control 

solution. .................................................................................................................................. 102 

  



 
 
 

XXIX 
 

LIST OF ABBREVIATIONS 

2D Two Dimensional 

3D Three Dimensional 

ALI Air-Liquid Interface 

ATR-FTIR Attenuated Total Reflection 

 Fourier Transform Infrared Spectroscopy 

CaCl2 Calcium Chloride 

CAF Collagen-Fibrin-Alginate 

Calcein AM Calcein Acetoxymethyl 

cDNA Complementary DNA 

DAPI 4',6-Diamidino-2-phenylindole 

dECM Decellularised Extracellular Matrix 

DMEM Dulbecco’s Modified Eagle’s Medium 

dsDNA  Double-stranded Deoxyribonucleic acid 

DoD Drop-on-Demand 

dsDNA Double-stranded DNA 

ECM Extracellular Matrix 

ELISA Enzyme-Linked Immunosorbent Assay 

EthD-1 Ethidium homodimer-1 

F-actin Filamentous Actin 

FACs Fluorescence-activated cell sorting 

FT Full-thickness 

GAGs Glycosaminoglycans 

GelMA Gelatin methacrylate 

H&E Haematoxylin and eosin staining 

HKGS Human keratinocyte growth supplement 

hESC Human embryonic stem cells 

HUVEC Human Umbilical Vein Endothelial Cells 

IHC Immunohistochemistry 

iPSCs Induced pluripotent stem cells 

HSE Human skin equivalent 



 
 
 

XXX 
 

H&E Haematoxylin and eosin 

mL Milliliter 

MMPs Matrix Metalloproteinases 

MSCs Mesenchymal Stem Cells 

neoNHDF Neonatal normal human dermal fibroblasts 

neoNHEK Neonatal Normal Epidermal Human Keratinocyte 

OECD Organization for Economic Cooperation and Development 

PBS Dulbecco's Phosphate-Buffered Saline 

Pa Pascal 

PCL Polycaprolactone 

PCR Polymerase Chain Reaction 

PEG Polyethylene glycol 

PI Propidium iodide 

PLGA Polylactid-co-glycolid 

PLL Poly-L-Lysine 

P/S Penicillin/streptomycin 

qPCR Real-Time Quantitative Reverse Transcription 

 Polymerase Chain Reaction 

ReJI Reactive Jet Impingement 

RHE Reconstructed human epidermis 

RNA Ribonucleic Acid 

ROCK inhibitor Rho associated kinase (Y-27632 dihydrochloride) 

SEM Scanning electron microscopy 

SKALP Skin-derived Antileukoproteinase 

TE Tissue Engineering 

TEER Transepidermal Electrical Resistance 

TEM Transmission electron microscopy 

TEWL Transepidermal Water Loss 

UV Ultraviolet 

VOT Valve opening time 

 

  



 
 
 

1 
 

CHAPTER 1. INTRODUCTION 

Pharmaceutical and skin care firms spend millions of pounds on the research and development 

of new products. Most of this investment is dedicated to assessing the biological effects of 

new formulations in clinical trials (Wouters et al., 2020). Optimisation of preclinical screenings 

becomes essential in the selection of the best candidates for clinical trials, reducing the time 

and costs required for launching the products into the market. The use of animals has been a 

conventional procedure for evaluating the penetration and long-term effects of new 

formulations (Avci et al., 2013). However, animal testing has demonstrated limited reliability 

due to the differences in skin composition between animals and humans (Dellambra et al., 

2019). Moreover, the possibility of causing discomfort to the animals has raised ethical 

concerns and people's awareness of animal welfare. Consequently, several countries and 

economic regions, including the European Union, have already banned the testing of cosmetic 

ingredients on animals and encouraged pharmaceutical companies to reduce their studies 

with animals, highlighting the urgent need for alternative methods to animal testing (Almeida 

et al., 2017; European Commission, 2019; Holmes et al., 2010).   

Skin is the largest organ in the human body and represents one of the first protective barriers 

against UV radiation, pathogen entry and physical damage (Proksch et al., 2008). Its exposure 

to the external environment makes skin one of the main routes of entry into the body for 

external agents, such as chemicals, microorganisms, or medical treatments. For that reason, 

skin has become a key target for evaluating the safety and efficiency of commercial products 

(Abd et al., 2016; Niehues et al., 2018). In the last decades, different attempts to replicate the 

three-dimensional structure of human skin have resulted in the production of in vitro skin 

equivalents with enough complexity to be used for product assessment (Groeber et al., 2011; 

Klicks et al., 2017). Despite being considered a popular alternative to animal testing, the 

implementation of these skin equivalents at the industrial level is still restricted by their long 

production times and high costs. The need for manual steps during their manufacturing 

hinders their large-scale production and limits the quality and reproducibility of the models 

(Flaten et al., 2015; Planz et al., 2016; Suhail et al., 2019).  
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In recent years, 3D bioprinting has emerged as a potential solution to these problems. 

Bioprinting allows the selective deposition layer-by-layer of cells and biomaterials, 

reproducing the structural and biological composition of native human tissues (Murphy & 

Atala, 2014). The automatization of the process enables the fast production of tissue 

equivalents at a large scale in a cost-effective way. In addition, precise control over the 

location of biological components reduces the possibilities of batch-to-batch variations and 

opens the door to the customisation of in vitro models (Melchels et al., 2012; Murphy et al., 

2019; Sarkiri et al., 2019). Different bioprinting techniques have already demonstrated their 

ability to improve the complexity and reproducibility of skin equivalents (Min et al., 2018; Derr 

et al., 2019; Cubo et al., 2016). As a result, the bioprinting process has significantly improved 

the quality of skin grafts used for medical applications. However, the bioprinting of skin 

models suitable for the replacement of animal experimentation has not been proven yet (Ng 

et al., 2016; Olejnik et al., 2022).  

Some of the main restrictive factors on the quality and scalability of skin models for industrial 

applications are related to the operation process of each bioprinting technique (Ng et al., 

2019; Sun et al., 2020). To overcome these limitations, this PhD thesis proposes the 

incorporation of a novel bioprinting technology named Reactive Jet Impingement system 

(ReJI). The following chapters will compare the advantages and limitations of ReJI system and 

other bioprinting techniques in terms of resolution, bioink requirements and complexity of 

the process, among others. From then, the suitability of ReJI system on the production of skin 

models will be explored, as well as the formulation of several bioinks and their capacity to 

mimic the physiological characteristics of each skin layer. 
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1.1. Thesis Structure 

This thesis is organised into nine chapters, including the current Chapter 1, which introduces 

the research area, the relevance of this study and an overview of the thesis organisation.  

Chapter 2 reviews the underlying concepts of this thesis. It starts by introducing the biology of 

human skin and the role of its components, and it continues by describing different strategies 

to produce skin in vitro. Additionally, an overview of current commercial skin equivalents is 

provided, with the description of the standard methods performed for their validation. Finally, 

the different types of bioprinting techniques are presented, and their implications on the 

production of skin models are reviewed.  

Chapter 3 states a hypothesis to overcome the gaps of knowledge in the current generation 

of in vitro skin equivalents and provides a definition of the aims and main goals of this project. 

Chapter 4 reports the methodology followed in this research. It includes bioink formulations 

and their physicochemical characterisation, ReJI setup, cell culture steps, biological assays and 

the studies performed on the dermal, epidermal and skin models. 

The different experimental results are described and discussed in Chapters 5, 6, 7 and 8.  

Chapter 5 explores the advantage of using Reactive Jet Impingement as bioprinting process. It 

includes the optimization of the printer setup, the control of ReJI over the cell distribution and 

the effect of the printing process on the formation of dermal and epidermal layers.  

Chapter 6 presents the different biomaterials selected as dermal bioinks. This chapter delves 

into the relationship between the physicochemical and mechanical properties of the different 

bioinks and their influence on fibroblast behaviour.  

Chapter 7 describes the implications of encapsulating keratinocytes in natural-based bioinks 

and their effect on the keratinocyte behaviour and generation of epidermal layers.   

Meanwhile, Chapter 8 reports the attempts to produce full skin models and their evaluation, 

including the incorporation of the selected dermal and epidermal bioinks.  

Chapter 9 provides a summary of the findings obtained in previous chapters, and an overall 

discussion of the novelty and implications of these results.   

Finally, Chapter 10 outlines the conclusions of this research, along with recommendations for 

future work.  
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CHAPTER 2. LITERATURE REVIEW 

2.1. Anatomy and Physiology of Human Skin 

Skin is a complex organ with a well-defined structure (Paul & Sharma, 2015; Fenner & Clark, 

2016; Kanitakis, 2002). The epidermis, dermis and hypodermis are the three main layers which 

define the human skin and contribute to its homeostasis (Fig. 2.1). The epidermis provides a 

barrier function by protecting the skin against external agents, regulating the secretion and 

absorption of substances and preventing water loss (Proksch et al., 2008). Meanwhile, the 

dermal layer supplies nutrients and structural support to the skin (Brown & Krishnamurthy, 

2022). The hypodermis is the subcutaneous layer responsible for the thermoregulation and 

protection of underlying tissues against physical damage (McKnight et al., 2022). 

Each layer comprises different cells and biomolecules with specific roles, locations and 

interactions between each other. Failure to reproduce this internal microenvironment often 

results in the emergence of specific skin conditions such as atopic dermatitis, fibrosis or 

melanoma, amongst others (Semlin et al., 2011; de Stefano & Christiano, 2014).   

 

 

Figure 2. 1. Schematic representation of human skin architecture and its three differentiated layers: epidermis, dermis and 
hypodermis. Skin complexity is enhanced by the presence of vasculature and appendages, such as hair follicles, sebaceous and 
sweat glands. Image adapted from Biorender.com.  
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2.1.1. Epidermal Layer 

The epidermis is the outermost skin layer with 10 to 100 μm thickness, and it is mainly 

composed of keratinocytes. The keratinocyte attributes vary through the epidermis defining 

four differentiated epidermal sub-layers: stratum corneum, stratum granulosum, stratum 

spinosum and stratum basale (Fig. 2.2) (Fenner & Clark, 2016). 

Keratinocytes in the stratum basale present a proliferative phenotype and are defined by their 

cuboidal morphology. The continuous production of new keratinocytes by the basal cells 

allows epidermal self-renewal approximately every 28 days (Myers et al., 2014). When the 

basal keratinocytes start to mature, they initiate a diffusion through the upper epidermal sub-

layers, undergoing a sequential differentiation (Freedberg et al., 2001). As keratinocytes 

migrate, they start to present a variety of structural and compositional changes. The variation 

in the expression of keratins through the epidermal layers exemplifies these modifications 

(Table 2.1) (Edqvist et al., 2015; Toivola et al., 2015). Keratin is an intermediate filament 

protein and plays an essential role in the epidermis, providing structural support and 

regulating the synthesis of proteins and keratinocyte apoptosis.  

 

 

Figure 2. 2. Representation of the morphological changes experienced by keratinocytes through the different epidermal 
sublayers, including the stratum basale, spinosum, granulosum, lucidum and corneum. The presence of additional cell types, 
such as melanocytes and Merkel cells, can be observed in the stratum basale. Image adapted from OpenStax College. 
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Keratinocytes coexist in the basal layer with pigmented cells named melanocytes, which are 

responsible for skin protection against ultraviolet radiation (Brenner & Hearing, 2008). 

Melanocytes produce melanin granules, which are stored in melanosomes and later 

transferred to keratinocytes to create a melanin cap, which will protect the keratinocyte 

nucleus from photodamage. The number, size and distribution of melanosomes contribute to 

the variation in skin colour (Yamaguchi et al., 2007). Other cells resident in the basal layer are 

the Merkel cells, which play an essential role in skin sensation (Moll et al., 2005), and 

Langerhans cells, which are antigen-presenting cells act as the first line of immunological 

defence against microbes, being responsible for producing pro-inflammatory signals (Clayton 

et al., 2017).  

In the following epidermal layer, the stratum spinosum, keratinocytes acquire a polyhedral 

morphology as they start to synthesise cytokeratin filaments (Deo & Deshmukh, 2018). These 

intermediate filaments, together with desmosomes, ensure tight bindings between adjacent 

keratinocytes. The presence of adheren, tight and gap junctions through the epidermis, 

combined with the adhesion of the basal layer to the dermo-epidermal junction through hemi-

desmosomes, result in the creation of a resistant system to maintain the epidermal integrity 

against external forces (Simpson et al., 2011). Keratinocytes start an apoptotic process, losing 

their nucleus and acquiring a flat shape in the stratum granulosum. The presence of 

keratohyalin granules triggers the aggregation of keratin filaments and, consequently, the 

agglomeration of keratinocytes. Additionally, lamellar bodies produced previously by 

keratinocytes release their content creating a lipid and antimicrobial barrier, which improves 

cellular adhesion and avoids the loss of fluids (Bouwstra & Ponec, 2006). The stratum corneum 

is the outermost epidermal layer and contains 10 to 25 layers of dead keratinocytes, which 

present a flat shape. These keratinocytes are named corneocytes and are tightly held together 

by the remaining desmosomes and lamellar body content, forming a relatively impermeable 

layer (Simpson et al., 2011; Kalinin et al., 2001). The resulting lipidic matrix also contains other 

elements like cholesterol esters, ceramides or free fatty acids, which are essential to reduce 

the corneal layer permeability (Bouwstra et al., 2021; van Itallie & Anderson, 2014). 

Additionally, tight and adherence junctions are formed between the last living keratinocytes 

in the stratum granulosum and the corneocytes and regulate the molecule flux between layers 

(Chiba et al., 2008; Yoshida et al., 2013). Combining all these factors provides the stratum 

corneum of a protective barrier character. When the adhesion between corneocytes is lost, 

the corneal layer starts a desquamation process (Candi et al., 2005). An additional epidermal 
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layer named stratum lucidum can be found only on the palms of the hands and soles of the 

feet (Yousef, Alhajj, et al., 2022). This thin layer contains dead keratinocytes and oily 

substances, which reduce the tensional forces between the stratum corneum and granulosum. 

 

Table 2. 1. Examples of the physiological roles of proteins and molecules present in the different epidermal layers. 

Protein Epidermal layer Physiological function Reference 

Keratin 14 Stratum basale Marker of the normal state of    
    keratinocyte proliferation 

Alam et al., 2011 

Keratin 16 Stratum basale Marker of keratinocyte proliferation   
    during the wound healing process 

Smiley et al., 2006 

Keratin 19 Stratum basale Marker of keratinocyte  
    hyperproliferation 

Govaere et al., 2014 

Ki67 Stratum basale   Marker of early proliferation Schonzen & Gerdes, 
2000 

Cadherins Stratum spinosum 

Stratum granulosum 

  Marker of cell junction formation Tunggal et al., 2005 

Keratin 10 Stratum spinosum 

 

 Marker of keratinocyte early  
    differentiation 

Drozdoff & Pledger, 
1993 

Involucrin Stratum granulosum   Markers of keratinocyte terminal  
    differentiation 

Watt, 1983 

Claudin-4 Stratum granulosum  It takes part in tight junction     
    formation 

Chiba et al., 2008 

Occludin Stratum granulosum   It takes part in tight junction  
    formation 

Matter & Balda, 
1999 

Loricrin Stratum granulosum 

Stratum corneum 

  Component of the cornified layer Kalinin et al., 2001 

Filaggrin Stratum corneum   Component of the cornified layer Sandilands et al., 
2009 

 

 

When the epidermal structure is damaged, mechanical changes occur and specific molecular 

factors are released to activate the keratinocyte proliferative state (Hegde et al., 2021). Basal 

keratinocytes closer to the wound edge start to migrate and divide to ensure the production 

of enough basal cells. Once keratinocytes are confluent across the lesion, their proliferation 

rate decreases and they start to differentiate to create the suprabasal epidermal layers (Amiri 

et al., 2022).   
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2.1.2. Dermal Layer 

The dermis is situated beneath the epidermis and represents the thicker skin region with a 

thickness between 1 and 5mm. This layer is mainly constituted of fibroblasts and a complex 

matrix of proteins and elastic fibres, which provide structural strength and elasticity (Krieg & 

Aumailley, 2011). In addition, the dermis presents two differentiated areas with different 

compositions, the papillary and reticular dermis (Fig. 2.3) (Sriram et al., 2015; Sorrell & Caplan, 

2009). The papillary dermis is the closest dermal layer to the epidermis. This region is mainly 

made up of collagen type III, collagen type I, decorin, fibronectin and elastin (Janson et al., 

2012). The thin loose fibers that comprise this region affect their mechanical properties 

(Sorrell & Caplan, 2004). Influenced by the matrix characteristics, papillary fibroblasts present 

a spindle-shaped morphology and a high proliferative rate (Azzarone & Macieira-Coelho, 

1982). Fibroblasts show a limited production of new extracellular matrix (ECM) components 

in this region (Korosec et al., 2019).  

 

Figure 2. 3. Graphic representation of the different fibroblast morphology and distribution through the dermis. In the reticular 
dermis, fibroblasts present a polygonal shape and are supported by aligned fibrillar matrix. In contrast, the papillary dermis is 
comprised of a higher number of elongated fibroblasts surrounded by thinner and loose extracellular matrix. Image designed 
using Biorender.com. 

  

 

The reticular dermis is the thickest dermal layer situated between the papillary dermis and the 

hypodermis. This region is mainly comprised of thick collagen type I fibres and large 
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concentrations of elastic fibres. Conversely to papillary dermis, this layer is formed by densely 

packed fibrillar proteins, which are distributed in parallel to the skin surface to provide 

resistance to the skin against tangential forces (Sherratt, 2009). Moreover, the presence of 

proteoglycans like versican or chondroitin provides high elasticity to this layer. Non-fibrillar 

proteins like proteoglycans or hyaluronic acid are situated in the dermal spaces between fibres 

to provide hydration to the tissue and ensure the distribution of molecules through the 

extracellular matrix (Uitto et al., 1989). In contrast to papillary dermis, collagen type III is 

present in this layer in lower concentrations than collagen type I (Ghetti et al., 2018). Another 

difference to the papillary dermis is the polygonal morphology adopted by reticular fibroblasts. 

The primary role of these cells is the production of new extracellular components and matrix 

reorganisation (Sorrell et al., 2004).  

Mast cells are one of the additional cellular components that comprise the dermis. These cells 

are responsible for immunological reactions like allergic responses (Galli & Tsai, 2010). In 

addition, nerve endings and several appendages, such as hair follicles, sebaceous and sweat 

glands, can also be found in the dermal layer and provide the skin with additional functions 

(Yousef, Miao, et al., 2022). Besides, blood vessels are present in the dermis to provide 

nutrients and oxygen to the whole skin. 

During the wound healing process, the previously described behaviour of fibroblasts is altered 

(Zou et al., 2021). Initially, the injured skin site is sealed by a blood clot made of fibrin and 

fibronectin, providing temporary support for the cells (Rezaie et al., 2019; Tottoli et al., 2020). 

When the wound site is contracted, fibroblasts in the vicinity of the lesion are activated and 

acquire a myofibroblastic phenotype to participate in tissue regeneration (El-Ghalbzouri et al., 

2002). The tractional forces created through the injury site promote the mobility and 

proliferation of fibroblasts. As fibroblasts migrate, they start to remodel the matrix 

composition by producing new extracellular matrix components and degrading the fibrin 

components through the secretion of matrix metalloproteinases (MMPs) (Caley et al., 2015). 

The reconstruction of the dermal structural composition helps to provide stability to the skin 

and support the keratinocyte migration and re-epithelisation (Sivamani et al., 2007). The 

intervention of endothelial cells allows dermal neovascularisation and the arrival of essential 

elements like immune cells or pro-inflammatory molecules required for wound healing (Ono 

et al., 2017).  
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Fibroblast behaviour is also modified as the skin begins to age. During this process, fibroblast 

heterogeneity is compromised as papillary fibroblast starts to acquire a reticular phenotype 

(Mine et al., 2008; Janson et al., 2013). This modification of the skin composition results in a 

drop in the fibroblast renewal, the reduction of the papillary dermis and the alteration of the 

extracellular matrix composition. The decrease in the population of papillary fibroblasts also 

brings structural changes to the epidermis and the skin physiology, including the reduction of 

skin elasticity and the appearance of skin wrinkles (Solé-Boldo et al., 2020; Hausmann et al., 

2019). 

 

 

2.1.3. Dermal-Epidermal Junction 

The dermoepidermal junction is responsible for connecting the epidermis and dermis 

(Marionnet et al., 2006). This semipermeable basement layer allows the exchange of nutrients 

and biomolecules between both layers. This region is mainly comprised of collagen type IV and 

VII, laminins, perlecan and nidogen, but also it includes other components like collagen type I 

and III, tenascin or fibrillin (Aleemardani et al., 2021).  

The lamina lucida represents the area in the dermal-epidermal junction closer to the 

epidermis. The basal epidermal cells adhere to this region through different proteins and 

complexes such as collagen XVII, laminins-5 or hemidesmosomes, among others. As a result, 

an epithelial extension called rete ridge is formed to enhance the anchoring between the 

epidermis and the dermoepidermal junction (Roig-Rosello & Rousselle, 2020). On the other 

hand, the lamina densa is supported by the papillary dermis. These regions are connected by 

collagen type VII fibrils in combination with collagen type I and III. 

Most dermoepidermal components, like laminin-5 or collagen type VII, type XVIII and XVIII, 

are primarily produced by keratinocytes (Marinkovich et al., 1993). Whereas other 

biocomponents, like laminin-10, collagen type IV or nidogen, are generated by fibroblasts 

(Contard et al., 1993; Fleischmajer et al., 1995). In most cases, the generation of these 

molecules requires the presence of both cell types (Varkey et al., 2014; Lee & Cho, 2005; Smola 

et al., 1998). 
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2.1.4. Hypodermis 

The hypodermis is the innermost skin layer. It connects the skin structure to the underlying 

organs, protecting them against physical damage (Paul & Sharma, 2015). This region contains 

mostly adipocytes, which act as energy reserve and ensure thermoregulation (Dragoo et al., 

2021). Fibroblast, collagen and elastin can also be found in the hypodermis forming part of the 

loose connective tissue (Haydont et al., 2020). Similarly to the dermis, some additional skin 

components like blood vessels, nerves, sweat glands and hair follicles can be found in the 

hypodermis (Williams et al., 2020; Wong et al., 2016).      
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2.2. Human Skin Equivalents 

Skin homeostasis is fundamental to preserve the skin protective character against external 

agents. In chronic wounds and severe burns, the incapacity to heal the epidermal barrier often 

leads to major body infections and high mortality rates (Smolle et al., 2017). Consequently, it 

becomes essential to find a method capable of promoting the quick regeneration of native 

skin structures. Transplantation of skin tissue equivalents has become a demanded strategy in 

the treatment of severe burns (Kelangi et al., 2021; Concannon et al., 2022). The cellular and 

biomolecular components of these skin substitutes trigger specific signalling cascades and 

cellular functions that induce the reconstruction of damaged tissue. 

On the other hand, skin equivalents are also employed in basic research, for the study of cell 

mechanism in skin biology, and in preclinical studies, as a tool to evaluate the safety and 

efficiency of chemical compounds (Abd et al., 2016; Moniz et al., 2020). In this case, skin 

models must mimic the physiological and morphological composition of native skin. Their 

resemblance with the real tissue is crucial to determine the penetration, distribution and 

interaction of tested products through the diverse skin layers (Flaten et al., 2015).  This section 

explores different strategies employed for the manufacturing and validation of in vitro skin 

equivalents for product testing. 

 

 

2.2.1. Tissue Engineering Skin Equivalents 

Due to their active role in skin homeostasis, fibroblasts and keratinocytes are considered the 

most essential components for the production of skin models. Early attempts to recreate skin 

equivalents in vitro consisted of the seeding of fibroblasts and keratinocytes monolayers. Cells 

were expected to produce their own extracellular matrix, mimicking their behaviour in real 

skin. However, the lack of spatial organisation associated to their two-dimensional structure 

prevented their cellular mobility and vertical spreading, impeding the recapitulation of the 

complex architecture found in native skin (Smithmyer et al., 2019). Additionally, the alteration 

in the morphology and the genetic expression of these cells leads to a different response to 

the tested molecules than those cells found in native tissues. As a result, the utilisation of cell 

monolayers is often limited to the initial assessments of material cytotoxicity (Fitzgerald et al., 
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2015). These studies can help to quickly discard any material which could harm or alter the 

biology of skin cells. 

Nowadays, in vitro skin models aim to replicate the multi-layered structural composition found 

in human skin. In an attempt to generate three-dimensional structures, different matrices are 

introduced as scaffold for fibroblasts and as support for keratinocytes (Sheikholeslam et al., 

2018). These biomaterials facilitate the cell-cell interaction and organisation, improving the 

skin functionality. Initially, keratinocytes were seeded on acellular dermal matrices to mimic 

the epithelial structure (Setijanti et al., 2019). These reconstructed human epidermal (RHE) 

models were used to evaluate the permeability of chemical compounds. However, in most 

studies, the epidermal stratification was affected by the fibroblast absence (Agonia et al., 

2022). The study of this phenomenon in vitro confirmed the importance of the keratinocyte 

and fibroblast crosstalk for the expansion of keratinocytes and the complete epidermal 

stratification (Boehnke et al., 2007). 

Full-thickness skin models are conventionally produced following a bottom-up approach 

(Fig. 2.4). Briefly, dermal fibroblasts are seeded into a scaffold and cultured under submerged 

conditions for several days. When fibroblasts adhere to the matrix, a monolayer of 

keratinocytes is seeded on top of the dermal structure, and the model is maintained under 

submerged conditions to ensure keratinocyte proliferation (Klicks et al., 2017; Nicholas et al., 

2016). Subsequently, the skin model is exposed to an air-liquid interface, reproducing the 

conditions on real skin to induce keratinocyte differentiation. During this step, the 

concentration of calcium anions is risen to guarantee the correct epidermal stratification 

(Borowiec et al., 2013). The complete formation of the skin structure can require between 28 

to 41 days (Schmidt et al., 2020; Roger et al., 2019; Sriram et al., 2015). The incorporation of 

additional skin cells like melanocytes, adipocytes or endothelial cells can help to improve the 

model complexity (Vidal et al., 2019; Sanchez et al., 2022). 

 

Figure 2. 4. Schematic representation of the skin model production process. Fibroblasts are cultured in a dermal matrix and 
maintained under submerged conditions. Subsequently, keratinocytes are seeded on top of the dermis and, after few days, 
the resulting model is exposed to air-liquid interface to ensure the epidermal stratification. This image was obtained from 
Sriram et al. 2015. 
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Different materials can be employed as dermal matrices for the generation of skin models. 

Natural materials present in the skin, like fibrillar proteins, glycosaminoglycans or 

polysaccharides, are the most popular choices to guarantee the replication of native structures 

(Caliari & Burdick, 2016; ter Horst et al., 2019). Collagen type I is the most selected biomaterial 

for this application due to its high abundance in native skin, and its ability to promote 

fibroblast proliferation and migration (Kanta, 2015; Grinnell & Petroll, 2010). The interaction 

between collagen and fibroblast usually leads to collagen contraction affecting the 

reproducibility of the models (Grinnell, 2000). For this reason, collagen is often replaced or 

combined with other natural polymers such as fibrin, laminin, or hyaluronic acid 

(Sheikholeslam et al., 2018).  

In general, the utilisation of natural materials is hindered by their poor mechanical properties 

and the difficulties to handle them (Joyce et al., 2021; Reddy et al., 2021). Alternatively, 

synthetic materials are often used as cell supports due to their excellent mechanical properties 

and stable properties. Some of the most common synthetic biomaterials are polyethylene 

glycol (PEG), polylactid-co-glycolid (PLGA) or polycaprolactone (PCL) (Nikolova & Chavali, 

2019). These materials are easily manufactured and some of their parameters, like elasticity, 

water permeability or degradation rate, can be customised (Samavedi et al., 2014). Despite 

their advantages, synthetic materials do not contain the biochemical domains required for cell 

adhesion. The combination of synthetic biomaterials and natural polymers can enhance the 

biocompatibility and mechanical properties of the resulting hybrid material (Yousefzade et al., 

2020; Greenwood, 2016). On the other hand, the use of recombinant biomaterials has gained 

importance in the last years. These genetically modified proteins or hybrid polymers 

incorporate cell-binding motifs that resemble the ones found in extracellular-matrix proteins, 

such as the fibronectin-derived RGD (arginine-glycine-aspartate) sequence (Hersel et al., 2003; 

Werkmeister & Ramshaw, 2012). These sequences promote specific cellular functions and can 

be modified based on the application requirements. Other parameters like mechanical 

properties or the material response to external stimulus can also be adapted in each case 

(Dura et al., 2020; Nagapudi et al., 2005). Some of the most popular materials used as dermal 

matrices and their properties are detailed in Table 2.2. 

As an alternative to the use of exogenous biomaterials, Roger et al. proved the possibility of 

producing skin models by seeding fibroblasts on Alvetex® scaffolds for 28 days, enabling 

enough time for the fibroblast to generate their own ECM components (Roger et al., 2019).   
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Table 2. 2. Properties and origin of biomaterials frequently used in the fabrication of human substitutes. 

  

 Material  Origin Properties  Reference 

Collagen  Natural    · Represents 75% protein content in skin 

  · Contains cell-recognition ligands 

  · Self-assembling under physiological conditions 

Parenteau-

Bareil et al., 

2010 

 Gelatin Natural    · Denatured collagen 

  · Contains cell-recognition ligands 

  · Gel formation at 4°C and liquid state at 37°C 

Lukin et al., 

2022 

 Laminin  Natural   · Main component basal membrane 

  · Plays an important role in the cell adhesion,  

    migration and differentiation 

Talovic et al., 

2017 

 Elastin Natural    · Provides of resilience and elasticity to the skin 

  · Insoluble and difficult to handle 

Daamen et al., 

2007 

Hyaluronic 

Acid  

Natural  

 

  · Fills gaps between collagen fibrils 

  · Promotes cell growth, migration and  

    differentiation 

   · Mechanical properties can be regulated by  

     crosslinking reactions 

Dovedytis et al., 

2020 

Fibrin  Natural    · Present during wound healing process 

  · Produced by the fast gelation of thrombin  

    combined with fibrinogen 

  · Support cell growth and migration 

Park & Woo, 

2018 

 Alginate  Natural   · Abundant and cheap natural polysaccharide,  

    with fast crosslinking profile 

  · Used as supportive matrix due to its long  

    stability and water content 

Lee & Mooney, 

2012 

Matrigel Recombinant   · Resemble laminin-Collagen IV structure 

  · Self-assembling at 37°C 

Klotz et al., 

2019 

Decellularized 

Extracellular 

Matrix 

Natural   · Matrix extracted from real tissue 

  · Maintain the main components of native ECM  

    with the exception of the cellular content 

Zhang et al., 

2022a 
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Selection of cell sources is also a decisive factor that affects the reliability of skin models. Cell 

lines are often employed due to their robustness and cost-effectiveness. These cells are 

immortalised, easy to grow and maintain (Wang et al., 2019a). Their low variability through 

their lifetime promotes the generation of reproducible results. One of the drawbacks of these 

cells is their inability to recreate certain characteristics or phenotypical changes from normal 

cells (Schoop et al., 1999; Wnorowski et al., 2019). On the other hand, cells extracted from 

donors present similar morphological and biological characteristics to the ones observed in 

vivo. These primary cells can proliferate and reproduce natural cellular functions (Richter et 

al., 2021). However, their use is restricted to a limited number of passages before they start 

to age and undergo senescence process. The behaviour of primary cells can be affected by the 

age, sex and race of the donor, or the body area of extraction, restricting the comparability 

and reproducibility between studies (Caddeo et al., 2017; Wang et al., 2020). 

To overcome this variability and improve the complexity of the models, stem cells are often 

introduced into the model. Stem cells have the ability to self-renew and differentiate into 

multiple tissue-specific cell types when they are exposed to defined microenvironments 

(McKee & Chaudhry, 2017). They can be sourced from different body locations such as bone 

marrow, adipose tissue, umbilical cord or hair follicles (Rosenbaum et al., 2008; Pittenger et 

al., 1999). Mesenchymal stem cells (MSCs) could be a suitable cell source due to their capacity 

to differentiate into skin cells such as fibroblasts, keratinocytes, endothelial cells or sebaceous 

glands (Sasaki et al., 2008). However, the use of this type of cells on the development of skin 

models have been limited by their complex isolation and differentiation, as well as the large 

time and costs required to grow enough MSCs (Dos Santos et al., 2023; Pittenger et al., 2019). 

Alternatively, induced pluripotent stem cells (iPSCs) also have the potential to differentiate 

into diverse skin cell types. iPSCs are reprogrammed somatic cells, which retain genetic and 

phenotypic markers associated with their origin (Singh et al., 2015). Therefore, iPSCs from 

patients can be used to reproduce specific disorders, understand their mechanisms and 

predict their response to certain therapies (Avior et al., 2016; Rowe & Daley, 2019). Despite 

their promising properties, the implementation of iPSCs is limited by its low efficiency and the 

amount and time required for their maintenance and differentiation (Yamanaka, 2020).  
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2.2.2. Validation Methods 

Skin is one of the main routes of entrance into the body and acts as the first barrier against 

external agents. For that reason, the development of reliable skin equivalents is essential to 

study skin interaction with external elements. In vitro skin models must undergo several 

validation steps before they can be considered suitable for predicting the biological effects of 

commercial products (de la Torre et al., 2020; Brohem et al., 2011). The penetration and 

diffusion of chemical compounds through the skin are affected by the specific composition of 

each skin layer. Consequently, verifying the presence of fundamental structural components 

in the skin models is considered one of the first validation phases. The use of cellular stainings 

like Haematoxylin and Eosin (H&E) allows the distinction between cellular and extracellular 

components and their distribution through the skin (Mathes & Ruffner, 2014; Ponec et al., 

2002). Additionally, fluorescence labelling of specific proteins and molecules by 

Immunohistochemistry can provide a better understanding of the location of key anatomical 

elements. Other techniques, such as Western Blot, Polymerase Chain Reaction (PCR), or Flow 

Cytometry, are also useful for validating the presence of specific molecules expressed by the 

skin cells (Itoh et al., 2013; Kim et al., 2004; Bellas et al., 2012). The presence of other essential 

components, like water or ceramides, can be explored using chemical analysis like Raman 

spectroscopy. Once the presence of fundamental skin components is confirmed, the 

functionality of the skin barrier needs to be evaluated. Transepidermal Electrical Resistance 

(TEER) and Transepidermal Water Loss (TEWL) assays are the most common methods to verify 

the integrity of epidermal barriers (Rinaldi et al., 2019; Guth et al., 2015).  

One of the most extended methods to benchmark the produced models against the properties 

of native human skin is the permeability test (Neupane et al., 2020). This assay is based on the 

comparison between the diffusion values of standard compounds through the skin equivalents 

against the values acquired with real skin using a Franz cell (Jacques-Jamin et al., 2017). Some 

of the most habitual compounds for this assessment are caffeine, salicylic acid and corticoids 

(Alonso et al., 2019; Jepps et al., 2013). This test represents an additional confirmation of the 

model reliability. The evaluation of biological effects produced by external substances can be 

performed following standard guidelines established by the Organization for Economic 

Cooperation and Development (OECD, 2022). Some of the recommended assays include 

penetration, corrosive and irritation studies and evaluation of skin sensitisation, among others 

(Almeida et al., 2017; Capallere et al., 2018; Deshmukh et al., 2012; Kleinstreuer et al., 2018). 
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2.2.3. State-of-the-art of Skin Models for Product Testing 

One of the promoting factors for developing skin equivalents has been the search for 

alternatives to animal experimentation. The use of animals for the assessment of cosmetic 

products is currently banned in multiple countries (Silva & Tamburic, 2022). Therefore, new 

models are urgently required to determine the toxicity and long-term effects of commercial 

products. In the last decade, animal testing has been slowly replaced by ex vivo models and in 

vitro skin substitutes validated for the screening of chemical compounds (Ng & Yeong, 2019; 

Filaire et al., 2022). Some of these tissue-engineered skins in vitro are currently 

commercialised and are often incorporated into the risk assessment of industrial components. 

Reconstructed epidermal (RHE) models have been extensively applied for the evaluation of 

different studies such as skin permeability, irritation, corrosion or genotoxicity assays (Netzlaff 

et al., 2005; Danilenko et al., 2016). Additionally, those models containing melanocytes are 

mainly used to assess phototoxicity or alternations in skin pigmentation (Nakazawa et al., 

1998; Bessou et al., 1999). EpiSkin® and EpiDerm™ models were the first reconstructed 

epidermal models validated by TEER (Table 2.3) (Agonia et al., 2022). Both were soon accepted 

as predictive models for skin corrosion and irritancy (Fentem & Botham, 2019; Welss et al., 

2004). Eventually, SkinEthic® was also approved for the assessment of skin irritation and 

corrosion (Alépée et al., 2010; Kandárová et al., 2006). The permeability of these three models 

was tested, comparing their permeation coefficients to caffeine and testosterone with the 

values obtained in native human skin. These studies reported the impairment of the barrier 

function in the three RHE models (Schäfer-Korting et al., 2008; Schmook et al., 2001). Further 

research also discovered the expression of skin-derived antileukoproteinase (SKALP) in these 

models (Ponec et al., 2002; Flaten et al., 2015). SKALP is a marker for skin irritation which is 

only present during inflammatory states like psoriasis or wound healing process (Boelsma, 

Susan Gibbs, Maria Ponec, 1998). 

Full-thickness (FT) models have already been incorporated into the evaluation of 

percutaneous absorption and distribution of chemical compounds through the skin, or the 

evaluation of wound healing treatments, among other studies (Suhail et al., 2019; Neves et al., 

2022). Commercial full-thickness skin equivalents are one of the most extended models used 

to assess the safety and efficiency of topical treatments and skin care ingredients at industrial 

level, although their percutaneous absorption is three times higher than the skin standards 

(Wever et al., 2013; Planz et al., 2016). These models present barrier properties closer to the 
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ones in native tissue than reconstructed epidermal models (Schmidt et al., 2020; Vohr & 

Heisler, 2005). Epiderm FT™, Stratatest® and Phenion® are the most popular commercial FT 

models. Their characteristics and applications can be found in Table 2.3. The comparative 

analysis between FT skin equivalents and native skin showed a significant difference in the 

lipid composition. The higher abundance of lipids in the stratum corneum of these skin 

substitutes is considered one of the main responsible for their enhanced permeability 

(Thakoersing et al., 2013, 2011).  

Commercial full-thickness skin models are comprised mainly of fibroblasts and keratinocytes. 

However, some published skin equivalents also include additional cell types, vascularization 

and appendages such as hair follicles or sebaceous glands (Abaci et al., 2018; Nikolakis et al., 

2015; Auxenfans et al., 2012; Hosseini et al., 2022). The incorporation of Langerhans cells can 

be helpful for the evaluation of immunological responses to applied chemicals (Ouwehand et 

al., 2011). Similarly, the integration of vascularisation can provide additional information 

about the absorption and distribution of components through the circulatory system (Abaci et 

al., 2016; Tremblay et al., 2005). On the other hand, the production of disease models like 

psoriasis or melanoma can be useful for a deeper understanding of the causes behind these 

conditions and the improvement of current treatments (Soboleva et al., 2014; Hill et al., 2015; 

Ali et al., 2015). 

The industrial implementation of skin equivalents for testing purposes is currently limited by 

their fabrication process (Ng et al., 2016). These models are manually produced, resulting in 

an increment in their manufacturing time and costs. Besides, the need for manual steps 

directly impacts the reliability and reproducibility of the models (van Gele et al., 2011; Suhail 

et al., 2019). The resulting batch-to-batch variations restrict the comparability between 

studies. 
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Table 2. 3. Examples of commercial Reconstructed Human Epidermal (RHE) models and Full-thickness (FT) skin models, including a description of their composition and applications. 

Commercial name Type of model Composition Applications Reference 

EpiDerm™ Reconstructed Human 

Epidermal Model 

  · Neonatal human keratinocytes cultured  

    on polycarbonate membranes 

 

   · Validated for skin irritation 

   · Validated for skin corrosion 

   · Used for genotoxicity testing  

Kandárová et al., 

2009; Roy et al., 

2016; Kandarova & 

Liebsch, 2017 

EpiSkin® Reconstructed Human 

Epidermal Model 

  · Human keratinocytes cultured on  

    bovine collagen 

   · Validated for skin corrosion  

   · Validated for skin irritation  

Flamand et al., 

2006; Alépée et al., 

2019 

SkinEthic® Reconstructed Human 

Epidermal Model 

  · Human keratinocytes cultured on  

    polycarbonate membrane 

   · Validated for skin corrosion 

   · Validated for skin irritation 

   · Used for phototoxicity assays 

Alépée et al., 2017; 

Pellevoisin et al., 

2018; Bernard et 

al., 2000 

EpiDerm-FT™ Full-Thickness Skin Model   · Neonatal human fibroblasts and    

    neonatal human keratinocytes 

 

   · Validated for skin irritation 

   · Validated for skin corrosion 

   · Used for dermal penetration assays 

Mallampati et al., 

2010; Kubilus et al., 

2019 

Phenion® Full-Thickness Skin Model   · Human fibroblasts and human  

    keratinocytes 

   · Validated for skin irritation  

   · Used for phototoxicity assays  

    · Used for genotoxicity assays 

Ackermann et al., 

2010; Reisinger et 

al., 2018 

StrataTest® Full-Thickness Skin Model   · Human fibroblasts in collagen type I and  

    immortalized keratinocytes  

    · Pre-validated for skin irritation Rasmussen et al., 

2010 
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2.3. Bioprinting Skin Models 

In the last years, different strategies have been assessed to overcome the limitations found in 

traditional tissue engineering techniques. 3D bioprinting technologies have brought increased 

attention due to their capacity to enhance the quality and reproducibility of tissue equivalents 

(Fig. 2.5).   

Bioprinting is based on the selective deposition layer-by-layer of cells and biomaterials to 

reproduce the structural composition of native tissue (Murphy & Atala, 2014). This technology 

allows precise control over the spatial location of each component, opening the door to the 

automatisation of the process. The possibility of combining various biocomponents facilitates 

the manufacturing of models on-demand, recreating specific biological microenvironments 

(Mandrycky et al., 2016; Mehrotra et al., 2019). In recent years, bioprinting has been 

incorporated into the production of different tissues and organs, such as the heart, liver, 

cartilage or bones (Ng et al., 2019; Mota et al., 2020).  

 

Figure 2. 5. Steps required for the 3D bioprinting of tissue equivalents, including the initial cell expansion and bioink 
formulation, the bioprinting process, and the subsequent tissue incubation until its complete maturation. Image created with 
Biorender.com. 

 

Bioink formulation highly influences the quality and resemblance of the printed models. 

Bioinks are comprised of cells and biomaterials capable of mimicking the biological 

characteristics of native tissues (Decante et al., 2021). Biomaterials are often chosen based on 

their capacity to provide mechanical support to the cells, maintain cellular functions or 

promote specific cell behaviours (Fig. 2.6) (Correa et al., 2021; Levato et al., 2020). In some 

cases, part of the components is used as sacrificial biomaterials, supporting the cells only 

during the printing process (Liu et al., 2022a; Brunel et al., 2022). The control of the 

biomaterial degradation is essential to ensure the stability of the printed structure before its 
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replacement by new matrix components secreted by cells (Correia et al., 2020). The diffusion 

of oxygen, nutrients and signal molecules across the printed design is fundamental to 

maintaining cellular functionality. Different parameters like biomaterial porosity or swelling 

properties affect the distribution of oxygen and nutrients and the secretion of metabolites 

(Martínez et al., 2009; Zhu & Marchant, 2011). Biomaterial porosity also influences cell 

migration and proliferation and modifies the mechanical properties of printed structures. 

Additionally, bioink formulations need to be adapted to the bioprinter requirements. Bioink 

printability varies for each bioprinting technique based on their printing principles (Hölzl et al., 

2016; Gungor-Ozkerim et al., 2018). In the case of nozzle-based bioprinters, the viscoelastic 

properties and surface tension determine the capacity of the bioink to fluid and be dispensed 

through the nozzle (Seymour et al., 2017). To maintain high shape fidelity after printing and 

ensure uniform cell encapsulation, some formulations incorporate molecules which can be 

physically, chemically, photo-induced or enzymatically crosslinked. The production of toxic 

subproducts during the crosslinking process needs to be carefully evaluated to avoid cell 

damage (GhavamiNejad et al., 2020). Some bioinks present changes in their properties during 

the printing process, which need to be considered to guarantee the cellular survival and high 

shape fidelity of printed motifs. In some cases, materials respond to thermal changes or 

pressure. For instance, the viscosity of shear-thinning materials decreases under an applied 

force, and it recovers its initial values when the force is removed (Chopin-Doroteo et al., 2021).  

  

 

 

Figure 2. 6. Examples of fundamental bioink characteristics that need to be considered during their formulation.  Bioinks must 
fulfill the bioprinter requirements and provide structural support to promote the native cellular behaviour.  
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2.3.1. Bioprinting Techniques 

Based on their working principle, bioprinting technologies can be divided into four categories: 

laser, extrusion, inkjet and microvalve-based bioprinting (Moroni et al., 2018) (Fig. 2.7). 

 

Laser-assisted Bioprinting  

Laser-assisted bioprinting involves using a laser beam to transfer cells from a donor slide onto 

a substrate. When the laser pulse is absorbed by a conductive layer, a droplet of cell-

encapsulated hydrogel is generated and propelled towards a collector slide (Dou et al., 2021). 

The position of the donor slide can be modified to produce pre-defined motifs. This technology 

allows the creation of patterns with single-cell resolution (Guillemot et al., 2010). Compared 

with other printing techniques, the absence of nozzle enables the printing of high cell densities 

of up to 108 cells per mL without affecting their viability (Table 2.4) (Koch et al., 2010; Guillotin 

et al., 2010). Printing resolution is influenced by diverse variables such as laser energy and 

pulse time, the distance between the donor and collector substrates, or the thickness and 

viscosity of the donor slide (Schiele et al., 2010). This technology is limited by the poor cell 

homogeneity obtained when using low cellular densities, as the presence of one cell per 

droplet is only ensured by incorporating high cell densities into the donor slide. Additionally, 

the possibility of transferring cytotoxic substances from the energy-absorbing layer 

constitutes the main concern (Melchels et al., 2010). 

Different studies have proved the potential of this bioprinting technique to replicate skin, 

corneal and vascular structures (Koch et al., 2012; Sorkio et al., 2018; Gruene et al., 2011). 

However, the complexity, slow throughput and high costs of this technology have hindered its 

industrial implementation (Michael et al., 2013).  

 

 

Figure 2. 7. Representation of the four main bioprinting technologies, including laser, extrusion, inkjet and microvalve-based 
bioprinting. Image adapted from Moroni et al 2019. 
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Extrusion-based Bioprinting 

Microextrusion-based bioprinters employ mechanical and pneumatic forces to dispense cell-

laden bioinks through a nozzle in a continuous manner (Fig. 2.7). Pneumatic mechanisms 

provide lower control over the bioink flow but allow the printing of broader bioink viscosities 

by controlling the air pressure (Ozbolat & Hospodiuk, 2016). Meanwhile, mechanical systems, 

like screw-based microextrusion, are capable of printing highly viscous bioinks with notable 

spatial control (Cohen et al., 2006). Different parameters like bioink viscosity, dispensing 

pressure or nozzle length and diameter influence the final printing resolution and determine 

the bioink printability (Cooke & Rosenzweig, 2021). The need for highly viscous inks results in 

the infliction of shear stresses on the cells, which can decrease their viability (Nair et al., 2009). 

Increasing the nozzle size and reducing the applied pressure makes it possible to reduce the 

shear stress values (Chang et al., 2008). However, the printing speed and resolution are also 

affected by these changes.  

To solve these problems, bioinks can be formulated to allow their flow in the cartridge, 

followed by a change in their mechanical properties outside the nozzle. Shear thinning, 

thermal or photosensitive materials are some examples of this type of bioinks (Highley et al., 

2015; Hölzl et al., 2016; Zheng et al., 2021). Alternatively, new extrusion bioprinters based on 

sacrificial materials have been developed in the last few years. In these new systems, the 

bioink is extruded into a support material that retains the material shape until the crosslinking 

process is completed (Shiwarski et al., 2021). Despite the reduction of cell stress, these new 

processes require prolonged printing times and are still under development.    

Overall, extrusion-based bioprinting is a user-friendly technique, easy to implement and 

personalise by incorporating multiple nozzles with different bioinks (Rocca et al., 2018). 

Although this technology has enabled the generation of diverse biological structures, including 

vasculature, heart, skin and liver (Lee et al., 2014b; Maiullari et al., 2018; Pourchet et al., 2017; 

Nguyen et al., 2016), its application is limited by its printing resolution, slow throughput, and 

potential effect on cell viability (Table 2.4) (Derakhshanfar et al., 2018).   
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Inkjet-based Bioprinting 

Inkjet bioprinting is based on the jetting of droplets containing cell suspensions onto a printing 

surface. The generation of droplets can be controlled by thermal or piezoelectric actuators 

(Fig. 2.7) (Gudapati et al., 2016; Saunders & Derby, 2014). The mechanism behind the 

piezoelectric system relies on voltage pulses to modify the piezoelectric crystal structure, 

which in turn generates enough pressure to expel the bioink through a nozzle at regular 

intervals. Meanwhile, thermal actuators are based on the raising of bioink temperature 

causing the formation of vapour bubbles, which expand until the ink droplets are ejected. The 

reduced exposition of the cells to high temperatures reduces the potential cellular damage.  

The quality of the inkjet printing process relies on the nozzle diameter, bioink viscosity, 

pressure applied, and particularly on the valve opening duration (Derby, 2010). To ensure the 

droplet formation, the pressure must overcome the bioink surface tension at the nozzle orifice, 

preventing the bioink from leaking (Xu et al., 2014). The droplet deposition can be controlled 

by modifying the voltage waveform and its vibration frequency. These variables must be 

optimised for each bioink formulation to ensure droplet stability. In general, this technology 

provides a high printing control, with the possibility of printing volumes between the nanolitre 

and picolitre range and a high throughput rate (Table 2.4) (Singh et al., 2010).   

Inkjet printing is limited by the need for bioinks with narrow viscosity ranges, from 3 to 30 

mPa/s, which results in unstable printed structures. An additional crosslinking step is required 

before printing subsequent layers to ensure the support of 3D structures (Xu et al., 2013). 

Nebulisation of crosslinking agents or the use of photo-crosslinking polymers are usually 

incorporated to address this issue. Delays in the bioink gelation can cause the spreading of the 

printed bioink, incrementing the risk of cell drying during the printing process and 

compromising the cellular viability (Li et al., 2020). The use of nozzles with small diameters 

allows the printing of objects with better resolution than extrusion-based bioprinting (Lee et 

al., 2019; Miri et al., 2019). However, the reduced nozzle orifice can result in the formation of 

cell clogs, limiting the printing cell densities. 

In summary, this technology allows a higher resolution and printing throughput than 

extrusion-based bioprinting (Ozbolat & Yu, 2013). Moreover, it provides the opportunity to 

incorporate cell gradients by altering the printing parameters (Xu et al., 2014; Miller et al., 

2009). Nonetheless, the printing speed and resolution might be affected by the need for 

additional crosslinking steps.  



 
 
 

26 
 

Microvalve-based Bioprinting 

In the same way as inkjet bioprinting, microvalve systems are based on the ejection of droplets 

onto a printing substrate (Ng et al., 2017). In this occasion, the droplet jetting is controlled by 

electromagnetic pulses, which induce a magnetic field in a solenoid coil to open the nozzle 

orifice by moving a piston (Fig. 2.7). In parallel, pneumatic pressure is applied through a gas 

regulator to generate the droplets. The droplet formation is controlled by the valve opening 

time (VOT) and printing pressure and depends on the nozzle diameter and bioink properties 

such as surface tension or viscosity (Okubo et al., 2019). Microvalve systems incorporate 

nozzles with a diameter ranging from 100 to 500 µm. The use of bigger nozzle orifices than 

inkjet bioprinting allows the printing of a broader range of bioink viscosities, from 1 to 200 

mPa/s, without losing the microscale printing resolution, and ensuring a high printing 

throughput of approximately 1,000 droplets per second (Table 2.4) (Sun et al., 2009). However, 

the possibility of blocking the nozzle still restricts the printed cell densities to 106 cells per mL 

(Gudapati et al., 2016). 

The cost-effectiveness and accessibility of this technology have driven their incorporation into 

the bioprinting of diverse tissue structures including the air-blood barrier, smooth-muscle and 

skin models (Horváth et al., 2015; Lee et al., 2014; Moon et al., 2010). However, the need for 

additional crosslinking steps after the printing process is also one of the main limitations of 

microvalve systems.  

Table 2. 4. Differences between the main bioprinting approaches, including the required material viscosity and cell density, 
their resulting printing resolution and cell viability, as well as their cost, printing speed and their subsequent scalability. 

 Laser-assisted Micro-extrusion Inkjet Printing Microvalve-based 

Material 

Viscosity 

1 – 300 mPa/s 

 

30 – 6 x107 mPa/s 3 – 30 mPa 1 – 200 mPa/s 

 

Printing 

Resolution 

High   

20 – 80 µm 

Medium  

100 – 1000 µm 

High   

10 –100 μm  

High   

100 –500 μm 

Cell Density 108 cells/ml 107 cells/ml 106 cells/ml 106 cells/ml 

Cell viability >95% 40 – 80% >85% >90% 

Cost Medium Medium  Low Low 

Printing speed Medium 

200 – 1600 mm/s 

Slow 

10 μm/s – 700 

mm/s  

Fast 

10,000 droplets 

per second 

Fast 

1,000 droplets per 

second 

Scalability Low High High High 
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2.3.2. State-of-the-art of Skin Bioprinting 

The feasibility of incorporating bioprinting systems into skin production was first evaluated by 

Lee et al. using an extrusion-based printer (Lee et al., 2009). Combining multiple cartridges, 

this group showed the possibility of creating stable multi-layered structures containing 

fibroblasts and keratinocytes. One year later, Koch et al. evaluated the use of laser-based 

bioprinters on the generation of skin models, demonstrating the functionality of printed cells 

and the absence of genetic alternations (Koch et al., 2009). Initially, these two techniques were 

the most popular for skin bioprinting. However, the complexity and limited printing speed 

associated with laser-based bioprinting resulted in its replacement by other drop-on-demand 

technologies like inkjet or microvalve-based systems (Kim et al., 2017; Min et al., 2018; Ng et 

al., 2018a).  

Most studies concerning skin bioprinting have focused on developing skin structures suitable 

for wound treatments. The printing of tissue grafts containing autologous cells has 

demonstrated to accelerate the healing of large and deep wounds (Albanna et al., 2019; 

Desanlis et al., 2021). Moreover, the incorporation of additional cell types, such as pericytes 

or endothelial cells, has also helped to induce graft vascularisation, promoting its integration 

into the body (Baltazar et al., 2020). In other studies, further complexity has been 

accomplished with the generation of skin pigmentation in the injured site or the regeneration 

of hair follicles (Nanmo et al., 2022; Chen et al., 2022). Furthermore, the possibility of printing 

directly on the wound site has recently become a reality (Pazhouhnia et al., 2022; Hakimi et 

al., 2018). In situ bioprinting allows the uniform deposition of cells and biomaterials in non-

flat surfaces, reducing the time and complications associated with graft transplantation.  

The manufacturing of full-thickness skin models has gained interest in the last few years (Table 

2.5). After initial optimisation studies, the first skin models presenting a complete epidermal 

stratification were published in 2016 (Pourchet et al., 2017; Cubo et al., 2016). The possibility 

of producing uniform skin pigmentation is one of the first milestones achieved by the 

bioprinting processes compared to manually seeded models (Min et al., 2018; Ng et al., 2018a). 

Later works have used these advances to recreate the hyperpigmentation present in natural 

skin age spots (Ignatov et al., 2022). The incorporation of additional cell types, such as 

umbilical vein endothelial cells (HUVEC) or human adipocytes, have helped to introduce 

vascularisation and the hypodermal recapitulation in the models (Kim et al., 2019; Jin et al., 

2021). Reproduction of skin conditions such as atopic dermatitis has also been possible with 
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the incorporation of additional elements like monocytes, inflammatory molecules or induced 

pluripotent stem cells (Lègues et al., 2020; Liu et al., 2020). Despite the differences in the 

cellular content between models, most bioprinted skin equivalents are produced using 

collagen as support biomaterial (Lee et al., 2014; Min et al., 2018; Koch et al., 2012). In the last 

years, collagen have started to be replaced by fibrin-based gels combined with other natural 

materials or by biomaterials adapted to the bioprinting requirements like gelatin methacrylate 

(GelMA) (Barros et al., 2021; Jin et al., 2021; Pourchet et al., 2017). However, the impact of 

these choices on the reliability of bioprinted skin models has not been studied in depth.   

Bioprinting processes have made possible the production of skin models closely resembling 

native skin structures. However, the formation of cornified epidermal layers has been 

reported in a limited number of studies (Min et al., 2018; Kim et al., 2019; Liu et al., 2022b). 

As mentioned previously, the correct epidermal stratification is essential for assessing skin 

interaction with external components. And further validation steps are required before 

incorporating these models into the product testing process. Only a few articles have 

demonstrated the presence of a complete functional epidermal barrier. In 2019, Derr et al. 

conducted the Trans Epidermal Electrical Resistance (TEER) technique for the first time to 

confirm the barrier function of their bioprinted skin models (Derr et al., 2019). Another recent 

study by Liu et al. also used this technique to confirm the presence of a protective barrier in 

their bioprinted atopic dermatitis model (Liu et al., 2020). In this work, the bioprinted models 

were applied to screen the effects of diverse treatments already tested in clinical trials, such 

as anti-inflammatory corticosteroids and kinase inhibitors. In parallel, Wei et al. reported the 

assessment of the irritation effects of topical compounds on bioprinted skin equivalents (Wei 

et al., 2020).  

These previous studies reveal the potential of bioprinting to produce complex models suitable 

for product testing. Nonetheless, the automatisation of the skin production process and the 

requirements for their incorporation into the industry have not been properly considered. The 

implementation of bioprinting processes has not been reported yet to considerably reduce 

the time required for the production of the skin models of their maturation. In many studies, 

microvalves and extrusion techniques have required the incorporation of additional 

nebulisation steps to ensure the stability of the printed skin structures, increasing the overall 

manufacturing time (Min et al., 2018; Lee et al., 2010). Only the work performed by Cubo et 

al. has claimed the possibility of generating skin equivalents in 35 minutes using a 
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microextrusion-based system (Cubo et al., 2016). On the other hand, a new strategy was 

proposed by Kim et al to reduce the time and cost on the production of skin models. This group 

suggested the printing of transwell and skin models in one step to reduce by 50 times the 

manufacturing times (Kim et al., 2017). In the future, it will be necessary to ensure the full 

automatisation of the bioprinting process to allow its industrial scalability, reducing the time 

and cost associated with this practice. 
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Table 2. 5. Examples of the most relevant bioprinted skin models published to date, including the biomaterial and cells used for their production and the characteristics of the resulting models. 

Technique Cellular components Biomaterials Outcome Reference 

Extrusion-based 

bioprinting 

Primary human fibroblasts, 

primary human keratinocytes 

Gelatin, alginate, fibrin Structural similarity to human skin 

Absence of corneal layer 

Pourchet et al. 

2017  

Extrusion + Inkjet 

based bioprinting 

Primary human fibroblasts, 

primary human keratinocytes 

Collagen type I - PCL containing  

gelatin mesh  

Skin model with stratified epidermis 

Reduction of costs by printing transwells 

Kim et al.  

2017  

Microvalve-based 

bioprinting 

Fibroblasts, keratinocytes and 

neonatal melanocytes 

Collagen type I neutralised with sodium 

bicarbonate 

Pigmented skin model with 

epidermal cornification 

Min et al. 2018 

  

Microvalve-based 

bioprinting 

Fibroblasts, keratinocytes, and 

melanocytes 

Collagen type I – PVP membrane Pigmented skin model with 

epidermal cornification 

Ng et al.  

2018a  

Extrusion-based 

bioprinting 

Neonatal human fibroblasts, 

neonatal human keratinocytes 

Gelatin, fibrin, collagen I, elastin 

Laminin/entactin 

Skin model with 

functional epidermal barrier   

Derr et al. 2019 

  

Extrusion + Inkjet 

based bioprinting 

Fibroblasts, keratinocytes, 

HUVEC, preadipocytes 

Gelatin, dECM-fibrinogen bioink 

Transwell made of PCL 

Gelatin, dECM-fibrinogen bioink  

Transwell printed with PCL 

Kim et al.  

2019  

Extrusion-based 

bioprinting 

Fibroblasts, keratinocytes, 

pericytes, endothelial iPSCs  

Fibrin Vascularised atopic dermatitis model 

with functional epidermal barrier used 

for drug testing   

Liu et al.  

2020 

Extrusion-based 

bioprinting 

Neonatal human fibroblasts, 

neonatal human keratinocytes 

Fibrin, collagen, fibronectin Skin model with functional epidermal 

barrier used for irritation tests  

Wei et al.  

2020 
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2.3.3. Reactive Jet Impingement System 

Bioprinting techniques are one of the main restrictive factors on the properties and scalability 

of skin model production. Therefore, selection of a suitable bioprinting technology can 

become in a key factor on the manufacturing of skin models for product testing. In this project, 

a novel bioprinting system named Reactive Jet Impingement (ReJI) is introduced. This 

technology was developed by Newcastle University researchers with the aim of overcoming 

some of the limitations found in conventional bioprinting techniques (da Conceicao Ribeiro, 

2019). 

ReJI system is based on the jetting of two liquid precursors from two opposite microvalves 

(Fig. 2.8). The ejected droplets meet and react in mid-air, generating a gel before reaching the 

printing surface. The fast gelation of the liquid droplets allows the encapsulation of the cells 

and their protection before their arrival to the plate.  

 

 

Figure 2. 8. Schematic representation of Reactive Jet Impingement system (ReJI). This bioprinting technology is based on the 
jetting of two liquid precursors which meet and crosslink in the mid-air producing a solid gel before reaching the printer bed. 
Image designed using Biorender.com. 

 

ReJI system combines the advantage of microvalve and extrusion-based techniques. On the 

one hand, the use of low viscous precursors allows the formulation of complex bioinks and the 

reduction on shear stress over the cells during the printing process. On the other hand, the 

fast crosslinking between the ink precursors provides stability to the printed structure without 

losing resolution and facilitates the production of multi-layer structures without conventional 

waiting times. Furthermore, the development of this printing system in-house facilitates the 

customisation and optimisation of the printer components based on the requirements for the 
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generation of tissue models. This customisable character could be an advantage for future 

scalability and incorporation into the industry of this printing technology.  

ReJI system has already been implemented in the production of other biological models, such 

as bone or cartilage micro-tissues (Kotlarz et al., 2022; da Conceicao Ribeiro et al., 2018). In 

these previous studies, ReJI process has demonstrated its ability to produce robust structures 

with high fidelity and reproducibility. Moreover, this system has proved to print high cell 

densities of up to 90 million cells per mL without affecting their viability. By incrementing the 

number of cells to their physiological level, it was possible to observe an early expression of 

genes associated with mature tissue and the enhanced production of new extracellular matrix 

after a few days. These results suggest the acceleration of the tissue maturation compared to 

models obtained with conventional bioprinting techniques. 

  



 
 
 

33 
 

CHAPTER 3. PROJECT AIM AND OBJECTIVES 

Despite the potential of conventional bioprinting process to automatise and improve the 

control in the production of in vitro skin equivalents, the long production times and the limited 

reliability of the resulting skin models restrict their industrial application as alternative to 

animal experimentation. As a solution to this problem, this PhD thesis proposes for the first 

time the implementation of Reactive Jet Impingement system (ReJI) in the manufacturing of 

human skin equivalents. The ability of this technology to generate stable construct containing 

high cell densities could help to improve the model quality and reduce the time required to 

develop skin equivalents, facilitating their large-scale production and the industrial scalability 

of the process.  

On the other hand, the choice of bioink components also plays an essential role in the 

resemblance of the generated skin layers to the native tissue. Due to the lack of consensus on 

the best biomaterials for the recreation of skin in vitro and the objective of improving the 

complexity of skin models, this research project explores the impact of diverse bioinks based 

on natural skin materials. The effect of the bioink formulations on the cellular behaviour and 

their capacity to mimic the physiological characteristics of each skin layer are explored. 

Considering all these elements, this PhD thesis aims to optimise the production of skin 

equivalents to obtain more reliable models adapted to the industrial requirements. To 

accomplish this project aim, the following goals were defined:  

1. To explore the advantages and limitations of a novel bioprinting technology named 

Reactive Jet Impingement (ReJI) on the generation of skin structures and to assess its 

potential scalability.  

2. To formulate dermal bioinks adapted to the printer requirements and capable of 

mimicking the diverse dermal micro-environments found in human skin. 

3. To develop epidermal bioinks adapted to the printer requirements and capable of 

improving the homogeneity and the quality of skin epidermal layers. 

4. To implement the formulated bioinks, along with the ReJI bioprinting process, in the 

manufacturing of in vitro skin equivalents to determine their benefits in enhancing the 

quality and scalability of the final models.  
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CHAPTER 4. MATERIALS AND METHODS 

4.1. Introduction 

The methodology followed in this project is divided into nine defined categories: 

The first two sections describe the formulation of dermal and epidermal bioinks, and the 

diverse characterisation methods employed to assess the physicochemical and mechanical 

differences between these bioinks.  

Section 4.4 introduces the protocols followed for the culture of fibroblasts and keratinocytes, 

and the steps required to produce dermal, epidermal and skin models. 

Subsequently, the different biological studies performed to evaluate the impact of the dermal 

and epidermal bioinks on the fibroblast and keratinocyte behaviour are described in sections 

4.5, 4.6 and 4.7. These studies include quantitative assays, three-dimensional imaging of the 

different models and immunostaining of tissue sections. 

The setting up and optimisation of the ReJI process are detailed in section 4.8, along with the 

parameters utilised for printing dermal, epidermal and skin models using this technology. 

Finally, the statistical analysis performed on the obtained results is detailed in the last section. 
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4.2. Biomaterial Development 

4.2.1. Formulation of Dermal Bioinks 

To evaluate the impact of biomaterials on the recreation of the dermal layer and assess their 

printability, two types of dermal bioinks based on collagen type I and fibrin were formulated. 

Collagen type I from different animal sources were selected to study their differences and 

impact on the final properties of dermal models. They included collagen type I solutions from 

rat tail (Institut of Biotechnologies Jacques Boy), bovine tendons (Collagen Solutions Plc.), calf 

skin (Sigma-Aldrich) and jellyfish (Jellagen Pty Ltd.). Collagen type I from human placenta 

(Corning Inc.) was selected as control sample. All these commercial collagen solutions were 

extracted employing acid treatments. An additional sample of bovine collagen obtained by 

pepsin treatments, named atelo-bovine collagen, was included in these studies to determine 

the impact of the extraction method (Collagen Solutions Plc.). Collagen gels were prepared by 

neutralising the collagen solutions to a physiological pH of 7.4 followed by their incubation at 

37°C. The neutralisation process was optimised for each of collagen solutions to ensure a 

higher control over the gelation process and the generation of homogeneous gels. The effect 

of the neutralisation method on the collagen matrix was evaluated by comparing collagens 

neutralised with 0.1M NaOH in phosphate buffered saline (PBS) and 7.5% NaHCO3 in distilled 

water. The final concentration of all collagen gels was adjusted to 2.5mg/mL using PBS.  

 

Additionally, the effect of incorporating a new commercial method called RAFTTM  absorption 

system (Lonza) on the production of collagen gels was assessed (Fig. 4.1). This system was 

tested in rat collagen gels to determine its impact on the matrix organization. Rat collagen 

solutions were neutralised with 0.1M NaOH and 7.5% NaHCO3 and incubated for 1 hour at 

37°C before applying the RAFTTM system. Subsequently, RAFTTM membranes were placed on 

top of the gels for 30 minutes, ensuring the removal of the excess of water from the collagen 

hydrogels by the absorbers without affecting the collagen gel integrity. 
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Figure 4. 1.  Representation of the RAFTTM system on the production of dermal models. The contact of RAFTTM absorbers with 
collagen gels allows the removal of the water excess, resulting in the enhancement of the final collagen concentration and the 
reduction of the gel thickness without affecting its integrity. Image obtained from Lonza Bioscience Ltd. (D’Souza et al. 2017). 

 

In previous studies, the formulation of a gel that combined fibrin with collagen and alginate 

(CAF) was optimised for its printability using ReJI system (da Conceicao Ribeiro, 2019). Due to 

its printability and the presence of two important skin biocomponents in its formulation, such 

as fibrin and collagen, CAF gel was considered a biomaterial of interest for this study. The 

production of CAF gels requires the formulation of two differentiated bioinks, a gel precursor 

and a gel crosslinker, capable of quickly reacting and generating a stable gel. CAF gel precursor 

was prepared by mixing 6mg/mL atelo-bovine collagen (Collagen Solutions Ltd.), 2.5% sodium 

alginate (Sigma-Aldrich) and 37mg/mL bovine fibrinogen (Sigma-Aldrich) in a 1:2:8 volume 

ratio. The gel crosslinker was formulated with 50U bovine thrombin in Advanced Dulbecco's 

Modified Eagle Medium (DMEM) with 0.1% CaCl2 (Sigma-Aldrich). Based on the initial 

experimental results, thrombin concentration was modified from the original formulation 

from 500U/mL to 50U/mL to avoid the quick degradation of CAF gels by fibroblasts and 

improve the model stability and reproducibility. To generate the fibrin gels, an equal volume 

of gel precursor and crosslinker were mixed and incubated at 37°C. 

To explore the role of each CAF component on the dermal models, the formulation of bioinks 

containing only fibrin, only alginate and only collagen, as well as those formulated with fibrin 

mixed with collagen, fibrin mixed with alginate and alginate mixed with collagen were 

evaluated. These gels were produced maintaining the same final concentration of their 

individual components and the ratio between them. The incapacity to produce gels with only 

alginate, collagen or alginate mixed with collagen at the selected concentrations made 
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impossible their use for the generation of dermal models. The formulation of the finally 

selected fibrin-based gels is described in Table 4.1.  

Table 4. 1. Concentrations and volumes of collagen type I, sodium alginate, fibrinogen and PBS used during the formulation of 
fibrin-based gel precursors. 

 

 

4.2.2. Formulation of Epidermal Bioinks 

The effect of keratinocyte encapsulation on their behaviour and epidermal formation was 

assessed by formulating five different bioinks based on alginate, fibrin and collagen.  

Gels containing only fibrin were prepared by mixing 27mg/mL and 13 mg/mL bovine fibrinogen 

(Sigma-Aldrich) with 50U of bovine thrombin in DMEM, respectively. The effect of combining 

fibrin with collagen and alginate was explored by preparing CAF gels following the instructions 

described in the section 4.1.1. Meanwhile, collagen gels were prepared by neutralizing 6 

mg/mL of bovine collagen with 0.1M NaOH to a pH value of 7.4. Finally, alginate gels were 

produced by mixing 2.5% sodium alginate precursor with different concentrations of calcium 

chloride. The effect of calcium ions on the final alginate gels was studied by comparing the 

crosslinking of alginate with 0.1% and 1% CaCl2 solutions. 

 

 

  

Gel Precursor 6 mg/mL 

Collagen type I 

2.5% Sodium 

Alginate 

37 mg/mL 

Fibrinogen 

PBS 

CAF (1:2:8)  0.091 mL 0.181 mL  0.727 mL - 

CF (1:8) 0.091 mL   -  0.727 mL 0.181 mL 

AF (2:8) -  0.181 mL   0.727 mL 0.091 mL   

F (:8) -  -  0.727 mL 0.272 mL 
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4.3. Biomaterial Characterisation 

4.3.1. Chemical Analysis by Fourier Transferred Infrared Spectroscopy 

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) spectrometer 

was used to analyse the differences on the chemical composition of collagen solutions based 

on their animal source and extraction method. Collagen solutions were freeze-dried for 24 

hours to remove their water content before their analysis. Their chemical spectra in the range 

of 750 to 2000 cm-1 was obtained using a PerkinElmer UATR-Two spectrometer. 

 

4.3.2. Measurement of Triple Helix Content by Circular Dichroism  

The triple helix content of collagen solutions and its thermal degradation in collagen solutions 

and gels were measured using a Jasco J-810 spectropolarimeter. Collagen solutions were 

diluted to a final concentration of 0.1 mg/mL with 0.02M acetic acid solution to maintain an 

acidic pH and avoid collagen precipitation. Collagen gels were diluted to a final concentration 

of 0.1 mg/mL using 1xPBS to maintain their structural conformation. Samples were loaded into 

a 0.1 mm path-length quartz cuvette (Hellma), and all measurements were corrected for 

buffer baseline to reduce background noise. 

Circular dichroism spectra was measured in the range of 200 to 250nm maintaining a 

temperature of 4°C. Triple helix content was calculated by studying the values obtained at its 

characteristic wavelength of 222nm. Meanwhile, degradation of the triple helix structure was 

assessed by increasing the temperature from 4°C to 60°C, performing the measurements at a 

constant wavelength of 222nm. 
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4.3.3. Characterization of Dermal Matrix by Scanning Electron Microscopy 

The micro-scale fibrillar organisation of dermal gels and their porosity were characterised by 

Scanning Electron Microscopy (SEM). Acellular collagen and fibrin-based gels were prepared 

and incubated at 37°C for 24 hours and subsequently fixed in 2% glutaraldehyde overnight at 

4°C. Afterwards, gels were dehydrated by their incubation in serial dilutions of ethanol. Finally, 

gels were critically point dried using a Baltec Critical Point Dryer and coated with 15 nm gold 

layer using a Polaron SEM coating unit before their imaging with a Tescan Vega 3LMU Scanning 

Electron Microscope. Images were taken in at least five different areas to ensure the reliability 

of the analysis. 

 

4.3.4. Rheological Studies  

Fibrillogenesis and mechanical properties of collagen and fibrin-based gels were studied using 

a Discovery Hybrid Rheometer (TA Instruments) with a 20mm parallel plate, maintaining a 

900µm gap.  

To evaluate the gelation process, gel precursors and crosslinkers were added to the rheometer 

plate to a final volume of 0.4mL just before the start of the measurement. The gelation profile 

was measured by increasing the temperature from 4°C to 37°C in the case of collagen gels, 

and from 20°C to 37°C in the case of fibrinogen. The changes in the storage modulus (G') over 

time were recorded, maintaining a strain value of 1% and a frequency of 1Hz.  

To evaluate the final mechanical strength of the samples, gels were prepared and incubated 

at 37°C for 24 hours before proceeding to their analysis. The stiffness values were assessed by 

measuring their storage modulus (G') at a strain value of 1% and a frequency of 1Hz, 

maintaining a temperature of 37°C.  

Additional measurements were also performed to understand the response of dermal gels 

against external stimulus. The variations on the storage modulus (G') and loss modulus (G'') 

after the increase on the angular frequencies were measured to determine the capacity of the 

matrix to be remodelled. These studies were performed at 37°C, using an angular frequency 

range from 0.1 to 100 rad/s and maintaining a strain value of 1%.  
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4.4. Cell Culture 

4.4.1. General Cell Culture 

All cell culture procedures and biological assays were performed in aseptic conditions using 

sterile materials and a Class 2 Safety Cabinet, previously decontaminated with 70% ethanol. 

 

4.4.2. Passaging of Neonatal Human Fibroblasts 

Neonatal Primary Normal Dermal Human Fibroblasts (NHDF) from ATCC were grown in 

Advanced Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Thermal Fisher Scientific) 

supplemented with 10% fetal bovine serum, 1% GlutaMaxTM (Fisher Scientific) and 1% 

penicillin/streptomycin (Sigma-Aldrich) in an incubator at 37°C and 5% CO2. Fibroblasts were 

split when they reached 70-80% of confluency. Briefly, fibroblasts were passaged by first 

washing them with Dulbecco's phosphate-buffered saline (PBS) without calcium or 

magnesium and, subsequently, incubating them with 0.25% Trypsin-EDTA solution (Sigma-

Aldrich) for at least 3 minutes at 37°C and 5% CO2. After confirming cells were completely 

detached from the flask, trypsin was neutralised with DMEM, and the cell suspension was 

centrifuged at 1200 rpm for 5 minutes. The supernatant medium was removed, and the cell 

pellet was resuspended in DMEM. Cells were counted using a 0.1mm depth Neubauer 

chamber haemocytometer (Hawksley), and DMEM volumes were adjusted to transfer 

fibroblasts to tissue-culture flasks at a density of 10,000 cells/cm2. Neonatal dermal human 

fibroblasts were used within passages 8-10 for all the biological assays and corresponded to 

the same lot number. 

 

4.4.3. Passaging of Neonatal Human Keratinocytes 

Neonatal Primary Normal Epidermal Human Keratinocytes (NHEK) (Caltag Medsystems Ltd.) 

were grown in EpiLifeTM medium with 60µM calcium, supplemented with human keratinocyte 

growth supplement (Thermo Fisher Scientific) and 1% penicillin/streptomycin at 37°C and 5% 

CO2.  

During the thawing of keratinocytes from liquid nitrogen, 10µM of Y-27632 dihydrochloride 

(ROCK Inhibitor) (Tocris) was incorporated into the EpiLife medium, to support the 
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proliferation and avoid the early differentiation of keratinocytes. After one day of incubation, 

the cell medium containing ROCK inhibitor was removed, and the cells were washed with PBS 

before incubating them with a standard supplemented EpiLife medium. 

Keratinocytes were passaged when they reached a cell confluency lower than 70% to avoid 

their differentiation. Briefly, keratinocytes were passaged by washing them with Dulbecco's 

phosphate-buffered saline (PBS), before proceeding to their incubation with Accutase® 

solution (Sigma-Aldrich) for 10 minutes at 37°C and 5% CO2. After confirming keratinocytes 

were detached from the flask, accutase was neutralised with EpiLife medium, and the cell 

suspension was centrifuged at 2800 rpm for 5 minutes. Then, the supernatant medium was 

removed, and the cell pellet was resuspended in EpiLife medium. Cells were counted using a 

0.1 mm depth Neubauer chamber haemocytometer (Hawksley), and EpiLife medium volumes 

were adjusted to transfer keratinocytes to tissue-culture flask at a density of 5,000 cells/cm2. 

Neonatal epidermal human keratinocytes were utilised within passages 9-11 for all the 

biological assays and corresponded to the same lot number. 

 

4.4.4. Seeding of Dermal Models 

The effect of the bioink formulation on the dermal model reliability was assessed by 

incorporating fibroblast into the dermal bioinks. Dermal gels were prepared following the 

steps described in section 4.1.1.  

In the case of dermal models based on collagen type I, 50,000 fibroblasts were encapsulated 

inside each collagen gels a few seconds after their neutralisation and before the complete 

collagen gelation to ensure its homogeneous distribution. Similarly, RAFTTM systems were 

used for the production of dermal models. Following the manufacturer's instructions, collagen 

gels containing 50,000 fibroblasts were incubated for 1 hour at 37°C for their complete 

crosslinking before applying the RAFTTM absorbers on them for 30 minutes to reduce the water 

excess and rise the collagen concentration. In the case of fibrin-based gels, 50,000 fibroblasts 

were introduced to the gel crosslinker solution containing thrombin, ensuring the number of 

fibroblasts encapsulated per gel was the same as in the collagen gels. In all cases, gels were 

seeded in tissue cultured-treated 48 well plates (Corning Inc.), maintaining a final gel volume 

of 400µL. Additionally, 50,000 fibroblasts were seeded as two-dimensional control.  
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All dermal models were incubated at 37°C and 5% CO2, and DMEM medium was changed every 

48 hours. Samples were fixed after 1, 3 and 7 days. The specific fixation method for each 

biological assay is described in the following sections.   

 

4.4.5. Seeding of Epidermal Models 

The impact of the epidermal bioink components on the keratinocyte behaviour was assessed 

by encapsulating the keratinocytes on the epidermal gels. All epidermal bioinks were 

formulated following the steps described in section 4.1.2. Fibrin-based gels were produced 

incorporating keratinocytes into the crosslinking solution. Whereas, keratinocytes 

resuspended in EpiLife medium were encapsulated in bovine collagen gels after their 

neutralisation with 0.1M NaOH. In the case of alginate-based inks, keratinocytes were 

resuspended in a crosslinking solution containing EpiLife medium with 0.1% and 1% CaCl2, 

respectively. In all cases, 50,000 keratinocytes were encapsulated per gel in 48 well plates 

(Corning Inc.), maintaining a final gel volume of 200 µL. Additionally, 50,000 keratinocytes 

were seeded as two-dimensional controls. An additional control was introduced to assess the 

effect of calcium ions on the keratinocyte functionality. This control was based on 

keratinocytes cultured in EpiLife medium containing 1% CaCl2. 

All Epidermal models were incubated at 37°C and 5% CO2, and EpiLife medium was changed 

every 48 hours. Samples were fixed after 1, 3, 7 and 14 days. The specific fixation method for 

each biological assay is described in the following sections.   

 

4.4.6. Development of Skin Models 

Thincert inserts for 12 well plates with 0.4µm pore diameter (Greiner Bio-One) were selected 

as support for the skin models. The dermal layer was prepared using bovine collagen gels 

neutralised with 0.1M NaOH and 50,000 fibroblasts encapsulated. The resulting dermis was 

cultured under immersed conditions for three days in DMEM to ensure fibroblast adaptation 

to the dermal matrix. Subsequently, DMEM was removed, and keratinocytes resuspended in 

200µL of EpiLife medium were uniformly seeded on top of the dermal structure. Initially, the 

effect of incorporating different keratinocytes densities including 100,000; 250,000 and 

500,000 keratinocytes per model on the correct formation of a stratified epidermis was 
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studied. To ensure the adhesion and boost the keratinocyte proliferation, 10µM of Y-27632 

were incorporated into the EpiLife medium during the first 24 hours of incubation. Then, 

models were washed with PBS, and new EpiLife medium was added to the models and was 

constantly replaced every 48 hours. After seven days of seeding the keratinocytes, skin models 

were exposed to the air-liquid interface by removing the media from the top of the models. 

Additionally, the calcium chloride concentration in the EpiLife medium was increased from 

60µM to 1.64mM to ensure complete keratinocyte differentiation. The models were 

incubated at 37°C and 5% CO2 during the process. The progression of the epidermal layer 

formation was assessed by fixing the models after 14 and 21 days of seeding the keratinocytes.  

The effect of the dermal bioinks on the properties of the skin models was assessed by 

producing skin models using different collagen and fibrin-based gels. Rat, telo-bovine and 

atelo-bovine collagen neutralised with 0.1M NaOH and 7.5% NaHCO3 were selected as 

collagen-based dermal layers, incorporating 50,000 fibroblasts per gel. After their incubation 

for three days, 250,000 keratinocytes were seeded on top of these dermal constructs. The 

subsequent steps in the production of skin models were as described previously. In the case 

of fibrin-based dermal layers, the protocol for skin model production had to be modified due 

to the quick degradation of fibrin by keratinocytes. On this occasion, skin models were 

incubated using EpiLife medium containing 200U/mL of aprotinin (Sigma-Aldrich) to ensure 

their stability. Keratinocytes seeded in a tissue culture-treated plate were used as control to 

evaluate the effect of aprotinin on the keratinocyte proliferation and differentiation. Models 

were fixed after 14 and 21 days of seeding the keratinocytes. 

The effect of keratinocyte encapsulation on the epidermal formation during the skin model 

maturation was assessed by incorporating fibrin-based epidermal gels. Skin models were 

prepared using the standard protocol described initially. Briefly, the dermal layer was 

comprised of bovine collagen gels containing 50,000 fibroblasts. After three days of incubation, 

the epidermal bio-inks were prepared encapsulating 250,000 keratinocytes per model, and 

were homogeneously dispensed on top of the dermis to generate the epidermal layer. After 

seven days, skin models were exposed to the air-liquid interface by removing the media from 

the top of the models and incorporating the differentiating cell media. Models were fixed after 

14 and 21 days of seeding the keratinocytes. 
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4.5. Biological Assays 

4.5.1. Cell Counting 

Trypan blue solution (Sigma-Aldrich) was used to quantify the number of viable cells before 

their seeding. This method is based on the interaction of trypan blue dye with the cytoplasm 

of cells, allowing the selective staining in blue of dead cells with disrupted cell membranes. 

Before proceeding to the cell counting, the cell suspension was mixed with an equal volume 

of 0.4% trypan blue solution. Then, the percentage of viable cells was quantified using a 0.1mm 

depth Neubauer chamber haemocytometer (Hawksley) after considering the dilution factor.  

This method was also used during the quantification of printed cells. However, on this occasion, 

cells were quantified using a Countess Automated Cell Counter (Thermofisher). Manual 

counting using the chamber haemocytometer was utilised only to validate the data obtained 

from the cell counter.  

 

4.5.2. Quantification of dsDNA Content by Picogreen Assay 

Initial quantitative experiments performed in 3D gels, including the measurement of 

metabolic activity by Alamar Blue (Sigma-Aldrich) or CellTiter-Glo® (Promega) assays, resulted 

in inaccurate values due to the inconsistent diffusion of reagents through the gels. As a 

solution to this problem, the degradation of the gels before performing quantitative assays 

was explored.  The incubation of gels using proteinase k was selected as the best degradation 

method. 

Proliferation of fibroblasts in the dermal gels was assessed by assessing the variations on the 

double-stranded DNA (dsDNA) content in the dermal layers over time. Dermal models were 

first fixed on days 1, 3 and 7 by storing the gels at -80°C. On the day of the assay, gels were 

incubated with 0.3mg/mL proteinase k in RLT buffer (Qiagen) at 37°C for 30 minutes to 

complete their digestion and stabilise the released DNA content. dsDNA quantification was 

performed using the commercial Quant-iT™ PicoGreen™ dsDNA Assay kit (Thermo Fisher 

Scientific). Following the manufacturer's instructions, 200 µL of cell lysate was incubated with 

200 µL of PicoGreen working solution for 10 minutes at room temperature. Three replicates 

containing 100µL of each sample were transferred to 96 black well plates. A standard curve of 

known fibroblast concentrations was performed to correlate the fluorescence signal with the 
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amount of fibroblasts present in the samples. Fluorescence intensity was measured at 485nm 

excitation and 520m emission wavelengths using a FLUOstar Omega microplate reader (BMG 

Labtech). 

 

4.5.3. Gene Expression Analysis by Quantitative Polymerase Chain Reaction 

The expression of genes associated with fibroblast reticular and papillary phenotypes and 

proteins present in the dermis were evaluated through Real-Time Quantitative Reverse 

Transcription Polymerase Chain Reaction (RT-PCR). Primer sequences complementary to the 

human genes DCN, VCAN, MMP1, COL1A1, COL3A1, FN1 and ELN, were purchased from Bio-

Rad to perform this study. RT-PCR was also utilised for confirming the presence in the 

produced skin models of specific molecules of each epidermal layer and the dermal-epidermal 

junction. The selected human genes on this occasion were KRT14, KRT10, IVL, FLG, CLDN1 and 

COL4A1. In addition, primers associated with the human genes GADPH and PSMC4 were 

selected as housekeeping genes. All primers were purchased as PrimePCR SYBR Green Assays 

from Biorad Inc. 

Dermal models were incubated for 1, 3 and 7 days, before storing the samples at -80°C to 

preserve the RNA content for the RT-PCR studies. In the case of skin equivalents, models were 

fixed after 14 and 21 days after seeding the keratinocytes. The different models were 

degraded following the steps described in section 4.5.2, incubating the gels with proteinase k 

in RLT buffer. Subsequently, RNA was precipitated using ethanol and isolated in a RNeasy 

column following the steps described in the RNeasy® Fibrous Tissue Mini kit (Qiagen) 

instructions. Briefly, RW1 washing buffer was used to remove any biomolecules such as 

carbohydrates, proteins or fatty acids remaining in the RNeasy column. DNA present in the 

sample was degraded by incubating the samples in an RDD solution containing DNase. Finally, 

RPE buffer containing ethanol was used to wash the membranes before precipitating the RNA 

from the column using DNA-free water. The concentration of the extracted RNA was measured 

using a NanoDrop Spectro-photometer (Thermo Fisher Scientific).   

Complementary DNA (cDNA) was synthesised using iScript cDNA synthesis kit (Bio-Rad Inc.). 

Following the manufacturer's instructions, the reaction mix was prepared by mixing 2 µL of 5x 

iScript reaction mix with 1 µL of iScript reverse transcriptase and 500ng of mRNA extracted. 

The reaction mix was annealed for 5 minutes at 25°C and extended at 46°C for 20 minutes in 
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a thermal cycle. Finally, the reverse transcriptase was inactivated, incubating the samples at 

95°C for 1 minute. Samples were held at -4°C before performing the reverse-transcription 

process; alternatively, they were stored at -80°C to avoid cDNA degradation. A DNA-free water 

sample was used as a negative control to ensure the absence of contamination on the iScript 

cDNA synthesis kit. 

SsoAdvancedTM Universal SYBR® Green Supermix (Bio-Rad Inc.) was selected for the RT-PCR. 

Following the manufacturer protocol, a reaction mix was prepared in ice with 0.5 µL of the 

primer of study, 5 µL of SsoAdvance universal supermix and 25 ng of cDNA sample. In this case, 

two types of negative controls were incorporated into this process. On the one hand, primers 

were substituted with DNA-free water to test the presence of contamination on the supermix. 

On the other hand, the SsoAdvance universal supermix was replaced by DNA-free water to 

detect any potential signal from the primers. Samples were submitted to the following thermal 

cycle (Table 4.2), and the resulting signals were quantified using a ViiA™ 7 Real-Time PCR 

System (ThermoFisher) with a 384-well block.  

 

Table 4. 2. RT-PCR thermal cycling protocol including the activation, denaturation, annealing and melting steps. 

 

  

  

Step Temperature Time 

Activation 50°C 2min 1 cycle 

 95°C 2min 1 cycle 

Denaturation 95°C 5sec 40 cycles 

Annealing 60°C 30sec 40 cycles 

Melt Curve 95°C 15sec 1cycles 

60°C 15sec 1cycles 

60°C – 95°C 

(0.5°C increment) 
5sec/step 1 cycle 



 
 
   

47 
 

4.6. 3D Imaging of Biological Samples 

4.6.1. Cell Viability Assay 

LIVE/DEAD® viability kit (Invitrogen TM, Thermo Scientific) was used to determine the viability 

of fibroblasts and keratinocytes after being printed with different densities, including 5 million, 

1 million and 0.5 million cells/mL. Similarly, the distribution of live and dead fibroblast within 

printed CAF gels containing 0.5 million and 5 million cells/mL was studied. After cultivating the 

models for 1, 3 and 7 days, samples were incubated in 10 µM Calcein-AM and 4µM ethidium 

homodimer-1 in PBS for 1 hour, following the manufacturer's instructions. Immediately after 

the staining, three-dimensional maps of each sample were obtained using the confocal 

microscope Nikon A1R at 4x and 10x magnification.  

This assay was also performed on the epidermal bioinks to determine the viability and 

distribution of keratinocytes after 1, 3 and 7 days of their encapsulation. Samples were 

incubated with 10 µM Calcein-AM and 4µM ethidium homodimer-1 in PBS for 1 hour. On this 

occasion, stained keratinocytes were visualised using an EVOS M5000 imaging system 

(ThermoFisher). 

 

4.6.2. Study of Fibroblast Morphology and Distribution by Immunostaining 

Fibroblast distribution and their morphology in the printed and manually seeded dermal 

models were characterised by staining the cytoskeletal filamentous actin (F-actin) using 

rhodamine-phalloidin.  

Samples were fixed after 1, 3 and 7 days in 4% paraformaldehyde (Thermo Fisher Scientific) 

for 24 hours and maintained at 4°C. Then, the models were permeabilised with 0.1% Tween-

20 in PBS and 2% bovine serum albumin (BSA) (Sigma-Aldrich) for 1 hour. Subsequently, 

samples were incubated with 1:100 rhodamine-phalloidin (Thermo Fisher Scientific) for 1 

hour. Finally, samples were incubated with 1:1000 4,6-diamidino-2-phenylindole (DAPI) for 30 

minutes to stain the cell nucleus (Sigma-Aldrich). Nikon A1 confocal microscope was used to 

visualise the gel volume at 10x magnification, and images were taken in at least five different 

regions to obtain representative results. 
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4.6.3. Characterisation of Cellular Matrix by Scanning Electron Microscopy 

The distribution of fibroblasts within the printed and manually-seeded CAF gels and the 

variations on the extracellular matrix components over time were imaged using a Tescan Vega 

3LMU SEM. CAF models were printed with ReJI system using 500,000 and 5,000,000 fibroblasts 

per mL. After 1, 3 and 7 days, samples were fixed in 4% paraformaldehyde for 24 hours at 4°C 

before proceeding to its fixation with 2% glutaraldehyde solution at 4°C overnight, and 

subsequent dehydration in serial dilutions of ethanol. Before their imaging, samples were 

critically point dried using a Baltec Critical Point Dryer and coated with 15nm gold-layer using 

a Polaron SEM coating unit. Images were taken in at least five different areas to ensure the 

reliability of the samples. 

 

4.6.4. Evaluation of Epidermal Biomarkers by Immunostaining 

Epidermal models were fixed after 1, 3, 7 and 14 days to study the phenotypic changes 

experienced by encapsulated keratinocytes. Samples were initially fixed with 4% 

paraformaldehyde (Sigma-Aldrich) for 24 hours at 4°C.  

Proceeding with the immunostaining, models were washed with PBS and permeabilised with 

0.1% Tween-20 in PBS and 2% bovine serum albumin (BSA) (Sigma-Aldrich) for 1 hour. 

Afterwards, sections were washed with PBS and incubated overnight at 4°C with 1:250 final 

dilution of anti-cytokeratin 14 antibody (ab181595), anti-involucrin antibody (ab53112) 

(Abcam) or filaggrin antibody (sc-80609) (Santa Cruz Biotechnology), respectively. After the 

incubation, the models were washed with 0.1% Tween-20 in PBS and 2% bovine serum 

albumin (BSA) (Sigma-Aldrich) and incubated with a 1:1000 final dilution of Goat Anti-Rabbit 

IgG Alexa Fluor® 488 (ab150077) and Donkey Anti-Mouse IgG Alexa Fluor® 568 (ab175472), 

where corresponding, for a minimum of 4 hours at 4°C. Finally, samples were incubated with 

1:1000 4,6-diamidino-2-phenylindole (DAPI) for 30 minutes to stain the cell nucleus (Sigma-

Aldrich). EVOS M5000 imaging system was used to image the sections at 10x and 20x 

magnification. 
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4.7. Immunostaining of Tissue Sections 

4.7.1. Cryosection of Dermal and Skin Models 

Dermal and skin models were fixed in 10% formalin (Sigma-Aldrich) for 24 hours at 4°C. 

Subsequently, the models were transferred to cryomolds and embedded in an optimal cutting 

temperature (OCT) compound (Agar Scientific). The embedded models were frozen in dry ice 

and stored at -80°C. Cryo-preserved models were sliced into 10 µm sections using a Leica 

CM1950 cryostat and transferred to SuperFrost® Plus slides. Sections were kept at -80°C until 

their use.  

 

4.7.2. Paraffin Embedding of Skin Models 

Skin models were fixed in 10% formalin for 24 hours at 4°C. The models were dehydrated 

through their incubation in serial dilutions of ethanol. Afterwards, the models were 

permeabilised using different dilutions of xylene with ethanol before proceeding to the 

paraffin-embedding process. This last step and the sectioning of tissue blocks were performed 

by specialised personnel from the Newcastle University Biobank. 

 

4.7.3. Haematoxylin and Eosin Staining of Skin Sections 

Haematoxylin and eosin (H&E) staining of skin models was performed to determine the 

structural organisation of the produced models. Initially, slides containing cryo-sectioned skin 

models were thawed at room temperature for 30 minutes before the staining. Sections from 

paraffin-embedded samples were deparaffinised using Histoclear solution (Thermo Fisher 

Scientific) and were gradually dehydrated in ethanol before their staining.  

For the H&E staining of the produced model, sections were incubated in filtered Mayer's 

haematoxylin solution (Sigma-Aldrich) for 5 minutes and rinsed in water for 30 seconds before 

their incubation in 30% ethanol. Afterwards, samples were incubated in filtered eosin solution 

(Sigma-Aldrich) for 30 seconds. Sections were imaged using an EVOS M5000 imaging system 

at 10x magnification.  
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4.7.4. Immunohistochemistry of Skin Sections 

The complexity and reliability of skin models were evaluated by immunohistochemistry (IHC). 

Similar to the haematoxylin and eosin staining, slides containing cryo-sectioned models were 

thawed at room temperature for 30 minutes before the staining. Paraffin-embedded samples 

were deparaffinised in Histoclear (Thermo Fisher Scientific) and gradually dehydrated in 

ethanol. Antigen retrieval of deparaffinised samples was achieved by incubating samples with 

citrate buffer (Sigma-Aldrich) at 95°C overnight. 

The areas in the slides containing the models were delimitated with a liquid blocker marker 

(Agar Scientific). Then, sections were permeabilised with 0.1% Triton-X (Sigma-Aldrich) for 10 

minutes and incubated in 2% BSA solution for 1 hour. Afterwards, samples were washed with 

PBS and incubated overnight at 4°C with 1:250 final dilution of Anti-Cytokeratin 14 antibody 

(ab181595), Anti-Involucrin antibody (ab53112) (Abcam) or Anti-Filaggrin Antibody (sc-80609) 

(Santa Cruz Biotechnology). Subsequently, sections were washed with 0.1% Triton-X and 

incubated with a 1:1000 final dilution of Goat Anti-Rabbit IgG Alexa Fluor® 488 (ab150077) 

and Donkey Anti-Mouse IgG Alexa Fluor® 568 (ab175472), where corresponding, for a 

minimum of 4 hours at 4°C. Finally, sections were mounted with an antifade mounting medium 

with DAPI (Vectashield). EVOS M5000 imaging system was used to image the samples using 

10x and 20x magnification. 

 

4.7.5. Immunostaining of Dermal Models 

Printed and manually-seeded dermal models were fixed after 3 and 7 days to assess the 

presence of different proteins associated to specific dermal regions. In the case of printed 

dermal models, the presence of collagen type I, collagen type III, fibronectin and elastin were 

assessed. Meanwhile, the production by fibroblasts of collagen type I and collagen type III was 

evaluated in the manually seeded dermal models. The immunostaining of acellular gels was 

performed to ensure the absence of background signal related to the gel composition. 

Meanwhile, 500,000 fibroblasts were seeded in a tissue culture plate, and stained after 7 days 

as positive control.  
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Cryo-sectioned dermal models were thawed for 30 minutes at room temperature before 

proceeding to their staining. Initially, the area containing the models was delimited with a 

liquid blocker marker (Agar Scientific). Next, sections were permeabilised with 0.1% Triton-X 

(Sigma-Aldrich) for 10 minutes and incubated in 2% BSA solution for 1 hour. Afterwards, 

sections were washed with PBS and incubated overnight at 4°C with 1:100 final dilution of 

anti-Collagen III antibody (ab7778) and anti-Collagen I antibody (ab90395). Alternatively, 

samples were incubated with 1:100 final dilution of anti-Fibronectin antibody (ab23750) and 

anti-Elastin antibody (ab9519) (Abcam). Subsequently, sections were washed with 0.1% 

Triton-X and incubated with a 1:1000 final dilution of Goat Anti-Rabbit IgG Alexa Fluor® 488 

(ab150077) and Donkey Anti-Mouse IgG Alexa Fluor® 568 (ab175472) (Abcam) for a minimum 

of 4 hours at 4°C in the dark. Finally, sections were mounted using an antifade mounting 

medium with DAPI (Vectashield). All antibody concentrations were optimised to obtain a 

correct fluorescence signal. EVOS M5000 imaging system (ThermoFisher) was used to image 

the sections at 10x and 20x magnification.  
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4.8. Reactive Jet Impingement as Bioprinting Process 

4.8.1. Setting Up the ReJI System 

The printing process was performed using a Reactive Jet Impingement (ReJI) system setup 

incorporated into a Jetlab® 4 printing platform (Microfab Technologies, Inc). ReJI configuration 

is based on a printhead that incorporates two solenoid microvalves INKX0514950A (Lee 

Company) in opposite locations with 55º inclination (Fig. 4.3) (Benning & Dalgarno, 2019). Each 

valve is connected to one ink reservoir, and a spike and hold drivers (Lee Company) to control 

the opening and closing of the valves. Based on the microvalve specifications, the spike voltage 

was set to 24V and reduced to a hold voltage of 3.2V. The jetting process is dictated by a 

rectangular waveform that controls the opening and closure of the microvalve actuators. In 

this project, a waveform with a frequency of 400Hz, a dwell time of 800µs and an amplitude 

of 5V was set to ensure the correct droplet ejection (Fig. 4.2).  

 

Figure 4. 2. Jetlab® 4 software window with some printing parameters selected for this study, including the waveform set for 
the microvalve actuation. 

 



 
 
   

53 
 

Additionally, a pneumatic CT-PT4 pressure controller (Microfab Technologies, Inc) was used 

to adjust the pressure on each microvalve. Gel precursor and crosslinker were incorporated 

into two different ink reservoirs. Each bioink holder was connected by tubes to the pressure 

controller and one microvalve. When the microvalves are opened, and the correct pressure is 

applied, droplets from each microvalve are jetted. The microvalve position allows the meeting 

of the droplets in mid-air and their reaction generating a stable gel that is deposited on the 

printer bed (Fig. 4.3). This impingement process was optimised and visualised with a 

stroboscopic camera incorporated into the Jetlab® 4 system. The motion of the ReJI head and 

most printing parameters were controlled using the Jetlab® 4 software. 

 

   

Figure 4. 3. Images of the (a) ReJI head and (b) the microvalves in their opposite position and (c) the solenoid microvalves 
INKX0514950A selected for the printing with ReJI. 

 

Before and after using the printer, most of their components, including reservoirs, tubes and 

valves, were cleaned to eliminate any potential contamination. Valves were flushed with PBS 

to ensure the removal of any denaturalised cell or protein from previous printing. 

Subsequently, valves were jetted with trypsin-EDTA solution to remove any biological residues. 

Finally, cells were jet with sterile PBS to ensure the system was cleaned and ready for printing. 

At the end of the printing sessions, the same steps were followed, and valves were kept 

overnight in trypsin-EDTA solution to clean the valve nozzle and avoid any blockage.   

  

a c b 
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4.8.2. Optimisation of Bioprinting Process 

The optimisation of the reactive jet impingement process was performed using acellular CAF 

gel precursor and crosslinker as bioinks. The printing pattern was designed to have a 10 mm x 

10 mm square surface with a 15 mm height. The instructions were provided to the printer in 

the form of a black and white bitmap image and a script loaded to the Jetlab® 4 software. The 

microvalve positions were optimised to ensure the correct impingement and formation of the 

desired gel structure with high resolution. The printing pressure was set to 380 mmHg to print 

the gel crosslinker containing thrombin and was increased to 420 mmHg for the CAF precursor 

to ensure the correct droplet and gel formation. 

The homogeneity of the printing process and its effect on cell viability were evaluated by 

printing different suspensions of fibroblasts and keratinocytes. Three cell densities were 

selected for these studies, 500,000 cells/mL, 1,000,000 cells/mL and 5,000,000 cells/mL. To 

evaluate the reliability of the printing process, a square pattern of 10 mm x 10 mm was 

designed and printed in tissue-culture treated 24 well plates (Corning). The number of printed 

layers was progressively increased to assess the consistency of the number of cells printed per 

layer and the homogeneity between samples. The printing patterns were created by 

depositing cell media and cell suspensions from each microvalve, respectively, and 

maintaining a pressure of 380 mmHg on both microvalves. 

 

4.8.3. Bioprinting of Dermal, Epidermal and Skin Models 

CAF-based bioinks were selected as dermal matrices to evaluate the effect of the ReJI printing 

process on the quality of dermal models. The printing and manual seeding of two fibroblast 

densities, 500,000 and 5,000,000 cells/mL, were compared to determine their impact on 

dermal development. CAF gel precursor was prepared following the steps described in section 

4.1.1, combining collagen, alginate and fibrinogen in a 1:2:8 ratio. Before its printing, the gel 

precursor was filtered using a 0.22 µm filter to avoid the presence of fibres which could clog 

the microvalve nozzle. Fibroblasts were incorporated into the CAF crosslinker bioink 

containing thrombin. The dermal construct was designed with a volume of 10 mm x 10mm 

square surface with 15mm height and printed in tissue-culture treated 24 well plates (Corning). 

The printing pressure was set to 380 mmHg to print the gel crosslinker, which contained 

thrombin and cells, and it was increased up to 420 mmHg to ensure the correct droplet 
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formation and jetting of CAF precursors. The printed models were maintained in DMEM and 

incubated at 37°C and 5% CO2.   

The impact of the printing process on the keratinocyte survival and their behaviour after their 

printing were assessed by printing 500,000 keratinocytes/mL suspended in EpiLife medium 

supplemented with 10µM of Y-27632 dihydrochloride (ROCK inhibitor). The distribution of 

printed keratinocytes was compared to keratinocytes manually seeded. The printing pattern 

was set to a single layer of 10 mm x 10 mm area, the printing pressure was maintained at 380 

mmHg and the samples were printed in tissue-culture treated 24 well plates (Corning). EpiLife 

medium was changed after 24 hours in all samples to remove the presence of ROCK inhibitor, 

and it was renewed every 48 hours afterwards. Samples were incubated at 37°C and 5% CO2 

and fix after 1, 3 and 7 days. 

Skin models were printed using CAF formulation as dermal matrix. On this occasion, the 

printed dimensions were increased to 15 mm x 15 mm and 20 mm in height to fit the insert 

dimensions. The printing pressure was maintained at 380 mmHg to print the gel crosslinker 

containing thrombin and was increased to 420 mmHg for the CAF precursor. As proof of 

concept, 500,000 fibroblasts/mL were incorporated into the bioinks. After three days of 

incubating the printed dermis, 250,000 keratinocytes/model in EpiLife medium supplemented 

with ROCK inhibitor were printed on top of the CAF-based dermal structure. The EpiLife 

medium was supplemented with 200U/mL aprotinin after 24 hours to avoid the degradation 

of CAF gels by keratinocytes. The resulting model was maintained under submerged conditions 

for 7 days, before exposing it to the air-liquid interface and raising the calcium chloride 

concentration in the EpiLife medium from 60µM to 1.64mM. During the process, the models 

were incubated at 37°C and 5% CO2 and fixed after 14 and 21 days of seeding the 

keratinocytes. 
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4.9. Statistical Analysis 

All measurements were repeated at least three times to ensure their reproducibility. 

Quantitative data were represented by their mean and standard deviation. Results were 

analysed using Prism® 9 statistical analysis software (GraphPad Software, USA) using one-way 

ANOVA followed by Tukey Post hoc test to determine the statistical differences between the 

control group and samples under the same conditions and samples at different time points.  

P-values lower than 0.05 (*), 0.01 (**) and 0.001 (***) were considered statistically significant. 
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CHAPTER 5. REACTIVE JET IMPINGEMENT AS  

A BIOPRINTING SYSTEM 
 

5.1. Introduction 

The implementation of bioprinting systems into the manufacturing of skin equivalents have 

demonstrated to enhance the control over the structural composition and reproducibility of 

skin models compared to traditional tissue engineering techniques. Nevertheless, the limited 

reliability and the long time required to produce skin equivalents still hinder their application 

at the industrial level. As a solution to these problems, Reactive Jet Impingement (ReJI) process 

is proposed in this project as alternative to conventional bioprinting techniques. The following 

chapter explores the advantage and limitations of the ReJI system and the implications of 

incorporating this technology into the generation of skin components. Parameters such as 

printing resolution, shape fidelity and homogeneity between printings were assessed to 

determine the quality and scalability of the ReJI process compared to other bioprinting 

technologies. Additionally, the impact of the printing process on the viability and distribution 

of fibroblasts and keratinocytes was also investigated to determine the suitability of ReJI 

system as bioprinting technique. Finally, the consequences of implementing this technology 

on the production of dermal and epidermal layers were determined by evaluating the 

proliferation, differentiation, and production of new extracellular matrix components in the 

bioprinted models in comparison to manually seeded samples.  
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5.2. Evaluation of the Printing Process 

5.2.1. Optimisation of the Impingement Process 

Reactive Jet Impingement (ReJI) process is based on the jetting of two opposite liquid droplets, 

one containing a gel precursor and another a gel crosslinker. Both droplets collide and react 

in mid-air generating a stable gel before reaching the substrate (Fig. 5.1). Impingement of both 

bioinks is indispensable for the creation of a three-dimensional structure with high resolution. 

Misalignment of the printer microvalves can result in the bioink scattering and the formation 

of gels with two differentiated phases (Fig. 5.2a). In this study, the correct alignment of the 

valves and the encounter between the jetted droplets in mid-air were optimised and 

confirmed by the images obtained from the stroboscopic camera (Fig. 5.1 a-b).   

 

   

Figure 5. 1. Images obtained from the stroboscopic camera showing (a) the droplets being formed in the microvalves before 
being released, and (b) the impingement of the jetted droplets in mid-air before reaching the printer bed.  Photograph (c) 
shows the continuous jetting of the liquid bioinks from the microvalves, and the gel column resulting from the impingement 
of the opposite jetted droplets. Scale bars correspond to 500 µm. 

 

The height between the valves and the printer bed was also optimized, as it plays an essential 

role in the quality of the final printed structure. In the case of low height values, gel droplets 

were scattered (Fig.5.2a). Meanwhile, overestimated height values resulted in the 

deformation of printed structures (Fig. 5.2b). Only the selection of 5mm distance between the 

nozzle and the printing surface enabled the optimal printing of the gel constructs (Fig. 5.2c).  

 

   

Figure 5. 2. Printed gel resulting from (a) the microvalve misalignment, (b) incorrect distance between the microvalve and (c) 
correct printing parameters. Scale bars correspond to 5 mm. 

a b 

a b c 

a b c 
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ReJI allowed the printing of intricated patterns with a resolution of at least 500 µm in this 

study. The printing patterns were designed using black and white bitmaps, which were 

decoded by the printer software to determine the jetting of droplets (Fig. 5.3). The 

characteristics of the printed dot arrays, such as their distance or droplet volume, could be 

customised using specific scripts in the Jetlab® 4 software. 

 

 

    

Figure 5. 3. Comparison between black and white bitmaps and the corresponding printed pattern. Scale bars represent  
1000 µm. 

 

 

The printing of subsequent layers using ReJI resulted in the formation of visible lattices inside 

the gels (Fig. 5.2c, 5.4c). These structures were generated by the union of crosslinking points 

created by the reaction between the droplets. In contrast to manually seeded CAF gels 

(Fig. 5.4a), printed samples presented a more defined structure with a homogeneous 

distribution of cell media through the gel, represented by the pink colour inside the samples 

(Fig. 5.4c). The hydrophobicity of the printing surface also needs to be considered before 

printing (Fig. 5.4 b-c). The use of a hydrophilic surface resulted in the spread of the water 

content outside the printed gel, resulting in the loss of shape over time.   

 

 

   

Figure 5. 4. Comparison between the cell media content represented in pink in (a) manual-seeded CAF gels and (c) printed CAF 
gel. The printing of CAF gels in (b) hydrophilic surfaces affect their shape fidelity in comparison to the printing on (c) 
hydrophobic surfaces. Scale bars correspond to 5 mm. 

 

 

a b c 
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Optimisation of ReJI printing process facilitated the printing in parallel of more than 12 models 

with a volume of 10 mm x 10 mm x 15 mm in approximately 20 minutes (Fig. 5.5). 

 

 

Figure 5. 5. Picture of the sequential bioprinting of CAF-based dermal models using the Reactive Jet Impingement process.  
(a) CAF precursor – containing collagen, alginate and fibrinogen – and (b) CAF crosslinker – containing thrombin, calcium 
chloride and fibroblasts – are jetted from the opposite microvalves located in (c) the printer head. The formation of gel droplets 
during the impingement of the jetted droplets enables the printing of subsequent layers, facilitating the large-scale production 
of models in a short period of time.  

 

  

b a 

c 
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5.2.2. Assessment of the Printing Reproducibility 

The reproducibility of the ReJI printing process was assessed by examining the number of cells 

deposited while increasing the number of printed layers (Fig. 5.6-5.7).  

The printing of fibroblasts showed a linear increment in the cell values as the number of 

printed layers increased (Fig. 5.6). The printing of different fibroblast densities, including 

500,000; 1,000,000 and 5,000,000 cells/mL, did not show an effect on the homogeneity of the 

printing process. Only the printing of the highest fibroblast densities exhibited a slight increase 

in their standard deviation values when printing more than 10 layers. 

 

 

 

Figure 5. 6. Evaluation of the ReJI printing homogeneity by quantifying the number of fibroblasts contained in the printed 
layers. The effect of cell densities was assessed by comparing the printing of 500,000; 1,000,000 and 5,000,000 fibroblasts/mL. 
Data represents mean ± SD, n = 3.  
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The printing of subsequent layers of keratinocytes also presented a linear progression in the 

total number of printed cells (Fig. 5.7). Similar to the results observed when printing fibroblasts, 

the number of deposited cells increased as the number of layers rose. However, in this 

occasion the printing of 5,000,000 keratinocytes/mL presented a notable higher standard 

deviation after printing more than 10 layers.  

 

 

Figure 5. 7. Evaluation of the ReJI printing homogeneity by quantifying the number of keratinocytes contained in the printed 
layers. The effect of cell densities was assessed by comparing the printing of 500,000; 1,000,000 and 5,000,000 
keratinocytes/mL. Data represents mean ± SD, n = 3. 

 

 

 

The comparison between the values of fibroblasts and keratinocytes printed per layer 

underlined the influence of the cell type on the number of deposited cells. When printing the 

lowest cell densities, the number of cells printed per layer did not show significant variations 

regardless of the cell type. Only after printing more than 5 layers, a symbolic variation on the 

cell values could be distinguished between both cell types, with keratinocytes showing higher 

number of deposited cells. 
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5.2.3. Cell Survival of Printed Cells 

The effect of the printing process on cell survival was evaluated by printing different cell 

densities. Regardless of the printed cell density, fibroblast and keratinocytes presented high 

viability (Fig. 5.8). Only a slight increase in the number of dead cells could be observed when 

printing high cell densities. Cells showed a homogeneous distribution independently of their 

density and cell type. Furthermore, the increment in the cell density was reflected in the 

images with the increase of observable cells. Only the printing of 5,000,000 keratinocytes/mL 

resulted in a significantly broader rise in the number of deposited cells than expected.  
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Figure 5. 8. Evaluation of the viability after 1 day of printed fibroblast and keratinocyte monolayers using the ReJI system. The 
effect of the printed cell density on the cell survival and distribution was assessed by printing different cell densities including 
500,000; 1,000,000 and 5,000,000 cells/mL. Living cells are represented in green and dead cells in red.  Scale bars correspond 
to 200 µm. 
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5.3. Bioprinting Dermal Models 

5.3.1. Fibroblasts Viability  

The staining of live and dead cells in the printed dermal models evidenced the high viability of 

fibroblasts after 1 day, regardless of the printed cell density (Fig. 5.9). Models containing 

500,000 fibroblasts/mL presented fibroblasts distributed uniformly in distant positions 

between each other on the first day. As fibroblasts proliferated, their viability was maintained.  
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Figure 5. 9. Three-dimensional representation of fibroblast viability and their distribution within the printed CAF models after 
1, 3 and 7 days. The impact of the ReJI process on the survival and distribution of fibroblasts in the dermal models was assessed 
by comparing the printing of 500,000 cells/mL and 5,000,000 cells/mL. Living cells are represented in green and dead cells are 
represented in red. Scale bars correspond to 200 µm. 
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After 3 days, fibroblasts showed a higher interaction, resulting in a homogeneous distribution 

through the printed model after 7 days, with a proportion of living cells above 94%. The 

printing of dermal models containing 5,000,000 fibroblasts/mL resulted in a homogenous cell 

distribution. This uniformity in the cell organisation was maintained over time, with the 

creation of a compacted cellular matrix after 3 days. An increment in the number of dead cells 

could be observed on day 3 on the upper layers of the dermal models. However, cell viability 

was maintained over time, with a significant decrease on the number of dead cells after 7 days 

as the proportion of living cells increased to 88%.  

 

5.3.2. Fibroblast Morphology and Distribution  

The organisation of printed fibroblasts and the changes in their morphology were assessed by 

staining their cell nuclei and F-actin filaments, which promote cell mobility and define the 

cellular shape. On day 1, fibroblasts printed with the lowest cell density presented a round 

morphology (Fig. 5.10). However, after 3 days, they started to show a spindle-like shape as 

they adapted to the new environment. The proliferation of fibroblasts resulted in their higher 

confluency after 7 days and the formation of aligned groups of cells.    
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Figure 5. 10. Evaluation of the morphology and distribution of fibroblasts printed in CAF gels after 1, 3, 7 days. The effect of 
the printed fibroblast density was assessed by comparing the printing of 500,000 cells/mL and 5,000,000 cells/mL. Blue signal 
corresponds to cell nuclei and red signal to F-actin filaments, associated with cell morphology. Scale bars represent 200 µm. 
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The increase of fibroblasts from 500,000 to 5,000,000 cells per mL resulted in a faster 

adaptation of the cells to the CAF gel microenvironment. In the samples printed with higher 

fibroblast densities, cells were distributed homogeneously, covering a wider area and creating 

interactions with each other, in contrast to other samples on day 1. As a result, fibroblasts 

already presented a defined spindle-like morphology after only 1 day. Over time, the number 

of fibroblasts increased, resulting in dermal models with higher cell confluency after 3 days 

than the one observed when printing 500,000 cells/mL after 7 days. The fibroblast network 

slightly expanded from day 3 to day 7, reaching a stable confluency. 

 

 

5.3.3. Fibroblast Proliferation  

The fibroblast proliferation rate was evaluated by comparing the changes in the dsDNA 

content in the samples over time. The correlation between the number of fibroblasts present 

in the dermal models and the measured cDNA content was calculated using the following 

standard curve (Fig. 5.11). 

 

 

Figure 5. 11. Standard curve for the Quant-iT PicoGreen dsDNA Assay, representing the correlation between the measured 
fluorescence signal and the number of fibroblasts present in the sample. Data represents mean ± SD, n = 3. 
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Fibroblasts exhibited a distinct proliferative behaviour depending on the printed or manually 

seeded cell densities (Fig. 5.12). Manually seeded models produced with 500,000 

fibroblasts/mL triplicated their cell number from day 1 to day 3 and increased the number of 

cells by five from day 3 to day 7. In the case of printed models with the same initial cell density, 

the fibroblast proliferation rate was higher from day 1 to day 3, with an increment by five on 

the number of cells. The fibroblast growth rate was maintained, with an increase by four from 

day 3 to day 7. As a result, cell values were significantly higher at day 7 in printed models than 

in manually seeded samples.  

 

 
Figure 5. 12. Comparison between the fibroblast proliferation in printed and manually seeded CAF gels prepared with 500,000 
cells/mL and 5,000,000 cells/mL. Evaluation of cell proliferation was performed by comparing the cDNA content on each model 
after 1, 3 and 7 days. Error bars represent the standard deviation (SD), n = 3. The symbols *, ** and *** indicate the significant 
difference between groups at the level p<0.05, p<0.01 and p<0.001, respectively. 

 

 

 

In the case of dermal models prepared with 5,000,000 fibroblasts/mL, the differences 

between printed and manually seeded models were more representative. In manually seeded 

models, the number of cells stabilised with an increase of 1.5 between day 1 and 3 and day 3 

and 7. Contrarily, the number of fibroblasts was triplicated in the printed samples from day 1 

to day 3. The comparison between the cell values at day 3 and day 7 in printed samples showed 

a stabilisation with an increase of 1.5 between these time points. Consequently, the number 

of cells in the dermal models was significantly different between manually and printed 

samples on day 3 and day 7. 
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5.3.4. Fibroblast Production of Extracellular Matrix Components  

Fibroblasts are responsible for the secretion of new extracellular matrix components to 

maintain the integrity of the dermal structure. Characterisation of printed and manually 

seeded dermal models using Scanning Electron Microscope (SEM) was performed to visualise 

the changes in the matrix organisation and the fibroblast distribution and their interaction 

with the dermal matrix. The comparison between printed and manually prepared acellular 

CAF gels showed an important difference in the fibrillar arrangement and porosity of the 

dermal matrices (Fig. 5.13). The manual production of CAF gels resulted in the generation of a 

disorganised fibrillar arrangement, with slight variations in the fibre thickness through the 

matrix and the presence of porous with approximately 5 µm diameter. Contrarily, printed 

acellular CAF gels presented a more compacted fibrillar organisation, with lower porosity and 

thinner and more uniform fibres. These differences in the matrix characteristics were also 

present in the printed and manually seeded dermal models on day 1 (Fig. 5.14-5.15). 

 

           

Figure 5. 13. Comparison between the fibrillar organisation of (a) manually seeded acellular CAF gels and (b) printed acellular 
CAF gels observed by SEM. Scale bar represents 10 µm. 

 

 

The use of the lowest fibroblast densities to manually produce the dermal models resulted in 

the individual distribution of fibroblasts at day 1 (Fig. 5.14). The seeded cells presented a 

rounded morphology as they started to adhere and tug on the CAF fibres. The tension applied 

to the matrix showed an enhancement as the fibroblasts acquired an elongated shape after 3 

days. As a result, the fibrillar components of CAF gels presented a more organised 

arrangement. After 7 days, the number of fibroblasts increased, and most of them were found 

in the inner layers of the model. In some areas, the matrix exhibited several changes in their 

reorganisation and the appearance of thicker fibres near the cell location. The increase in the 

seeded cell density to 5,000,000 fibroblasts/mL also entailed a rise in the number of cells 

observed in the dermal models. At day 1, the interaction between fibroblasts could already be 

a b 
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distinguished. These cells already displayed a spindle-like morphology at day 1 and their 

surrounding matrix presented a more stretched and organised appearance. After 3 days, a 

network of interconnected fibroblasts was found surrounded by new fibrillar content. As 

fibroblasts proliferated, they started to form a more confluent cellular network and modify 

the matrix organisation and composition.  
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Figure 5. 14. Characterisation by SEM of CAF gels manually seeded with 500,000 fibroblasts/mL and 5,000,000 fibroblasts/mL. 
These images show the changes on the fibroblast morphology and distribution (blue arrows) after 1, 3 and 7 days, and the 
interaction of the cells with CAF fibres and new extracellular matrix components (orange arrows). Scale bar represents 20 µm. 

 

 

In contrast to manually seeded samples, printed models showed a more homogeneous 

distribution of fibroblasts (Fig. 5.15). Printed samples with 500,000 fibroblasts/mL exhibited 

cells with rounded morphology and the presence of cell groups with a more elongated 

morphology interacting with the compacted matrix arrangement after 1 day. The fibroblast 

proliferation promoted the confluency of cells and their parallel organisation. At this point, 

some areas exhibited some small fluctuations in the matrix properties. However, the major 

changes on the CAF matrix could be observed after 7 days with the degradation of matrix 

components in some areas and their replacement by thicker fibres. In some regions, fibroblast 

reached a high confluency. 
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Figure 5. 15. Characterisation by SEM of printed CAF gels containing 500,000 fibroblasts/mL and 5,000,000 fibroblasts/mL. 
The images show the changes on the fibroblast morphology and distribution (blue arrows) and their interaction with the initial 
CAF matrix and the new extracellular matrix components (orange arrows) after 1, 3 and 7 days. Scale bar represents 50 µm. 

 

 

The printing of the highest cell density resulted in the generation of dermal models with an 

elevated cell confluency (Fig. 5.15). As a result, fibroblasts already presented an elongated 

shape on day 1, and initial changes on the matrix composition could be observed. In these 

samples, the tensional forces applied by the fibroblasts to the CAF components and the 

appearance of new matrix components could already be observed from the first day. These 

modifications on the matrix could be especially discerned on day 3 with the presence of thicker 

fibres in contact with the fibroblasts. After 7 days, cellular confluency was almost completed, 

with fibroblasts covering most of the characterised surface. Moreover, the high complex 
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matrix containing different fibrillar proteins could be discerned in some regions, contrasting 

with the results obtained in other samples. 

 

Immunostaining studies assessed the presence of some extracellular matrix components 

specific from the dermal matrix. The immunostaining of fibroblasts seeded for 7 days in tissue-

culture treated plastic verified the capacity of the studied fibroblasts to produce collagen  

type I, collagen type III, elastin and fibronectin (Fig. 5.16).     

 

Collagen type I Collagen type III 

  

Elastin Fibronectin 

 
 

Figure 5. 16. Immunohistochemistry of 500,000 fibroblasts seeded in a tissue culture treated plastic and fixed after 7 days, 
selected as positive control to prove the ability of the studied fibroblasts to produce dermal ECM components. Red staining 
corresponds to collagen type I and elastin, and green staining corresponds to collagen type III and elastin, respectively. Scale 
bars represent 200 µm. 
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Meanwhile, the staining acellular CAF gels confirmed a low presence of collagen type I and 

almost a negligible existence of elastin and fibronectin (Fig. 5.17). Collagen type III could not 

be found in acellular CAF gels. The obtained fluorescence signals were used as negative 

controls to benchmark the presence of these proteins in the produced dermal models over 

time. 
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Figure 5. 17. Immunohistochemistry of acellular CAF gels was selected as negative control to confirm the absence of collagen 
type I, type III, elastin and fibronectin in the CAF gels without the presence of fibroblasts. Red staining corresponds to collagen 
type I and elastin, and green staining corresponds to collagen type III and fibronectin. Scale bar represents 200 µm. 
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The presence of collagen type I could be observed in all models at day 3, especially in the 

printed models (Fig. 5.18). After 7 days, the signal of collagen type I increased in all samples. 
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Figure 5. 18. Comparison between the production of new collagen type I (red) after 3 and 7 days by printed and manually 
seeded fibroblasts at 500,000 cells/mL and 5,000,000 cells/mL after 3 and 7 days. Scale bar represents 200 µm. 
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Collagen type III could only be found after 3 days in the samples produced with the highest 

fibroblast density, with a significantly higher presence in the printed models (Fig. 5.19). After 

7 days, collagen type III signal appeared in all models, maintaining a higher expression in the 

printed models with 5,000,000 fibroblasts/mL. 
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Figure 5. 19. Comparison between the present of new collagen type III (green) after 3 and 7 days in printed and manually 
seeded models with 500,000 fibroblasts/mL and 5,000,000 fibroblasts/mL. Scale bar represents 200 µm. 

 



 
 
   

75 
 

The presence of elastin could only be detected in some areas of the samples at day 3  

(Fig. 5.20). Only after 7 days, a slight increase on the elastin signal could be identified in the 

models, with no specific difference between the samples. 
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Figure 5. 20. Comparison between the production of elastin (red) after 3 and 7 days by printed and manually seeded fibroblasts 
at 500,000 cells/mL and 5,000,000 cells/mL after 3 and 7 days. Scale bar represents 200 µm. 
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Fibronectin was found in all samples after 3 days, especially in the printed models (Fig. 5.21). 

A significantly higher signal was detected in the samples printed with the highest fibroblast 

cell densities. After 7 days, the fibronectin signal showed a drop in all samples. 
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Figure 5. 21. Comparison between the present of fibronectin (green) after 3 and 7 days in printed and manually seeded models 
with 500,000 fibroblasts/mL and 5,000,000 fibroblasts/mL. Scale bar represents 200 µm. 
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5.4. Bioprinting Epidermal Layers 

5.4.1. Keratinocyte Proliferation  

The printing of keratinocytes using ReJI system did not show any impact on the adhesion of 

keratinocytes to the print bed (Fig. 5.22). Moreover, the printing process did not alter 

keratinocyte growth and the changes on their morphology over time. By comparing the 

arrangement of printed and manually seeded keratinocytes after 1 day, it was possible to 

prove the ability of ReJI to selectively control the keratinocyte location. The uniform 

distribution of printed keratinocytes promoted their proliferation after 3 days, and their 

spread along a broader area than manually seeded cells. Consequently, a homogeneous layer 

of confluent printed keratinocytes was produced after 7 days. In contrast, manually seeded 

keratinocytes showed an irregular proliferation and distribution, resulting in the early 

differentiation of some keratinocytes, represented by the change on their morphology.   
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Figure 5. 22. Proliferation and distribution of printed and manually seeded keratinocytes monolayers after 1, 3 and 7 days. 
Scale bar represents 100 µm. 
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5.4.2. Keratinocyte Differentiation  

The immunostaining of keratinocytes at day 7 confirmed the capacity of printed keratinocytes 

to present phenotypical changes (Fig. 5.23). The expression of cytokeratin-14 verified the 

proliferative character of seeded and printed keratinocytes. Meanwhile, the high intensity of 

involucrin staining in manually seeded cells contrasted with a lower signal in the printed 

samples, suggesting an earlier differentiation in the manually seeded samples. Finally, the 

presence of filaggrin stained cells confirmed the capacity of printed keratinocytes to complete 

their differentiation. Although, the expression of filaggrin by printed keratinocytes was rarely 

observed after 7 days, with the existence of few stained cells in areas with high cell confluency. 

By contrast, the presence of keratinocytes in their late differentiation stage was more 

common in manually seeded cells due to the high distance between them. 
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Figure 5. 23. Comparison between the expression of cytokeratin 14 (green), involucrin (green) and filaggrin (red) by manually 
seeded and printed keratinocytes monolayers after 7 days. The cell nucleus of keratinocytes was stained with DAPI (blue) in 
all samples. Scale bar represents 100 µm. 
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5.5. Chapter Discussion 

5.5.1. Optimisation of ReJI Printing Process 

This chapter has explored some fundamental parameters that must be considered before 

implementing the Reactive Jet Impingement system. Different elements like the microvalve 

alignment or the distance between the nozzle and the printer bed can be optimised and 

applied to all printing works. However, other variables like the applied pressure or the surface 

hydrophobicity depend on the selected bioinks (Gudapati et al., 2016; Adhikari et al., 2021). 

By optimising these parameters, it was possible to print a hydrogel construct with high 

resolution using ReJI system. The precise reaction of the jetted droplets and the controlled 

deposition of the resulting gel helped to create a network of connected crosslinked dots. The 

outcoming gridded structure supported the adhesion of the following printed layers, ensuring 

the stability of the entire printed construct. The quality of the printed assemblage produced 

with ReJI is highlighted when it is compared to the structures produced by other bioprinting 

techniques. In a recent work from Schmidt et al., extrusion bioprinting process was optimised 

to generate cellular scaffolds using different bioinks (Schmidt et al., 2019). In comparison to 

the constructs produced with ReJI, the shape fidelity of these printed samples was 

undermined by the low resolution of the extrusion technique (Fig. 5.24). In this study, Matrigel 

was the printed material with a higher resemblance to the CAF components. The printing of 

this gel resulted in an undefined architecture, suggesting the limited stability and 

reproducibility of the final Matrigel construct. Similarly, the resolution of the motifs produced 

by inkjet bioprinters is limited by the requirement of additional crosslinking steps after the 

printing of each layer (Fig. 5.24) (Lee et al., 2014). Consequently, the structures made by inkjet 

bioprinters sometimes resemble the quality of the gels created by conventional casting 

methods (Duarte Campos et al., 2019).  

 

Extrusion bioprinting Inkjet bioprinting 

     Cellink Bioink         Cellink RGD                GelXA           GelXA Laminink+      Matrigel  Collagen type I 

 

 

 
Figure 5. 24. Comparison between the printing quality of gels printed by extrusion and inkjet-based bioprinting using different 
bioinks. Images obtained from Schmidt et al. 2019 and Lee et al. 2014. 
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The possibility to define the printing structure using bitmaps and a simple script facilitates the 

accessibility of ReJI to non-experienced users. This intuitive approach contrasts with the 

complexity of G codes and STL files required in most commercial bioprinters (Fay, 2020). 

Additionally, the capacity of printing biomaterials with similar viscosities to the ones 

conventionally used in the laboratories, like collagen or fibrin, makes it easier to adapt ReJI 

process to current research projects.   

In this study, ReJI has demonstrated its capacity to produce in parallel a significant number of 

models in a short period. The time required to generate tissue models using other bioprinting 

techniques is not often stated, and it is difficult to benchmark (Ke et al., 2022). The process 

speed is usually defined only as the number of droplets printed per second without 

considering the overall printing time. Only in a recent work, Cubo et al. claim the production 

of full skin models in 35 minutes using extrusion bioprinting (Cubo et al., 2016). This duration 

is still far from the 180 seconds required to produce a model using ReJI. However, Cubo et al. 

state that most of this time is necessary for the complete crosslinking of the printed fibrin 

structure. This declaration highlights the advantage of the impingement process in eliminating 

waiting times, and, consequently on the high-throughput production of skin models.  

Moreover, ReJI has shown a highly homogeneous printing, maintaining a linear progression 

on the number of printed cells through the different layers regardless of the cell type and 

density. The increment in the standard deviation after printing more than ten layers using high 

cell densities could be explained by the effect of the interaction between cells. When cells 

communicate with near cells and begin to associate, their morphology starts to change and 

they create groups of interacting cells, as seen in figure 5.10. The formation of cell aggregates 

occurs mainly in solutions containing high cell densities and could justify these variations in 

the number of cells printed per droplet. The incorporation of bioink agitators during the 

printing of high cell densities could help to minimise these standard deviations in future 

studies. Additionally, the significant variations between the printing of fibroblast and 

keratinocytes could be explained by their different behaviour. The confluence of keratinocytes 

can have a direct effect on their phenotype, promoting their differentiation and their adhesion 

to the exposed surfaces (Poumay & Pittelkow, 1995a). The aggregation of keratinocytes could 

clarify the growth on the number of cells observed during the live/dead staining of printed 

keratinocytes with a density of 5,000,000 cells/mL (Fig. 5.8). The presence of differentiated 

keratinocytes can also be distinguished in these samples, supporting this hypothesis. To solve 
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this issue, Rho-kinase (ROCK) inhibitor was introduced to the EpiLife medium during the 

printing of keratinocytes in the experiments performed in section 5.4. The incorporation of 

this component helped to reduce the instability of keratinocytes, without affecting their 

adhesion or proliferation based on the results obtained in this section (Anderson et al., 2018; 

Chapman et al., 2014; Strudwick et al., 2015).  

In contrast to the homogeneous results obtained with ReJI, extrusion bioprinting has shown 

limited reproducibility on the number of cells deposited per layer (Emmermacher et al., 2020). 

Due to the high viscosity of bioinks, the control over the cell distribution is restricted. The use 

of homogenisation methods is also limited by their effect on cell viability (Müller et al., 2022). 

In the case of inkjet or microvalve bioprinting, printing consistency could be perturbed by cell 

sedimentation in the nozzle, especially during the waiting times required to perform the 

crosslinking process between layers (Saunders et al., 2008; Lee et al., 2009). Incorporating 

agitators into the bioink reservoir is one of the most extended approaches to solve this 

problem (Dudman et al., 2020). In contrast to other microvalve-based technologies, ReJI 

presented a higher control over the cell deposition and a reduced nozzle blockage, which could 

be explained by its capacity to perform continuous printing. The constant pneumatic pressure 

on the bioink could promote the bioink flow, avoiding cell precipitation. Additionally, 

optimisation of the microvalve cleaning process helped to prevent the nozzle blockage during 

ReJI process. The presence of remaining cells and protein bodies in the microvalve was initially 

observed to affect the reproducibility of the printing process in the initial studies. Therefore, 

different cleaning processes were tested and optimised to determine the best method to 

remove any biological product from the nozzle without affecting the microvalve internal 

mechanism. 

Finally, the printing pressure is one of the most fundamental parameters that need to be 

adapted for the correct impingement process. The pressure required for each bioink is defined 

as the minimum value necessary to overcome the surface tension in the nozzle and produce a 

continuous jet of defined droplets (Fromm, 1984; Elkaseer et al., 2022). In this study, the 

values for each bioink were established experimentally using the stroboscopic camera to 

assess the droplet formation. However, if ReJI process needs to be standardised for industrial 

application in the near future, it will be necessary to define a theoretical method to determine 

the best printing pressure. For microvalve-based technologies, the bioink printability is 

defined by the inverse of the Ohnesorge number denominated Z value (McKinley & Renardy, 
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2011). This dimensionless number can be calculated by dividing the Reynolds number (NRe), 

which represents the ratio of inertial to viscous forces, by the square root of the Weber 

number (new), which exemplifies the balance between inertial and capillary forces (Fig. 5.25) 

(Liu & Derby, 2019). 

 

𝑁𝑅𝑒 =
𝑣rρ
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𝑣2rρ
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(𝑁𝑊𝑒)1/2
=

(rργ)1/2

η
 

 

Figure 5. 25. Theoretical calculation of (1) Reynolds number (NRe) and (2) Weber number (NWe), necessary to determine the 
Ohnesorge number (Z value) associated with material printability using microvalve-based systems. The values v, r, ρ, η and γ 
represent the flow velocity, nozzle radius, density, viscosity, and surface tension of bio-inks, respectively. 

 

 

Z value depends on factors like the nozzle radius, the mean droplet velocity, the density and 

viscosity of bioinks or the surface tension between the nozzle and the bioink. Bioinks with a Z 

value comprehended between 4 and 12 are considered printable (Ng et al., 2017). Those 

bioinks with Z values lower than 4 experiment the formation of elongated droplets, 

denominated satellite droplets. Apart from the studies of droplet formation, it will be essential 

to assess the crosslinking speed of the jetted droplets during the impingement process to 

determine the bioink printability using ReJI. Therefore, rheological characterisation of bioinks 

will become essential to determine some of the parameters that determine the biomaterial 

printability.  
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5.5.2. Effect of Printing Process on Dermal Models 

As proof-of-concept, dermal models were printed using collagen-alginate-fibrin (CAF) gels as 

dermal matrices. These bioinks consist of a gel precursor and crosslinker with a formulation 

already adapted and tested for its use in the ReJI system (da Conceicao Ribeiro, 2019). CAF is 

comprised of collagen type I and fibrin, which are components already present in human skin, 

facilitating its integration into the production of skin equivalents (Sheikholeslam et al., 2018). 

Sodium alginate is also present in the CAF formulation, and despite not being present in native 

skin, its natural origin, biocompatibility and biodegradability make it suitable for its 

incorporation to the skin model (Lee & Mooney, 2012).  

In this chapter, ReJI system has demonstrated its ability to maintain fibroblast viability and 

functionality regardless of the printed cell density. Controlling the three-dimensional location 

of cells made it possible to generate dermal models with a homogeneous fibroblast 

distribution in contrast to manually seeded dermal models. The creation of crosslinked points 

during the impingement process favoured the encapsulation of cells and the precise definition 

of the initial cell position, and the production of a more consistent and reproducible dermis. 

As a result, cells could move and populate the printed architecture in an organised manner, 

occupying the dermal matrix uniformly.   

Skin models need to own a stable structure during long periods, maintaining an equilibrium 

between dermal matrix degradation and producing new extracellular matrix components by 

fibroblasts. One of the main reported disadvantages of fibrin-based biomaterials for 

manufacturing skin models is their quick natural degradation by fibroblasts (Mirshahi et al., 

1991). However, the creation of crosslinking nucleus and the control over the spatial distance 

between cells by the ReJI process has demonstrated to slow down the degradation of fibrin-

based gels like CAF and provide stability to the dermal models. This precise control on the 

crosslinking reaction at the microscale level could justify the high condensation and enhanced 

fibrillar organization in acellular printed CAF gels compared to manually seeded samples 

observed in the figure 5.13. In this work, manually seeded CAF gels showed a complete 

degradation at day 7 when a solution of 500,000 fibroblasts/mL was used to produce the 

dermal models, and after only 1 day when the number of encapsulated fibroblasts was 

5,000,000 fibroblasts/mL. In contrast, printed CAF-based models maintained their structure 

for at least 28 days, as will be demonstrated in future chapters.   
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Furthermore, the design of the printed structure also acquires a high relevance in the diffusion 

of nutrients, gases and signal molecules across the dermal model (Zhang et al., 2022b). The 

distance between the generated gel droplets allowed the creation of a matrix capable of 

ensuring the transportation of essential molecules and survival of fibroblasts, regardless the 

printed cell densities. These results contrast with the appearance of necrotic bodies observed 

when high cell concentrations were used in previous publications. For instance, the lack of cell 

organisation in organoids often leads to cellular apoptosis in their nucleus due to the restricted 

diffusion of oxygen and nutrients (Grebenyuk & Ranga, 2019).   

The selection of fibroblast densities on the generation of skin equivalents has demonstrated 

to be a key influencing factor on the final properties of the dermal layer. The incorporation of 

high cell densities into the dermal models has proved to boost the adaptation of the fibroblasts 

to the gels after only 1 day. Cells usually require time to adapt to new three-dimensional 

environments and to adhere to new surfaces. However, the interaction between fibroblasts 

generated during the printing of 5 million cells/mL results in their faster adaptation to the new 

conditions, presenting a spindle-like morphology after only 1 day. The proximity and 

communication with other cells are the main triggers for cell adhesion in these samples 

(Katsumi et al., 2004; Tanaka et al., 2009). As a result, cells start to proliferate and expand 

through the dermal constructs enhancing the model complexity after only three days. These 

findings contrast with the maturation of dermal models prepared with ten times lower cell 

densities. Printed fibroblasts are found homogeneously dispersed and isolated in these 

samples on day 1. They need at least three days to adapt to their new microenvironment and 

adhere to the CAF matrix. Therefore, fibroblasts in these samples require at least 7 days to 

reach the same confluency as the models seeded with higher cell densities at day 3. Despite 

the apparently delayed adaptation to the new matrix, the number of fibroblasts linearly 

increased from day 1 to day 7 in printed samples, in contrast to the reduced proliferation from 

day 1 to day 3 in manually seeded models. These differences in the initial proliferation ramp 

between printed and manually seeded samples can also be observed in models containing 

higher cell densities. This finding underlines the advantages of ReJI printing process in reducing 

the time required to produce dermal models.  

The printing models also diverge from the manual models on the production of new 

extracellular matrix. As it can be observed in the SEM images, more pronounced changes in 

the matrix content and arrangement can be seen in the printed samples at earlier time points. 
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These differences could also be monitored by assessing the presence of characteristic dermal 

components  in the models. In the case of printed models containing 500,000 cells/mL, a slight 

rise in collagen type I and fibronectin could be observed in the printed models compared to 

the manually seeded samples at this concentration. However, these results provide a general 

overview, and a more exhaustive analysis of extracellular matrix composition will be required 

to conclude their impact on the complexity of the dermal models. An initial attempt to 

quantify the presence of dermal proteins was performed using Real-Time Quantitative 

Polymerase Chain Reaction (qPCR). Unfortunately, due to some problems experienced during 

the cDNA synthesis, it was not possible to produce enough representative data, and further 

attempts will need to be performed in the future.  

In the case of printed dermal models prepared with 5,000,000 cells/mL, the fast adaptation of 

their fibroblasts to the new environment accelerates their maturation. At the initial time 

points, a number of dead cells were observed on the surface of the gel. The presence of these 

cells could be caused by the initial high confluency of fibroblasts. As the fibroblasts acquire 

their final distribution through the gel and their numbers are stabilised, the viability of the 

models is increased. Additionally, the quick conformation of these models promotes early 

changes in the extracellular content. After only one day, fibroblast applied tensional forces 

over the CAF matrix producing a contraction on the fibrillar matrix and encouraging the 

secretion of new matrix components observed in figure 5.15. The higher presence of collagen 

type III and fibronectin on day 3 highlights the advanced complexity of these models in 

comparison to the other samples. The acceleration of the dermal maturation could help to 

reduce the time required to produce the skin models and improve the complexity of the 

models.  

The comparison between the two studied fibroblast densities and those selected in previous 

studies is hindered by how the selected cell densities are reported. Most publications 

associated with skin bioprinting describe the use of 1x106 fibroblasts/mL solutions, but they 

do not detail the volume of the printed model or the number of cells printed per droplet. As a 

result, the total amount of the fibroblasts deposited per model and their final confluency 

significantly varies between samples (Fig. 5.26) (Lee et al., 2009; Pourchet et al., 2017).  

Additionally, the effect of the printing process on cell viability or the resulting fibroblast 

distribution has been reported in a few studies (Lee et al., 2009; Koch et al., 2012; Lee et al., 

2014). Only Lee et al. details the printing of approximately 23,250 fibroblasts per model in 
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2009, and the increase to 140,000 fibroblasts/cm2 in their publication in 2014. This last value 

is comprehended between the cell density quantified in this work. However, the impact of the 

fibroblast density on dermal maturation and in the skin model properties has not been 

reported yet in these studies.  

 

  

Figure 5. 26. Comparison between the confluency of fibroblasts at day 7, in two publications reporting the use of 1x106 
fibroblasts/mL. Images obtained from (a) Lee et al. 2009 and (b) Pourchet et al. 2016. 

 

The increment in the cell density has already been reported to promote the maturation of 

other in vitro tissue models (Shamsul et al., 2019; Daly et al., 2021; da Conceicao Ribeiro et al., 

2018). These studies have demonstrated that the confinement effect in some cell types can 

enhance their contact guidance and encourage their motility and the population of the matrix. 

Furthermore, the rise in the fibroblast densities in skin models has already been reported to 

impact the epidermal architecture, with just an increase on the fibroblast concentration from 

2x104 to 8x104 cells/mL (El-Ghalbzouri et al., 2002). Selection of fibroblast concentration for 

the creation of skin should be carefully selected, as high fibroblast densities could lead to the 

recreation of specific skin conditions such as fibrosis (Doolin et al., 2021). Therefore, a balance 

between tissue maturation and the homology to healthy skin must be found. The comparison 

between the number of fibroblasts in the human dermis and the values obtained in the printed 

models after seven days confirms the suitability of the selected initial densities. Based on 

previous studies on human skin, the number of cells in the native dermis corresponds to a 

range from 2.1 to 1 million fibroblasts/cm2 (Randolph & Simon, 1998; Helary et al., 2005). 

These fibroblast densities are comprehended between the 1.3 million fibroblasts/cm2 

quantified in the models printed with the highest cell densities after their stabilisation at day 

7, and it is lower than the 0.6 million fibroblasts/cm2 found in the models printed with the 

lowest cell density at the same time point. 

a b 
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5.5.3. Effect of Printing Process on Keratinocytes 

Printing keratinocytes with ReJI system did not affect their viability, regardless of printed cell 

density. Moreover, essential keratinocyte functions, such as their proliferation or 

differentiation were also preserved after the printing process. The possibility of controlling the 

cell location using ReJI printing process allowed the creation of more uniform keratinocyte 

deposition compared to manually seeded samples. Due to the homogenous distribution of 

printed cells, keratinocytes showed more consistent growth, covering a wider area and 

reducing the number of empty spaces found in manually seeded samples. Additionally, the 

formation of a confluent keratinocyte layer at day 7 could have also been promoted by an 

increment in the cellular growth rate. Keratinocyte requires the presence of other cells in the 

immediacy to maintain their proliferative state (Deyrieux & Wilson, 2007). In the case of 

printed samples, the proximity between keratinocytes observed at day 3 was higher than in 

the manually seeded cells, and it could have been responsible for their different growth rate. 

On this occasion, the occurrence of keratinocytes helped to unify and promote cellular 

proliferation. However, an excessive accumulation of keratinocytes can also trigger their 

differentiation, as observed in figure 5.23 (Poumay & Pittelkow, 1995b; Pavel et al., 2018). This 

factor must be considered during the selection of keratinocyte densities, and a balance 

between keratinocyte proliferation and differentiation must be found to produce epidermal 

layers in the skin models. Oppositely, the distance between keratinocytes observed in 

manually seeded samples resulted in the generation of separated cellular patches. Besides, 

the isolation of some keratinocytes in these samples implied a reduction in their growth rate 

and their early differentiation, evidenced by their morphological changes and expression of 

involucrin and filaggrin.  The lack of control over the keratinocyte location is one of the most 

critical issues associated with the skin equivalents produced by conventional methods. 

Furthermore, the lack of consistency in the epidermal properties between samples implies a 

high variation in the results obtained during the assessment of commercial products (Suhail et 

al., 2019). Therefore, the control over the deposition of keratinocytes acquires a high 

relevance during the manufacturing of skin models. ReJI process has demonstrated its capacity 

to produce homogeneous epidermal layers, which could help to improve the reproducibility 

and quality of skin models. However, to confirm this hypothesis, it will be necessary to assess 

the epidermal stratification in the printed skin models and optimise the keratinocyte density 

to ensure the correct epidermal formation.  
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5.5.4. Overview of ReJI as Bioprinting Process 

ReJI system has demonstrated to produce structures with remarkable shape fidelity aided by 

the high precision of the impingement process. In contrast to other bioprinting technologies, 

ReJI is a user-friendly system which allows the printing of high cell densities without affecting 

their viability. Additionally, ReJI process guarantees the production of multi-layered structures 

without the conventional waiting times required with other bioprinting techniques.  

This novel bioprinting system has also proved a high regulation over the number of cells 

deposited, guaranteeing the production of reproducible samples. By controlling the cell 

location in the gels with the ReJI system, some of the limitations experienced by traditional 

tissue engineering methods have been overcome. Printed fibroblasts in dermal models have 

proved to boost their proliferation and the generation of their own extracellular matrix 

components in a shorter time than manually seeded models. Additionally, the organised 

fibroblast arrangement supports the maturation of printed dermal models containing high cell 

densities, avoiding the premature gel degradation observed in manually seeded models. 

Moreover, the printing of homogeneously distributed keratinocytes promotes the generation 

of uniform epidermal basal layer, contrasting with the results obtained by manually seeded 

keratinocytes. The acceleration of the dermal and basal epidermal layer formation in the 

printed samples could help to reduce the conventional times required to manufacture the skin 

models. On the other hand, the capacity of ReJI system to print in parallel models in a reduced 

time without losing resolution highlights their suitability for the large-scale manufacturing of 

skin equivalents. The automation of this process could help to reduce the time and costs 

required to produce skin models, stimulating their use as testing platforms in the industry.  

All these aspects highlight the advantages of ReJI process on the production of skin models. 

However, further experimental work will be required before concluding the feasibility of the 

ReJI process to improve the quality of current skin equivalents. The optimisation of the dermal 

and epidermal bioink formulation will be essential to replicate the complexity of native skin 

microenvironments and guarantee their printability. Additionally, printing keratinocyte 

density will need to be adjusted to ensure the formation of a homogeneous epidermal layer. 

In the case of fibroblast densities, their impact on skin maturation and on the properties of 

the final model will also need to be assessed. Finally, the combination of all these parameters 

will help to determine the impact of ReJI system on the quality of in vitro skin models and on 

their industrial scalability.  
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CHAPTER 6. SELECTION OF DERMAL BIOINKS 

6.1. Introduction 

The dermal layer plays an essential role providing structural support and stability to the skin. 

Some variables like the mechanical properties or the extracellular components that populate 

the dermis are responsible for supporting the fibroblast mobility and promoting cell 

proliferation and ECM renewal. Despite the relevance of the dermal characteristics, they are 

often disregarded during the manufacturing of skin models. As a result, the biomaterials used 

to mimic the dermal matrix are often selected without following any specific criteria. Focusing 

on this research gap, this chapter aims to investigate the correlation between the formulation 

of dermal bioinks and its ability to influence the fibroblast behaviour to recreate biological 

microenvironments like the ones found in the native dermis. 

This chapter is focused on exploring the differences between the dermal models produced 

with two natural skin components, such as collagen type I and fibrin. On one hand, the 

importance of collagen type I origin and extraction method was assessed by comparing the 

physicochemical properties and the influence on the fibroblast behaviour of collagen solutions 

obtained from different animal sources. Additionally, the effect of the collagen neutralisation 

method and the incorporation of commercial RAFTTM absorbers on the production of collagen 

matrices was also studied. On the other hand, the possibility of customising the properties of 

fibrin gels was also explored by introducing alginate and collagen into the fibrin bioinks. 

Analysis of the chemical structure, matrix arrangement and mechanical properties of the 

selected bioink formulations was performed to understand the differences between them.  

The impact of the different dermal formulations on the fibroblast behaviour was determined 

by exploring the morphology and distribution of the encapsulated fibroblasts, along with their 

proliferation and production of new extracellular matrix. By comparing the physicochemical 

and biological characteristics of each dermal model, it was possible to understand the role of 

the bioink components and determine the resemblance of each sample to specific dermal 

regions. Finally, the assessment of the bioink printability was performed to determine the best 

formulation for mimicking the dermal structure using the ReJI bioprinting system. 
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6.2. Characterisation of Dermal Bioinks 

6.2.1. Chemical Differences between Collagen Solutions 

The evaluation of the chemical bonds by Fourier Transform Infrared spectroscopy (FTIR) 

allowed the study of the chemical similarities and differences between the commercial 

collagen solutions (Fig. 6.1). The appearance of specific chemical groups associated with 

collagen type I in all FTIR spectra, confirmed the presence of type I collagen monomers in the 

selected collagen solutions regardless their animal source or extraction method. Some of 

these characteristic absorption peaks were found at 1659 cm-1,1555 cm-1,1340 cm-1,1240 cm-1, 

and corresponded to the C=O stretching in the primary amide, the N-H bending in the 

secondary amide, and the N-H bending and C-N stretching associated with the tertiary amide, 

respectively (Table 6.1). Despite the high similarities between most absorption bands in the 

samples, some variations in the chemical composition could be observed, especially at 

wavelengths below 1000 cm-1. The presence of extra signals and the differences in the relative 

intensities between the amides underlined some chemical differences between the collagens. 

Table 6. 1. Examples of the most characteristic FTIR bands obtained after the analysis of human, rat, telo-bovine, atelo-bovine, 
calf and jellyfish collagen solutions. 

 

 

Characteristic 
Bands (cm-1) 

 

 

Human 
Collagen 

 

 

Rat 
Collagen  

 

 

Bovine 
Collagen 

 

 

Atelo-
Bovine  

 

 

 

Calf 

Collagen 

 

 

Jellyfish 
Collagen 

 

 

  

 

Amide I  
(C=O stretching)  

1658  1653  1652 1651  1633 1647  

Amide II  
(N-H bending) 

1549 1548  1551  1549 1548  1542  

CH3 bending 

CH2 bending 

1452 1453   1455 1454  1456  1453 

COO-  
(C=O stretching)  

1405  1405 1407  1407 1409  1406 

Amide III  
(N-H bending)  

1338 1339  1338  1337  1338  1338 

Amide III  
(C-N stretching)  

1235 1243 1241 1243 1235 1244 

C-O stretching 
 

1081  1078  1082 1079  1080 1079  

C–O–C stretching 

 

1040 1028  1032 1032  1027 1027 
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 Figure 6. 1. Chemical analysis by FTIR of collagen solutions extracted from different animal sources, including human, rat, bovine, calf and jellyfish. The effect of the collagen extraction method was 
assessed by comparing telo-bovine and atelo-bovine collagen. Blue discontinuous lines indicate the wavelengths corresponding to amide I, II and III groups characteristic of native collagen type I. 

  

Amide I Amide II 
Amide III 

 ν(C–N) 

Amide III 

 δ(N–H) 
Amide I Amide II 

Amide III 
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Amide III 
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6.2.2. Triple Helix Content in Collagen Solutions 

Collagen type I is distinguished by their triple helical conformation as its main secondary 

structure. The measurement of triple helix content in the collagen solution was performed by 

circular dichroism spectroscopy, analysing its specific absorption band at 222 nm, to compare 

the quality of the collagen solutions. Despite studying the same collagen concentration, the 

quantification of triple helices revealed significant variations depending on the animal origin 

of the collagen solutions (Fig. 6.2). Collagen obtained from rat tail and bovine tendons showed 

a similar amount of triple helix compared with the lower quantity measured in human collagen. 

The effect of the extraction method on the triple helix content was visible when comparing 

telo- and atelo-bovine collagen. A slight reduction in the triple helix values could be observed 

in atelo-bovine collagen. In the case of collagen derived from jellyfish and calf skin, the triple 

helix content presented values three and five times lower than rat collagen.  

 

 

Figure 6. 2. Evaluation of triple helix content at its characteristic peak wavelength of 222nm by Circular Dichroism 
Spectroscopy. The triple helix content was compared between collagen solutions obtained from different sources, including 
human, rat, calf, jellyfish and bovine collagen. The effect of the collagen extraction method on the triple helix content was 
studied by comparing telo-bovine and atelo-bovine collagen solutions. 

 

 

The evaluation of the triple helix content at different temperatures also uncovered remarkable 

variations in the thermal stability of the collagen solutions depending on their origin (Fig. 6.3). 

Rat collagen showed a higher thermal resistance than other collagen solutions, presenting a 

fast decrease in the triple helix content only at temperatures higher than 40°C. In the case of 

human and bovine collagen solutions, their triple helix values started to decrease after  

30°C, but their degradation rate was different. On the one hand, bovine collagen presented a 

complete degradation of the triple helix content at 40°C, whereas human collagen required a 



 
 
 

93 
 

temperature above 47°C. The similarities between telo and atelo-bovine collagen profiles 

suggested the lack of influence of the extraction method on the thermal degradation of the 

triple helix.  

In contrast to previous samples, jellyfish collagen presented a reduced thermal stability with 

the drop in the triple helix values at 24°C, whereas calf collagen presented a negligible triple 

helix content, without showing any variations regardless the temperature. 

 

Figure 6. 3. Characterisation of the thermal degradation of the triple helix content in collagen solutions by analysing their 
Circular Dichroism spectra at 222nm. The impact of the collagen source and its extraction method on the triple helix stability 
was assessed by comparing human, rat, telo-bovine, atelo-bovine, calf and jellyfish collagen. 

 

The incorporation of NaOH and NaHCO3 into the collagen solutions to produce collagen gels 

demonstrated to enhance the thermal stability of human, rat and bovine collagens (Fig. 6.4). 

In the case of human, telo- and atelo-bovine collagen, the stability of the triple helix was 

maintained until reaching 38°C. At this temperature, the triple helix values presented a slight 

variation, showing only a significant reduction at temperatures higher than 41°C. Meanwhile, 

rat collagen gels presented a similar thermal degradation profile than rat collagen solution. In 

general, the neutralisation method employed for the generation of collagen gels did not 

influence the thermal stability of the samples. 

The inability to produce gels using the selected calf and jellyfish collagen solutions impeded 

their utilisation on the production of dermal models, and consequently the continuation of 

the studies with them.  
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Figure 6. 4. Comparison of the thermal degradation of the triple helix content in collagen solutions and their corresponding gels neutralised with NaOH and NaHCO3. Collagen solutions were obtained 
from different sources including (a) human, (b) rat, (c) telo-bovine and (d) atelo-bovine collagen. 
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6.2.3. Fibrillar Organisation of Dermal Matrix 

During the neutralisation of collagen solutions to a physiological pH, collagen monomers 

recover their original chemical interactions and restore their native fibrillar configuration. The 

characterisation of the collagen gels by Scanning Electron Microscopy (SEM) revealed 

remarkable differences in the resulting matrix depending on the collagen origin and the 

selected neutralisation method (Fig. 6.5).  

Human collagen gels produced with NaOH were characterised by the presence of thin fibres 

situated closer to each other, but without following an apparent pattern. Although the 

thickness of the fibres in rat and human collagen neutralised with NaOH was similar, their 

arrangement differed. The neutralisation of rat collagen with NaOH resulted in the 

conglomeration of the fibres forming spherical bundles, with a diameter comprehended 

between one and two micrometers. In the case of telo-bovine collagen neutralised with NaOH, 

the resulting matrix was characterised by thick fibres aligned across the matrix and with 

diameters five times larger than the ones found in the previous samples. These wide fibres 

were especially distinguished by the entanglement of thinner fibres around them. These 

results contradicted the aleatory arrangement and the slightly reduced thickness of the fibres 

in atelo-bovine collagen prepared with NaOH.  

On the other hand, using sodium bicarbonate resulted in the generation of dermal matrices 

characterised by a higher porosity and smaller fibre diameters than those gels prepared with 

sodium hydroxide. As a result, human and rat collagen gels prepared with NaHCO3 presented 

similar fibrillar organisation and fibre thickness. These results contrasted with the broader 

thickness and more organised arrangement showed by telo-bovine collagen neutralised with 

NaHCO3. Oppositely, atelo-bovine collagen gels neutralised with NaHCO3 were characterised 

by a disarranged matrix of thinner and broken fibres.  

  



 
 
 

96 
 

 NaOH NaHCO3 

H
u

m
a

n
 C

o
lla

g
en

 

  

R
a

t 
C

o
lla

g
en

 

  

B
o

vi
n

e 
C

o
lla

g
en

 

  

A
te

lo
-B

o
vi

n
e 

C
o

lla
g

en
 

  
Figure 6. 5. Characterisation by SEM of collagen matrix generated from collagen solutions neutralised with NaOH and NaHCO3. 
Collagen solutions were obtained from different sources, including human, rat, telo-bovine and atelo-bovine collagen. Scale 
bars correspond to 2 µm. 
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The incorporation of RAFTTM absorber system during the generation of rat collagen gels, 

resulted in a significant modification of the fibrillar organisation (Fig. 6.6). Regardless the 

neutralisation method used, the RAFTTM absorber system resulted in the generation of matrix 

with higher fibrillar compaction, reducing the matrix porosity and increasing the fibre 

alignment in some regions. 
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Figure 6. 6. Comparison between the fibrillar organisation and porosity of matrices of rat collagen neutralised with NaOH and 
NaHCO3 and rat collagen samples prepared with and without applying RAFTTM absorbers. Images obtained by SEM with scale 
bars representing 2 µm. 

 

 

The combination of fibrinogen with alginate and collagen to generate fibrin-based gels also 

demonstrated to vary the properties of the final matrix (Fig. 6.7). The mixture of fibrinogen 

with thrombin resulted in the generation of a compacted matrix characterised by thin fibres 

organised aleatory. By incorporating atelo-bovine collagen into the fibrin bioink formulation, 

it was possible to create less condensed matrix comprised of fibres with different thicknesses. 

Meanwhile, the mix of alginate and fibrin in the bioink resulted in the formation of gels with 

high porosity and thin structures. Finally, the combination of fibrin, alginate and collagen 

originated a more organised matrix with higher porosity and contained more heterogeneous 

fibrillar networks. 
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Fibrin Collagen + Fibrin  

  

Alginate + Fibrin Collagen + Alginate + Fibrin 

  
Figure 6. 7. Comparison between the fibrillar characteristics of matrices produced by fibrin, fibrin combined with collagen, 
fibrin combined with alginate, and fibrin combined with collagen and alginate. Images obtained by SEM with a scale bar 
corresponding to 2 µm. 

 

 

 

6.2.4. Rheological Properties of Dermal Bioinks 

As collagen fibres assemble to form the final collagen matrix, the mechanical properties of the 

sample vary until the complete formation of collagen gels. For that reason, it was possible to 

evaluate the fibrillogenesis of the samples by measuring the changes in the material stiffness 

after the mixture of the gel precursor and crosslinker (Fig. 6.8-6.9). Storage modulus (G’) was 

selected as representative value of the material stiffness.  

The selection of sodium hydroxide as neutralisation method resulted in an initial stabilisation 

of the storage modulus values after 4 minutes for all collagen sources, except for human 

collagen (Fig. 6.8a). From this point, only rat collagen showed stable values, suggesting the 

completion of their gelation. For the rest of the collagens neutralised with NaOH, the 

stabilisation of the storage modulus could only be observed after 40 minutes. The extraction 

method utilised on bovine collagen did not show an apparent effect on their fibrillogenesis 



 
 
 

99 
 

profile. Only the presence of two small deflections after 290 and 1600 seconds in the gelation 

spectra of telo-bovine differentiated both samples. 

Neutralising collagen solutions with sodium bicarbonate resulted in a quicker initial 

stabilisation of collagen gels after only 3 minutes (Fig. 6.8b). Only human collagen required 

almost 15 minutes to steady the storage modulus values. The use of sodium bicarbonate in rat 

collagen gels delayed the completion of their gelation, requiring more than 40 minutes to 

reach stable values. Telo and atelo-bovine collagen showed a complete gelation after 35 

minutes, however, their fibrillogenesis profile differed. On this occasion, the increase in the 

storage modulus presented by atelo-collagen neutralised with sodium bicarbonate was 

characterised by a higher slope. The appearance of two deflective peaks in the fibrillogenesis 

profile of telo-bovine collagen was again visible after 260 and 510 seconds using sodium 

bicarbonate as neutralisation method.  

In comparison to collagen samples, fibrin-based gels presented a faster gelation profile  

(Fig. 6.9a). All the fibrin-based gels showed an initial stabilisation after only two minutes, 

followed by an increase in their storage modulus, reaching their complete gelation in less than 

20 minutes. The combination of fibrin with either collagen or alginate enabled a slightly faster 

stabilisation of the storage modulus. 

 

By assessing the storage modulus in the first minutes after the start of the gelation process, it 

was possible to determine the speed of the crosslinking reaction and the initial characteristics 

of the generated gels. These values were especially important to determine the bioink 

printability using the ReJI system. Fibrin-based gels showed a fast-crosslinking reaction 

regardless their formulation, increasing their storage modulus from 1 Pa to 10 Pa in less than 

60 seconds (Fig. 6.9b). Moreover, the obtention of stiffness values closer to 100 Pa in 180 

seconds confirmed their ability to generate stable gels quickly. The utilisation of bioinks 

comprised of fibrin, fibrin combined with alginate, or fibrin combined with alginate and 

collagen, resulted in similar crosslinking profiles. However, the combination of fibrin with 

collagen enhanced the crosslinking speed, reaching storage modulus above 10 Pa in less than 

10 seconds, and generating gels with values higher than 100 Pa in only 100 seconds. 
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Figure 6. 8. Study of fibrillogenesis profile of collagen gels from different sources, including human, rat, telo- and atelo-bovine, by measuring the variations on the storage modulus (G') over time. The 
effect of the neutralization method on the properties of the final collagen gels was studied by comparing the use of (a-c) NaOH and (b-d) NaHCO3. The presence of deflective regions during the fibrillar 
formation of telo-bovine collagen is indicated by grey arrows. 

(b) (a) 

(c) (d) 
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Figure 6. 9. Evaluation of the fibrillogenesis profiles of different fibrin-based gels by studying the variations on the storage modulus (G’) over time. The impact of the composition of the fibrin-based gels 
on their fibrillar formation was studied by comparing fibrin gels, with fibrin combined with collagen and alginate. 
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In comparison to fibrin formulations, only rat collagen gels reached stiffness values higher than  

10 Pa in less than 20 or 60 seconds when using NaOH or NaHCO3 as neutralisation method, 

respectively (Fig. 6.8 c-d). Additionally, the stabilisation of the storage modulus after reaching 

these points confirmed their quick generation of gels. Human collagen gels can also reach 

values above 10 Pa, but they required more than 100 seconds. Similarly, telo-bovine collagen 

gels showed stiffness higher than 10 Pa after 180 and 90 seconds, when they were neutralised 

with NaOH and NaHCO3, respectively. However, their initial storage modulus values below 1 

Pa underlined the liquid state of bovine collagen samples in the first 45 seconds. 

 

Viscosity measurements were also considered a fundamental criteria for assessing the bioink 

printability using the ReJI system. The evaluation of gel precursors showed a range of viscosity 

values from 23.48 to 19.10 mPa·s (Table 6.2). Human and rat collagen presented the highest 

viscosities among the collagen solutions. Meanwhile, the incorporation of alginate into the 

fibrin solutions derived in a significant increase in the original values of fibrin bioinks. The 

analysis of gel crosslinkers demonstrated their lower viscosity values, comprehended between 

2.76 and 0.96 mPa·s. The high water content in the crosslinker solutions could explain the 

proximity of their values to the water viscosity. 

 

Table 6. 2. Viscosity values at 20°C of collagen and fibrin-based bioink precursors and their corresponding crosslinker solutions. 
Water measurement was incorporated as control solution.  

Human Collagen Rat Collagen Bovine Collagen Atelo-Bovine Collagen 

21.00 ± 0.23 mPa·s 23.48 ± 0.18 mPa·s 19.13 ± 0.08 mPa·s 19.10 ± 0.10 mPa·s 

Fibrin Collagen + Fibrin Alginate + Fibrin Collagen + Fibrin + 
Alginate 

20.38 ± 0.03 mPa·s 19.62 ± 0.40 mPa·s 25.36 ± 0.47 mPa·s 20.13 ± 0.63 mPa·s 

NaOH NaHCO3 Thrombin + CaCl2 Water 

0.96 ± 0.05 mPa·s 1.17 ± 0.02 mPa·s 2.76 ± 0.03 mPa·s 0.99 ± 0.04 mPa·s 
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Before comparing the mechanical properties of the different dermal matrices, the selected 

dermal gels were incubated for 24 hours to ensure their complete gelation. Then, various 

measurements were performed on the final gels to determine their final stiffness and their 

response to external stimulus (Fig. 6.10-6.14). 

On the one hand, the measurement of storage modulus uncovered significant differences in 

the mechanical strength of the studied dermal gels (Fig. 6.10-6.11). All collagen samples 

neutralised with sodium hydroxide presented different storage modulus depending on their 

animal sources (Fig. 6.10). Gels prepared with rat collagen neutralised with NaOH represented 

the stiffest collagen with a value of 111 Pa. This storage modulus was significantly higher than 

the one found in other collagen samples, which presented values lower than 42 Pa. Telo-

bovine collagen neutralised with NaOH represented the second stiffest collagen gel, with 

significantly higher mechanical strength than atelo-bovine collagen and human collagen.  

 

 

 

Figure 6. 10. Evaluation of the storage modulus (G') of collagen gels neutralised with NaOH and NaHCO3 after 24 hours of 
incubation. The impact of the collagen sources and their extraction method on the stiffness of the final gels was studied by 
comparing rat, telo-bovine, atelo-bovine and human collagen. Error bars represent the standard deviation (SD), n = 3. Symbols 
*, ** and *** indicate the significant difference between groups at the level p<0.05, p<0.01 and p<0.001, respectively. 
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Collagen gels neutralised with sodium bicarbonate presented a slight reduction in the storage 

modulus compared to those prepared with sodium hydroxide (Fig. 6.10). Only the values of 

rat collagen gels were significantly different depending on the neutralisation method. Rat and 

bovine collagen neutralised with NaHCO3 presented stiffness values closer to 40 Pa, while 

human and atelo-bovine collagens showed limited mechanical strength. 

The formulation of fibrin-based gels also demonstrated a significant impact on their final 

mechanical strength (Fig. 6.11). Gels containing only fibrin presented a remarkable stiffness 

with a storage modulus of 106 Pa. By incorporating collagen into the fibrin formulation, it was 

possible to increase the mechanical strength of the gel significantly. Contrarily, the 

combination of fibrin with alginate resulted in a reduction by half of the stiffness values 

observed in fibrin gels. As a result, the gels comprised of alginate and fibrin presented similar 

values to the bovine collagen gels prepared with NaOH. Finally, the combination of collagen, 

alginate and fibrin resulted in a similar mechanical strength to fibrin gels. In general, all the 

fibrin-based formulations, except for fibrin combined with alginate, presented higher stiffness 

than collagen gels. Only rat collagen neutralised with NaOH showed similar mechanical 

strength to fibrin and CAF gels.  

 

 

 

Figure 6. 11. Study of the storage modulus (G') of fibrin-based gels after 24 hours of incubation. The impact of collagen and 
alginate on the stiffness of fibrin gels was evaluated comparing the differences on the G' values of fibrin, fibrin combined with 
collagen, fibrin combined with alginate and fibrin combined with alginate and collagen. Error bars represent the standard 
deviation (SD), n = 3. Symbols *, ** and *** indicate the significant difference between groups at the level p<0.05, p<0.01 and 
p<0.001, respectively. 
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The storage modulus measured in the previous studies provided a general overview of the 

mechanical support that dermal matrices could provide to the fibroblasts after their seeding. 

However, the measurement of the changes in the storage modulus after the application of 

increased angular frequencies could also provide some information about the capacity of cells 

to remodel these fibrillar matrices (Fig. 6.12-6.14).  

By exposing the collagen gels neutralised with NaOH to a range of angular frequencies, it is 

possible to observe an increment in the storage modulus values (G') for human, telo and atelo-

bovine collagen samples (Fig. 6.12 a,c,d). The increment on the storage modulus values, while 

the loss modulus values (G'') are maintained, correspond to the rearrangement and alignment 

of the matrix fibres, and the subsequent rise in the stiffness values. On the other hand, the 

lack of variations in the storage and loss modulus observed in rat collagens neutralised with 

NaOH is produced when the matrix remains unalterable (Fig. 6.12b). In the case of collagen 

gels neutralised with NaHCO3, the storage modulus of all samples showed a progressive 

increase as the angular frequencies rose (Fig. 6.13). The comparison between collagens from 

different animal sources underlined the ability of bovine collagen to reach a storage modulus 

as high as 300 Pa regardless of the neutralisation method employed (Fig. 6.13b-6.14b). These 

values contrasted with the 150 Pa obtained in the rest of collagen samples when applying the 

maximum angular frequency. 

Fibrin-based gels responded differently to their exposition to angular frequencies (Fig. 6.14). 

Gels containing only fibrin showed stable stiffness values regardless of the frequency. Only a 

slight decrease in the storage modulus could be observed after applying frequencies higher 

than 60 rad/s (Fig. 6.14a). On the other hand, the combination of collagen with fibrin resulted 

in the rise from 137 Pa to 517 Pa on the storage module as the angular frequency increased 

(Fig. 6.14b). This response to the frequency contrasted with the one observed in the gels 

comprised of fibrin mixed with alginate (Fig. 6.14c). The exposition of these gels to angular 

frequencies resulted in the drop of the storage modulus until reaching values lower than the 

loss modulus, indicating the gel breaking. Finally, the combination of fibrin, collagen and 

alginate resulted in the generation of CAF gels with intermediate properties between the 

previous fibrin-based materials (Fig. 6.14d). These gels initially maintained a stable shear 

modulus similar to fibrin gels. However, their stiffness increased by four as the frequency 

reached values above 30 rad·s.  
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Figure 6. 12. Study of variations on the storage (G’) and loss modulus (G’’) of collagen gels neutralized with NaOH, incrementing the angular frequencies from 0.1 to 100 rad/s. The effect of the collagen 
sources on the storage and loss modulus was assessed by comparing collagen from (a) human, (b) rat, (c) telo-bovine and (d) atelo-bovine. 

 

(a) 
(b) 

(c) (d) 
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Figure 6. 13. Study of variations on the storage (G’) and loss modulus (G’’) of collagen gels neutralized with NaHCO3, incrementing the angular frequencies from 0.1 to 100 rad/s. The effect of collagen 
sources on the storage and loss modulus was assessed by comparing collagen from (a) human, (b) rat, (c) telo-bovine and (d) atelo-bovine. 
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Figure 6. 14. Study of variations on the storage (G’) and loss modulus (G’’) of fibrin-based gels, incrementing the angular frequencies from 0.1 to 100 rad/s. The influence of collagen and alginate on the 
fibrin properties was studied by comparing (a) fibrin gels with (b) fibrin combined with collagen, (c) fibrin with alginate and (d) fibrin mixed with alginate and collagen. 
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6.3. Biological Assays 

6.3.1. Fibroblast Morphology and Distribution in Dermal Models 

The staining of F-actin filaments expressed by fibroblasts allowed to determine differences in 

the cell morphology and distribution depending on the matrix composition (Fig. 6.15-6.18).  

In collagen gels, the adaptation of fibroblasts to the dermal matrix was particularly influenced 

by the collagen origin (Fig. 6.15-6.16). For instance, fibroblasts embedded in human and rat 

collagen required at least 3 days to adapt to the new environment. Meanwhile, fibroblasts 

encapsulated in telo- and atelo-bovine collagen showed a defined elongated shape after only 

1 day. Similarly, the distribution of fibroblasts and their proliferation showed remarkable 

differences depending on the collagen source. In the case of bovine collagen, a high number 

of fibroblasts homogenously distributed were found on the initial days, enabling the formation 

of complex cellular structures at day 7. Contrarily, only a reduced number of fibroblasts 

situated in isolated groups could be observed in human and rat collagen gels after 7 days. Just 

in those human collagen gels prepared with NaHCO3, an increase in the number of cells could 

be observed after 7 days. Fibroblasts in these collagen samples were characterised by their 

homogeneous distribution and angular morphology.  

The selection of neutralisation method also proved to affect the fibroblast behaviour. 

Generally, gels prepared with NaHCO3 showed a delayed adaptation of fibroblasts to the 

collagen matrix, which often implied a decrease in the total number of cells at day 7. In the 

case of bovine collagen, the impact of the neutralisation method was especially higher than in 

other collagen samples. Fibroblasts encapsulated in bovine collagen neutralised with NaOH 

presented a closer proximity and a high expression of F-actin filaments after only 3 days. Their 

interaction and tensional forces were increased as the number of cells rose after 7 days. In 

contrast, fibroblasts in bovine collagen neutralised with NaHCO3 were distributed in distant 

locations, presenting a spindle morphology at day 3. As the number of fibroblasts rose, the 

cell confluency increased and the fibroblast morphology became more elongated. However, 

no notable increment on the number F-actin filaments could be observed after 7 days. The 

behaviour of atelo-collagen neutralised with NaOH was similar to the one in telo-bovine 

collagen, but with a lower number of fibroblasts and a higher expression of F-actin filaments 

only after 7 days. Whereas, the degradation of atelo-bovine collagen prepared with NaHCO3 

after 5 days resulted in the presence of confluent monolayers of fibroblast at day 7.  
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Figure 6. 15. Comparison of fibroblast morphology and distribution in collagen gels after 1, 3 and 7 days. The effect of collagen 
source and extraction method was studied by comparing human, rat, atelo- and telo-bovine collagen neutralised with NaOH. 
In these images, red staining represents F-actin filaments and blue staining the cell nuclei. Scale bars correspond to 100 µm. 
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Figure 6. 16. Comparison of fibroblast morphology and distribution in collagen gels after 1, 3 and 7 days. The effect of collagen 
source and extraction method was studied by comparing human, rat, atelo- and telo-bovine collagen neutralised with NaHCO3. 
In these images. red staining represents F-actin filaments and blue staining the cell nuclei. Scale bars correspond to 100 µm. 



 
 
 

112 
 

The implementation of RAFTTM absorber systems during the production of rat collagen gels 

demonstrated to initially condensate the fibroblasts present in the gel, as shown in the images 

at day 1 (Fig. 6.17). As a result, fibroblasts presented more notable confluency and a higher 

expression of F-actin filaments at day 7 in the rat collagen gels prepared with RAFTTM system. 
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Figure 6. 17. Comparison of fibroblast morphology and distribution after 1, 3 and 7 days in collagen gels prepared with and 
without implementing the RAFTTM system. In these images, red staining represents F-actin filaments and blue staining the cell 
nuclei. Scale bars correspond to 100 µm. 
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In contrast to collagen gels, the presence of fibrin in the dermal models resulted in a faster 

adherence and adaption of fibroblasts at day 1 (Fig. 6.18). The formulation of the fibrin-based 

gels showed to influence the fibroblast organisation differently. Fibroblasts encapsulated in 

gels containing only fibrin or fibrin combined with collagen were homogeneously distributed 

and presented a polygonal morphology. The increase in the number of fibroblasts at day 7 

originated the formation of an organised network of cells, comprised of more elongated and 

thinner polygonal cells with an enhanced content of F-actin filaments. Those fibroblasts 

embedded in gels containing a mix of fibrin with collagen showed a lower expression of F-actin 

filaments and a more elongated morphology. On the other hand, the combination of fibrin 

with alginate to generate dermal models resulted in the formation of fibroblast aggregates. 

After 7 days, some of these cell groups increased, but most of the cells were spread through 

the matrix showing high confluency and presenting diverse morphologies and different 

expressions of F-actin filaments. Finally, fibroblasts embedded in a gel containing a mix of 

fibrin, alginate and collagen, resulted in the presence of a higher number of fibroblasts at day 

3 than in the previous samples. These cells presented a polygonal morphology and some 

interactions between each other. The proliferation of fibroblasts in this gel resulted in the 

formation of fully confluent cell layers and the presence of heterogeneous fibroblasts shapes 

and different expressions of F-actin filaments. 
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Figure 6. 18. Comparison of fibroblast morphology and distribution in fibrin-based gels after 1, 3 and 7 days. The impact on 
the fibroblasts of combining fibrin with collagen and alginate was also assessed. In these images, red staining represents F-
actin filaments and blue staining the cell nuclei. Scale bars correspond to 100 µm. 
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6.3.2. Fibroblast Proliferation in Dermal Models 

The evaluation of the number of fibroblasts over time demonstrated remarkable differences 

in the fibroblast proliferation depending on the matrix composition (Fig. 6.19-6.23).  

In collagen-based dermal models, human and rat collagen gels showed a significantly lower 

number of fibroblasts than in the other samples (Fig. 6.19-6.20). Contrarily, telo-bovine 

collagen exhibited the highest cell proliferation, presenting three to five times higher cell 

values than human and rat collagen on day 7. Only the degradation of atelo-bovine collagen 

neutralised with NaHCO3 resulted in fibroblast values above the ones measured in telo-bovine 

collagen on day 7.  

The impact of the collagen neutralisation method on fibroblast proliferation was remarkable 

different in each sample (Fig. 6.21). In the case of rat collagen gels, fibroblast showed similar 

cell values regardless of the neutralisation method. On the other hand, human collagen gels 

presented a higher number of fibroblasts in those gels prepared with NaHCO3. In contrast, 

bovine collagen showed a more significant rise in the number of fibroblasts with the use of 

sodium hydroxide as neutralisation method. These differences between telo-bovine collagens 

were especially notable at day 7, increasing by two the fibroblast values when preparing the 

gels with NaOH. 
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Figure 6. 19. Study of the number of fibroblasts in collagen gels neutralised with NaOH after 1, 3 and 7 days. The impact of the 
collagen sources on the fibroblast proliferation was assessed by comparing human, rat, telo- and atelo-bovine collagen with 
fibroblasts seeded on a tissue culture treated well. Error bars represent the standard deviation (SD), n = 3. Symbols *, ** and 
*** indicate the significant difference between groups at the level p<0.05, p<0.01 and p<0.001, respectively. 

 

Figure 6. 20. Comparison of the number of fibroblasts in collagen gels neutralised with NaHCO3 after 1, 3 and 7 days. The 
impact of the collagen sources on the fibroblast proliferation was assessed by comparing human, rat, telo- and atelo-bovine 
collagen with fibroblast seeded on a tissue culture treated well. Error bars represent the standard deviation (SD), n = 3. Symbols 
*, ** and *** indicate the significant difference between groups at the level p<0.05, p<0.01 and p<0.001, respectively. 
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Figure 6. 21. Study of the impact of using NaOH and NaHCO3 to generate collagen gels on the fibroblast proliferation. The proliferation was determined quantifying the number of fibroblasts at day 1, 3 
and 7. Error bars represent the standard deviation (SD), n = 3. Symbols *, ** and *** indicate the significant difference between groups at the level p<0.05, p<0.01 and p<0.001, respectively. 
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The incorporation of RAFTTM systems for the production of rat collagen gels also demonstrated 

to boost the proliferation of fibroblasts (Fig. 6.22). Despite a significant rise in the number of 

fibroblasts already happened on day 3 in those gels prepared with RAFTTM system, a more 

remarkable increase occurred on day 7. At this point, rat collagen gels treated with RAFTTM 

systems showed fibroblast values two and three times higher than non-treated samples. 

 

 

Figure 6. 22. Comparison of the proliferation of fibroblasts in rat collagen gels prepared with and without applying the RAFTTM 
system. Error bars represent the standard deviation (SD), n = 3. Symbols *, ** and *** indicate the significant difference 
between groups at the level p<0.05, p<0.01 and p<0.001, respectively. 
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Fibroblast encapsulated in fibrin-based gel showed a notable boost in their proliferation after 

3 days, increasing by more than five times their values between day 3 and day 7 (Fig. 6.23). 

Still, the number of fibroblasts in these gels differed significantly depending on their 

formulation. By incorporating collagen into fibrin gels, it was possible to observe a slight 

increment in the fibroblast at day 3 compared to gels containing only fibrin. However, the final 

number of fibroblasts at day 7 was higher in fibrin gels. Oppositely, the combination of fibrin 

with alginate resulted in the highest fibroblast values from day 3 compared to the other gels, 

overcoming the number of fibroblasts found in two-dimensional fibroblast control on day 7. 

Finally, the combination of collagen, alginate and fibrin resulted in the promotion of a higher 

proliferation of fibroblasts than in gels containing fibrin or fibrin combined with collagen, but 

lower fibroblast values than in those gels based on the combination of alginate with fibrin. 

 

 

Figure 6. 23. Comparison of the number of fibroblasts in fibrin-based gels depending on their formulation after 1, 3 and 7 days. 
Error bars represent the standard deviation (SD), n = 3. Symbols *, ** and *** indicate the significant difference between 
groups at the level p<0.05, p<0.01 and p<0.001, respectively. 
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6.3.3. Production of New Extracellular Matrix Components by Fibroblasts 

The immunostaining of collagen type I and collagen type III allowed the identification of 

variations in the production of these proteins by fibroblasts in the different dermal models. 

Due to the presence of collagen type I and III in various acellular dermal gels, the fluorescence 

gain values were normalised to ensure the removal of background signals originated by the 

bioink components, ensuring the comparability between samples (Fig. 6.24).  

 

 

Collagen type I Collagen type III 

  

Figure 6. 24. Images of the immunostaining of acellular bovine collagen gels, selected as negative control after normalizing 
the fluorescence intensity to remove any background signal associated to the acellular biomaterial. Red staining represents 
collagen type I, and green staining represents collagen type III. Scale bars correspond to 200 µm. 

 

The animal origin of collagen gels employed in the production of dermal models showed a 

significant influence on the production of new collagen type I proteins by fibroblasts (Fig. 6.25-

26). Only human and rat collagen gels neutralised with NaOH showed the presence of new 

collagen type I on day 3 (Fig. 6.25). In both samples, the amount of collagen type I exhibited a 

notable increase from day 3 to day 7. Similarly, new collagen type I content was found at  

day 3 in human and rat collagen gels neutralised with NaHCO3 (Fig. 6.26). However, the 

amount of collagen type I did not increase after 7 days in these samples. On the other hand, 

atelo-bovine collagen gels neutralised with NaHCO3 also showed the presence of new collagen 

type I on day 7. In contrast to collagen type I, the presence of collagen type III was only 

detected in dermal models prepared with bovine collagen, showing an increase in the collagen 

type III over time (Fig. 6.27-6.28). In general, telo-bovine collagen gels presented a higher 

amount of collagen type III than atelo-bovine collagen. In parallel, those gels prepared with 

sodium hydroxide showed a boost on the production of collagen type III, compared to those 

prepared with sodium bicarbonate.   
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The implementation of RAFTTM system on the production of rat collagen gels demonstrated to 

promote the production of collagen type I and type III by fibroblasts (Fig. 6.25-6.28). In 

contrast to non-treated rat collagen gels, a significantly increase in collagen type I was 

observed in the RAFTTM treated samples at day 3 and 7. Additionally, the presence of collagen 

type III could be observed from day 3 only in those gels prepared with the RAFTTM system. 

In the case of fibrin-based gels, the presence of new collagen type I was observed in all samples, 

but the amount of this protein varied considerably depending on the gel formulation (Fig. 6.29). 

At day 3, those dermal models prepared with only fibrin showed a higher content of collagen 

type I than the rest of samples. But on day 7, the quantity of collagen type I was significantly 

higher in those samples prepared by mixing fibrin with alginate. The production of collagen 

type III also varied between the fibrin-based models (Fig. 6.30). Those gels combining collagen, 

alginate and fibrin were the only samples showing the presence of collagen type III at day 3. 

However, at day 7, the amount of collagen type III was higher in those samples prepared with 

fibrin and fibrin mixed with collagen. Only in the case of gels prepared combining fibrin with 

alginate, it was almost not possible to identify any collagen type III content.  
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Figure 6. 25. Comparison of the secretion of collagen type I (red) after 3 and 7 days by fibroblasts encapsulated in collagen 
gels neutralised with NaOH . Scale bars correspond to 200 µm. 
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Figure 6. 26. Comparison of the secretion of collagen type I (red) after 3 and 7 days by fibroblasts encapsulated in collagen 
gels neutralized with NaHCO3 . Scale bars correspond to 200 µm. 
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Figure 6. 27. Comparison of the production of collagen type III (green) after 3 and 7 days by fibroblasts encapsulated in collagen 
gels neutralised with NaOH. Scale bars correspond to 200 µm. 
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Figure 6. 28. Comparison of the production of collagen type III (green) after 3 and 7 days by fibroblasts encapsulated in collagen 
gels neutralised with NaHCO3 . Scale bars correspond to 200 µm. 
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Figure 6. 29. Comparison of the secretion of collagen type I (red) after 3 and 7 days by fibroblasts encapsulated in fibrin-based 
gels. Scale bars correspond to 200 µm. 
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Figure 6. 30. Comparison of the production of collagen type III (green) after 3 and 7  by fibroblasts encapsulated in fibrin-based 
gels. Scale bars correspond to 200 µm. 
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6.4. Chapter Discussion 

6.4.1. Characterisation of Dermal Bioinks 

The chemical analysis of collagen solutions confirmed the presence of the most representative 

chemical groups in collagen type I in all samples (Belbachir et al., 2009). Still, these studies also 

revealed chemical differences between collagen solutions depending on their origin. Some of 

these divergences are exemplified by the presence of additional chemical bonds, or by the 

differences in the relative intensities between chemical groups such as amides. Variations in 

the purity of collagen type I in the solutions could explain their chemical differences. The 

method selected for the extraction of collagen type I influences the precision of its isolation 

(Bak et al., 2018; Zhang et al., 2022c). For instance, the implementation of enzymatic 

treatments, such as pepsin, implies the removal of telopeptide regions at both ends of the 

collagen chain, resulting in a more accurate extraction of collagen type I (Fig. 6.31). Meanwhile, 

the use of acid solutions as extraction method is based on the dissolution of collagen polymers 

into monomers by reducing the pH values. Due to the limited specificity of the acid treatments, 

the possibilities of extracting additional components are higher than by enzymatic processes 

(Matinong et al., 2022). The impact of the extraction method on the purity of collagen 

solutions could justify the differences between the FTIR spectras from telo and atelo-bovine 

collagen solutions (Ju et al., 2020). Atelo-bovine collagen presented fewer additional 

absorption bands, such as the one found at 945 cm-1 , and it showed an enhancement in the 

intensity of the chemical groups associated with the tertiary amide, with respect to the 

intensity of the primary amide. 

 

 

Figure 6. 31. Representation of the differences between the collagen structure in atelo- and telo-collagen. Image obtained 
from PromedBioscience. 
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The body area from which collagen type I was isolated could also be a determinant factor in 

the purity of the extracted collagen samples (Amirrah et al., 2022). In particular, the removal 

of bovine tendons entails a more complex procedure than the extraction of tendons from rat 

tails, increasing the chances of obtaining heterogeneous samples (Techatanawat et al., 2011). 

Furthermore, some studies have claimed the presence of chemical variations in collagen  

type I fibres depending on the tissue to which they belong (Avery & Bailey, 2008). The 

variations in the hydroxylation of telopeptide lysines are considered one of the key elements 

responsible for the mechanical differences between collagen fibres. In tissues such as skin or 

rat tails, these lysines are barely hydroxylated, contrasting with the high presence of 

hydroxylines in bone collagen. As a result, the interaction between collagen molecules to form 

collagen microfibrils depend on the lysine hydroxylation (Yamauchi & Sricholpech, 2012). In 

the presence of a small number of hydroxylated telopeptide lysines, the reaction between 

collagen molecules results in the formation of divalent aldimine crosslinks, which are stable 

under physiological conditions but can be removed by acid treatments. Meanwhile, the high 

presence of hydroxyled telopeptide lysines can derivate on the formation of divalent keto-

amine crosslink, and even the generation of pyridinoline and pyrrole trivalent crosslinks. The 

strength of these groups can prevent their degradation with acid treatments and interfere 

with the properties of the final collagen fibres. The FTIR analysis performed in the collagen 

solutions does not allow quantifying the hydroxylation of lysine groups or determining the 

presence of residual groups from the interaction between microfibrils. Therefore, further 

chemical analysis complementing the FTIR analysis with Raman Spectroscopy would be 

required in the future to conclude the differences between the collagen solutions and their 

potential impact on the properties of collagen gels (Hashimoto et al., 2019).  

Due to the non-destructive character of the acidic treatment employed in the extraction of 

collagen type I, most of the original chemical interactions between collagen microfibrils could 

be recovered by exposing the collagen solutions to physiological conditions (Fig. 6.32) 

(Shayegan et al., 2016). The optimisation of the neutralisation method by combining sodium 

hydroxide with PBS buffer allowed a higher control on the pH variations, and the generation 

of collagen gels with more homogeneous characteristics than the ones obtained following 

conventional protocols.  
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Figure 6. 32. Diagram of the steps involved in the formation of collagen fibres from collagen molecules. Image obtained from 
Fratzl et al 2008. 

 

 

Only collagen solutions obtained from calf skin and jellyfish did not form any gel after their 

neutralisation to pH 7.4. The inability to generate stable gels using calf and jellyfish collagen 

solutions could be explained by their triple helix spectra (Grant et al., 2009; Venugopal et al., 

1994). In the case of calf collagen, the low triple helix content measured by circular dichroism 

suggested their denaturalisation. The degradation of collagen type I usually originates the 

formation of gelatin, which presents an aqueous state at 37°C (Alipal et al., 2021). Gelatin is 

capable of restoring part of its triple-helix structure at lower temperatures, recovering their 

gel properties (Bigi et al., 2004; Wüstneck et al., 1988). However, the low levels of triple helix 

content observed regardless of the temperature, and the inability to generate gels at lower 

temperatures, invalidated this hypothesis. Despite repeating these results using different 

batches of calf collagen, it was not possible to generate a gel. The thermal or chemical 

treatment employed during the collagen extraction by the manufacturer could be the reason 

behind these results. On the other hand, the triple helix in jellyfish collagen presented a 

significant degradation at temperatures above 24°C, which could be justified by the low body 

temperature characteristic of jellyfish (Fitt & Costley, 1998). The need of skin cells to be 

incubated at 37°C for their correct functioning, and the inability to generate stable gels at this 

temperature prevented the use of jellyfish collagen in the generation of skin models.  
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The thermal stability of the triple helix showed some significant variation in the other collagens 

depending on their origin. The differences in the internal temperature of the animals from 

which the collagen was extracted could be one of the variables that explain these variations 

according to previous studies (Zhang et al., 2020). Moreover, the formation of collagen gel 

was an important factor in enhancing the resistance of triple helix to thermal degradation. The 

recovery of chemical interactions between triple helix structures to generate collagen 

microfibres, could explain their higher resilience and protection against the increase in the 

temperature after the formation of collagen gels (Fratzl, 2008; Orgel et al., 2014). The 

possibility of maintaining the triple helix structure in human, rat and bovine collagen gels at 

37°C underlined their suitability for generating dermal matrices.  

One of the most significant differences between the selected collagens was their contrasting 

fibrillar organisation. Collagen matrices are usually defined by their high porosity and 

disordered arrangement of thin fibres. However, only rat and human collagen gels prepared 

with NaHCO3 presented similar characteristics to the ones reported in previous studies (Achilli 

& Mantovani, 2010; Holder et al., 2018). The distinctive assembly of collagen fibres observed 

in the SEM images could be explained by the chemical differences detected in the collagen 

solutions. Besides, the presence of additional chemical groups in some samples could justify 

some differences observed in the collagen matrices depending on the selected neutralisation 

method.  

The impact of the animal source on the matrix properties was especially evident with the use 

of sodium hydroxide as neutralisation method. The strong basic character of sodium hydroxide 

could accelerate the fibrillogenesis process and promote reactions between the additional 

chemical groups, causing more notable variations between samples (Avery & Bailey, 2008). 

Contrarily, using a weaker base, such as sodium bicarbonate, would result in the slower 

formation of collagen fibres, and the need for additional time to form the gels, as it was shown 

on their fibrillogenesis profiles (Antoine et al., 2014). This limited reaction speed could explain 

the small thickness of the generated fibres, the increased porosity, and overall, the higher 

resemblance between the collagen matrices regardless their animal origin when using this 

basic solution.  The role of the neutralisation method on the matrix properties was especially 

representative in rat collagen. Despite the thickness of the fibres was similar, the aleatory 

distribution in the rat collagen gels neutralised with sodium bicarbonate contrasted with the 
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collagen bundles formed with the use of sodium hydroxide. The formation of these spherical 

fibre aggregates could be caused by the fast crosslinking caused by sodium hydroxide.  

The influence of additional compounds present in the collagen solutions on the characteristics 

of the dermal matrix was especially evident after comparing telo and atelo-bovine collagen. 

The presence of fibres with different thicknesses in telo-bovine collagen gels could correspond 

to the mixture of collagen type I and type III. Tendons contain a high concentration of both 

types of collagens, which interact, forming entanglements between their fibres similar to the 

ones observed in telo-bovine collagen gels neutralised with NaOH (Lapiere et al., 2009; Buckley 

et al., 2013).  The presence of these two types of fibres could explain the two deflective regions 

observed only in the fibrillogenesis profile of telo-bovine collagen, regardless of their 

neutralisation method. The characterisation of these collagen gels by Transmission Electron 

Microscopy (TEM) could be a potential method to confirm the presence of collagen type III. 

Based on previous studies, the existence of collagen type III modifies the diameter of collagen 

type I fibres and its characteristic D-banding in the TEM images (Fig. 6.33) (Asgari et al., 2017). 

 

 

Figure 6. 33. Transmission Electron Microscopic (TEM) images of (a) collagen type I and (b) a combination of collagen type III 
and collagen type I in a 50:50 volume ratio. Scale bar represents 100 nm. Images obtained from Asgari et al. 2017. 

 

The extraction method also had a significant effect on the matrix formation. Despite the 

fibrillogenesis profile was similar for telo- and atelo- bovine collagen neutralised with sodium 

hydroxide, the use of sodium bicarbonate resulted in a delayed formation of atelo-bovine 

collagens. The absence of telopeptide ends in atelo-collagen and the limited strength of 

sodium bicarbonate could have implied the creation of weaker interactions between the 

collagen molecules and the brittle aspect of the resulting collagen matrix. 
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The implementation of RAFTTM system also demonstrated to be a feasible method to tailor the 

fibrillar arrangement in collagen gels. This commercial system is based on absorbers capable 

of removing the excess of water in collagen gels, implying an increase in the collagen 

concentration, and consequently, the acceleration of the fibre formation (Kayal et al., 2019). 

As a result, collagen gels prepared using the RAFTTM system presented a more condensed 

fibrillar organisation and a partial alignment of the fibres. In addition, the pressure applied by 

the absorbers could also be an important factor in the reorganisation of the fibrillar 

arrangement.  

In contrast to collagen samples, fibrin gels are characterised by the quick formation of gels due 

to the fast enzymatic reaction between fibrin and thrombin (Shinowara, 1966). As a result, 

fibrin gels showed a matrix with high fibre content and limited porosity. By combining fibrin 

with an additional fibrillar protein such as collagen type I, it was possible to increase the spaces 

between fibres and generate more heterogeneous samples (Wang et al., 2022; Rowe & 

Stegemann, 2006). Oppositely, the introduction of a polysaccharide such as alginate in the 

fibrin bioink increased the matrix porosity. In this sample, alginate showed a similar function 

than natural proteoglycans in the dermis, providing separation between fibres to improve the 

diffusion of molecules (Soleimanpour et al., 2022). Finally, the integration of these three 

biocomponents into a single bioink formulation resulted in the combination of their individual 

properties, generating a matrix characterised by its high porosity and the presence of fibres 

with different thicknesses.  

 

The variations in the fibre properties and matrix organisation proved to directly impact the 

mechanical properties of dermal gels. For instance, the thinner fibres and higher porosity in 

collagen gels neutralised with NaHCO3 resulted in matrix with significantly lower stiffness than 

those prepared with NaOH (Seo et al., 2020). In the same way, the resemblance of the matrix 

generated from human collagen gels prepared with NaOH and NaHCO3 implied a similar 

stiffness in both samples regardless of the selected neutralisation method. Furthermore, the 

fibrillar organisation also demonstrated to influence the resistance of the matrices to be 

remodelled by external agents. The disorganised arrangement and high distance between 

fibres in most collagen samples facilitate their reorganisation, which would explain the 

increase in the storage modulus after applying high angular frequencies (Stojkov et al., 2021). 

Conversely, the compacted fibre bundles found in rat collagen neutralised with NaOH could 
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explain its notable stiffness and the stabilisation of its storage modulus due to the inability to 

change the matrix configuration. Other factors, such as the presence of thick fibres or the 

fibrillar alignment, demonstrated to improve the matrix stiffness and the response to external 

stimulus in telo-bovine collagen gels.   

The high matrix density characteristic of fibrin gels could justify their high stiffness and the 

inability to remodel their organisation compared to most collagen gels (Moreno-Arotzena et 

al., 2015; Wachendörfer et al., 2022). The combination of collagen and fibrin made possible to 

enforce the stiffness of the fibrin matrix. However, it is still not clear if this improvement is 

caused by the entanglement between their fibres or any potential interaction between their 

fibres (Lai et al., 2012). Additionally, the creation of spaces between fibres could explain the 

possibility of remodelling this matrix, but the inability to modify the matrix containing only 

fibrin. In contrast to previous samples, the incorporation of alginate resulted in the reduction 

of the gel stiffness. The spatial separation between fibrin fibres caused by alginate could justify 

this decrease, and the possibility of breaking the gel after exposing it to different angular 

frequencies (Ramli et al., 2022). Finally, the heterogenicity and high porosity of the gels 

produced with the combination of collagen, alginate and fibrin, could explain their 

intermediate mechanical strength. Additionally, these matrix characteristics could also justify 

the ability of these gels to maintain stable storage modulus values, showing only a remodelling 

and increase of the matrix stiffness at high angular frequencies.  

 

An initial assessment of the printability of the studied dermal formulation was possible by 

measuring the viscosity of the gel precursors and crosslinkers, and the evaluation of the gel 

formation.  The use of microvalves in the ReJI system requires the selection of bioinks with a 

viscosity range between 1 and 70 mPa·s to ensure the correct droplet formation and avoid the 

clogging of the valve nozzle. All the selected gel precursors and crosslinkers presented viscosity 

values comprehended between this range, confirming their feasibility to be incorporated in 

microvalve-based bioprinting systems. In the case of collagen gels, it was essential to verify 

the stability of the collagen solutions at room temperature. The stability of the triple helix 

spectra in the collagen solutions at temperatures lower than 30°C confirmed the possibility of 

printing the collagen solutions at room temperature, without any risk of denaturalisation.  

On the other hand, ReJI system is based on the fast reaction between the gel precursor and 

crosslinker, to enable the printing of subsequent layers without the need of waiting times. The 
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studied bioink formulation containing fibrin combined with alginate and collagen had already 

been validated in previous studies for its printing using the ReJI process (da Conceicao Ribeiro, 

2019). This bioink was characterised by a fast-crosslinking reaction, reaching a stiffness higher 

than 10 Pa in 60 seconds. The use of only fibrin, or the combination of fibrin with alginate 

resulted in similar crosslinking profiles. Just the use of fibrin combined with collagen enabled 

a slight acceleration of the reaction, showing stiffness higher than 10 Pa in 10 seconds. In 

comparison to the fibrin gels, only rat collagen neutralised with NaOH was capable of reaching 

stiffness values higher than 10 Pa in 30 seconds, and therefore, it can be considered suitable 

for its incorporation in the ReJI process. Rat collagen neutralised with NaHCO3 also presented 

a fast crosslinking reaction getting a storage modulus above 10 Pa in less than 60 seconds. Still, 

its initial liquid state and slower reaction hinder its suitability for the impingement process. 

Finally, the incorporation of human collagen into the ReJI process could also be considered. 

These samples showed stable storage modulus near 10 Pa in the initial minutes, however, it 

would be necessary to evaluate the stability of the printed layers before concluding the 

suitability of these collagens.  

These performed studies provided an initial screening of the printability of the selected dermal 

bioinks. However, the analysis of further parameters, such as surface tension or bioink density, 

will be required to confirm their printability and optimise their printing parameters (Ng et al., 

2017). 
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6.4.2. Fibroblast Behaviour in the Studied Dermal Models 

The combination of the results obtained in the study of fibroblast morphology, distribution, 

proliferation and production of new dermal proteins, provided a general overview of the 

adaptation and response of fibroblasts to the different dermal matrices.  

Although the collagen origin is usually a dismissed variable in the production of dermal 

matrices, fibroblast behaviour demonstrated to vary significantly depending on the animal 

source of collagen. In the case of human and rat collagen, fibroblasts showed a slow 

adaptation to the gels and a limited increase in the number of fibroblasts over time compared 

to bovine collagen samples. The characteristics of their matrix could explain the reduced 

mobility and low proliferation of fibroblasts in these samples. For instance, the small diameter 

of collagen fibres and the limited mechanical strength of these matrices could be responsible 

for the incapacity of the cells to adapt and expand (D’Urso & Kurniawan, 2020; Bott et al., 

2010). In the case of rat collagen neutralised with NaOH, despite presenting a higher 

mechanical strength, the inability of fibroblasts to modify the matrix could also explain this 

response by the cells (Rhee, 2009). Based on the limited quality of the dermal matrix, 

fibroblasts would require to produce their own fibrillar network before initiating their 

migration and proliferation through the dermal construct. The initial need to secrete new 

matrix components correlates with the high presence of new collagen type I proteins on the 

first days shown in the immunostaining images. The behaviour of fibroblasts in these samples, 

along with their polygonal morphology, could imply the possibility of replicating the reticular 

dermis using these materials. In order to confirm the reticular character of fibroblasts in these 

samples, Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (qPCR) was 

carried out. The study of the expression of versican, collagen type I and elastin by fibroblasts 

was performed to determine the reticular character of fibroblasts. In contrast, the expression 

of decorin, collagen type III and fibronectin were studied to determine the presence of 

papillary fibroblasts (Sriram et al., 2015; Janson et al., 2012). Although different attempts were 

performed on the qPCR analysis of these samples, some problems related to the cDNA 

synthesis hindered the generation of data with enough quality to determine the fibroblast 

phenotype in the different dermal models. Therefore, repetition of these analyses will be 

required to conclude the capacity of these bioinks to recreate the specific characteristics of 

native dermal regions. In the case of dermal models produced with bovine collagen, fibroblasts 

presented a faster adaptation to the new environment, showing a defined morphology from 
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the first day. Only atelo-bovine collagen neutralised with NaHCO3 represented the exception, 

showing higher similarities to the results obtained with human and rat collagen gels. The 

brittle character of this atelo-bovine collagen sample could justify its fast degradation by 

fibroblasts after only 5 days (Berg et al., 1980). In contrast, the rest of bovine collagen gels are 

characterised by thicker fibres and a higher organisation of their matrix, which could justify 

their enhanced support to the cells (Li et al., 2021). These characteristics could also explain 

the high proliferation of fibroblasts in these samples and their movement through the matrix 

to form different cellular configurations. The possibility of fibroblasts to travel through the 

dermal layer and remodel the fibrillar arrangement would justify the reduced expression of 

new matrix components in these samples, with just the expression of collagen type III after 7 

days (Mathew-Steiner et al., 2021). On the other hand, the variations in the mechanical 

properties between bovine collagens could be related to the differences in the fibroblast 

behaviour observed between these samples. In the case of bovine collagen neutralised with 

NaOH, the high expression of F-actin filaments by fibroblasts observed from day 3 could be 

explained by the high stiffness of these gels and the response of fibroblasts to the generated 

tensional forces (Martino et al., 2018; Shinde et al., 2017). As the number of fibroblasts 

increased, the stiffness of the matrix could also be incremented due to the pull of the fibres 

by fibroblasts during the matrix remodelling (Jagiełło et al., 2022). This phenomenon would 

justify the further increase in the expression of F-actin filaments observed at day 7, and the 

cell configuration adopted by the cells. The formation of similar cell structures in telo-bovine 

collagen neutralised with NaHCO3, despite the lower expression of F-actin filaments by 

fibroblasts, could be explained by their reduced stiffness compared to the same gels prepared 

with NaOH. The higher separation between cells showed in these samples at day 3, could also 

justify the lower number of fibroblasts at day 7 compared to the bovine collagen samples 

neutralised with NaOH. In the same way, the reduced stiffness of atelo-bovine collagen, 

compared to telo-bovine collagen, could explain the slower proliferation rate of fibroblasts in 

these samples, and the absence of clearly defined F-actin filaments in the cells. Overall, the 

high proliferation and mobility of fibroblasts, along with the predominant spindle-like 

morphology of the encapsulated cells suggest the suitability of bovine collagen gels to recreate 

the papillary dermis (Tan et al., 2022).  

 The importance of the fibrillar organisation and matrix properties on the cell behaviour was 

especially underlined by the incorporation of RAFTTM system into the production of rat 

collagen gels. The capacity of this technology to increase the condensation and alignment of 
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the fibres implied a modification in the fibroblast behaviour. For instance, the new fibre 

configuration resulted in an increased proliferation of fibroblasts after 7 days compared to 

non-treated rat collagen gels. Meanwhile, the enhancement of the mechanical strength of the 

matrix could explain the increase in the expression of F-actin filaments in these samples. 

Although it was not possible to prove this enhancement on the matrix stiffness, previous 

works have reported the capacity of the RAFTTM system to improve the mechanical properties 

of collagen gels (Kayal et al., 2019). On the other hand, the limited porosity of the resulting 

collagen matrix showed a restriction on fibroblast mobility. The need to create a new matrix 

in order to travel through the dermis could explain the high secretion of new extracellular 

matrix proteins observed by immunostaining. 

The selection of fibrin as main dermal component resulted in a faster adaptation of fibroblasts 

to the matrix compared to collagen samples. This adaptability could be justified by the natural 

interaction between fibroblasts and fibrin during the wound-healing process (Moretti et al., 

2022). Similarly, the high cell proliferation and secretion of new extracellular matrix observed 

in these samples could be explained by the promotion of natural signal cascades associated 

with the dermal regeneration (Fuchs et al., 2020; Tracy et al., 2016). By combining fibrin with 

collagen and alginate, it was possible to modify the distribution and alter the proliferation of 

fibroblasts. For instance, the integration of collagen into the fibrin bioinks could be responsible 

of the drop in the tensional forces presented by fibroblasts and their decrease on the 

expression of F-actin filaments after 7 days. The higher stiffness of this material compared to 

fibrin gels cannot justify this phenomenon. However, a reduction in the stiffness values due to 

the remodelling of the matrix by fibroblasts, could be a feasible explanation for this 

phenomenon. In the case of gels combining fibrin with alginate, a large number of cell 

aggregates could be observed on day 3. The absence of cellular recognition sites in alginate 

could illustrate its role on the observed cell encapsulation and the generation of cell groups 

(Kang et al., 2021). The presence of fibrin, the high proximity between cells and the alginate 

degradation could explain the significant increment in the number of cells observed and the 

high increase in the ECM proteins in these samples after 7 days (Vorwald et al., 2020). Finally, 

the combination of fibrin with collagen and alginate resulted in a high proliferation and 

mobility of fibroblasts without generating tensional forces between cells. The intermediate 

stiffness of the matrix and the possibility of modifying its configuration could justify this cell 

behaviour compared to previous samples. 
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6.4.3. Tailoring the Dermal Model Properties 

The formulation of dermal bioinks has demonstrated to be an essential factor to control the 

fibroblast behaviour and customise the properties of the dermal models. Therefore, the 

specific selection and combination of dermal components could help to improve the 

complexity of skin models and enable the recreation of dermal microenvironments. 

The stiffness of the dermal models is one of the variables which can be customised with the 

selection of dermal bioinks. Choosing specific collagen sources, such as bovine collagen, can 

help to enhance the mechanical strength of the models. Selection of other parameters, such 

telo-collagens or the selection of sodium hydroxide as neutralisation methods, has also 

demonstrated to improve the sample stiffness. In the case of fibrin-based models, their 

mechanical properties can be modified by introducing collagen to enhance the matrix strength, 

or alginate to decrease the stiffness values.   

Fibroblasts are characterised by their ability to respond to the mechanical changes in their 

surrounding environment. However, other elements, such as the porosity and fibrillar 

properties of the dermal matrix or the nature of the dermal biocomponents, have 

demonstrated in this study to influence fibroblasts. Further research will still be required to 

conclude the resemblance of the produced dermal models with the composition and 

properties of the different natural dermal microenvironments. Still, the reproduction of some 

specific fibroblast behaviours was possible with the selection of specific dermal formulations. 

For instance, by introducing human or rat collagen as main dermal biocomponents, it was 

possible to recreate some of the characteristic behaviour of reticular fibroblasts. Meanwhile, 

the use of bovine collagen promoted the recreation of an environment similar to the one in 

the papillary dermis. On the other hand, the introduction of fibrin as main biocomponent or 

the implementation of RAFTTM system on the production of collagen gels could help to 

generate more complex models, with more significant cell confluency and higher quantity of 

extracellular matrix components. In these samples, tracking the changes in the stiffness and 

ECM content will be essential to avoid the generation of fibrotic tissue (Theocharis et al., 2019; 

Wells, 2013). 

Of all the studied dermal bioinks, only the fibrin-based bioinks, along with rat collagen solution 

combined with sodium hydroxide, had proved their printability with the ReJI process. Still, the 

selection of the best dermal bioink will depend on the impact of these formulations on the 

reliability of the final skin models.  
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CHAPTER 7. SELECTION OF EPIDERMAL BIOINKS 

7.1. Introduction 

The difficulties controlling the location of keratinocytes during the manual seeding of skin 

models and the inability to ensure their homogeneous distribution often result in an uneven 

epidermal formation. Consequently, skin equivalents usually present inconsistent properties 

between batches, hindering the reliability and reproducibility of the assays performed. 

To solve this problem, the encapsulation of keratinocytes in natural-based bioinks is proposed 

in this chapter as a new approach to control the keratinocyte distribution and accelerate the 

epidermal stratification. The research described below focuses on evaluating the differences 

in the keratinocyte behaviour based on the formulation of the epidermal bioinks. Fibrin, 

collagen type I and alginate were selected as principal biomaterials for encapsulating 

keratinocytes due to their popularity in treating extensive skin burns (Heher et al., 2018; ter 

Horst et al., 2018; Thomas, 2013).  

The viability and adhesion of keratinocytes after their encapsulation was first assessed to 

determine the feasibility of the epidermal bioinks. Additionally, the ability of the formulated 

bioinks to improve the homogeneity of epidermal layers was determined by comparing the 

distribution of keratinocytes encapsulated to the seeding of keratinocytes suspended in cell 

media. Finally, the capacity of the selected bioinks to promote the correct epidermal 

formation was concluded by studying the changes in the expression of keratinocyte markers 

related to their proliferation and differentiation process.  
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7.2. Effect of Keratinocyte Encapsulation 

7.2.1. Keratinocyte Viability and Distribution 

The selected epidermal bioinks have demonstrated to affect the viability of the encapsulated 

keratinocytes and their distribution in a different manner depending on their formulation. The 

encapsulation of keratinocytes in bovine collagen and fibrin-based gels resulted in a similar 

cell viability over time to those keratinocyte monolayers seeded in tissue culture-treated wells 

(Fig. 7.1-7.2). In the case of cells encapsulated in bovine collagen, a homogeneous cell 

distribution could be observed through the three-dimensional gel over time (Fig. 7.2). 

Meanwhile, the use of fibrin-based bioinks also resulted in high cell viability over time (Fig. 

7.1). In these samples, keratinocytes started to form cell groups, which was particularly 

notable after 3 days. Keratinocyte distribution was influenced by the specific composition of 

the fibrin-based bioinks. Samples with higher fibrin concentrations presented larger 

agglomerations of keratinocytes without affecting their viability. Meanwhile, the combination 

of fibrin with collagen and alginate to generate CAF gels resulted in a reduction of keratinocyte 

groups, which were only visible after 7 days.  

In contrast, using alginate as encapsulation agent resulted in a reduced number of cells (Fig. 

7.2). On day 1, keratinocytes presented a combination of red and green staining, suggesting 

the death of most encapsulated cells. The number of cells barely varied over time, although 

most keratinocytes showed only a green signal associated with the presence of live cells after 

3 days. The increment in the calcium chloride concentration, from 0.1% to 1%, to generate the 

alginate gels, resulted in an increase in the number of cells on day 1. However, problems with 

the live/dead staining were also observed in these alginate samples. Only after 7 days, a slight 

increase in the number of live cells could be denoted. 

The comparison between control samples containing keratinocytes incubated in normal 

conditions, and those cultured with a medium containing a higher concentration of calcium 

chloride, underlined the effect of calcium ions on keratinocyte viability. By increasing the 

concentration of calcium chloride to 1% in the cell medium, the number of live keratinocytes 

significantly dropped after 1 day. The number of dead cells increased over time, reducing the 

keratinocyte survival after 7 days.  
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Figure 7. 1. Evaluation of the viability and distribution after 1, 3 and 7 days of keratinocytes encapsulated in fibrin-based gels in comparison to keratinocyte monolayers seeded on tissue culture-treated 
wells. Dead cells are represented in red and living cells in green. The scale bars correspond to 200 µm. 
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Figure 7. 2. Evaluation of the viability and distribution after 1, 3 and 7 days of keratinocytes encapsulated in collagen gels and alginate gels prepared with 0.1% and 1% CaCl2, respectively, in comparison 
to keratinocyte monolayers (KCs) incubated in medium containing 1% CaCl2. Dead cells are represented in red and living cells in green. The scale bars correspond to 200 µm. 
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7.2.2. Keratinocyte Proliferation and Differentiation 

Epidermal bioinks showed a different effect on keratinocyte proliferation and differentiation 

depending on their formulation. The expression of cytokeratin 14, involucrin and filaggrin by 

the encapsulated cells was assessed to determine the progressive changes in the proliferation, 

and the early and late differentiative state of keratinocytes, respectively. The expression of 

cytokeratin 14 could be observed from the first day on the control sample, and it was 

maintained over time, showing a signal reduction after 7 days (Fig. 7.3). At this point, 

involucrin started to be expressed by keratinocytes (Fig. 7.7). This differentiation marker could 

also be observed in contracted groups of keratinocytes at day 14, after incubating for 7 days 

in a cell medium containing a higher concentration of CaCl2. Keratinocytes encapsulated in 

bovine collagen presented an initial high cytokeratin 14 expression, which was maintained 

over time as the number of keratinocytes increased (Fig. 7.4). On this occasion, none of the 

studied differentiation markers could be observed in the samples (Fig. 7.6-7.8).   

The effect of fibrin-based bioinks on the formation of keratinocytes agglomeration was 

confirmed by cytokeratin 14 staining (Fig. 7.3). These cell groups maintained a high 

proliferative state on the first days and increased their size as the number of keratinocytes 

increased. The characteristics of keratinocyte agglomeration differed between samples 

depending on the fibrin concentration and the presence of other biocomponents. In the case 

of gels with higher fibrin concentrations, keratinocyte accumulation was observed from day 1, 

resulting in larger keratinocyte associations over time in comparison to the rest of fibrin-based 

samples. After 7 days, the filaggrin expression could be observed in the nucleus of the cell 

agglomerations formed in the fibrin gels (Fig. 7.5). The presence of filaggrin was directly 

related to the size of the keratinocyte groups, being higher in the gels with higher fibrin 

concentrations. These results contrasted with the absence of filaggrin at day 7 in the collagen 

and control samples (Fig. 7.5-7.6). An initial expression of involucrin could be seen at day 7 in 

the encapsulated keratinocytes in fibrin-based gels regardless their position (Fig. 7.7). 

Involucrin signal increased after 14 days, especially on those samples containing larger 

keratinocyte groups.  

Keratinocytes encapsulated in alginate gels showed the expression of cytokeratin-14 from the 

first day, confirming the presence of proliferative cells (Fig. 7.4). The number of keratinocytes 

expressing this marker was significantly increased at day 7 in alginate gels crosslinked with 

0.1% CaCl2, but it was maintained in the gels prepared with higher calcium chloride 
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concentration. The expression of differentiative markers also differed between these samples. 

Keratinocytes embedded in alginate gels prepared with lower calcium chloride concentration 

did not express filaggrin or involucrin over time (Fig. 7.6-7.8). In contrast, alginate gels 

crosslinked with 1% CaCl2, triggered a reduced expression of involucrin and a notable filaggrin 

signal in some encapsulated keratinocytes from day 7. Filaggrin markers were also observed 

at day 7 in keratinocyte control cultured with cell media with higher calcium chloride 

concentrations (Fig. 7.6). Compared to the keratinocyte cultured under normal conditions, the 

number of proliferative cells dramatically dropped when calcium levels increased (Fig. 7.3-7.4). 

Only a reduced number of keratinocytes maintained their proliferative state over time, 

resulting in small, isolated groups of cells after 7 days. In contrast to the cells encapsulated in 

alginate with 1% CaCl2, these keratinocytes did not show the presence of involucrin, but they 

exhibited an early expression of filaggrin from day 3 (Fig. 7.6-7.8).   
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Figure 7. 3. Expression of cytokeratin 14 by keratinocytes encapsulated in fibrin-based gels in comparison to keratinocyte monolayers seeded on tissue culture-treated wells. The immunostaining was 
performed after incubating the cells for 1, 3 and 7 days, with cytokeratin 14 represented in green and cell nucleus is represented in blue. The scale bars correspond to 200 µm. 
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Figure 7. 4. Expression of cytokeratin 14 by keratinocytes encapsulated in collagen gels, alginate gels prepared with 0.1% and 1% CaCl2, respectively, in comparison to keratinocyte monolayers (KC) 
incubated in medium containing 1% CaCl2. The immunostaining was performed after incubating the cells for 1, 3 and 7 days, with cytokeratin 14 represented in green and cell nucleus in blue. The scale 
bars correspond to 200 µm. 
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Figure 7. 5. Expression of filaggrin by keratinocytes encapsulated in fibrin-based gels in comparison to keratinocyte monolayers seeded in tissue culture-treated wells. The immunostaining was performed 
after incubating the cells for 1, 3 and 7 days, with filaggrin represented in red and cell nucleus in blue. The scale bars correspond to 200 µm. 
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Figure 7. 6. Expression of filaggrin by keratinocytes encapsulated in collagen gels and alginate gels prepared with 0.1% and 1% CaCl2, respectively, in comparison to keratinocyte monolayers (KC) incubated 
in medium containing 1% CaCl2. The immunostaining was performed after incubating the cells for 1, 3 and 7 days, with filaggrin represented in red and cell nucleus in blue. The scale bars correspond to 
200 µm. 
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Figure 7. 7. Expression of involucrin by keratinocytes encapsulated in fibrin-based gels in comparison to keratinocyte 
monolayers seeded on tissue culture-treated wells. The immunostaining was performed after incubating the cells for 7 and 14 
days, with involucrin represented in green and cell nucleus in blue. Scale bars correspond to 200 µm. 
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Figure 7. 8. Expression of involucrin by keratinocytes encapsulated in collagen gels, alginate gels prepared with 0.1% and 1% 
CaCl2, respectively, in comparison to keratinocyte monolayers (KC) incubated in medium containing 1% CaCl2. The 
immunostaining was performed after 7 and 14 days, with involucrin represented in green and cell nucleus in blue. Scale bars 
correspond to 200 µm. 
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7.3. Chapter Discussion 

7.3.1. Effect of Epidermal Bioinks on Keratinocyte Viability and Distribution 

The natural interaction of collagen type I with the keratinocytes in the epidermal basal layer 

could explain the good adaptation of keratinocytes to the collagen environment and their 

maintained viability over time (Pfisterer et al., 2021). Additionally, the homogenous 

distribution presented by keratinocytes through the collagen gels with the absence of cell 

sedimentation, suggests a quick adhesion and strong interaction of keratinocytes to the 

collagen samples. Using fibrin-based gels as encapsulating agents also resulted in high 

keratinocyte viability. The biocompatibility and adhesion in these samples could be explained 

by the direct natural contact between fibrin and keratinocytes when skin integrity is damaged 

(Heino, 2002). In contrast to the other samples, keratinocytes embedded in fibrin gels form 

cell aggregations from the first days. This cellular organization could be explained by the 

natural interaction between the fibrin matrix and keratinocytes during the wound-healing 

process. The presence of crosslinking points, observed in the SEM images of fibrin gels in 

section 6.2.3, could explain the agglomeration of keratinocytes in these areas. This 

phenomenon could represent a natural strategy to enhance keratinocyte proliferation by cell-

contact signalling and accelerate skin reepithelization (Koivisto et al., 2014). By decreasing the 

fibrin concentration, the number of crosslinking points is reduced, and the size of the 

keratinocyte groups is decreased. Similarly, the combination of fibrin with collagen and 

alginate also results in the reduction of keratinocyte aggregations. The correlation between 

the characteristics of the fibrin matrix and the formation of keratinocyte aggregates suggests 

the possibility of controlling the keratinocyte distribution by modifying the formulation of 

fibrin gels. 

In contrast to previous epidermal bioinks, the number of cells present in alginate gels was 

significantly lower. Only a slight increase in the keratinocyte number could be observed when 

a higher calcium chloride concentration was used to generate the alginate gels. This increment 

implies a faster crosslinking reaction, which could have affected the keratinocyte distribution. 

Despite the restricted quantity of live keratinocytes observed in the alginate samples, the low 

number of dead cells encapsulated in alginate complicates the explanation of the keratinocyte 

fate. The effect of calcium ions released from the alginate gels could be responsible for 

reducing keratinocyte viability and proliferation. By increasing the calcium chloride 
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concentration in the keratinocyte control, it could be seen a decrease in the keratinocyte 

number, which can be explained by the low adhesion of keratinocytes under the presence of 

calcium ions. In native skin, calcium gradients are the main factor in the regulation of 

keratinocyte differentiation. The extracellular calcium levels progressively increase from the 

stratum basale to the stratum granulosum, initiating the keratinocyte differentiation via a 

calcium receptor, ultimately triggering cell death (Bikle et al., 2014). Despite the feasibility of 

this hypothesis to explain the limited number of keratinocytes on the initial days, the slight 

increase in the cell viability over time and the absence of dead cells cannot be justified. 

Alternatively, the low porosity of alginate gels could be responsible for the limited penetration 

of the staining solution, and the subsequent restriction on the cellular labelling (Beghin et al., 

2022; Ng et al., 2005). Due to the inability to conclude the state of encapsulated keratinocytes 

in alginate, it will be necessary to evaluate their expression of proliferative markers, such as 

cytokeratin 14, and differentiative markers, such as involucrin or filaggrin, before concluding 

the effect of alginate over the encapsulated keratinocytes.  
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7.3.2. Effect of Epidermal Bioinks on Keratinocyte Behaviour 

Keratinocytes encapsulated in collagen presented a gradual increment in the number of cells 

over time. The high expression of cytokeratin 14 and the absence of differentiation markers 

in the first seven days resemble the behaviour of keratinocytes in direct contact with collagen 

type I in the basal epidermal layer. Previous studies have suggested a decrease in the mobility 

of keratinocytes seeded on collagen type I, compared to keratinocytes on tissue-cultured 

treated plastics, due to the limited stiffness of collagen type I (Guo et al., 1990; Kenny et al., 

2018). Still, no notable differences in the mobility and distribution of keratinocytes were 

observed between the two-dimensional keratinocyte control and the cells encapsulated in 

collagen in figures 7.3 and 7.4. The performed studies in this chapter only provide an initial 

overview of the distribution and behaviour of embedded keratinocytes. Therefore, further 

studies will be required to conclude the significant differences between the samples. To 

compare the mobility and proliferation of encapsulated cells quantitatively, it will be 

necessary to consider the three-dimensional character of the samples in contrast to the two-

dimensional keratinocyte controls, and the differences on the degradation rate of the 

epidermal bioinks. Preliminary studies showed a notable reduction on the volume of those 

epidermal models containing fibrin and collagen, compared to the ones containing alginate. 

However, further studies will be necessary to assess the role of keratinocytes on the 

degradation of these bioink components, and the long-term effect of the presence of these 

biomaterials on the keratinocyte functions. The generation of three-dimensional images for 

each sample can be considered as an option to delve into the precise location of encapsulated 

cells over time. Nonetheless, due to the small size of keratinocytes, the time required to obtain 

images with enough resolution was too elevated and hindered their incorporation in this study. 

In future work, the extraction of keratinocytes from the gels could be an alternative to quantify 

and compare their proliferation rate and expression of specific markers. An alternative to the 

previously described dsDNA quantification will be necessary to assess the keratinocyte 

proliferative rate, discerning the proliferative keratinocytes from those in their differentiative 

stages. For instance, the assessment of growth markers, such as Ki-67 and proliferating cell 

nuclear antigen (PCNA) by immunohistochemistry, have demonstrated to be a reliable method 

to quantify the keratinocyte proliferation in previous publications (Onuma et al., 2001). 
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The expression of cytokeratin-14 by keratinocytes embedded in fibrin-based gels confirmed 

the maintenance of their proliferative state from the first day, and their distribution in 

agglomerates as suggested by the previous live/dead staining. The proximity between the 

keratinocytes in these cell groups triggers the boost in their proliferation after 3 days resulting 

in significantly large cell agglomerates after 7 days. Despite this improvement, the high 

keratinocyte confluency in these located areas also promotes the appearance of differentiated 

keratinocytes in the nucleus of the cell aggregates. The exposition of the cells to higher calcium 

concentrations after 7 days results in a similar contraction and expression of involucrin in the 

cells embedded in fibrin gels and the keratinocyte control (Deyrieux & Wilson, 2007). The small 

size of these contracted cell groups hinders the evaluation of the real impact of the 

encapsulating agents on the epidermal stratification. In future studies, an increment in the 

keratinocyte densities will be required to evaluate the quality of the generated epidermal 

layers and their stability over time. As it was observed previously, the reduction in the fibrin 

concentration and the introduction of other biomaterials like collagen or alginate to the gels 

influence the keratinocyte distribution, reducing their accumulation, and consequently 

delaying their differentiation. The ability of fibrin-based gels to control the keratinocyte 

growth and location could be a potential advantage in the improvement of epidermal 

consistency, and it could help to accelerate the epidermal formation. By increasing the 

number of keratinocytes encapsulated in fibrin gels, it could be possible to create a uniform 

basal layer formed by adhered keratinocytes groups, which could trigger a controlled 

differentiation of keratinocytes. 

Fibrin gels have already demonstrated their capacity to accelerate the epidermal regeneration 

in clinical applications (Heher et al., 2018). The advantages of fibrin on the wound healing have 

resulted in their incorporation as active ingredients in different commercial products (Clark, 

2005). The spray or spreading of fibrin on the wound site promotes the quick sealing of the 

tissue, reducing the bleeding and potential infections (Currie et al., 2003). Additionally, the 

resulting fibrin matrix serves as provisional support for cell migration (Clark et al., 1982). 

Similar to the natural wound healing process, commercial products containing fibrin have 

demonstrated to enhance keratinocyte proliferation, migration and differentiation during skin 

reepithelization (Currie et al., 2001; ter Horst et al., 2018). Fibrin has also shown to promote 

their migration and improve keratinocyte growth in vitro (Geer et al., 2004; Krasna et al., 2005). 

The expression of specific growth factors, such as TGF-b1 and PDGF-BB, have been associated 

with the rise in keratinocyte proliferation in fibrin surfaces. The secretion of active forms of 
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these growth factors was especially higher in fibrin gels, compared to the values obtained by 

keratinocytes seeded in conventionally used tissue culture-treated plastic surfaces (Acevedo 

et al., 2010). Additionally, a decrease in keratinocyte differentiation after the keratinocyte 

encapsulation on fibrin in previous works (Alexaline et al., 2019), contrasting with the obtained 

results in this project.   

Despite the number of studies investigating the influence of fibrin on keratinocyte behaviour, 

only the work performed by Gugerell et al. has demonstrated the impact of fibrin formulation 

on keratinocyte distribution (Gugerell et al., 2012). In their study, thrombin concentration was 

proved to decrease cell adhesion and proliferation, leading to keratinocyte apoptosis when 

thrombin reached concentrations higher than 820 IU/mL. Consequently, keratinocytes 

presented higher agglomeration at 4 IU/mL thrombin concentration, and the cell groups were 

reduced as the thrombin concentration rose to 505 IU/mL (Fig. 7.9). These images concur with 

the results obtained in this chapter. The crosslinking of fibrinogen with a thrombin 

concentration of 50 IU/mL in this chapter resulted in a similar keratinocyte adhesion and 

agglomeration after 24 hours to the one expected, considering the results from Gugerell et al. 

study.  

 

  

      

Figure 7. 9. Distribution after 24 hours of keratinocytes seeded on fibrin clots prepared with 4 IU/mL and 505 IU/mL of 
thrombin. Scale bars represent 100 µm. Image obtained from Gugerell et al. 2012. 

 

The substrate stiffness has also evidenced to influence the keratinocyte behaviour in previous 

publications. Keratinocyte migration and proliferation have demonstrated to improve in stiffer 

surfaces, and by contrast, their differentiation rate has been proven to increase in softer 

materials (Wang et al., 2012). This behaviour could be explained by the similar process 

occurring in the wound site, when the keratinocyte proliferative state is triggered during the 

surge of tensional forces in the natural wound site (Kuehlmann et al., 2020; Barnes et al., 2018). 

The comparison between the stiffness of the selected fibrin and collagen-based epidermal 
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bioinks obtained in section 6.2.4 could help to elucidate the influence of the bioink mechanical 

properties on the keratinocyte behaviour. The increment by two in the stiffness values of 27 

mg/mL fibrin gels compared to collagen gels could explain the higher number of keratinocytes 

in fibrin samples after 7 days. However, when comparing the proliferation of 13 mg/mL fibrin 

gels with collagen gels, the stiffness of these fibrin gels is lower than the collagen gels, despite 

showing a higher cell number after 7 days. Therefore, these results highlight the relevance of 

the biomaterial nature on the impact on keratinocyte behaviour. 

The incorporation of keratinocytes into alginate hydrogels resulted in a reduction in the 

number of proliferative cells in comparison to fibrin and collagen-based gels. The increase in 

the number of cells expressing cytokeratin 14 over time verifies the ability of keratinocytes to 

proliferate. These results contradict the reduced number of live cells observed in the viability 

studies. The biocompatibility of alginate due to its natural origin has been widely explored in 

previous studies (Lee & Mooney, 2012). However, the absence of cell-binding groups for 

mammalian cells in this material could help to explain the obtained results (Neves et al., 2020). 

Keratinocytes require the presence of binding sites to adhere to the alginate surfaces. The 

inability of keratinocytes to attach to alginate could have resulted in their maintenance in a 

transitional state, reducing the effectivity of the live/dead staining solution. As keratinocytes 

were released from the gels, they could have recovered their natural morphology and their 

proliferative character. This process could explain the increment of the cytokeratin 14 over 

time in alginate samples. Nonetheless, the degradation of non-treated alginate gels is proved 

to be slow and unpredictable based on previous studies, hindering the estimation of the 

degradation rate and the controlled release of keratinocytes using alginate gels (Boontheekul 

et al., 2005). Only two previous investigations have explored the impact of encapsulating 

keratinocytes in alginate. In these studies, keratinocytes maintained a rounded morphology 

over time, suggesting the absence of cellular adhesion (Sai’Aan et al., 2016; Leong et al., 2017). 

Despite the lack of cell attachment to the alginate gels, the number of encapsulated cells 

increased over time, and the presence of released cells outside the gels could be observed 

after 8 days (Fig. 7.10). These results support the previous hypothesis about the behaviour of 

keratinocytes encapsulated in alginate gels.  
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Figure 7. 10. Distribution of keratinocytes encapsulated in alginate gels after 0, 4, 8 and 14 days. Scale bar represents 100 µm. 
Image obtained from Leong et al. 2017. 

  

The rise from 0.1% to 1% in the calcium chloride concentration used to prepare alginate gels 

has also shown to influence the keratinocyte behaviour. The use of alginate gels prepared with 

1% CaCl2 results in a lower expression of cytokeratin-14 and the expression of filaggrin after 7 

days, like in the case of keratinocytes incubated with medium containing 1% CaCl2. The ability 

of keratinocytes encapsulated in alginate to differentiate could also be observed on day 14 in 

the study performed by Leong et al. (Fig. 7.10). In previous works, the use of alginate as 

support material has demonstrated to decrease the proliferation of keratinocytes, inhibiting 

their migration and inducing their differentiation (Doyle et al., 1996; Stenvik et al., 2012). 

According to these studies, most of these cell behaviours are mediated by the calcium ion 

release in exchange for sodium ions in the cell media.   

Alginate has been extensively used to encapsulate keratinocytes during the healing of chronic 

wounds (ter Horst et al., 2018; Thomas, 2013; Hampton, 2004). Nonetheless, the obtained 

results contradict the suitability of alginate as graft components and cannot explain the 

mechanism of action behind their healing properties. The specific environment present in the 

wound site could be responsible for the benefits of alginate for wound healing. The 

composition of the wound environment and the surrounding cells could help to accelerate the 

degradation of alginate and the release of encapsulated keratinocytes (Aderibigbe & Buyana, 

2018). Additionally, the control liberation of calcium ions from the alginate gels could also help 

to improve the uniformity of the keratinocyte differentiation and the overall quality of the 

new epidermal layer. To determine the real effect of alginate bioinks on the keratinocyte 

behaviour, it will be essential to incorporate them into the manufacturing of skin models. This 

step will help to understand the degradation of alginate and the capacity of released 

keratinocytes to produce a correct epidermal stratification.  
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7.3.3. Implications of Keratinocyte Encapsulation 

This study has demonstrated the advantages of keratinocyte encapsulation on the control over 

the keratinocyte distribution and the importance of bioink formulation on the control over the 

keratinocyte behaviour. The selection of biocomponents present in native skin, such as 

collagen and fibrin as encapsulating agents, has proved to promote a uniform keratinocytes 

distribution and ensure a high proliferative rate. Moreover, the encapsulation of keratinocytes 

in fibrin-based gels has demonstrated to originate a consistent number of keratinocyte 

aggregates. The close interaction between cells in the generated groups entails an 

improvement in their proliferative rate and a higher control over their differentiation. The 

properties of these keratinocyte associations can be customized by modifying the fibrin 

concentration or the integration of alginate and collagen. The incorporation of additional 

natural components, such as collagen type IV or heparin, could be explored in future works to 

modulate the adherence, migration and growth of encapsulated keratinocytes (Wang et al., 

2019b; Harvima et al., 2004).   

Despite the advantages of keratinocyte encapsulation demonstrated in this chapter, it will be 

necessary to incorporate the developed epidermal bioinks in the manufacturing of skin models 

to determine their real implications over the complete epidermal formation. The correct 

interaction of keratinocytes with the dermal components will be fundamental to ensure the 

skin integrity. Additionally, it will be essential to assess the capacity of encapsulated 

keratinocytes to properly differentiate after their exposition to air-liquid interface. The 

interaction of the keratinocytes to the air interface is essential to promote pro-filaggrin 

synthesis and the correct formation of the epidermal granular layer, which is restricted under 

immersed conditions (Fatimah et al., 2013; Bernstam et al., 1986). The permeability of the gels 

to the calcium gradients and the study of the degradation of epidermal bioinks will be a critical 

factor at this stage.  
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CHAPTER 8. DEVELOPMENT OF SKIN MODELS 

8.1. Introduction 

The reproduction of a reliable epidermal structure is one of the most fundamental criteria for 

the validation of in vitro skin models. The quality of the final epidermal layer is influenced by 

different factors, including the initial keratinocyte distribution or the interaction between 

keratinocytes and fibroblasts. For that reason, this chapter explores the impact of introducing 

the diverse dermal and epidermal bioinks studied in previous chapters, along with the ReJI 

process, on the manufacturing of skin models. The quality of the epidermal stratification in 

the resulting skin models was selected as the first criteria to determine the suitability of each 

dermal and epidermal bioink for the production of skin models. Initially, the protocols 

followed for manufacturing skin models were optimised by evaluating the effect of seeding 

different keratinocyte densities on the quality of skin models. The progressive proliferation, 

differentiation and distribution of keratinocytes in the skin models were assessed to 

determine the best culture conditions. Besides, the presence of keratinocyte markers 

associated with the different epidermal sublayers was evaluated to ensure the correct 

epidermal stratification and, ultimately, the formation of a cornified layer.  
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8.2. Optimisation of Keratinocyte Densities on Skin Models 

8.2.1. Haematoxylin and Eosin Staining of Skin Models 

The skin equivalents were optimised by initially assessing the best cell density to generate a 

correct epidermal stratification. As a proof of concept, skin models were produced by 

manually seeding 100,000; 250,000 and 500,000 keratinocytes on top of a dermal layer 

comprised by fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. The 

staining of the skin sections with haematoxylin and eosin confirmed the presence of a 

homogeneous keratinocyte monolayer on top of the dermis after culturing the models for 7 

days under immersed conditions (Fig. 8.1). As the number of keratinocytes was augmented 

from 100,000 to 500,000 keratinocytes per model, the confluency of keratinocytes increased.  

 

100,000 keratinocytes 250,000 keratinocytes 500,000 keratinocytes 

   

Figure 8. 1. Hematoxylin and eosin staining of skin models produced with 100,000; 250,000 and 500,000 keratinocytes per 
model, respectively, seeded on top of a dermal layer comprised by fibroblasts encapsulated in telo-bovine collagen neutralized 
with NaOH. Images were taken after incubating 7 days the skin models under immersed conditions Scale bars correspond to 
100 µm. 

 

The further evaluation of these skin equivalents after exposing them to 7 and 14 days of air-

liquid interface (ALI) revealed a significant difference in the epidermal thickness depending on 

the selected keratinocyte density (Fig. 8.2). Skin models generated after seeding 100,000 

keratinocytes presented an epidermal layer with two differentiated keratinocyte 

morphologies, especially after exposing them to 14 days of air-liquid interface. By increasing 

the keratinocyte density, the thickness of the differentiated epidermal layers was enlarged. 

Only in those models produced with 500,000 keratinocytes, an outer epidermal layer with an 

aspect resembling the cornified epidermal layers could be observed after exposing them for 

14 days to the air-liquid interface. 

Despite the presence of cells with rounded morphology in the bottom stratum similar to the 

basal keratinocytes and more compacted keratinocytes on the upper layers, the shape and 
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distribution of keratinocytes in these models did not resemble the ones observed in the 

different epidermal sub-layers from native human skin (Fig. 8.2). The generated epidermal 

layers showed some inconsistencies through the skin models, with the absence or detachment 

of the epidermis in some regions. 
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Figure 8. 2. Hematoxylin and eosin staining of skin models produced with 100,000; 250,000 and 500,000 keratinocytes per 
model seeded on top of a dermal layer comprised by fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. 
Images were taken after incubating 7 days the skin models under immersed conditions, and subsequently exposing the models 
for 7 and 14 days to the air-liquid interface, respectively. Blue arrows mark the different regions observed in the epidermis.  
Hematoxylin and eosin staining of human skin from a 25-year-old Caucasian donor, obtained from Roger et al. 2019, was 
selected as the control image. Scale bars correspond to 100 µm. 
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8.2.2. Immunohistochemistry of Skin Models 

The immunostaining of the models confirmed the presence of differentiated epidermal 

stratums in all skin equivalents regardless of the selected keratinocyte densities. An innermost 

layer of proliferative keratinocytes expressing cytokeratin 14 could be observed in all samples 

after 7 and 14 days of exposing them to ALI (Fig. 8.3-8.4). The thickness of this basal layer 

showed a slight variation between the model, with an enhanced thickness in the models 

prepared with a higher number of keratinocytes. The involucrin expression could be observed 

in the areas above the layer containing proliferative keratinocytes, confirming the presence of 

the stratum granulosum in the epidermis. This differentiative maker showed a varying signal 

depending on the keratinocyte densities, with a higher presence in those models containing 

lower cell densities (Fig. 8.3-8.4). The complete differentiation of keratinocytes could be 

confirmed by the expression of filaggrin in all models regardless the initial keratinocyte density. 

Filaggrin marker could be observed in the outermost epidermal layers, suggesting the 

presence of the stratum corneum (Fig. 8.3-8.4). However, the thickness and arrangement of 

the stained epidermal layers differed from those found in the native human skin. In some areas, 

the unforeseen expression of cytokeratin-14 could be observed in some keratinocytes present 

on top of areas stained by filaggrin. 
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Figure 8. 3. Immunofluorescence staining of models produced with 100,000; 250,000 and 500,000 keratinocytes per model seeded on top of a dermal layer comprised by fibroblasts encapsulated in telo-
bovine collagen neutralized with NaOH. Cytokeratin-14 present in the stratum basale and involucrin characteristics of the stratum granulosum are represented in green, whereas filaggrin characteristic 
of the stratum corneum is represented in red and cell nucleus stained with DAPI is shown in blue. Images were taken after incubating 7 days the skin models under immersed conditions, and subsequently 
exposing the models for 7 days to the air-liquid interface. Immunostained human skin sections from a 25-year-old Caucasian donor, obtained from Roger et al. 2019, were selected as control images. 
Scale bars correspond to 100 µm. 
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Figure 8. 4. Immunofluorescence staining of models produced with 100,000; 250,000 and 500,000 keratinocytes per model seeded on top of a dermal layer comprised by fibroblasts encapsulated in telo-
bovine collagen neutralized with NaOH. Cytokeratin-14 present in the stratum basale and involucrin characteristics of the stratum granulosum are represented in green, whereas filaggrin characteristic 
of the stratum corneum is represented in red and cell nucleus stained with DAPI is shown in blue. Images were taken after incubating 7 days the skin models under immersed conditions, and subsequently 
exposing the models for 14 days to the air-liquid interface. Immunostained human skin sections from a 25-year-old Caucasian donor, obtained from Roger et al. 2019, were selected as control images. 
Scale bars correspond to 100 µm.  
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8.3. Effect of Dermal Bioinks on Skin Models 

8.3.1. Haematoxylin and Eosin Staining of Skin Models 

The impact of the dermal composition on the epidermal stratification was studied by first 

assessing the use of collagen from different animal sources. However, regardless the selected 

dermal bioinks, an uneven keratinocyte arrangement was obtained in all samples (Fig. 8.5). 

Haematoxylin and eosin staining of skin cryosections showed the presence of thick epidermal 

layers after exposing the models for only 7 days to the air-liquid interface (ALI).  
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Figure 8. 5. Hematoxylin and eosin staining after the cryosections of skin models produced with rat, bovine and atelo-bovine 
collagen type I neutralised with NaOH as dermal matrix. Images were taken after incubating 7 days the skin models under 
immersed conditions, and subsequently exposing the models for 7 and 14 days to the air-liquid interface, respectively. Blue 
arrows mark the dermal layer. Scale bars correspond to 100 µm. 

  

  



 
 
 

167 
 

In most areas, these keratinocyte layers presented a low attachment to the dermis. The 

presence of two differentiated stratums could be denoted after 14 days of ALI in some 

epidermal regions (Fig. 8.5). Still, it was not possible to find a defined arrangement of 

keratinocytes. Only in the case of skin models produced with rat collagen type I, a slight 

improvement in the organisation and consistency on the epidermal layers was observed after 

14 days of ALI. 

To discard the effect of the sectioning process on the quality of the epidermal layers and their 

adhesion to the dermis, skin models were embedded in paraffin before proceeding to their 

sectioning (Fig. 8.6). Despite the lower impact of these preservation process on the skin 

structure and the production of thinner sections, epidermal layers also showed a significant 

detachment and inconsistent structural organisation through the skin models. 

 

Rat Collagen Bovine Collagen Atelo-Bovine Collagen 

   

Figure 8. 6. Hematoxylin and eosin staining from the sections of paraffin-embedded skin models produced with rat, bovine 
and atelo-bovine collagen type I neutralised with NaOH as dermal matrix. Images were taken after incubating 7 days the skin 
models under immersed conditions, and subsequently exposing the models for 14 days to the air-liquid interface, respectively. 
Blue arrows mark the dermal region. Scale bars correspond to 100 µm.  
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8.3.2. Immunohistochemistry of Skin Models 

The comparison between the skin models after 7 days of ALI underlined the variation in the 

epidermal formation depending on the selected collagen type I as dermal layer (Fig. 8.7). The 

use of rat collagen type I resulted in more uniform epidermal layers, with well-defined 

proliferative and differentiated keratinocyte layers. This epidermal consistency differed from 

the results obtained with telo-bovine collagen. As it was mentioned before, these models 

present epidermal layers with limited reproducibility. The use of atelo-bovine collagen showed 

a lower adhesion of keratinocytes and the formation of keratinocyte groups with non-defined 

organisation.  

The further exposition of these models to the air-liquid interface for seven additional days 

implied the formation of thick filaggrin layers, suggesting an excessive cornification of the 

epidermis in all samples (Fig. 8.8). As a result, the epidermal homogeneity was reduced in the 

skin equivalents regardless the dermal bioink. In the case of the models produced with atelo-

bovine collagen, the adhesion between the epidermal and dermal layer was still limited. In all 

samples, the maintenance of the proliferative character of keratinocytes was confirmed by 

the presence of cytokeratin-14 in all samples. However, the expression of involucrin in these 

models was reduced compared to the models after 7 days of ALI. The unpredicted presence 

of proliferative keratinocytes expressing cytokeratin-14 on the outermost epidermal layers 

was observed in all models, but especially in the skin models prepared with telo-bovine 

collagen. These results suggest the disorganized structure and uneven differentiation of the 

obtained epidermis. 

The images of the skin models shown in this section correspond to some of the most 

representative results obtained using different dermal bioinks. In most samples, the lack of 

adhesion between the epidermal layer and the dermis did not allow to conclude the impact 

of the dermal components on the skin properties. Similarly, the implications of incorporating 

the ReJI system on the production of skin models could not be evaluated. 
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Figure 8. 7. Immunofluorescence staining of models produced with rat, bovine and atelo-bovine collagen type I neutralised with NaOH as dermal matrix. Cytokeratin-14 present in the stratum basale and 
involucrin characteristics of the stratum granulosum are represented in green, whereas filaggrin characteristic of the stratum corneum is represented in red and cell nucleus stained with DAPI is 
represented in blue. Images were taken after incubating 7 days the skin models under immersed conditions, and subsequently exposing the models for 7 days to the air-liquid interface. Scale bars 
correspond to 100 µm. 
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Figure 8. 8. Immunofluorescence staining of models produced with rat, bovine and atelo-bovine collagen type I neutralised with NaOH as dermal matrix. Cytokeratin-14 present in the stratum basale and 
involucrin characteristics of the stratum granulosum are represented in green, whereas filaggrin characteristic of the stratum corneum is represented in red and cell nucleus stained with DAPI is 
represented in blue. Images were taken after incubating 7 days the skin models under immersed conditions, and subsequently exposing the models for 14 days to air-liquid interface. Scale bars correspond 
to 100 µm.



 
 
 

171 
 

8.4. Effect of Epidermal Bioinks on Skin Models 

8.4.1. Haematoxylin and Eosin Staining of Skin Models 

The encapsulation of keratinocytes improved the homogeneity of the keratinocyte 

distribution across the skin models based on the haematoxylin and eosin staining (Fig. 8.9). 

The use of collagen and fibrin-based epidermal bioinks resulted in the creation of thin 

compacted epidermal layers, with a more uniform and consistent distribution across the skin 

model than in previous models. Using alginate as encapsulating agent showed the formation 

of isolated keratinocyte groups. The size of these keratinocyte aggregates was correlated to 

the concentration of calcium used to generate the alginate gels. In the case of alginate 

containing a lower calcium chloride concentration, the keratinocyte formed larger cell spheres. 

 

27 mg/mL Fibrin gels 13 mg/mL Fibrin gels CAF gels 

   

Collagen type I gel  2.5% Alginate with 0.1% CaCl2 2.5% Alginate with 1% CaCl2 

   

Figure 8. 9. Hematoxylin and eosin staining of skin models produced with keratinocytes encapsulated in fibrin, CAF, collagen 
and alginate gels and seeded on top of dermal layers comprised by fibroblasts encapsulated in telo-bovine collagen neutralized 
with NaOH. Images were taken after incubating 7 days the skin models under immersed conditions, and subsequently exposing 
the models for 14 days to the air-liquid interface, respectively. Scale bars correspond to 100 µm. 
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8.4.2. Immunohistochemistry of Skin Models 

The control over the keratinocyte distribution with the introduction of epidermal bioinks was 

confirmed by immunohistochemistry. In the case of keratinocytes encapsulated in fibrin-based 

gels, the homogeneity of the epidermal layers was improved with the selection of fibrin as 

unique bioink component (Fig. 8.10). The use of a higher fibrin concentration resulted in a 

reduced epidermal thickness. Still, these models presented a consistent and well-defined 

epidermal composition, regardless of the fibrin concentration. In the case of keratinocytes 

encapsulated in CAF gels, a high expression of cytokeratin-14 could be observed across the 

skin model (Fig. 8.10). However, it was not possible to observe differentiative markers, except 

in certain areas containing small groups of fully differentiated keratinocytes. The use of 

collagen as encapsulation method also resulted in the formation of epidermal layers with a 

clear structure (Fig. 8.11), but a lower uniformity across the skin than the one observed in 

fibrin gels.   

The formation of keratinocyte aggregations after their encapsulation in alginate was also 

proved by immunostaining (Fig. 8.11). The expression of cytokeratin-14 could be observed in 

the outermost keratinocytes, followed by the expression of involucrin by the subsequent inner 

cells. The nucleus of these cell groups was formed by fully differentiated keratinocytes, 

expressing filaggrin. The increment on the calcium chloride from 0.1% to 1% to generate 

alginate gels resulted in the rise of the filaggrin expression by the encapsulated keratinocytes 

and the drop on the number of proliferative keratinocytes.   
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Figure 8. 10. Immunofluorescence staining of models produced from skin models produced with keratinocytes encapsulated in fibrin and CAF gels and seeded on top of dermal layers comprised by 
fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. Cytokeratin-14 present in the stratum basale and involucrin characteristics of the stratum granulosum are represented in green, 
whereas filaggrin characteristic of the stratum corneum is represented in red and cell nucleus stained with DAPI is shown in blue. Images were taken after incubating 7 days the skin models under 
immersed conditions, and subsequently exposing the models for 14 days to the air-liquid interface, respectively. Scale bars correspond to 100 µm. 
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Figure 8. 11. Immunofluorescence staining of models produced from skin models produced with keratinocytes encapsulated in collagen and alginate gels and seeded on top of dermal layers comprised 
by fibroblasts encapsulated in telo-bovine collagen neutralized with NaOH. Cytokeratin-14 present in the stratum basale and involucrin characteristics of the stratum granulosum are represented in 
green, whereas filaggrin characteristic of the stratum corneum is represented in red and cell nucleus stained with DAPI is shown in blue. Images were taken after incubating 7 days the skin models under 
immersed conditions, and subsequently exposing the models for 14 days to the air-liquid interface, respectively. Scale bars correspond to 100 µm.  
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8.5. Chapter Discussion 

8.5.1. Production of Skin Models 

Keratinocyte behaviour is directly influenced by their proximity and interaction with other cells, 

as it was observed in previous chapters. Therefore, selecting the best keratinocyte density for 

creating a reliable epidermal structure was considered the first step required for optimising 

the skin equivalents. The seeding of 100,000; 250,000 and 500,000 keratinocytes per model 

resulted in the formation of homogeneous keratinocyte monolayers after 7 days, regardless 

of the selected cell density, with a keratinocyte confluency proportional to the number of 

seeded cells.  

After exposing the skin models to the air-liquid interface (ALI) for 7 days, the epidermal 

thickness showed a significant difference based on the selected keratinocyte density. Skin 

models prepared using 100,000 keratinocytes presented a thin epidermis. In contrast, the 

seeding of 500,000 keratinocytes resulted in the formation of a thicker epidermal layer with a 

more defined epidermal sub-layer. The need for additional time in the models seeded with 

100,000 keratinocytes to generate fully confluent basal layers could explain the delay in the 

formation of subsequent epidermal stratums. The presence of proliferative and differentiative 

markers in all samples suggests an initial correct epidermal formation, regardless of the 

selected cell density and despite the initial differences in maturation speed.  

The apparent defined epidermal stratification observed by immunohistochemistry after 7 days 

of ALI was disturbed as shown in the images after 14 days of ALI. At this point, skin models 

presented a thicker epidermis, with a high number of terminally differentiated keratinocytes 

expressing filaggrin. The incorrect stratification of the epidermal layer could be confirmed by 

examining the sections stained with haematoxylin and eosin. The absence of a clear 

organisation observed in the keratinocytes at the basal stratum could have promoted the 

uneven cell differentiation and the dysregulation of the epidermal organisation compared to 

other reconstructed human epidermal models (Fig. 8.12). Lack of organisation in the basal 

layer could be explained by their manual seeding process. The restricted epidermal 

homogeneity across the skin equivalent highlights the importance of incorporating bioprinting 

techniques to enhance the control over their components and ensure the correct formation 

and reproducibility of skin models.  
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After 2 days of ALI After 8 days of ALI After 14 days of ALI 

   

Figure 8. 12. Progression on the keratinocyte morphology and distribution after the exposition to 2, 8 and 14 days of air-liquid 
(ALI) interface in manually seeded reconstructed human epidermal models. Images obtained from Mathes et al. 2014. 

 

 

Skin models prepared seeding 500,000 keratinocytes per model presented a slightly clearer 

epidermal organisation and the presence of outermost layers that resembled the cornified 

layers after 14 days of ALI. The improved cell organisation and epidermal layout in these skin 

models could be caused by their faster epidermal stratification. The early confluency and 

differentiation of keratinocytes in these samples could be responsible for an improved 

regulation over the balance between keratinocyte proliferation and differentiation based on 

previous studies (Poumay & Pittelkow, 1995). This hypothesis could explain the lower 

expression of involucrin associated with the upper spinosum and granulosum stratum, despite 

the high presence of a terminal differentiation marker like filaggrin in these models (Steven et 

al., 1990; Banks-Schlegel & Green, 1981).  

The wide range of keratinocyte densities utilised for the production of skin models in previous 

studies endorses the low correlation between the number of seeded keratinocytes and the 

incorrect epidermal formation observed in these samples (Carlson et al., 2008; Black et al., 

2005). However, other factors, such as excessive calcium concentration or media formulation, 

are also associated to the dysregulation of keratinocyte functionality (Bikle et al., 2012). The 

calcium levels in the cell medias utilised for this study were selected following the 

concentrations used in published protocols for producing skin equivalents in vitro (Roger et al., 

2019; Poumay et al., 2004). Still, the incorrect diffusion of cell medium through the skin model 

during the air-liquid interface could have caused their irregular keratinocyte differentiation. 

Additionally, the unexpected appearance of isolated keratinocytes expressing cytokeratin-14 

in the outermost layers of the epidermis suggests the effect of humidity levels on the 

epidermal formation. Keratinocytes need to be exposed to the air interface and dry conditions 

for their complete differentiation (Rosdy & Clauss, 1990; Carlson et al., 2008). The exposition 

of external keratinocytes to environments with high humidity could have resulted in the 

formation of external proliferative cell layers. Moreover, variations in water levels could have 

also altered the desquamation of the skin models, modifying the epidermal thickness and 
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layout (Bouwstra et al., 2008; Watkinson et al., 2001). Despite the previous hypothesis, the 

unforeseen cytokeratin-14 signals observed in these models could be explained by the 

generation of fluorescent artefact originated by the interface between the skin edge and the 

glass slide. 

The significant stiffness of bovine collagen compared to other collagen type I gel, quantified 

in Chapter 6, could also be an influencing factor on the obtained epidermal properties. 

Previous studies have demonstrated the upregulation of genes associated with keratinocyte 

proliferation after their seeding in stiff materials (Nasrollahi et al., 2017). As consequence of 

an abnormal increase in the number of cells in the basal layer, the differentiation of 

keratinocytes could also be enhanced and ultimately lead to hypertrophic scarring (Ghaffari 

et al., 2009). To discard the effect of dermal components on the epidermal properties, diverse 

collagen type I gels with different mechanical properties were introduced as dermal 

biomaterials. But the haematoxylin and eosin staining of the resulting skin models revealed 

the low homogeneity and disorganised epidermal stratification regardless of the selected 

dermal composition.  

Despite the lack of a correct epidermal stratification in the skin models, some significant 

differences could be appreciated in the immunostaining images depending on the selected 

collagen source. In contrast to the maintained three-dimensional structure in the rest of skin 

models over time, the use of atelo-bovine collagen produced the partial degradation of the 

skin construct after ten days, restricting their applications for the manufacturing of skin 

equivalents. In addition, the weak mechanical properties of atelo-bovine collagen could be 

responsible for the lower adhesion of keratinocytes to the dermis observed in these samples. 

On the other hand, the use of rat collagen type I demonstrated an improved epidermal 

structure compared to skin equivalents generated with bovine collagen. The lower stiffness 

and the higher similarity of fibroblasts in rat collagen type I to the behaviour presented by 

papillary fibroblasts could be explained by the observed enhancement of the epidermal 

stratification in these samples.  

 

 

 



 
 
 

178 
 

The implications of the fibrin-based gels and the ReJI process on the quality of the skin 

equivalents could not be determined because of the detachment of the epidermis in these 

models. However, fibrin is often used as the main dermal component in the production of skin 

models (Fig. 8.13), and they have demonstrated to promote keratinocyte proliferation and 

migration (Geer et al., 2004; Alexaline et al., 2019; Montero et al., 2021a). 

 

Fibrin-based dermis Collagen-based dermis Alvetex® based dermis 

   

Figure 8. 13. Histological analysis of the epidermal organization in previously published skin models fabricated using fibrin and 
collagen and Alvetex® as main dermal biomaterials. Images obtained from Schmidt et al., 2020, Leong et al., 2018 and Roger 
et al., 2019, respectively. Scale bars correspond to 30 µm. 

 

 

Because epidermal layers detached from the dermis in some skin areas, the sectioning process 

was considered as potential responsible for the variations observed in the epidermal 

consistency. The cryopreservation of skin models for its sectioning could have generated 

thermal damage if their gradual freezing was not performed correctly (Taylor et al., 2019). 

However, the reduced uniformity of the epidermal layers observed also in the paraffin-

embedded models discarded this hypothesis. On the other hand, the epidermal dissociation 

could be explained by the incorrect formation of the dermal-epidermal junction (Yang et al., 

2016). The absence of essential proteins, such as collagen type VII and XVII, in these layers 

could be responsible for the fragile anchoring between the dermal and epidermal layers 

(Aleemardani et al., 2021). Laminin has been incorporated in previous skin models to 

overcome this problem, enhancing the adhesion of keratinocytes to the dermis and improving 

the formation of the dermo-epidermal junction in the skin models (Derr et al., 2019; Yi et al., 

2001; Tsunenaga et al., 1998). 

Cell sources are often one of the main responsible for variations in the skin models. Neonatal 

human keratinocytes were selected for this study due their high proliferative rate and lower 

tendency to differentiate in comparison to adult keratinocytes (Mateu et al., 2016). Neonatal 

cells have already been used to produce skin equivalents, and they should not be responsible 

for the incorrect epidermal cornification (Gangatirkar et al., 2007). However, the genetics of 
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the donor can influence the cell behaviour and ultimately on the skin properties. Certain 

conditions that entail an incorrect epidermal formation such as psoriasis, parakeratosis or 

atopic dermatitis, are linked to genetical mutations (Lowes et al., 2007; Yang et al., 2020; de 

Stefano & Christiano, 2014; Armengot-Carbo et al., 2015). The lack of expression of certain 

proteins can weak the dermo-epidermal junction or alter the keratinocyte differentiation 

causing hyperkeratosis (Fig. 8.14). 

 

Hyperkeratosis Parakeratosis Psoriasis 

   

Figure 8. 14. Examples of skin conditions affecting the epidermal stratification and the thickness of the cornified layer. Images 
obtained from the website DermNet New Zealand Trust. 

 

 

Most studies often incorporate a pool of keratinocytes from different donors to avoid these 

problems. This approach can restrict the homogeneity between samples but increases the 

possibility of generating acceptable epidermal layers. 

In future work, modifications on the cell source, media content and incubation conditions will 

be required to ensure the correct epidermal formation and the generation of a fully functional 

skin model. The correct integrity of the different epidermal stratum and the proper adhesion 

between the dermal and epidermal layers will be essential to evaluate the impact of the 

different bioinks and the ReJI process on the skin properties. The quantification by qPCR of the 

expression of additional epidermal markers and structural proteins present in the dermo-

epidermal junction, such as cytokeratin-10, loricrin, collagen IV, collagen VII, collagen XVII or 

laminin-5, could help to understand better the maturation of the skin model in the future 

(Nyström & Bruckner-Tuderman, 2019). 
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8.5.2. Impact of Epidermal Bioinks on Skin Models 

Encapsulation of keratinocytes showed a distinct impact on the epidermal formation 

depending on the nature of the encapsulating agents. The incorporation of keratinocytes to 

fibrin gels resulted in an improved stratification and uniformity in the epidermal layers 

compared to the seeding of keratinocytes by conventional methods. The assistance of fibrin 

in the skin re-epithelisation during the natural wound healing process could explain the 

observed improvement in the epidermal organisation (Clark et al., 1982; Fenner & Clark, 2016). 

The thickness of the generated epidermis also varied depending on the fibrin concentration. 

The reduction in the epidermal height observed at the highest fibrin concentrations could be 

explained by the fast initial proliferation of keratinocytes and their early localised 

differentiation observed in Chapter 7. The quick formation of the epidermal layers could have 

helped to balance the rate of proliferative and differentiative keratinocytes and to create more 

compacted epidermal layers, similar to what was described in the previous section with the 

skin models produced with 500,000 keratinocytes.  

The introduction of additional components like collagen and alginate to the fibrin gels also 

promoted the formation of a homogeneous layer of proliferative keratinocytes. However, the 

expression of involucrin and filaggrin in these samples could only be observed in some areas 

containing keratinocytes groups. The retention of keratinocytes in these regions could be 

explained by their encapsulation in the alginate nucleus or by the specific release of calcium 

ions in these areas. However, it was not possible to find any previous work to support this 

hypothesis. The encapsulation of keratinocytes in collagen gels could not justify the 

aggregation of differentiated keratinocytes observed after their encapsulation in CAF gels. The 

use of collagen type I resulted in an improved homogeneity of the epidermal layer and their 

correct stratification. The natural interaction between collagen type I and keratinocyte could 

have been responsible for the enhancement of the epidermal formation compared to the skin 

models produced in the previous section (Pontiggia et al., 2022). Still, these samples presented 

some epidermal patches, which could be explained by the natural contraction of collagen gels 

by keratinocytes after their exposition to the differentiative medium and the air-liquid 

interface (Souren et al., 1989; Isaac et al., 2011).  
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The selection of alginate as encapsulating agent resulted in the formation of keratinocyte 

aggregates. These cell groups presented a different size depending on the calcium chloride 

selected for the generation of alginate gels. In those gels with lower calcium content, the size 

of the cell aggregates was larger, and the phenotype of the encapsulated keratinocyte varied 

through the generated spheres. Proliferative keratinocytes could be found in the outermost 

layers, followed by the differentiated keratinocytes expressing involucrin in inner layers, and 

the final presence of filaggrin markers in the nucleus of the keratinocyte aggregates. These 

findings support some of the hypotheses suggested in Chapter 7. The degradation of alginate 

gels could clarify the presence of keratinocytes only in the surface layers. Meanwhile, the 

increment in the calcium levels, the reduction of oxygen diffusion and the high cell confluency 

in the innermost regions could explain the acceleration of the degradation process in these 

regions. The limited proliferation of keratinocytes under high calcium levels could also justify 

the small size of cell aggregates when using alginates crosslinked with higher calcium chloride 

concentration. Additionally, the presence of high quantities of calcium anions could be 

responsible for the acceleration of the keratinocyte differentiation, and also explain the high 

expression of filaggrin in these samples. These results suggest the possibility of generating a 

cornified stratum by increasing the number of keratinocytes encapsulated in alginate gels and 

with the optimisation of the calcium concentration. The rapid formation of fully differentiated 

keratinocyte layers could explain the benefits of embedding keratinocytes in alginate gels for 

clinical applications. Keratinocyte encapsulation would not accelerate the renewal of skin 

models. Still, it could promote the generation of a protective layer to reduce any potential 

infections on the wound site and avoid interruptions in the re-epithelisation process 

(Aderibigbe & Buyana, 2018). 

Despite the promising results obtained with the encapsulation of keratinocytes, further 

research should be performed on the degradation of the bioink components and their long-

term effect on the keratinocytes. Similarly, the study of additional biomarkers associated with 

the epidermal components and dermo-epidermal junction would help to conclude the 

reliability of the skin models produced with the encapsulation of keratinocytes in fibrin. 
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CHAPTER 9. GENERAL DISCUSSION 

9.1. Summary 

This thesis has explored different strategies for the improvement of skin equivalents, from the 

implementation of Reactive Jet Impingement (ReJI) system as bioprinting process to the 

capacity of diverse dermal and epidermal bioinks to recreate specific skin microenvironments. 

The most relevant results from this research are summarised below. 

 

9.1.1. Reactive Jet Impingement as Bioprinting Process 

Optimisation of Reactive Jet Impingement system enabled the high throughput production of 

biological models maintaining a high resolution. The impingement process promotes the fast 

gelation of jetted bioink droplets, resulting in the printing of subsequent layers without the 

need of waiting times compared to other drop-on-demand printing techniques. This quick 

generation of stable constructs facilitated the printing in parallel of skin models with a volume 

of 1.5 cm3 in less than 180 seconds. 

On the other hand, ReJI process demonstrated a high control over cell deposition compared 

to manual cell seeding. The capacity to regulate the cellular location and biomaterial 

composition at the microscale level helped to improve the sample reproducibility and enhance 

the control over cell behaviour. In particular, the resulting homogeneous keratinocyte 

distribution boosted their proliferation rate and promoted a uniform keratinocyte 

differentiation.  

Despite the quick reaction of the jetted droplets in mid-air, the impingement process did not 

significantly affect the viability and functionality of fibroblasts and keratinocytes regardless 

the cell density. By comparing the bioprinting of dermal models containing 5,000,000 and 

500,000 fibroblasts per mL, it was possible to conclude the importance of cell densities on the 

dermal formation. The printing of the highest fibroblast density resulted in the faster 

adaptation of fibroblast to the printed matrix and quicker maturation of the dermal matrix, 

with the early remodelling and secretion of new extracellular matrix components by 

fibroblasts. 
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9.1.2. Selection of Dermal Bioinks 

Optimisation of the dermal bioink formulation demonstrated to be a determinant factor in the 

recreation of specific fibroblast behaviour and dermal characteristics. The particular origin of 

collagen type I proved to be one of the first parameters to influence the physicochemical 

properties of the dermal matrix. In contrast to the rest of samples, collagen solutions obtained 

from calf and jellyfish presented a significantly low triple helix content at 37°C. This factor 

hindered the generation of stable gels with these collagens, preventing their utilisation of 

these materials for the production of skin models. On the other hand, human, rat and bovine 

collagen solutions allowed the generation of stable gels with a distinctive fibrillar arrangement. 

The choice of collagen neutralisation method was also an influencing factor on the properties 

of the collagen matrix. For instance, using a weaker base solution, like sodium bicarbonate, 

resulted in the formation a more disorganised matrix containing thin collagen fibres. In 

contrast, the strong character of sodium hydroxide resulted in the fast crosslinking of collagens 

and the generation of distinctive fibrillar configurations depending on the collagen source. The 

incorporation of RAFTTM system in the production of collagen gels also modified the collagen 

matrix. By reducing the water content on the collagen gels, this system promoted a higher 

organisation and density of the collagen fibres. The different matrix characteristics between 

the collagen gels resulted in samples with significantly different mechanical properties. In the 

case of bovine collagen samples, the enhanced organisation and the presence of thicker fibres 

resulted in a higher stiffness than most collagen gels. Whereas, the particular aggregation of 

the collagen fibres into rounded bundles, observed in rat collagen neutralised with NaOH, 

originated a matrix with high mechanical strength but with high resistance to its remodelling. 

In contrast to collagen gels, the enzymatic crosslinking between fibrinogen and thrombin 

resulted in the fast generation of stable fibrin gels with high stiffness values. The properties of 

the fibrin samples could be customised with the incorporation of additional natural 

components. By introducing alginate into the fibrin gels, it was possible to reduce the stiffness 

of the fibrin gels and increase the porosity of the gels. Whereas the incorporation of collagen 

type I resulted in more heterogeneous matrices with improved mechanical strength.  

The nature of the selected biomaterials, along with their matrix characteristics, showed a 

direct influence on the fibroblast behaviour. For instance, fibroblasts encapsulated in bovine 

collagen showed significantly faster adaptation and high proliferation than human and rat 

collagen samples. The different fibrillar and mechanical properties presented by telo- and 
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atelo- bovine collagens also influenced the fibroblast distribution and expression of F-actin 

filaments. Only in the case of atelo-bovine collagen neutralised with NaHCO3, the brittle 

character of its matrix resulted in its complete degradation by fibroblasts after 5 days. In the 

case of human and rat collagen gels, their reduced mechanical strength was associated with 

the limited proliferation and higher production of collagen type I by fibroblasts. By increasing 

the fibrillar density in the rat collagen matrix using the RAFTTM system, it was possible to boost 

the production of new extracellular matrix and increase the expression of F-actin filaments in 

the fibroblasts. The selection of fibrin as dermal component resulted in a faster fibroblast 

proliferation and production of new extracellular matrix compared to collagen gels. The 

incorporation of collagen into the fibrin bioinks resulted in similar fibroblast behaviours to the 

ones observed in fibrin gels. In contrast, the combination of fibrin with alginate resulted in the 

formation of fibroblast aggregates, boosting the proliferation of fibroblasts to levels 

significantly higher than in the rest of the samples. By mixing fibrin, collagen and alginate, it 

was possible to maintain a cell proliferation rate similar to fibrin gels, and a balanced 

production of collagen type I and III, while reducing the tensional forces between fibroblasts 

observed in fibrin gels. 

The differences in the matrix formation also impacted the printability of dermal bioinks. Only 

the four fibrin-based bioinks, along with rat collagen neutralised with NaOH, demonstrated to 

crosslink fast enough to be considered for their utilisation with the ReJI system.  
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9.1.3. Selection of Epidermal Bioinks 

The encapsulation of keratinocytes in natural-based biomaterials allowed an enhanced control 

over keratinocyte distribution. On one hand, the selection of collagen type I as encapsulating 

agent ensured the correct adhesion of keratinocytes and the promotion of their uniform 

proliferation through the collagen gel. On the other hand, the use of fibrin-based biomaterials 

resulted in an improved control over the location of keratinocytes with the formation of cell 

aggregates. The homogeneous distribution and high confluency of keratinocytes in the 

generated cell groups boosted their proliferation and the early differentiation of those cells 

found in the nucleus of the keratinocyte groups. The size of the created cell aggregates varied 

with the change in fibrin concentration and the incorporation of alginate and collagen to the 

epidermal bioinks.     

The keratinocyte behaviour observed in these samples contrasted with the reduced viability 

of keratinocytes in alginate gels. The lack of cell binding groups in the alginate gels was 

considered the main responsible for the limited proliferation of keratinocytes until day 7. 

Additionally, the increase in the calcium ion concentration in the alginate gels was considered 

the main factor in the early differentiation of keratinocytes observed in these gels compared 

to other samples.   
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9.1.4. Development of Skin Models 

Different strategies were performed to improve the functionality of skin equivalents, including 

the optimisation of keratinocyte densities, the incorporation of different dermal bioinks and 

the optimisation of sectioning process.  

Despite the correct formation of the epidermal layers in the early stages of the skin models 

prepared with rat collagen type I as dermal biocomponent and seeding 500,000 keratinocytes 

per model, the haematoxylin and eosin staining of skin sections revealed a final disorganised 

and inconsistent epidermal stratification in all samples. Diverse factors such as manual seeding, 

the incorrect dermo-epidermal formation, the impact of the keratinocyte donor or uneven 

cultured conditions, including the variations on the humidity or inconsistent diffusion of cell 

media, were considered as potentially responsible for the incorrect epidermal formation. The 

inability to produce a standard skin model with the correct structural composition prevented 

the continuation of this study. Consequently, optimisation of the skin manufacturing process 

will be essential in future studies before assessing the impact of dermal bioinks and the ReJI 

process on the reliability and complexity of the final skin models. 

On the other hand, the use of epidermal bioinks during the manufacturing of skin equivalents 

confirmed the advantages of encapsulating keratinocytes to control their distribution and 

behaviour. The use of collagen as encapsulating agent resulted in an improved epidermal 

stratification compared to the seeding of keratinocyte suspensions. However, the embedding 

of keratinocytes in collagen type I still resulted in the lack of consistency of the epidermal layer 

in some regions. By contrast, fibrin gels allowed the creation of homogeneous epidermal 

layers through the skin model, which presented different thickness depending on the fibrin 

concentration.  Combination of fibrin with collagen and alginate resulted in the generation of 

a continuous layer of proliferative keratinocytes, with the presence of isolated keratinocyte 

aggregates containing differentiated keratinocytes. These cell groups could also be observed 

using only alginate as encapsulating agent. In these samples, only the cells found in the 

external layers of the keratinocyte groups presented a proliferative state, while those cells 

found in the nucleus of the generated keratinocyte sphere were found in a differentiative form. 

The increase in the calcium chloride concentration during the crosslinking of alginate gels 

resulted in the formation of smaller keratinocyte aggregates with fully differentiated 

keratinocytes.   
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9.2. Novelty 

The benefits of incorporating the Reactive Jet Impingement process in the manufacturing of 

some in vitro models, such as bone or cartilage micro-tissues, have already been 

demonstrated in previous studies (Kotlarz et al., 2022; da Conceicao Ribeiro et al., 2018). 

However, this work has explored for the first time the possibility of adapting this technology 

to the manufacturing of skin equivalents. The implementation of ReJI system as bioprinting 

process has confirmed its capacity to improve the control over the location of skin cells and 

the maturation process compared to traditional tissue engineering techniques. Besides, this 

research has also demonstrated the advantages of ReJI in terms of printing resolution, speed 

and scalability of the process in comparison to other technologies already utilised for skin 

bioprinting. 

Although the main steps required to produce in vitro skin models are standardised, diverse 

variables like cell densities, seeding times or dermal biomaterials considerably change 

between studies (Sriram et al., 2015). For that reason, this project has also focused on 

assessing for the first time the impact of some of these elements on the properties of the final 

skin equivalents. Selection of fibroblast density demonstrated to affect the dermal formation 

directly. By increasing the number of seeded fibroblasts, it was possible to reduce the time 

required for the dermal maturation.  On the other hand, the comparison between collagen 

and fibrin-based gels proved the importance of biomaterial selection on the final properties 

of the different skin layers. The evaluation of different commercial collagen solutions 

evidenced the differences in their physicochemical properties depending on their animal 

source and extraction method. Besides, the formulation of the base solutions for the 

crosslinking of collagen gels also demonstrated to influence the collagen homogeneity and 

affect the characteristics of the dermal matrix. By incorporating additional biomaterials such 

as alginate or fibrin, it was possible to find a correlation between the individual properties of 

each material and their influence on the final printability and characteristics of the formulated 

bioinks. As a result, the link between the physicochemical and mechanical properties of the 

dermal bioinks and their impact on the fibroblast behaviour could be established. These 

findings open the door to the recreation of more complex dermal microenvironments, which 

are often dismissed in the production of skin models.  
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Finally, this work suggested the formulation of epidermal bioinks based on natural 

biomaterials as a new strategy to overcome the lack of homogeneity of the epidermis in the 

skin models. Keratinocyte encapsulation is an extended practice in clinical applications for 

treating severe skin wounds to improve the integration of grafts and accelerate the healing 

process. However, the consequences of encapsulating keratinocytes during the manufacturing 

of in vitro skin equivalents have barely been explored. The experimental results confirmed the 

possibility of controlling the distribution of keratinocytes and promoting their proliferation 

and differentiation using natural-based epidermal bioinks. 
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9.3. Implications of this Research 

9.3.1. Overcoming Limitations from Conventional Bioprinting Techniques 

Implementation of bioprinting processes into the manufacturing of skin equivalents has 

already demonstrated to improve the complexity of skin models (Min et al., 2018; Derr et al., 

2019; J. Liu et al., 2022b). However, none of these articles has proved the suitability of these 

technologies for manufacturing skin models at the industrial level. The specific limitations of 

each bioprinting technique represent the main constraints for the large-scale production of 

validated skin equivalents. 

The complexity of the printing process and the necessity of specialised personnel are one of 

the main drawbacks to the adaptation and scalability of some bioprinting techniques, such as 

laser-assisted bioprinting (Liu et al., 2018; Bishop et al., 2017). In this research, the ReJI system 

has demonstrated to be a technique based on simple principles, which only requires the 

optimisation of basic parameters related to the selected bioinks, such as the printing pressure 

needed to operate the system. Furthermore, the simple interface provided by the Jetlab® 4 

software and the easy setting up of the printing designs highlights the user-friendly character 

of this printing system.  

 

On the other hand, the ability of ReJI process to incorporate commonly used biomaterials, 

such as commercial solutions containing extracellular matrix components, facilitates the 

adaptation of this technology to the replication of established biological processes (Chopin-

Doroteo et al., 2021). This fact counteracts the need to adapt the bioink formulation for 

extrusion-based bioprinting, by incorporating additional components to increase the bioink 

viscosity, or in the case of laser-assisted bioprinting, with the introduction of photosensitive 

materials. Furthermore, utilisation of low viscous biomaterials as bioinks during the printing 

with ReJI reduces the cell exposition to shear stress and any potential cell damage in 

comparison to extrusion-based bioprinting process (Ouyang et al., 2016; Hölzl et al., 2016). 

Different strategies have been explored to decrease the shear stresses generated on the 

extrusion-based printing processes. For example, the combination of melting electrowriting 

with extrusion-based bioprinting in a single step, the incorporation of crosslinker baths or the 

use of multiple bioinks combined in a single nozzle allow the use of less complex bioinks with 

lower viscosity (Puertas-Bartolomé et al., 2020; de Ruijter et al., 2019; Lee et al., 2021; Visser 
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et al., 2018). Still, the printing speed and resolution of extrusion-based processes are still 

restricted in comparison to the ReJI system.  

Despite the automatisation of all bioprinting processes, the time required to generate skin 

equivalents is still one of the main limitations for their implementation as testing platforms at 

industrial scale. The printing speed of droplet-based technologies, such as inkjet or 

microvalve-based bioprinting, is especially restricted by the need for additional crosslinking 

steps to ensure the stability of the printed patterns (Gudapati et al., 2016). For that reason, 

recent studies have explored the incorporation of peripheral devices that enable the curing of 

the printed droplets before their deposition on the substrate (Sakurada et al., 2020; Teo et al., 

2020). These systems are based on inkjet printing, which allows the generation of complex 

structures with high precision. Still, these techniques are restricted by the employment of 

bioinks with significantly low viscosities and a limited range of cell densities to avoid nozzle 

clogging (Lee et al., 2012). These characteristics differ from the ability of ReJI to print 

physiological relevant cell densities without affecting their viability or causing any valve 

blockage, thanks to the use of valves with larger nozzle diameters and the possibility of 

applying continuous pneumatic pressure. 

 

Overall, ReJI process has demonstrated to be a suitable printing process to overcome some of 

the limitations found in the production of skin equivalents using conventional bioprinting 

systems. This technology provides a higher control over the structural composition of the 

printed models than other droplet-on-demand techniques. The capacity of ReJI process to 

print subsequent layers containing different biocomponents without waiting times enables 

the high throughput production of complex biological structures, maintaining a high printing 

accuracy. As a result, ReJI system has demonstrated to produce skin models in parallel in a few 

minutes, facilitating the automatisation of the process and its industrial scalability. Moreover, 

the development of this printing system in-house enables the optimisation of each printer 

component for the manufacturing of skin models and the adaptation of the printing process 

for its industrial implementation.  
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9.3.2. Improved Complexity and Scalability of Skin Equivalents 

The recreation of the protective character of native human skin acquires particular importance 

in those skin models allocated for assessing the safety and efficiency of commercial products 

(Planz et al., 2016; Bouwstra et al., 2021). Unfortunately, in this thesis, it has not been possible 

to produce fully functional skin models which could be validated for their use as testing 

platforms. However, the results obtained from the development of dermal and epidermal 

bioinks and the implementation of ReJI as bioprinting process could help to enhance the 

complexity and scalability of current skin equivalents. 

The reproduction of skin structural composition is an essential factor to ensure the correct 

anatomy and physiology of skin equivalents. Variations in the matrix organisation and 

fibroblast behaviour through the dermis have demonstrated to be crucial for the stability and 

homeostasis of native human skin (Cole et al., 2018; Karsdal et al., 2017). These diverse dermal 

microenvironments are usually dismissed during the manufacturing of skin models, and their 

influence on the quality of the skin models is generally neglected. Nonetheless, this project 

has proved the possibility of customising the characteristics of the dermal layer with the 

selection of specific natural biomaterials.  

Although the animal origin of collagen type I solutions is often selected without any specific 

criteria, this research has proved the importance of collagen sources in the recreation of 

distinct dermal microenvironments. Parameters such as extraction method, selected body 

area or neutralisation solution significantly influenced the fibre formation, matrix organisation 

and the final mechanical properties of the collagen gels. Besides, these different 

characteristics demonstrated to have a direct impact on the fibroblast proliferation, 

distribution and production of new collagen type I and III. Although it was not possible to 

determine the resemblance of the generated dermal models to the native dermal regions, 

fibroblasts presented some behaviours associated with reticular and papillary fibroblasts. 

Therefore, by combining some of the studied dermal bioinks, it could be possible to improve 

the complexity and resemblance of the dermal layer in the skin models. The search for 

replicating the native variations on the collagen architecture across the dermis has only been 

reported in a recent publication (Ng et al., 2018b). By printing macromolecule-based bioinks 

containing polyvinylpyrrolidone (PVP) and collagen, this study demonstrated the possibility of 

altering the collagen fibrillogenesis, enabling the control over the collagen porosity and 

fibroblast morphology along the dermis. 
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Fibrin gels are often utilised as a replacement for collagen due to their improved stability and 

facility to handle. However, in this work, collagen gelation was optimised with the 

incorporation of buffer solutions to the conventional neutralisation methods to ensure a 

higher control over the gel formation and collagen contraction. This approach implied an 

enhancement of the homogeneity of collagen gels and, consequently, an improved 

reproducibility of skin models. Despite this optimisation, the incorporation of fibrin as dermal 

matrix accelerated the dermal maturation compared to collagen gels. The natural presence of 

fibrin in wound sites could be responsible for the recreation of biological signal cascades and 

fibroblast responses like the ones occurring during the wound healing process, along with the 

generation of tensional forces accountable for boosting the fibroblast mobility and 

proliferation (D’Urso & Kurniawan, 2020; Tracy et al., 2016). Additionally, the incorporation of 

additional components such as collagen and alginate to the fibrin bioinks evidenced the 

possibility to customise dermal models modifying their mechanical properties and, 

subsequently, the fibroblast behaviour. Only few articles have explored the combination of 

fibrin with other biomaterials for the production of dermal layers in the skin equivalents 

(Pourchet et al., 2017; Derr et al., 2019; Kober et al., 2015). Still, none of them have reported 

the possibility of tailoring the dermal properties and skin complexity. 

The ability to adapt the mechanical properties of the dermal regions based on the selected 

bioink formulation could also help to improve the epidermal properties. The behaviour of 

keratinocytes has been reported to vary depending on the stiffness of their substrate. Stiff 

environments upregulate keratinocyte genes associated to their proliferation, whereas 

substrates with reduced mechanical properties promote their differentiation (Nasrollahi et al., 

2017; Dupont et al., 2011; Rognoni & Walko, 2019). Despite the influence observed on the 

keratinocytes, the Young Modulus obtained from the collagen gels, ranging from 0.02 to 0.7 

kPa, contrast with the values from native human skin, which varies between 0.1 to 10 kPa 

(Achterberg et al., 2014). The limited stiffness of dermal gels could have prevented a more 

significant impact on the keratinocyte behaviour. Still, the remodelling of the dermal matrix 

by fibroblasts over time should also be included, as it could imply a modification of the 

mechanical values obtained from the acellular dermal gels, resulting in the variation of the 

keratinocyte functionality (Jagiełło et al., 2022; Ozcelikkale et al., 2017). 
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On the other hand, the evaluation of molecule diffusion or the assessment of skin care 

treatments could also benefit from the improvement in the dermal complexity presented in 

this work. For instance, the recreation of specific skin conditions, skin ageing or photodamage 

could be optimised by selecting the specific dermal and epidermal bioinks capable of 

mimicking the specific characteristics of their structural composition (Hausmann et al., 2020; 

Liu et al., 2022c; Fligiel et al., 2003). Moreover, the incorporation of Reactive Jet Impingement 

system in the production of these skin models could help to enhance the complexity of the 

model with the control deposition of material gradients. Besides, the ability of ReJI to print 

high cell densities without affecting their viability could enable the generation of organoids in 

specific regions of the skin model, facilitating the recreation of some skin appendages such as 

hair follicles (Lei et al., 2017; Lee et al., 2022).   

 

One of the most significant limitations of current skin equivalents is the incapacity to adapt 

their manufacturing process at industrial scale. The implementation of the ReJI process in the 

production of skin models could help to overcome the restrictions experienced by traditional 

tissue engineering methods and conventional bioprinting techniques. This research has 

demonstrated the capacity of ReJI system to automate the generation of skin equivalents 

producing a large number of models in parallel in a reduced time. Moreover, the accessibility 

of this technology and the possibility to incorporate biomaterials conventionally used for the 

generation of skin models facilitate its integration into the industry. On the other hand, the 

reproducibility of skin models could also be benefited by the implementation of ReJI system 

in the manufacturing of skin equivalents. The control deposition of cell and biomaterial 

components and the potential to generate crosslinking points ensures the production of skin 

constructs with high shape fidelity. Other strategies explored in this research, such as 

keratinocyte encapsulation, can help to overcome the uneven epidermal formation and the 

batch-to-batch variations observed in current skin equivalents. By selecting the appropriate 

epidermal bioink, it could be possible to control the keratinocyte distribution and epidermal 

stratification.  
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Despite the initial reduction in the manufacturing time thanks to the ReJI bioprinting process, 

the time required to mature the skin models would still be one of the main obstacles to the 

industrial production of skin substitutes. But diverse strategies explored in this project could 

help to accelerate skin formation. On one hand, bioprinting of high fibroblast densities has 

demonstrated to decrease the time required for fibroblasts to remodel the dermis and reach 

a homeostasis state. The quick adaptation of fibroblasts to the CAF gels could enable the 

seeding of keratinocytes on top of the dermis after only one day, eluding the traditional period 

of three to seven days required in conventional protocols. On the other hand, the selection of 

dermal and epidermal bioinks could also boost the maturation of each skin layer. By selecting 

dermal bioinks capable of promoting the proliferation of fibroblasts and the renewal of the 

extracellular matrix components, such as fibrin-based biomaterials or telo-bovine collagen, it 

could be possible to speed up the formation of dermal layers. Meanwhile, the encapsulation 

of keratinocytes in fibrin-based gels could stimulate the fast proliferation and homogeneity of 

keratinocytes, accelerating their differentiation and epidermal stratification. The ability of the 

developed epidermal bioinks to promote different keratinocyte stages could also help to 

reduce the time required for the epidermal stratification. In a recent publication, the printing 

of multiple layers of keratinocyte encapsulated in gelatin accelerated the epidermal formation 

in comparison to the seeding of keratinocyte monolayers (Barros et al., 2021). Therefore, 

printing of subsequent layers of different epidermal bioinks capable of promoting keratinocyte 

proliferation and their control differentiation could support the maturation of the different 

epidermal stratums at the same time, improving the control over the epidermal formation and 

decreasing the time required for the complete skin model maturation.  

 

Although this project has focused on the optimisation of skin equivalents for product testing, 

most of the obtained results could also be applied for the improvement of skin substitutes 

suitable for wound treatment. In the case of clinical application, parameters such as 

biomaterial integration or the quick promotion of skin regeneration acquire a high importance 

in the selection of the best graft composition (Savoji et al., 2018; Kaur et al., 2019). Due to the 

animal origin of the studied biomaterials, only atelo-bovine collagen could be utilised for 

wound treatment without the high risk of immune rejection (Correia et al., 2020; Dixit et al., 

2017). However, the screening of the best materials for wound treatment could benefit from 
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the lessons learnt in this project about the implications of the physicochemical properties of 

collagen and fibrin-based gels on the promotion of specific fibroblast functionalities.  

Based on the obtained results, atelo-bovine collagen type I could be considered a suitable 

material for wound treatments due to its quick degradability and its ability to promote fast 

fibroblast proliferation and early production of new extracellular matrix components. Besides, 

the incorporation of RAFTTM system into the production of collagen gels could also help to 

improve current skin substitutes. This system has proved to generate stable thin dermal layers 

containing fully confluent fibroblasts after only few days, which could help to support the 

wound site and promote its re-epithelisation. ReJI system could also be implemented in 

wound healing treatment. By incorporating the printing head containing the ReJI system into 

a clinical printer, it could be possible to enhance the printing precision and increase the 

number of skin cells deposited directly on the wound site for the skin regeneration. 
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9.3.3. Optimisation of In Vitro Tissue Models 

The high presence of fibroblasts and collagen type I in other tissues apart from skin, such as 

tendons, smooth muscles, cornea or cardiac tissue, enables to incorporate some of the 

discoveries on biomaterial development for the optimisation of other in vitro models (Amirrah 

et al., 2022). Despite the biological differences between these tissues, fibroblasts always 

provide structural support generating new extracellular matrix components and adapting their 

behaviour to the mechanical properties of the tissue (Plikus et al., 2021). The composition and 

characteristics of the extracellular matrix are some of the elements that vary more between 

tissues (Scott, 2003; Frantz et al., 2010). Variations in the stiffness or viscoelasticity of the 

matrices have demonstrated to affect the correct function of some of these tissues (Querejeta 

et al., 2004; Burlew & Weber, 2000). For that reason, tailoring the properties of collagen type 

I or fibrin matrices, by following the conclusions from previous chapters, could help to enhance 

the reliability and complexity of these tissue models. 

Furthermore, collagen type I also represents an abundant component in hard tissues such as 

bone (Wiesmann et al., 2004). Although the stiffness of the studied collagen gels significantly 

differs from the strength of native human bones, other parameters such as fibre orientation, 

diameter or porosity are essential elements for tailoring the cellular behaviour in these tissues 

(Tzaphlidou, 2008). By modifying the characteristics of the collagen matrix and combining 

them with other biomaterials, such as hydroxyapatite, it could be possible to recreate different 

bone conditions (Garnero, 2015; de Wildt et al., 2019). Finally, the implementation of RAFTTM 

system on the generation of collagen gels could also help to improve the thickness and the 

alignment of collagen gel, mimicking the collagen arrangement in native human bones 

(Georgiadis et al., 2016).  
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CHAPTER 10. CONCLUSIONS AND FUTURE WORK  

10.1.   Conclusions 

The research presented in this thesis has examined different strategies to improve the 

complexity and scalability of in vitro skin models.  

Reactive Jet Impingement process has proved a high control on the deposition of cells and 

biomaterials compared to manual seeding techniques. The capacity of ReJI system to control 

the cell location allows the production of three-dimensional structures with homogeneous cell 

distribution, promoting the cellular proliferation rate and their uniform differentiation. 

Moreover, the impingement process overcomes some of the technical problems experienced 

by other printing techniques. This system enables the printing of motifs with high-resolution 

and the deposition of physiologically relevant cell densities without significantly affecting their 

viability. The increment in the number of printed fibroblasts has shown a reduction in the time 

required for dermal matrix maturation, which could help to decrease the habitual time 

required for producing skin models. In contrast to other bioprinting techniques, ReJI process 

has demonstrated to generate a remarkable number of complex structures in parallel within 

a short time. Therefore, although the printing of full-thickness models has not been proven 

yet, ReJI system can be considered a suitable technique for the industrial scalability of skin 

bioprinting.  

On the other hand, the specific formulation of dermal bioinks has demonstrated to be an 

important factor in the recreation of dermal structural properties. The selection of collagen 

type I from different animal sources has shown to affect the physicochemical and mechanical 

properties of the collagen matrix. As a result, the selection of collagen type and their 

neutralization method have proved to directly influence fibroblast proliferation and the 

renewal of the extracellular matrix components. Similarly, the implementation of RAFTTM 

system on the production of collagen gels has proved to modify their fibrillar organisation, 

promoting the formation of more complex dermal models. On the other hand, the 

combination of fibrinogen with other natural biomaterials, such as collagen type I and alginate, 

has also demonstrated to change the matrix configuration and mechanical properties of fibrin 

gels. Variables like matrix stiffness, printability or cellular proliferation can be customised by 

modifying the bioink formulation. Consequently, the selection of dermal biocomponents can 
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help to enhance the complexity of skin models, promoting certain fibroblast behaviours and 

replicating specific dermal characteristics.  

Finally, the encapsulation of keratinocytes has demonstrated to improve the homogeneity and 

reproducibility of epidermal layers. The utilisation of natural skin materials like collagen  

type I has proved to induce keratinocyte adhesion and proliferation. This effect on the cell 

behaviour can be enhanced with the incorporation of biomaterials present in natural wound 

healing processes like fibrinogen. By encapsulating the keratinocytes in fibrin gels, it is possible 

to promote keratinocyte assembly, increasing their proliferation rate, and promoting their 

homogenous differentiation. In contrast, the use of alginate as encapsulation agent results in 

the formation of cell aggregates and the acceleration of keratinocyte differentiation. Similar 

to the dermal bioink formulation, the combination of fibrin with collagen and alginate allows 

the customisation of keratinocyte behaviour and distribution. Based on these results, the 

formulation of epidermal bioinks can be a suitable strategy to customise the keratinocyte 

behaviour and ensure an enhanced control over the epidermal formation.  

Reactive Jet Impingement process along with the formulation of dermal and epidermal bioinks, 

have demonstrated a high control over the structural composition of skin equivalents, 

promoting the creation of homogeneous models with enhanced characteristics. By combining 

these elements, it could be possible to produce skin models on demand adapted to the 

industrial requirements.  
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10.2.   Recommendations for Future Work 

10.2.1. Improvement of Skin Models 

Due to the incapacity of producing functional skin models, it was not possible to conclude the 

final implications of the studied bioinks and the ReJI printing process on the properties of the 

final skin equivalent. Therefore, the next steps in this project would require the manufacturing 

of reliable skin models which can be used as benchmark. 

The support and training from a research group specialised in the production of skin 

equivalents could be a quick method to overcome the problems experienced in this project. 

Once the manufacturing of a standard skin model is optimised and established, it could be 

possible to assess the impact of the variables studied in this project on the skin model.  

The new manufacturing protocol will need to be adapted to incorporate the studied dermal 

bioinks and determine their influence on the recreation of specific dermal regions and the 

correct epidermal formation. Biomolecular techniques, like qPCR, could help to understand 

the effect of the generated dermal architecture on the fibroblast phenotypes and verify the 

presence of additional dermal biocomponents (Janson et al., 2012; Noizet et al., 2016). 

Considering the diverse mechanical properties and fibroblast behaviours in each studied 

dermal model, the combination of different bioinks could be tested to potentially recreate the 

reticular and papillary dermal layers, enhancing the complexity of the model. After confirming 

the structural composition of skin models, the assessment of the mechanical properties of the 

whole skin construct could be performed to determine their resemblance to native skin, and 

ultimately select the best dermal bioink (Joodaki & Panzer, 2018).  

Epidermal bioinks could also be introduced during the production of skin models to further 

investigate their influence on the epidermal formation. The assessment of cellular signalling 

cascades could provide a better overview of the biological changes experienced by 

keratinocytes during their encapsulation. Additionally, this data, along with a deeper study on 

the degradation process of epidermal bioinks, would help to optimize the biomaterial 

formulation to mimic specific epidermal microenvironments. One of the strategies proposed 

in this thesis to reduce the time required for skin maturation was the printing of subsequent 

layers of different epidermal bioinks. The main goal of this approach was to fabricate a skin 

construct which already contained the four epidermal stratums from the beginning. This 

strategy could allow the maturation of the different layers in parallel, enhancing the control 
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over the epidermal stratification, and reducing the time required to obtain the final skin model. 

In order to ensure the cohesion of the generated epidermis, it would be essential to evaluate 

the integration between the different printed epidermal sub-layers and the adherence 

between keratinocytes. Another strategy which could help to accelerate the epidermal 

stratification is the incorporation of encapsulated components in each epidermal sub-layer. 

The controlled release of epidermal growth factors or differentiation elements encapsulated 

in microparticles could help to accelerate certain keratinocyte behaviours during epidermal 

maturation (Sahle et al., 2017; Pakulska et al., 2016). This approach was recently tested by 

Suzuki et al. with the encapsulation of chlorogenic acid in PLGA nanoparticles to enhance the 

expression of collagen type XVII by keratinocytes (Suzuki et al., 2020). Regardless of the 

strategy selected, it is essential that the attempts to decrease the maturation time do not 

affect the epidermal stratification and the formation of the protective barrier.  

Finally, adapting the established skin manufacturing protocol to the ReJI process will be 

essential to benchmark the printed and manually seeded models. The comparison between 

both methods could determine the advantages and limitations of ReJI on the manufacturing 

of reproducible and reliable skin equivalents in a time and cost-effective manner. Once the 

skin bioprinting process is optimised, the best dermal and epidermal bioinks could be 

incorporated into the ReJI process to determine the best approach to replicate the structural 

complexity of native human skin. Additionally, the printing of different fibroblast densities on 

the production of the skin models could be tested to conclude its impact on the skin quality 

and the possibility of reducing the overall maturation time.  
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10.2.2. Industrial Scalability of Bioprinted Skin Models 

The produced skin equivalents will need to be validated before their use for product testing. 

The evaluation of their structural composition and epidermal barrier functionality will be the 

first assays required for the model validation (Mathes et al., 2014). These studies can 

determine the deficiency of any skin biocomponent, such as hyaluronic acid or laminin, which 

can be incorporated during the production of skin substitutes to enhance their complexity 

(Montero et al., 2021b; Tsunenaga et al., 1998; Smithmyer et al., 2014). Similarly, this data can 

provide information about any remaining bioink ingredient in the model, which could later 

interfere with the diffusion of products through the skin model. Penetration and diffusion 

assays could also help to benchmark the characteristics of the produced models with other 

established skin equivalents and redirect future research to improve the obtained results 

(Schulz et al., 2017; Jepps et al., 2013; Abd et al., 2016).  

After the model validation, the standardisation of the production process will be necessary for 

its application at industrial levels. This procedure should be performed under good 

manufacturing practice, following the appropriate regulatory standard guidelines (Hourd et 

al., 2015). The creation of standard operating procedures and quality control monitoring will 

be essential to maintain consistency across batches and ensure the efficiency of the process. 

Standardisation of cell culture and bioink formulation could become the most complicated 

step due to the variability associated with the cell donors and material sources. Incorporating 

stem cells or recombinant biomaterials could help in the future to reduce these problems. 

Additionally, ReJI system should also be standardised and adapted to the industrial facilities 

to ensure its accessibility. The implementation of bioreactors could help to improve the 

automatisation of the skin maturation process. These systems allow the precise control and 

monitoring of cultured conditions such as pH, oxygen or nutrient supply and waste removal, 

reducing the need for professional operators to perform these tasks (Rimal et al., 2021; Wendt 

et al., 2008).  

One of the main obstacles during the commercialisation of skin models is their limited shelf-

life (Carlson et al., 2008; Mathes & Ruffner, 2014). There is an urgent need to develop an 

approach which allows the transport and preservation of skin models until their arrival to the 

customer. Microfluidic systems could help to ensure the long-term maintenance of the model 

properties and cell survival. These portable platforms allow the control over the flow rates in 

the skin equivalent, reproducing the air-liquid interface and the physiological transport of 
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nutrients and oxygen (Ingber, 2022). Different studies have already demonstrated the 

advantages of using this technology to reproduce the skin structure (Wagner et al., 2013; 

Sriram et al., 2015).  Apart from their advantages on the tissue maintenance, the high control 

over the liquid flow in these platforms enables a more precise study of the molecules released 

by the skin during the evaluation of treatment effectiveness (Wufuer et al., 2016; Schimek et 

al., 2018; Abaci et al., 2015). Moreover, the possibility of integrating vascular channels can 

also help to overcome the limitations of current models to accurately quantify the vascular 

drug absorption (Mori et al., 2017). Besides the control of the culturing conditions, these 

systems allow the incorporation of mechanical movements. Based on previous studies, the 

reproduction of shear forces like the ones in native skin can improve the epidermal formation 

and barrier function in the skin models (Tokuyama et al., 2015; Yano et al., 2004).  

Finally, the incorporation of biosensors could help to accelerate the detection of changes in 

the skin models, especially during product testing. Most biochemical changes occur gradually 

at low concentrations during long periods, hindering the evaluation of their fluctuations by 

conventional methods. Smart materials capable of sensing variations in the pH, temperature 

or biomolecular concentrations could be integrated within the skin layers or into the 

microfluidic system to ensure real-time monitoring (Someya & Amagai, 2019; Zhu et al., 2021).  

Different biosensors have already demonstrated their lack of interference with cellular 

functions, and the possibility of producing them using 3D printing technologies (Ferrari et al., 

2020; Muñoz & Pumera, 2020). However, there are few publications related to their 

application in tissue models.   
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10.2.3. Development of Skin Equivalents with Higher Complexity 

Skin is a complex organ, comprised of an extensive number of biological factors that influence 

its homeostasis. This project has focused on replicating some of the most fundamental 

elements. However, the incorporation of additional components could help to enhance their 

complexity and provide a better overview of the skin response to external agents. 

To screen the efficiency of topical treatments and their biological effects, it would be essential 

to generate a broad representation of the most habitual skin types (Sarama et al., 2022; Moniz 

et al., 2020). The use of cells from donors of different age or ethnic groups have already 

demonstrated to affect the properties of the final skin models. For instance, the use of 

epidermal cells with Caucasian and African origins has demonstrated to generate different 

keratinocyte behaviour and epidermal properties (Girardeau-Hubert et al., 2019).  

On the other hand, the incorporation of additional cell types like melanocytes, endothelial 

cells or Langerhans cells could also increase the reliability of the models and allow the 

assessment of photodamage, immune reactions and product uptake by the blood system, 

among other studies (Salameh et al., 2021; Thélu et al., 2020; Bernerd & Asselineau, 2008).  

Besides, the recreation of hair follicles could also improve the current knowledge about drug 

uptake through the appendageal pathway, which represents an essential entry for ions and 

large polar molecules which hardly diffuse through the stratum corneum (Blickenstaff et al., 

2014; Blank & Scheuplein, 1969). Regardless of the number of elements included in the skin 

equivalent, the models cannot be expected to recreate all the complexity found in the in vivo 

skin. Consequently, they will need to be adapted based on their final application.  

One of the main challenges in the production of skin models is the demand for large numbers 

of different cell types. The use of induced pluripotent stem cells (iPSCs) could be a future 

solution for securing enough cells for tissue engineering applications. iPSCs allow the 

obtention of stem cells after reprograming normal cells, offering an unlimited supply of cells 

(Singh et al., 2015). iPSCs can be differentiated towards various cell types, including fibroblast, 

keratinocytes, melanocytes and endothelial cells, reducing the dependency on cells from 

donors (Ohyama & Okano, 2014; Abaci et al., 2016). Additionally, these cells maintain disease-

specific genetic changes, which could help to replicate in vitro some skin conditions (Khurana 

et al., 2021; Rowe & Daley, 2019). By incorporating patient-derived cells, it could be possible 

to analyse the causes of each disease in more detail and their response to specific treatments. 

Nonetheless, the isolation, expansion and maturation of iPSCs are still complex, and further 
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research is necessary to make this process time and cost-effective (Doss & Sachinidis, 2019). 

Another method to reproduce skin conditions and create customised models could be the 

incorporation of CRISPR/Cas-9. This system has proved to replicate some specific conditions 

such as albinism by introducing specific mutations into the cells (Seruggia et al., 2020).   

Finally, the incorporation of microbiota into the skin models could also become an important 

future project. Bacteria present in the human skin is one of the first elements in contact with 

pharmaceutical treatments and cosmetic products, interacting with them and, on some 

occasions, altering their formulation (Boxberger et al., 2021; Byrd et al., 2018). By printing an 

outermost layer containing skin microbiota, it could be possible to improve the study of 

product absorption and the treatment of skin infections (Rademacher et al., 2018). 
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